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Abstract
Purpose of Review  It is the aim of this work to present different 3D printing structuring strategies used for customized food 
development, focusing on current high-interest trends such as encapsulation of bioactives, reduction of sugar, salt and fat, 
and production of meat analogues. Furthermore, we provide a critical discussion on future challenges and opportunities in 
this field.
Recent Findings  While the most commonly used 3D printing technology in food production is layer-by-layer extrusion, it is 
also possible to create diverse structures by adjusting ink composition and process parameters, using co-axial nozzle assisted 
or dual extrusion, and employing different post-processing techniques.
Summary  This review explores advanced strategies for food structuring via extrusion 3D printing that allow for customized 
food matrices, including texture, flavor, ingredient distribution, and encapsulation.

Keywords  Food 3D printing · Food customization · Structured product · Meat analogue · Bioactive · Sugar-reduced

Introduction

Three dimensional printing (3DP), also referred to as addi-
tive manufacturing, involves the construction of an object 
layer-by-layer by a digitally controlled computerized process 
[1]. When applied to the food industry, the many benefits 
of this technology offer great potential for the development 
of new products. A key benefit of food 3DP is its capac-
ity to produce intricate and personalized designs that are 
challenging to achieve through traditional manufacturing 
processes [2]. Furthermore, food can be tailored to meet 
individual preferences, such as shape, texture, flavor, and 
aesthetics. This level of customization elevates the overall 
eating experience, leading to increased consumer satisfac-
tion. Moreover, food 3D printing plays a significant role in 
personalized nutrition, as it enables the creation of precise 

food products with specific nutrient levels and functional 
compounds designed for addressing individual dietary needs 
and preventing health issues [1].

Various methods of 3DP have been explored for food 
production, including selective laser sintering, melting/
soft-material extrusion, binder jetting, and inkjet printing 
[3]. Among these, the most widely adopted approach is 
extrusion-based 3DP (3DP-EXT). This technique fabricates 
3D models by extruding fluid or semi-fluid mixtures (such 
as pastes or gels) and depositing them layer-by-layer on a 
platform. Notably, one of its greatest advantages lies in the 
extensive variety of raw materials that can be utilized to 
create food products [4].

The 3DP-EXT process begins with the creation of a com-
puter-aided design (CAD) file in stereolithography (stl) for-
mat, to define the geometry and dimensions of the 3D object. 
This resulting stl file is then input into a slicing program, 
where various printing parameters are configured. These 
parameters, including layer thickness, infill, flow rate, layer 
height, print speed, and more are of utmost importance, as 
they directly influence the precision of the shape, internal 
structure, and overall quality of the final product [5]. The 
“ink”, which is formulated using food ingredients, is then 
loaded into a syringe, and subsequently extruded through 
a nozzle, driven by the force generated by a piston, screw, 
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or air pressure. Subsequent layers are deposited by guiding 
the syringe to predetermined points specified by the CAD 
model. Depending on the type of material, various bond-
ing mechanisms can come into play such as layer stacking 
controlled by the rheological properties of the materials, 
solidification through cooling, or extrusion of materials that 
form a gel.

Particularly, the ability of 3DP to deposit materials in 
a highly controlled geometric distribution and with certain 
patterns opens up several exciting possibilities: (1) encap-
sulation of bioactive components, alone or in combination, 
in different food matrices, allowing the preservation of their 
biological functionality and/or the control of their release; 
2) precise distribution of ingredients in specific areas of 
food products, such as salt or sugar, to boost their flavor 
while using fewer amounts, resulting in a healthier food; 
(3) customization of food textures, very important in appli-
cations like the development of meat analogues with simi-
lar appearance and chewing properties to traditional meat. 
Therefore, this review focuses first on the strategies that have 
been explored to develop structuring products by using 3DP-
EXT. Second, the most recent advances regarding the three 
mentioned applications are addressed to show the poten-
tial of this novel technology. Finally, future challenges and 
opportunities in this field are critically discussed.

Structure Engineering Through 3DP

Layer-by-layer construction in 3DP introduces unique tex-
tural characteristics compared to conventionally molded 
products. This distinction arises from 3D printing’s capacity 
to generate structural differences at both macro and micro 
levels [4–7]. For example, for materials that undergo a phase 
change during printing, transitioning from a molten state 
in the nozzle to a semisolid state on the platform, layer-
by-layer construction results in products with significantly 
different hardness compared to those produced using tra-
ditional molds [6]. Beyond the layer-by-layer effect, it is 
also possible to create diverse structures within a printed 
food matrix by adjusting various process parameters, rang-
ing from simple to more complex, as we will explain below.

Printing Material Formulation

One of the easiest ways to create products with different 
matrix structures is by modifying the ink composition. In 
this case, the entire food product is printed with the same 
ink. By adjusting the ingredients, such as varying the types 
and ratios of fats, proteins, carbohydrates, or other compo-
nents, it is possible to influence the texture, flavor, and even 
nutritional content of the final product. This level of cus-
tomization enables the production of a wide range of matrix 

structures, from soft and porous, to dense and homogene-
ous, all within the same printing process. As an example, 
Fig. 1a illustrates that clear differences can be observed in 
the appearance of cubes printed using inks containing two 
different concentrations of rice protein.

3D Printer Parameters

Modifications of 3D printer parameters offer a power-
ful means to engineer diverse matrix structures in printed 
objects. By selecting specific infill and pattern designs, it 
is possible to control the internal arrangement of material 
in a way that different degrees of solidity or porosity can 
be achieved. While the infill allows defining the level of 
solidity of an object, the pattern design provides additional 
versatility and allows the creation of matrices ranging from 
honeycomb-like lattices to triangular or rectilinear grids, 
enabling a wide spectrum of functional structural possibili-
ties in 3DP. As an example, Fig. 1b shows printed samples 
of pumpkin puree with different structures obtained through 
changes in pattern design and infill.

