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Abstract

Heightened awareness for healthy, nutritious, and sustainable food has emerged post-
pandemic. The application of 3D food printing (3DFP) technology holds significant
potential for producing functional and sustainable food products. This study aimed to
investigate the effect of printing temperatures on the viability of Lactiplantibacillus
plantarum Dad-13 within protein-based 3D-printed food products. The protein-based food
-ink was formulated with defatted tempeh flour, isolated soy protein, probiotic culture L.
plantarum Dad-13, gelatine and sodium alginate. The 3DFP used in this study was an
extrusion-based Foodbot 3D Food Printer, with the following conditions: 2 mm nozzle, 7
mm/s printing speed, and dimensions of 150x150x70 mm. Different printing temperatures
were applied (30°C, 35°C, 40°C, 45°C, and 50°C). The printed results were analyzed for
probiotic viability and microstructure. Lactiplantibacillus plantarum Dad-13 viability in
the 3DFP products ranged from 8.8004 to 10.2453 log CFU/g. The printing temperature
significantly affected the viability of L. plantarum Dad-13 within protein-based 3DFP
products. Probiotic viability decreased with increasing printing temperature from 30°C to
50°C. Microscopic observations revealed that elevated temperatures decrease in cell size
and the appearance of damaged or incomplete cells. Microstructural analysis revealed
variations in matrix compactness within the 3DFP samples, influenced by printing
temperature. Higher printing temperatures lead to greater exposure of the probiotic
bacteria to direct heat stress. This direct heat exposure contributes to the significant
decrease in probiotic viability. Printing temperature of 30°C was the most suitable
temperature to produce protein-based 3DFP product.

1. Introduction

The COVID-19 pandemic has significantly altered
global food consumption patterns. Heightened awareness
of the importance of healthy, nutritious, and sustainable
food has emerged post-pandemic. This has spurred
innovation within the food industry, notably through the
adoption of 3D food printing (3DFP) technology. It
offers a novel and efficient approach to food production,
enabling the creation of complex and precisely designed
foods while facilitating customized product formulations
and nutritional profiles to meet individual needs. The
application of 3DFP technology holds
potential for reducing food waste and developing more
appealing food products
Furthermore, 3DFP enables the production of edible
packaging materials, such as films and coatings, that
come into direct contact with food, thereby minimizing
packaging waste (Hakim et al., 2023). Extrusion-based
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printing is the most widely employed 3DFP method. In
this technique, a food-ink, formulated with specific
materials, is loaded into a syringe and extruded through a
nozzle. During extrusion, the food-ink is heated to its
melting point and subjected to pressure applied by a
pump or plunger within the syringe. Key characteristics
of a suitable food-ink include the ability to flow
smoothly through the nozzle and subsequently solidify
after deposition (Sun ef al., 2018). Optimal printability
and dimensional stability are crucial during printing, post
-printing, and subsequent storage. Achieving these
characteristics necessitates careful adjustment of the
printing temperature.

significant

(Wong et al., 2022).

Previous research has demonstrated the criticality of
printing temperature for various food-ink formulations.
Chen et al. (2022) observed weak interlayer cohesion in
protein-based food-ink printed at 25°C, leading to poor
printing accuracy. Liu et al. (2020) reported a decrease
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in viscosity and increased dripping in carbohydrate-
based mashed potato food-ink printed at 55°C,
compromising the extrusion process. In contrast, Huang
et al. (2023) found that chocolate-based food-ink
requires a printing temperature of 60°C, aligned with its
melting point. Temperatures below 60°C were shown to
negatively impact the flowability and printability of
chocolate-based food inks. Therefore, the selection of
printing temperature must be carefully considered in
relation to the specific food-ink material.