Post‑Processing

Certain 3D-printed foods may require a post-processing 
stage to achieve a stable and suitable condition for con-
sumption. This critical step can involve various procedures, 
including cooking, cooling, or the removal of moisture 
through methods such as oven-drying or freeze-drying. 
Therefore, an additional strategy for achieving matrices 
with variable structures is the modification of post-pro-
cessing conditions or methods, offering further flexibility 
in tailoring the final product’s properties to meet specific 
requirements and preferences. Figure 1c shows the effect 
of freeze-drying—in this case applied to all samples under 
identical conditions—along with changes in ink formula-
tion. By varying the amount of palm kernel stearin in high 
internal phase Pickering emulsions (HIPPEs) and applying 
freeze-drying to the printed products, microstructures with 
different pore sizes were obtained [8••].

Dual Extrusion

Dual extrusion enables the creation of diverse matrix struc-
tures through distinct layering and ordering of materials. 
By using two different extruders, each loaded with a differ-
ent material, it becomes possible to alternate between them 
during the printing process. This method allows precise 
manipulation of material placement, enabling the creation 
of intricate matrices or even encapsulation when combined 
with complex design patterns. As examples, Fig. 1d shows 
a schematic representation of chocolate samples with dif-
ferent structures and total sugar composition obtained by 
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varying the layering order of printing materials (material 
I: high-sugar chocolate; material II: low-sugar chocolate), 
while Fig. 1e shows the use of dual extrusion to mimic the 
muscular characteristics of the meat in a salmon filet.

Co‑axial Extrusion

Co-extrusion, facilitated by a specialized co-axial nozzle, 
is an ingenious 3DP technique that offers remarkable ver-
satility in producing diverse and intricate matrix structures. 
In this method, a primary material is extruded through 
the inner nozzle, while a secondary material is simultane-
ously extruded through the outer nozzle. As it can be seen 
in Fig. 1f, this synchronized dual-material deposition can 
be used for applications in creating fibrous textures for 
meat analogues, as well as for encapsulation purposes. In 
the latter, sensitive ingredients requiring protection can be 

seamlessly incorporated into the core material, while a high-
strength material serves as the outer layer. Thus, without 
altering the appearance of the 3D-printed product, the inte-
gration of components through a co-axial system enables the 
benefits of shape retention and encapsulation [9•].

Food Structures that Incorporate Bioactive 
Components

Bioactive components such as natural colorants, plant 
extracts (phytosterols, flavonoids, carotenoids, and plant 
polyphenolic compounds), prebiotics, and probiotics are 
well-known for their great health benefits, such as anti-
cancer, antioxidants, anti-inflammatory, and anti-microbial 
properties [10]. In this sense, one of the most interesting and 
challenging applications of 3DP is the ability to incorporate 

Fig. 1   a Effect of formulation on product appearance (reproduced 
from [2] with permission from Elsevier), b pumpkin puree printed 
samples obtained with different pattern designs and infills (repro-
duced from [50] with permission from Elsevier), c printed shapes 
using different proportions of palm kernel stearin (PKST) in oil and 
associated cryo-SEM images after freeze-drying post-processing 
(adapted from [8••] with permission from Elsevier), d cylinder 
sample designs for printing alternating high sugar layers (H, 51.5%) 
and low sugar layers (L, 26.7%) for reducing total sugar content 

(reproduced from [29••] under the terms of the Creative Commons 
CC-BY- 4.0 license), e top and side views of 3D printed salmon filet 
mimic achieved by alternating different ink compositions by dual-
extrusion (black arrows indicate regions with myomere domain and 
blue arrows with myosepta simulant) (adapted from [45••] with per-
mission from Elsevier), f schematic diagram of co-axial 3DP-EXT for 
ingredient encapsulation (adapted from [9•] with permission from 
Elsevier) or fibrous texture generation (adapted from [48•] with per-
mission from Elsevier) 
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these bioactive minor ingredients into the ink’s formula-
tion preserving or even enhancing their functionality and 
bioavailability.

The literature on 3DP of materials incorporating bioac-
tive components has significantly grown in the last 4 years 
(from a total of 5 documents in 2018 to 60 documents in 
2023, search conducted in Scopus using the key words “bio-
active*” AND “3D printing” AND “food” on September 4, 
2023). In this review, we focused on the most relevant and 
recent publications that incorporate the following bioactive 
components: phytosterols, probiotics, polyphenols, carot-
enoids, and curcuminoids. Table 1 summarizes the main 
findings, stressing the strategies for the development of 3D 
printed structures and ink formulation.

Regarding structure engineering, Ahmadzadeh et al. [9•] 
used a co-axial nozzle for increasing stability of lutein by 
printing the core of the thread with a lutein and ethylcel-
lulose solution, surrounded by a starch suspension on the 
outside. They found that this strategy significantly increased 
lutein retention index after storage compared to the physical 
mixture of all compounds. Similarly, Jeon et al. [11] pro-
duced starch-xanthan gum gels loaded with a nanoemulsion 
of curcumin by extrusion printing using a co-axial nozzle. 
The curcumin-loaded gels were the core ink, surrounded 
by an outer protective layer of bean paste. The authors 
proved, prior to the 3DP process, that the curcumin-loaded 
gel successfully retained its antioxidant activity. Interest-
ingly, Jiang et al. [8••] combined ink formulation with print-
ing post-processing strategies to adjust strength, porosity, 
and generate a shape response to stimulus in printed solids 
that incorporated phytosterol nanoparticles in a HIPPE. In 
order to obtain a material with a certain porosity, the object, 
constructed layer-by-layer by 3DP-EXT, was freeze-dried 
after printing to remove water. With the aim to generate a 
response to stimulus (also known as 4D printing), the printed 
object was exposed to a thermal stress that gave the desired 
geometrical deformation by gradual softening of the struc-
tured oil phase. Furthermore, the developed HIPPE loaded 
with phytosterol was tested for partial replacement of cocoa 
butter in preparing chocolate products, yielding promising 
results.

On the other hand, most of the contributions have focused 
on formulating printing materials with the aim to develop 
suitable structured matrices able to protect bioactive com-
pounds from degradation and/or improve their bioavailabil-
ity. In general, the most common formulation for 3DP inks 
are Pickering emulsions (PEs), since they offer the oppor-
tunity to tailor rheological properties to withstand the 3DP 
process. In addition to the work by Jiang et al. [8••], several 
other recent studies have explored the use of PE-based print-
ing materials. Xu et al. [12] encapsulated Bifidobacterium 
lactis in the oil phase and used xanthan gum and tea protein 
as stabilizers, demonstrating that encapsulation improves the 

viability of probiotics in the inks against heat treatment and 
digestion. Storage after 3DP as well as nozzle diameter did 
not show a decrease in viability, while keeping the material 
in the printer at high temperature (65 °C) for periods longer 
than 10 min highly decreased probiotic activity. Mohammadi 
et al. [13] formulated PE gels of canola oil and suspensions 
of different polyphenols, individually grafted onto soy pro-
tein isolate particles, to stabilize the emulsion and develop a 
3D printed plant-based cheese. Tan and co-workers [14–16] 
formulated HIPPEs with astaxanthin in corn oil or algal oil 
and different stabilizers to provide stability and improve 
the bioaccessibility of this carotenoid, which was tested in 
the formulated inks. Liu et al. [17] and Huang et al. [18] 
incorporated β-carotene into sunflower oil or medium-chain 
triglyceride oil with different stabilizers verifying the protec-
tive ability of the encapsulation and the improved bioacces-
sibility of the formulated inks and their printability.

Traditional emulsions and nanoemulsion have also been 
used as printing materials for bioactive delivery. In this 
regard, Jeon et al. [11], Kavimughil et al. [19], and Leena 
et al. [20] managed the co-delivery of curcumin and resvera-
trol incorporated in gelatin hydrogels in an emulsion-based 
matrix, finding a synergistic effect of the developed inks 
for improving both bioactive bioaccessibility and intestinal 
target delivery evaluated in the 3D printed products [19] or 
in the formulated inks [20].

Oleogels and hydrogels, alone or combined as bigels, are 
also promising matrices for bioactive delivery. Cotabarren 
et al. [6] and De Salvo et al. [5] developed oleogels for phy-
tosterol delivery that were successfully printed into stable 
and uniform solid forms. Bifidobacterium lactis and Lacto-
bacillus acidophilus were encapsulated in alginate-gelatin 
hydrogels by Kuo et al. [21], then printed and freeze-dried 
to test the viability of probiotics during the entire 3DP pro-
cess. Bigels enriched with quercetin (lipophilic polyphenol) 
and catechin (hydrophilic polyphenol) were developed by 
Xie et al. [22], proving that formulation greatly influences 
bigel structure and bioactive delivery of the formulated 
inks. Also, Zeng et al. [23] improved the printability of rice 
starch-based gels by incorporating catechin and procyanidin.

Direct incorporation of bioactive compounds in food-
based matrices was tested by Liu et al. [24], who optimized 
a mashed potato formulation with xanthan gum and kappa-
carrageenan to incorporate Bifidobacterium animalis and 
investigated probiotics viability in the printed products. 
Similarly, Yoha et al. [25] developed a flour encapsulating 
Lactiplantibacillus plantarum in a whey protein-malto-
dextrin matrix and evaluated probiotic viability before and 
after the 3D printing process as well as for different post-
treatments; and, more recently, Cai et al. [26] formulated a 
3D printed ready-to-eat food based on custard cream that 
co-encapsulates Lactobacillus plantarum, epigallocat-
echin gallate, and resveratrol proving a synergistic effect 
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in improving probiotic viability in the formulated ink. For 
another application, Feng et al. [27] evaluated the effect of 
different post-processing drying methods on shape, color 
stability, retention of bioactives, and flavor quality for 3D 
printed yam paste with rose pollen (anthocyanin).

Food Structures with Reduced Content 
of Sugar, Salt, and Fat

Reducing the content of salt, sugar, and saturated fats in food 
products has become an imperative in the realm of nutrition 
and public health. Excessive consumption of these compo-
nents has been unequivocally linked to a variety of health 
issues, including but not limited to obesity, diabetes, and 
cardiovascular diseases [28]. While these ingredients play a 
vital role in enhancing the palatability, texture, and shelf life 
of various food items, the need for moderation and health-
ier alternatives cannot be overstated. Novel technological 
approaches such as food 3DP provide a promising pathway 
for the development of healthier food products. For instance, 
food 3DP offers the possibility of using reformulated mix-
tures as printing materials, in which harmful ingredients 
could be reduced, eliminated, or substituted with healthier 
counterparts, while maintaining similar physical and sensory 
properties to the original ones through the meticulous design 
of microstructures.

One of the most captivating approaches found in the lit-
erature for the development of foods with reduced sugar and 
salt content involves using 3DP to precisely control the spa-
tial distribution of these ingredients within the entire food 
matrix (Table 1). With this aim, Khemacheevakul et al. 
[29••] conducted a noteworthy study exploring the produc-
tion of hollow cylinder chocolate samples with different 
global sugar concentrations using a layer-by-layer construc-
tion technique that varied the layering order of high-sugar 
(51.5%) and low-sugar (26.7%) chocolate types. The authors 
conducted a sensory analysis to evaluate the effect of the 
layering design on consumer perception. The results showed 
that the use of 3DP for layering chocolates allows for a 19% 
reduction in sugar content without compromising the per-
ceived overall sweetness and overall liking of the products. 
Furthermore, the study indicated that the order in which high 
and low-sugar chocolates were layered significantly influ-
enced the perceived overall sweetness and temporal sensory 
profiles of the 3D printed chocolates. Similarly, Famhy et al. 
[30] explored the creation of structured matrices using dif-
ferent layering designs of starch-based food materials with 
both normal and reduced salt content. Through the innova-
tive application of dual extrusion and on-board near-infrared 
heating, they developed a 3DP method that not only allows 
precise control over texturing but also enables the spatial 
distribution of sodium chloride. The study revealed that all Ta
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printed structures, regardless of varying salt localizations, 
maintained consistent textural properties at the same infill 
levels, and the inhomogeneous spatial distribution of sodium 
chloride led to an intensified perception of saltiness. This 
finding holds promise for the development of reduced-salt 
products with enhanced flavor perception. In a recent study 
[31], a sensory design approach involving layering was 
employed to create more appealing lemon mousses for hos-
pitalized patients. The authors discovered that bilayer lemon 
mousses, featuring lower acidity on top and higher acidity 
on the bottom, consistently received higher liking and desire 
scores compared to mousses with uniform acid levels dis-
tributed in a monolayer. Moreover, the bilayer configuration 
resulted in a significant 13% increase in food intake among 
patients. While this study did not employ 3DP for layering, 
it suggests the possibility of strategically adjusting the acid-
ity of sweet products to develop low-sugar versions that can 
achieve equal or even higher acceptability.