Commonly employed food-ink materials in 3DFP
applications include chocolate (Huang et al., 2023),
mashed potato (Liu et al., 2020), cereal-based materials
such as wheat flour dough (Zhang et al., 2018), and soy
protein isolate (Chen et al., 2019), a widely utilized
protein source. Compared to chocolate, carbohydrate,
and protein-based food inks, the latter often require the
addition of hydrocolloids to enhance stability during and
after printing. Chen et al. (2019) identified gelatin and
sodium alginate as effective hydrocolloids for improving
food-ink printability. Chen et al. (2022) demonstrated
the beneficial effects of gelatin and sodium alginate on
the gelation properties, water binding capacity, and
emulsification ability of soy protein. This study utilizes a
soy protein isolate-based food-ink incorporating gelatin
and sodium alginate. Soy protein isolate (SPI) can be
utilized as a food-ink material due to its protein
composition. SPI comprises two dominant globular
protein fractions: 7S and 11S globulins. The 7S fraction
significantly influences gel elasticity, while the 11S
fraction contributes to gel hardness and firmness (Lyu et
al., 2022). Preliminary investigations revealed that SPI
exhibits a high viscosity, necessitating the incorporation
of additional ingredients to enhance its flowability.
Defatted tempeh flour (DTF) at 4% (w/v) was included
to reduce viscosity and improve the rheological
properties of the food-ink. This fat reduction step was
implemented to minimize the fat content of tempeh flour
(initially 24.7%), which can hinder the dissolution of
tempeh flour within the food-ink matrix (Bastian et al.,
2013). Probiotic cultures were also incorporated into the
food-ink. Lactiplantibacillus plantarum Dad-13, isolated
from fermented buffalo milk (dadih) in West Sumatra
(Rahayu et al., 2016), was selected.

This study employed a food-ink formulation
comprising DTF, SPI, L. plantarum Dad-13, sodium
alginate, and gelatin to achieve optimal printability of a
protein-based 3DFP product, which is a semi-finished
food and expected to have functional properties. Jannah
et al. (2022) demonstrated the survival of L. plantarum
Dad-13 in coffee products stored at 30°C under vacuum
packaging, with a viability exceeding 6 log CFU/g after
50 days. Chen et al. (2022) reported instability and
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collapse of printed objects at 25°C. Previous studies have
also highlighted the influence of printing temperature on
probiotic viability (Gardiner et al., 2000; Zhang et al.,
2018). While previous studies have investigated the
viability of L. plantarum Dad-13 at 30°C storage
temperatures, its viability under the elevated
temperatures encountered during direct product contact
during 3DFP remains unexplored. Therefore, this study
aimed to investigate the impact of varying printing
temperatures (30°C, 35°C, 40°C, 45°C, and 50°C) on the
viability of L. plantarum Dad-13 within 3D-printed food
products fabricated using a food-ink matrix comprising
defatted tempeh flour and soy protein isolate.

2. Materials and methods
2.1 Materials

The ingredients of 3D food printing food-ink consist
of defatted tempeh flour (DTF), Isolated soy protein
(ISP), sodium alginate, gelatin (bloom index 200), and
probiotic culture L. plantarum Dad-13 (10'* CFU/g).
Isolated soy protein, sodium alginate, and gelatin were
purchased from the local market. The probiotic culture L.
plantarum Dad-13 (10" CFU/g) was purchased from the
Food and Nutrition Culture Collection (FNCC),
Universitas Gadjah Mada, Indonesia. For preparing DTF,
hygienic tempeh purchased from the local market was
sliced, steam blanched at 90°C for 2 min, dried at 60°C
for 8 h, then crushed and sieved at 70 mesh with a Tyler
sieve shaker. The obtained tempeh flour was defatted
with hexane at room temperature for 2 h, then dried at
60°C for 8 h.

2.2 Preparation of food-ink and 3D food printing

Food ink was made according to the procedure
outlined by Chen et al. (2019). The mixture of ISP, DTF,
probiotic culture L. plantarum Dad-13 (10" CFU/g) with
gelatin and sodium alginate was prepared as follows.
Firstly, the sodium alginate solution was prepared by
dissolving sodium alginate into distilled water (pH
around 6.8) with a stirrer for 2 h to make the final
concentration of 0.5% (w/v). Secondly, gelatin was
added to the sodium alginate solution to reach a
concentration of 10% (w/v), and the mixture was
incubated in 45°C waterbath for 1 h. Thirdly, ISP and
DTF were added into the gelatin and sodium alginate
solution to reach a concentration of 20% (w/v) and 4%
(w/v) and the paste was mixed manually in a waterbath
at about 100 rpm for 5 min. All the prepared mixtures
were stored at 4°C overnight and heated to 45°C. After
being heated, and the paste is in a liquid state, probiotic
culture L. plantarum Dad-13 0.1% (w/v) can be added.
The 3DFP used in this study is an extrusion-based
Foodbot 3D Food Printer, with the following conditions:
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2 mm nozzle, 7 mm/s printing speed, and dimensions of
150x150x70 mm. Different printing temperatures were
applied 30°C (P1), 35°C (P2), 40°C (P3), 45°C (P4), and
50°C (P5). The printed results were analyzed for
probiotic viability and microstructure.

2.3 Lactiplantibacillus plantarum Dad-13  viability
analysis

The probiotic viability of food-ink and printed object
were analyzed according to Jannah et al. (2022). The
sample (1 g) was crushed using a sterile mortar and
pestle. The crushed sample was transferred to a test tube
containing 9 mL of 0.85% NaCl diluent solution,
resulting in a 10" dilution. Serial dilutions of ten-fold
were subsequently performed, with 1 mL of each
dilution transferred to the next test tube and vortexed
until a 10"? dilution was achieved. Immediately
following dilutions from 10 to 102, 1 mL aliquots
were aseptically transferred from each dilution tube to
duplicate sterile Petri dishes. MRS Agar medium, pre-
warmed to 50°C, was then poured into the Petri dishes.
The plates were gently mixed by rotating them in a
figure-eight pattern and allowed to solidify. Incubation
was carried out at 37°C for 48 h. Colony counts were
determined using a colony counter. The L. plantarum
Dad-13 bacterial colonies exhibited a characteristic
round morphology, white color, and smooth edges
(Putrayana et al., 2023).

2.4 Microscopic characteristics of Lactiplantibacillus
plantarum Dad-13 observation

Gram staining of L. plantarum Dad-13 was
performed according to Kurnia e al. (2020). A loopful
(1-2) of sterile distilled water was aseptically transferred
to the clean slide, followed by the addition of a loopful
of L. plantarum Dad-13. This mixture was then heat-
fixed. Crystal violet solution (2-3 drops) was applied to
the slide and allowed to stain for 2 min. The slide was
then rinsed with running water and air-dried.
Subsequently, Gram's iodine solution (2-3 drops) was
applied and left for 1 min, followed by rinsing with
water and air-drying. Decolorization was achieved by
applying 2-3 drops of a 7:3 ethanol-acetone mixture and
rinsing with water until the purple color ceased to run.
Finally, safranin solution (0.5%, 2-3 drops) was applied
as a counterstain for 30 seconds, followed by rinsing
with water and air-drying. The stained slide was then
observed under a microscope. Lactic acid bacteria were
identified by their characteristic purple, rod-shaped
morphology.

2.5 Microstructure analysis

Microstructural analysis was conducted using a
Scanning Electron Microscope (SEM). The 3DFP
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sample was initially ground. Subsequently, it was
subjected to Critical Point Drying to remove residual
moisture. Prior to SEM observation, the sample was
coated with a thin layer of Au-Pd (gold-palladium). This
coating enhances sample conductivity, facilitating
electron flow and resulting in clearer and more accurate
images (Setyaningsih et al., 2017). The thin coating layer
minimizes obscuration of surface details, enabling high-
resolution imaging. SEM operates by focusing a beam of
electrons onto the sample surface. The interaction
between the electron beam and the sample generates
various signals, including secondary electrons, which are
detected to form an image. The magnification can be
adjusted by manipulating the electron beam and focusing
lenses. For this study, the 3DFP sample was observed
under SEM at magnifications of 1000x and 2000x.
Particle diameter measurements were subsequently
analyzed using ImageJ software.

2.6 Statistical analysis

The data were expressed as mean =+ standard
deviations (SD) from five individual repetitions. The
obtained data were statistically analyzed with analysis of
variance (ANOVA) at a = 0.05 and Duncan's multiple
range tests (DMRT) at a = 0.05 using SPSS software
(IBM, version 25, USA).

3. Results and discussion
3.1 Lactiplantibacillus plantarum Dad-13 viability

Lactiplantibacillus plantarum Dad-13 viability in the
3DFP products ranged from 8.8004 to 10.2453 log CFU/
g. The viability at different printing temperatures can be
seen in Figure 1. The printing temperature significantly
affected the viability of L. plantarum Dad-13 within
protein-based 3DFP products.