Another strategy that has been employed to create health-
ier reformulated products involves the use of inks formulated 
with variable and reduced content of specific ingredients, 
combined with 3DP technology, to build entire products 
layer-by-layer (Table 1). This approach has been mainly 
applied to develop 3D-printed foods with reduced fat con-
tent. In particular, the use of emulsions and oleogel-based 
emulsions as 3DP materials has been investigated to effec-
tively reduce the fat content in food products. For example, 
You et al. [32] developed chocolate pastes by replacing dif-
ferent proportions (25, 50, and 75%) of cocoa butter with 
water-in-oil emulsions based on arabic gum. The findings 
revealed that it was possible to successfully replace up to 
75% of cocoa butter with emulsions at specific water-to-oil 
ratios, resulting in chocolates that maintained the desired 
polymorphic form of cocoa butter and exhibited exceptional 
printing performance, yielding well-defined shapes for the 
printed objects. Similarly, water-in-oleogel emulsions were 
tested as printing materials, finding that those formulated 
with a high- water fraction (0.65) had the highest support 
ability and allowed producing more precise designs without 
object collapsing [33]. Shahbazi et al. conducted studies 
focused on reducing fat content in cheese and meat ana-
logs while assessing their impact on printed product quality. 
Their research revealed that substituting canola oil with acet-
ylated microcrystalline cellulose in cheese analogs resulted 
in transformed structures, enhancing printing performance 
and sensory attributes [34]. Additionally, by replacing 
canola oil with hydrophobically modified biosurfactants 
in soy protein-based emulsions designed to print meat ana-
logs, they achieved improved texture and sensory attributes 
characterized by finer resolution, porous microstructures, 
increased hardness, and reduced friction coefficients [35]. 
Furthermore, a recent study adopted this approach to reduce 
salt content in silver carp surimi [36]. The researchers found 

that substituting a portion of sodium chloride with calcium 
chloride not only reduced sodium but also led to increased 
hardness, improved rheological properties, and enhanced 
3DP capabilities of surimi gels.

Meat Analogues Food Structures

Meat is an important part of the human diet, and its con-
sumption is steadily increasing due to the world’s growing 
population. In fact, according to the Food and Agriculture 
Organization of the United Nations (FAO), the global popu-
lation is estimated to reach 9 billion people by 2050, result-
ing in 73% increase in demand for meat, including pork, 
poultry, and beef [37]. Likewise, plant-based diets have 
gained popularity in recent years, driven by environmen-
tal awareness, the quest for sustainability, the desire for a 
healthier lifestyle, and compassion for animals. This trend 
has led to rapid growth in the plant-based food industry to 
meet consumer expectations [38, 39]. An emerging focus in 
this area is on the creation of 3D-printed structured products 
known as meat analogues, which aim to replicate the flavor, 
texture, appearance, and nutritional value of traditional meat 
[40]. The scientific literature on 3DP of meat analogues is 
limited but growing, with approximately 30 papers identified 
in a Scopus search using the keywords “3D print*” AND 
“meat* analogue*” on September 7, 2023. In this review, we 
focus on the most relevant publications on meat analogues 
incorporating plant proteins, fungi and/or edible insects, 
which are summarized in Table 1.

Regarding ink formulation for meat analogues, these mix-
tures have generally been prepared with 50 to 80% of water, 
which is essential for the juiciness of the product [38, 41]. 
Proteins, varying from 15 to 25%, play multiple functions in 
the product’s structure, including hydration, gelling, texturi-
zation, and more. Fat, up to 15%, contributes to softening, 
juiciness, flavor release, and mouthfeel. Flavorings (3% to 
10%), binding agents such as xanthan gum and vegetable 
starch (1 to 5%), and coloring agents such as beet root extract 
(0 to 0.5%) have also been added [38, 41, 42]. The combina-
tion of these ingredients allows meat analogues with accept-
able sensory qualities [38].

Soy protein has been widely adopted as the primary alter-
native protein source in the food sector, owing to its low 
cost, excellent nutritional content, and adaptability [39]. 
This trend has been also observed in food 3DP. Among 
authors who evaluated the printability of soy protein iso-
late (SPI)-based inks, we can highlight Shi et al. [43] who 
successfully printed fish analogues with a texture similar to 
real meats by varying SPI concentrations and optimizing 
printing parameters, and Shahbazi et al. [44] who replaced 
the oil phase of meat alternatives with soy-based PEs, pre-
serving both the textural and sensory characteristics of the 
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products. Regarding the use of other plant protein sources, 
Qiu et al. [2] fabricated meat analogues by replacing part of 
the soy protein with rice protein and using a texturization 
technique based on air heating-assisted 3DP. Other research-
ers have shown that chickpea, lentil, pea, and rice proteins 
have potential to be used as an alternative to soy protein in 
3DP-EXT [37, 39, 45••].

On the other hand, products containing edible mushrooms 
are more attractive and tastier than other plant-based foods, 
while present at the same time health benefits such as anti-
inflammatory, immunomodulatory, anti-tumor, anti-diabetic, 
and functional relief from constipation [46]. In this sense, 
Demircan et al. [38] improved the textural properties and 
juiciness of 3D printed meat analogues by incorporating 
three different varieties of mushrooms, which increased 
their acceptability, nutritional value, and umami taste. More 
recently, alternative ingredients such as edible insects have 
been evaluated as promising meat sources. In fact, when 
compared to other alternatives, edible insects emit signifi-
cantly less greenhouse gases and ammonia, have high feed 
conversion efficiency, short life cycles, and a low environ-
mental footprint. With this aim, Nam et al. [47] investigated 
printable inks based on soy protein and different cricket frac-
tions, concluding that the cricket filtrate fraction resulted in 
products with closest dimensions to the 3D design.

While most printed meat analogues have tailored the 
printing design to meet the texture of the real meat, new 
approaches have been developed to better replicate the fila-
mentous characteristic. Ko et al. [48•] used co-axial nozzle-
assisted 3D printing to produce meat analogues with a “real” 
texture by coating a fiber solution with a soy protein paste 
and determined the optimal formulation that allowed main-
taining its shape, even after post-processing. Kim et al. [49] 
used a potato starch solution on the outside and surimi as 
core material to simulate crab flesh, exploring different infill 
patterns and concluding that the aligned-rectilinear design 
best resembled commercial crab meat. On the other side, 
Tay et al. [45••] used a dual extrusion technique to produce 
a salmon analogue. They first printed a material that repre-
sented salmon muscle and then injected, by 3DP as well, the 
adipose tissue simulant.

Conclusions

In this review, we have delved into the strategies for struc-
turing food products using extrusion 3DP, highlighting the 
current and most advanced key methods for creating diverse 
matrix structures. These methods include modifying ink 
composition, adjusting 3D printer parameters, and using 
post-processing techniques, as well as dual and co-axial 
extrusion. Each of these strategies offers unique advantages 
for creating custom food structures, from adjusting texture 

and flavor to precise ingredient distribution and encapsula-
tion. In this section, we draw the primary conclusions, as 
well as future challenges and opportunities that arise from 
applying these strategies in three areas of high interest: the 
encapsulation of bioactives, the reduction of sugar, salt, and 
fat, and the production of meat analogues.

Regarding the incorporation of bioactive components into 
food matrices, we found that it can be addressed through 
two strategies. On one side, there is a need to develop edible 
materials that can withstand the 3DP without severe adjust-
ing of the process temperature to preserve the beneficial 
activity and viability of the compounds. In this sense, some 
mashed vegetables and gelatinous substances can be used, 
but the strength of the printed objects is low which limits the 
application and has turned the attention to Pickering emul-
sions, hydrogels, oleogels, and similar structured materials. 
On the other side, tunning of the printing process itself can 
greatly enhance the performance of the bioactive compo-
nents such as the use of co-axial nozzles that can encapsulate 
the sensitive materials to protect them from environmental 
degradation. The ability of the 3DP process to geometrically 
distribute inks as desired also opens up great opportunities 
for the design of patterns that can also meet this protective 
functionality or that can tune the release profile as desired, 
for example by using dual extrusion or multiple printing. 
These strategies need to be further explored for generating 
3D printed products that can meet new ways of deliver-
ing bioactive substances. Another critical consideration is 
related to determinations of bioactive compound activity. 
To evaluate whether 3DP offers advantages over traditional 
manufacturing methods, it is essential to test bioactivity not 
only in the printing materials but also in the final printed 
products. Ideally, these assessments should also include 
comparisons with products manufactured using conventional 
techniques.

We have also identified a huge potential for food 3DP in 
the development of reduced sugar, salt, and fat products. By 
using 3DP for strategic layering and precise distribution of 
ingredients throughout the entire food matrix, it becomes 
possible to achieve healthier alternatives with sensory prop-
erties similar to the original products. Additionally, we have 
highlighted the potential of replacing fat with emulsions and 
oleogels to create low-fat 3D-printed foods while maintain-
ing desirable sensory attributes. As a possibility, layering 
using dual extrusion together with changes in design pat-
terns could be combined to develop even more complex 
matrices with optimal ingredient distributions and improved 
palatability.

Regarding the development of meat analogues, we con-
sider that 3DP arises as the most promising technology for 
this type of product since it easily allows the construction of 
fibrous structures similar to real meat. However, this applica-
tion is at a very early stage of development and requires a lot 
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of research to be cost-effective, as well as facing consumer 
acceptance challenges.

The opportunities presented by food 3DP in the quest 
for healthier, tastier, and more customized food products 
are undeniable. With ongoing innovation and collaboration 
across various disciplines, 3DP has the potential to revo-
lutionize the way we approach nutrition and food security, 
offering consumers a broader range of healthier and equally 
enjoyable food choices.

Acknowledgements  The authors express their gratitude to Dis. Teresa 
Dutari for her assistance.

Author contributions  Ivana M. Cotabarren: conceptualization, inves-
tigation, writing—original draft preparation, writing—review and 
editing, supervision, funding acquisition; M. Itati De Salvo: investiga-
tion, writing—original draft preparation, writing—review and editing; 
Camila A. Palla: conceptualization, investigation, writing—original 
draft preparation, writing—review and editing, supervision, funding 
acquisition. All authors contributed to and approved the final draft of 
the manuscript.

Funding  This work is financially supported by the Agencia Nacional 
de Promoción Científica y Tecnológica (ANPCyT) through PICT-
2021-GRF-TI-00273 and Universidad Nacional del Sur (UNS) of 
Argentina through PGI 24 M/163 and PGI 24/M172.

Declarations 

Competing interests  The authors declare no competing interests.

Conflict of Interest  The authors declare no competing interests.