As depicted in Figure 1, a decline in bacterial
viability was observed with increasing printing
temperature. At 30-35°C, probiotic viability remained
high, reaching 10'® CFU/g. This aligns with the findings
of Wardani et al. (2017), who reported that L. plantarum
Dad-13 exhibits optimal growth within the temperature
range of 30-37°C, classifying it as a mesophilic
bacterium. A significant decrease in probiotic viability
was observed between 35°C and 40°C, likely attributed
to temperatures exceeding the optimal growth range.
Wardani et al. (2017) also reported a gradual decline in
L. plantarum Dad-13 viability at temperatures above 40°
C. Consequently, at printing temperatures of 40°C and
above, a continued reduction in viability to 10° CFU/g
was observed. At 50°C, probiotic viability plummeted to
2 log CFU/g, primarily due to direct contact between the
probiotic-laden food-ink and elevated temperatures.
Several studies have reported that the optimal growth
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temperature for various probiotic strains, including
Bifidobacteria and Lactobacillus species, typically falls
within the range of 37-43°C (Boylston et al., 2004; Lee
and Salminen, 2009; Korbekandi et al., 2011). High-
temperature processing, particularly in the range of 45-
50°C, can significantly impact probiotic survival
(Tripathi and Giri, 2014). In response to initial heat
exposure, probiotics  activate  stress  response
mechanisms, including the synthesis of small heat-shock
proteins (sHSPs), which are ATP-independent chaperone
molecules (Petrof et al., 2004; Rocchetti et al., 2023).
sHSPs play a crucial role in protecting cellular structures
by refolding denatured proteins and maintaining
membrane integrity (Angelis et al., 2004). However, at
elevated temperatures (40-50°C), the protective capacity
of sHSPs may become insufficient. This temperature
increase coincided with a decline in viability, further
supported by microscopic observations of cellular
damage to probiotic bacteria.
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Figure 1. The probiotic Lactiplantibacillus plantarum Dad-13
viability at different temperatures in protein-based 3DFP
product (n = 5). Values with different superscripts are
statistically significantly different (DMRT at a = 0.05).

Elevated printing temperatures and prolonged
printing times (12 min per treatment) resulted in bacterial
cell injury. Sublethally injured cells may exhibit damage
to cell membranes, cell walls, DNA, RNA, ribosomes,
and essential enzymes (Kurniati et al., 2020; Machata et
al., 2021). Heat stress can disrupt the lipid bilayer,
leading to increased membrane permeability. This
disruption can result in the leakage of intracellular
components, such as ions and metabolites, and impair
enzymatic reactions (Hastuti et al., 2016). During heat
exposure, protein denaturation occurs, altering the three-
dimensional structure of proteins and compromising their
functionality. This consequently leads to a significant
reduction in metabolic activity. Decreased metabolic
activity diminishes ATP production, ultimately hindering
cell growth and reproduction, culminating in cell lysis
and bacterial cell death. Studies have demonstrated that
high temperatures can rapidly inactivate probiotic
strains. For instance, Lactobacillus reuteri C-10 has been
shown to exhibit complete destruction within 15 minutes
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at 70°C (Azim et al., 2012). Therefore, increasing
printing temperature significantly reduces the viability of
probiotic bacterial cells.

3.2 Microscopic characteristics of Lactiplantibacillus
plantarum Dad-13

Microscopic characterization was conducted using
Gram staining to assess the impact of printing
temperature on cell morphology. Gram staining revealed
rod-shaped, purple-colored cells, consistent with
previous findings by Putrayana et al. (2023). They
observed that L. plantarum Dad-13 grown on MRS Agar
exhibited round, white colonies, while microscopic
examination revealed rod-shaped, purple-colored cells.
The purple coloration following crystal violet staining
indicates Gram-positive bacteria. This observation aligns
with the findings of Bergey and Holt (2000), who
reported that Gram-positive bacteria possess thick
peptidoglycan cell walls, facilitating the retention of
crystal violet stain. Microscopic observations using
Gram staining were also performed to identify potential
cellular damage in probiotic bacteria. Figure 2
summarizes the microscopic observations of L.
plantarum Dad-13 at various printing temperatures under
1000 magnification.

Microscopic observations revealed that at 30-35°C,
probiotic cells exhibited a typical rod-shaped
morphology. As reported by Hastuti er al. (2016),
elevated temperatures can induce denaturation of
bacterial cell wall proteins. Consistent with these
findings, at 40-45°C, a decrease in cell size and the
appearance of damaged or incomplete cells were
observed. Darmastuti et al. (2021) identified FtsL, a
protein supported by the murein hydrolase enzyme, as a
key component in maintaining the cell wall structure of
L. plantarum Dad-13. In response to thermal stress, FtsL.
interacts with murein hydrolase to facilitate cellular
adaptation. Additionally, D-alanine transport regulator
(DItR) and D-alanine ligase (DItS) play crucial roles in
maintaining cell shape (Darmastuti et al., 2021). At 50°
C, significant cell wall structural protein denaturation
was evident. This denaturation disrupts the interaction
between the cell membrane and the cytoskeleton, leading
to cell rounding. This morphological alteration is likely
attributed to cytoskeletal damage, which plays a critical
role in maintaining cell shape. Furthermore, the
instability of the D-alanylation system components, DItR
and DItS, which are involved in modifying the bacterial
cell wall by incorporating D-alanine into teichoic acid,
may contribute to this morphological distortion. The
instability of this system is likely a consequence of
thermal stress exceeding the optimal growth temperature
of the probiotic. At 50°C, cell rounding becomes
prominent. Prolonged exposure to elevated temperatures
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can compromise cell membrane integrity, leading to
increased permeability and the leakage of intracellular
components, such as nutrients and enzymes, ultimately
resulting in cell death (Hastuti et al., 2016). This
membrane disruption can be attributed to the loss of
membrane fluidity and increased permeability,
potentially due to the denaturation of membrane proteins.