Human and Animal Rights and Informed Consent  This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

References

Papers of particular interest, published recently, have 
been highlighted as:  
•  Of importance  
••  Of major importance

	 1.	 Diañez I, Martínez I, Franco JM, la Fuente EB, Gallego C. 
Advances in 3D printing of food and nutritional products. In: 
Toldrá F, editor. Adv. Food Nutr. Res: Academic Press; 2022. p. 
173–210.

	 2.	 Qiu Y, McClements DJ, Chen J, Li C, Liu C, Dai T. Construction 
of 3D printed meat analogs from plant-based proteins: improving 
the printing performance of soy protein- and gluten-based pastes 
facilitated by rice protein. Food Res Int. 2023. https://​doi.​org/​10.​
1016/j.​foodr​es.​2023.​112635.

	 3.	 Hussain S, Malakar S, Arora VK. Extrusion-based 3D food print-
ing: technological approaches, material characteristics, printing 
stability, and post-processing. Food Eng Rev. 2022;14:100–19.

	 4.	 Ma Y, Zhang L. Formulated food inks for extrusion-based 3D 
printing of personalized foods: a mini review. Curr Opin Food 
Sci. 2022. https://​doi.​org/​10.​1016/j.​cofs.​2021.​12.​012.

	 5.	 De Salvo MI, Palla CA, Cotabarren IM. Effect of printing 
parameters on the extrusion 3D printing of oleogel-based 
nutraceuticals. J Food Eng. 2023;349:111459.

	 6.	 Cotabarren I, Cruces S, Palla C. Extrusion 3D printing of 
nutraceutical oral dosage forms formulated with monoglycer-
ides oleogels and phytosterols mixtures. Food Res Int. 2019. 
https://​doi.​org/​10.​1016/j.​foodr​es.​2019.​108676.

	 7.	 Taneja A, Sharma R, Ayush K, Sharma A, Mousavi Khaneghah 
A, Regenstein JM, Barba FJ, Phimolsiripol Y, Sharma S. Inno-
vations and applications of 3-D printing in food sector. Int J 
Food Sci Technol. 2022;57:3326–32.

	 8.••	Jiang Q, Binks BP, Meng Z. Double scaffold networks regulate 
edible Pickering emulsion gel for designing thermally actuated 
4D printing. Food Hydrocoll. 2022. https://​doi.​org/​10.​1016/j.​
foodh​yd.​2022.​107969. Develop a 3D printing material with 
adjustable strength and pore size depending on the for-
mulation and post-processing, that can also respond to 
external stimulus, like thermal stress, to generate desired 
geometrical deformation after printing.

	 9.•	 Ahmadzadeh S, Ubeyitogullari A. Enhancing the stability 
of lutein by loading into dual-layered starch-ethyl cellulose 
gels using 3D food printing. Addit Manuf. 2023;69:103549. 
Increased stability of bioactive components by co-axial 
3DP-EXT compared with the physical mixture.

	10.	 Okonkwo CE, Ofoedu CE, Hussain SZ, Adeyanju AA, Naseer 
B, Inyinbor AA, Olaniran AF, Kamal-Eldin A. Application of 
biogels for bioactives delivery: recent developments and future 
research insights. Appl Food Res. 2022;2:100238.

	11.	 Jeon WY, Yu JY, Kim HW, Park HJ. Production of customized 
food through the insertion of a formulated nanoemulsion using 
coaxial 3D food printing. J Food Eng. 2021;311:110689.

	12.	 Xu D, Liu Z, An Z, Hu L, Li H, Mo H, Hati S. Incorporation 
of probiotics into 3D printed Pickering emulsion gel stabilized 
by tea protein/xanthan gum. Food Chem. 2023. https://​doi.​org/​
10.​1016/j.​foodc​hem.​2022.​135289.

	13.	 Mohammadi A, Kashi PA, Kashiri M, Bagheri A, Chen J, Ettelaie 
R, Jäger H, Shahbazi M. Self-assembly of plant polyphenols-
grafted soy proteins to manufacture a highly stable antioxidative 
Pickering emulsion gel for direct-ink-write 3D printing. Food 
Hydrocoll. 2023. https://​doi.​org/​10.​1016/j.​foodh​yd.​2023.​108851.

	14.	 Song J, Sun Y, Wang H, Tan M. Preparation of high internal 
phase Pickering emulsion by centrifugation for 3D printing 
and astaxanthin delivery. Food Hydrocoll. 2023. https://​doi.​
org/​10.​1016/j.​foodh​yd.​2023.​108840.

	15.	 Zhang L, Zhou C, Xing S, Chen Y, Su W, Wang H, Tan M. 
Sea bass protein-polyphenol complex stabilized high internal 
phase of algal oil Pickering emulsions to stabilize astaxanthin 
for 3D food printing. Food Chem. 2023. https://​doi.​org/​10.​
1016/j.​foodc​hem.​2023.​135824.

	16.	 Zhang L, Zaky AA, Zhou C, Chen Y, Su W, Wang H, Abd El-
Aty AM, Tan M. High internal phase Pickering emulsion sta-
bilized by sea bass protein microgel particles: food 3D printing 
application. Food Hydrocoll. 2022. https://​doi.​org/​10.​1016/j.​
foodh​yd.​2022.​107744.

	17.	 Liu X, Xie F, Zhou J, He J, Din ZU, Chen S, Cai J. High 
internal phase Pickering emulsion stabilized by zein-tannic 
acid-sodium alginate complexes: β-Carotene loading and 3D 
printing. Food Hydrocoll. 2023. https://​doi.​org/​10.​1016/j.​
foodh​yd.​2023.​108762.

	18.	 Huang X, Yan C, Xu Y, Ling M, He C, Zhou Z. High internal 
phase emulsions stabilized by alkaline-extracted walnut pro-
tein isolates and their application in food 3D printing. Food 
Res Int. 2023. https://​doi.​org/​10.​1016/j.​foodr​es.​2023.​112858.

	19.	 Kavimughil M, Leena MM, Moses JA, Anandharamakrishnan C. 
3D printed MCT oleogel as a co-delivery carrier for curcumin and 
resveratrol. Biomaterials. 2022;287:121616.

https://doi.org/10.1016/j.foodres.2023.112635
https://doi.org/10.1016/j.foodres.2023.112635
https://doi.org/10.1016/j.cofs.2021.12.012
https://doi.org/10.1016/j.foodres.2019.108676
https://doi.org/10.1016/j.foodhyd.2022.107969
https://doi.org/10.1016/j.foodhyd.2022.107969
https://doi.org/10.1016/j.foodchem.2022.135289
https://doi.org/10.1016/j.foodchem.2022.135289
https://doi.org/10.1016/j.foodhyd.2023.108851
https://doi.org/10.1016/j.foodhyd.2023.108840
https://doi.org/10.1016/j.foodhyd.2023.108840
https://doi.org/10.1016/j.foodchem.2023.135824
https://doi.org/10.1016/j.foodchem.2023.135824
https://doi.org/10.1016/j.foodhyd.2022.107744
https://doi.org/10.1016/j.foodhyd.2022.107744
https://doi.org/10.1016/j.foodhyd.2023.108762
https://doi.org/10.1016/j.foodhyd.2023.108762
https://doi.org/10.1016/j.foodres.2023.112858


Current Food Science and Technology Reports	

1 3

	20.	 Leena MM, Anukiruthika T, Moses JA, Anandharamakrishnan C. 
Co-delivery of curcumin and resveratrol through electrosprayed 
core-shell nanoparticles in 3D printed hydrogel. Food Hydrocoll. 
2022. https://​doi.​org/​10.​1016/j.​foodh​yd.​2021.​107200.

	21.	 Kuo CC, Clark S, Qin H, Shi X. Development of a shelf-stable, gel-
based delivery system for probiotics by encapsulation, 3D printing, 
and freeze-drying. Lwt. 2022. https://​doi.​org/​10.​1016/j.​lwt.​2022.​
113075.

	22.	 Xie D, Hu H, Huang Q, Lu X. Influence of oleogel/hydrogel ratios 
and emulsifiers on structural and digestion properties of food-grade 
3D printed bigels as carriers for quercetin and catechin. Food 
Hydrocoll. 2023. https://​doi.​org/​10.​1016/j.​foodh​yd.​2023.​108948.

	23.	 Zeng X, Li T, Zhu J, Chen L, Zheng B. Printability improvement 
of rice starch gel via catechin and procyanidin in hot extrusion 3D 
printing. Food Hydrocoll. 2021. https://​doi.​org/​10.​1016/j.​foodh​yd.​
2021.​106997.

	24	 Liu Z, Bhandari B, Zhang M. Incorporation of probiotics (Bifi-
dobacterium animalis subsp. Lactis) into 3D printed mashed 
potatoes: effects of variables on the viability. Food Res Int. 2020. 
https://​doi.​org/​10.​1016/j.​foodr​es.​2019.​108795.

	25.	 Yoha KS, Anukiruthika T, Anila W, Moses JA, Anandharam-
akrishnan C. 3D printing of encapsulated probiotics: effect of 
different post-processing methods on the stability of Lactiplan-
tibacillus plantarum (NCIM 2083) under static in vitro digestion 
conditions and during storage. Lwt. 2021. https://​doi.​org/​10.​1016/j.​
lwt.​2021.​111461.

	26.	 Cai Q, Zhong Y, Huang Q, Huang G, Lu X. Co-incorporation 
of probiotics into 3D printed custard cream with hydrophilic and 
hydrophobic bioactives. Food Hydrocoll. 2023. https://​doi.​org/​10.​
1016/j.​foodh​yd.​2023.​108809.

	27.	 Feng C, Zhang M, Liu Z, Mujumdar A, Wang Y, Chang L. Effect 
of drying method on post-processing stability and quality of 3D 
printed rose-yam paste. Dry Technol. 2021;39:1196–204.

	28.	 Onyeaka H, Nwaiwu O, Obileke KC, Miri T, Al-Sharify ZT. 
Global nutritional challenges of reformulated food: a review. Food 
Sci Nutr. 2023;11:2483–99.

	29.••	Khemacheevakul K, Wolodko J, Nguyen H, Wismer W. Tempo-
ral sensory perceptions of sugar-reduced 3D printed chocolates. 
Foods. 2021;10:1–14. Apply 3D printing along with strategic 
layering of high-sugar and low-sugar chocolate types to evalu-
ate the impact of layering design on consumer perception.

	30.	 Fahmy AR, Amann LS, Dunkel A, Frank O, Dawid C, Hofmann T, 
Becker T, Jekle M. Sensory design in food 3D printing – structur-
ing, texture modulation, taste localization, and thermal stabiliza-
tion. Innov Food Sci Emerg Technol. 2021;72:102743.

	31.	 Chow CY, Rodríguez RM, Riantiningtyas RR, Munk MB, Ahrné 
L, Bredie WLP. Layered food designs to create appetizing desserts: 
a proof-of-concept study. Food Res Int. 2023;170:1–8.

	32.	 You S, Huang Q, Lu X. Development of fat-reduced 3D printed 
chocolate by substituting cocoa butter with water-in-oil emulsions. 
Food Hydrocoll. 2023;135:108114.

	33.	 Wang M, Zhang J, Fan L, Li J. Fabrication of fat-reduced water-
in-oil emulsion and the application in 3D printing. Food Res Int. 
2023;172:113118.

	34	 Shahbazi M, Jäger H, Ettelaie R. Application of Pickering emul-
sions in 3D printing of personalized nutrition. Part II: functional 
properties of reduced-fat 3D printed cheese analogues. Colloids 
Surfaces A Physicochem Eng Asp. 2021. https://​doi.​org/​10.​1016/j.​
colsu​rfa.​2021.​126760.

	35	 Shahbazi M, Jäger H, Chen J, Ettelaie R. Construction of 3D 
printed reduced-fat meat analogue by emulsion gels. Part II: print-
ing performance, thermal, tribological, and dynamic sensory char-
acterization of printed objects. Food Hydrocoll. 2021. https://​doi.​
org/​10.​1016/j.​foodh​yd.​2021.​107054.

	36.	 Yu N, Gong H, Yuan H, Bao Y, Wang W. Effects of calcium chlo-
ride as a salt substitute on physicochemical and 3D printing prop-
erties of silver carp surimi gels. CYTA - J Food. 2022;20:1–12.

	37.	 Wang S, Liu S. 3D Printing of soy protein- and gluten-based gels 
facilitated by thermosensitive cocoa butter in a model study. ACS 
Food Sci Technol. 2021;1:1990–6.

	38.	 Demircan E, Aydar EF, Mertdinc Z, Kasapoglu KN, Ozcelik B. 
3D printable vegan plant-based meat analogue: Fortification with 
three different mushrooms, investigation of printability, and char-
acterization. Food Res Int. 2023. https://​doi.​org/​10.​1016/j.​foodr​es.​
2023.​113259.

	39.	 Israeli D, Prigat Goldfriend Y, Dikovsky D, Benjamin O. Novel 
plant proteins used in 3D printed meat analogues: relationship 
between protein physicochemical and functional characteristics. 
Eur Food Res Technol. 2023;249:2335–47.

	40.	 Starowicz M, Kubara Poznar K, Zieliński H. What are the main 
sensory attributes that determine the acceptance of meat alterna-
tives? Curr Opin Food Sci. 2022;48:1–7.

	41.	 Kyriakopoulou K, Dekkers B, van der Goot AJ. Plant-based meat 
analogues. Sustain Meat Prod Process. 2019. https://​doi.​org/​10.​
1016/​B978-0-​12-​814874-​7.​00006-7.

	42.	 Bohrer BM. An investigation of the formulation and nutritional 
composition of modern meat analogue products. Food Sci Hum 
Wellness. 2019;8:320–9.

	43.	 Shi H, Li J, Xu E, Yang H, Liu D, Yin J. Microscale 3D printing 
of fish analogues using soy protein food ink. J Food Eng. 2023. 
https://​doi.​org/​10.​1016/j.​jfood​eng.​2023.​111436.

	44.	 Shahbazi M, Jäger H, Ettelaie R. A promising therapeutic soy-
based pickering emulsion gel stabilized by a multifunctional 
microcrystalline cellulose: application in 3D food printing. J Agric 
Food Chem. 2022;70:2374–88.

	45.••	Tay JU, Zhou C, Lee HW, Lu Y, Huang D. 3D printing of salmon 
fillet mimic: Imparting printability via high-pressure homogeni-
zation and post-printing texturization via transglutaminase. Food 
Hydrocoll. 2023. https://​doi.​org/​10.​1016/j.​foodh​yd.​2023.​108564. 
Use dual 3DP-EXT technology to create plant protein-based 
salmon mimetics.

	46.	 Singh A, Sit N. Meat analogues: types, methods of production 
and their effect on attributes of developed meat analogues. Food 
Bioprocess Technol. 2022;15:2664–82.

	47.	 Nam HK, Kang TW, Kim I-W, Choi R-Y, Kim HW, Park HJ. Phys-
icochemical properties of cricket (Gryllus bimaculatus) gel fraction 
with soy protein isolate for 3D printing-based meat analogue. Food 
Biosci. 2023;53:102772.

	48.•	 Ko HJ, Wen Y, Choi JH, Park BR, Kim HW, Park HJ. Meat analog 
production through artificial muscle fiber insertion using coaxial 
nozzle-assisted three-dimensional food printing. Food Hydrocoll. 
2021;120:106898. Use of 3DP-EXT with a co-axial syringe to 
produce alternative meat with a fibrous structure and variable 
fiber concentration.

	49.	 Kim SM, Kim HW, Park HJ. Preparation and characterization of 
surimi-based imitation crab meat using coaxial extrusion three-
dimensional food printing. Innov Food Sci Emerg Technol. 
2021;71:1–9.

	50.	 Chen X, huan, Zhang M, Teng X xiu, Mujumdar AS,. Internal 
structure design for improved shape fidelity and crispness of 3D 
printed pumpkin-based snacks after freeze-drying. Food Res Int. 
2022;157:111220.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.foodhyd.2021.107200
https://doi.org/10.1016/j.lwt.2022.113075
https://doi.org/10.1016/j.lwt.2022.113075
https://doi.org/10.1016/j.foodhyd.2023.108948
https://doi.org/10.1016/j.foodhyd.2021.106997
https://doi.org/10.1016/j.foodhyd.2021.106997
https://doi.org/10.1016/j.foodres.2019.108795
https://doi.org/10.1016/j.lwt.2021.111461
https://doi.org/10.1016/j.lwt.2021.111461
https://doi.org/10.1016/j.foodhyd.2023.108809
https://doi.org/10.1016/j.foodhyd.2023.108809
https://doi.org/10.1016/j.colsurfa.2021.126760
https://doi.org/10.1016/j.colsurfa.2021.126760
https://doi.org/10.1016/j.foodhyd.2021.107054
https://doi.org/10.1016/j.foodhyd.2021.107054
https://doi.org/10.1016/j.foodres.2023.113259
https://doi.org/10.1016/j.foodres.2023.113259
https://doi.org/10.1016/B978-0-12-814874-7.00006-7
https://doi.org/10.1016/B978-0-12-814874-7.00006-7
https://doi.org/10.1016/j.jfoodeng.2023.111436
https://doi.org/10.1016/j.foodhyd.2023.108564

	Structuring Food Products Using 3D Printing: Strategies, Applications, and Potential
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Structure Engineering Through 3DP
	Printing Material Formulation
	3D Printer Parameters
	Post-Processing
	Dual Extrusion
	Co-axial Extrusion

	Food Structures that Incorporate Bioactive Components
	Food Structures with Reduced Content of Sugar, Salt, and Fat
	Meat Analogues Food Structures
	Conclusions
	Acknowledgements 
	References