P1 (Printing temperature
30°C)

P2 (Printing
35°C)

temperature

P3  (Printing
40°C)

temperature

P4 (Printing
45°C)

temperature

P5 (Printing
50°C)

temperature ¢

Figure 2. Microscopic observations of Lactiplantibacillus
plantarum Dad-13 at various printing temperatures under
1000x magnification.

3.3 Microstructure of 3D food printing products

Microstructural analysis was performed on 3DFP
products that had been printed at various printing
temperatures using a Scanning Electron Microscope
(SEM). The results of the microstructural analysis of soy
-based probiotic 3DFP products can be seen in Figure 3.

Microstructural analysis revealed variations in
matrix compactness within the 3DFP samples,
influenced by printing temperature. The 3DFP sample
printed at 30°C exhibited a rougher -cross-section
compared to those printed at 40°C and 50°C. This
observation can be attributed to weaker interactions
between protein particles at 30°C, primarily relying on
hydrogen bonds, leading to a more dispersed protein
distribution. Additionally, the presence of large pores
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within the 3DFP sample printed at 30°C may be
associated with the higher mechanical strength and
viscosity of the food-ink at this temperature. At 30°C,
gelatin likely exists in a semi-solid or gel state (Mad-Ali
et al., 2017), limiting its flowability and interaction with
other components. Although sodium alginate, SPI, and
tempeh require sufficient hydration to form a gel-like
structure, the low temperature may hinder optimal
hydration and interaction. However, at 30°C, the
incorporated L. plantarum Dad-13 probiotics may
experience enhanced protection from heat stress, as the
hydrogel and other components act as a thermal barrier.
In the micrograph of the 3DFP sample printed at 40°C,
tighter intermolecular bonds were observed between
protein particles, with a distinct gelatin layer surrounding
the interconnected protein network. At this temperature,
gelatin transitions to a liquid state, enhancing its binding
properties and facilitating the formation of a more
cohesive matrix. Chen et al. (2022) reported that gelatin
forms a stable 3D network within the temperature range
of 35-45°C, effectively trapping protein particles and
resulting in a relatively stable 3D structure upon cooling
to room temperature (approximately 25°C). However,
the increased fluidity at 40°C may have allowed for
greater movement of the hydrogel and other components
within the matrix prior to solidification, potentially
exposing the probiotics to more direct heat stress,
contributing to the observed decrease in probiotic
viability compared to the 30°C sample. The micrograph

A B

Figure 3. Microstructure observation with Scanning Electron
Microscope at temperatures 30°C, 40°C, and 50°C. (A) 1000x
magnification and (B) 2000 magnification.
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of the 3DFP sample printed at 50°C demonstrated even
tighter bonds between protein particles, likely due to the
complete liquefaction of gelatin at this temperature. The
liquid state of gelatin at 50°C facilitates improved
interaction and integration with other components,
resulting in a more uniform microstructure. Moreover,
the elevated temperature likely enhanced the hydration
of sodium alginate and SPI, promoting swelling and
contributing to a more interconnected matrix (Zhang et
al., 2024). The addition of gelatin and sodium alginate to
the food-ink significantly improved its flowability,
enabling smooth extrusion through the nozzle. Food-ink
viscosity is inversely related to printing temperature.
Higher printing temperatures reduce viscosity,
facilitating easier extrusion. However, this increased
fluidity at higher temperatures can also lead to greater
exposure of the probiotic bacteria to direct heat stress, as
the hydrogel and other components exhibit increased
mobility within the matrix, providing less thermal
protection. This direct heat exposure contributes to the
significant decrease in probiotic viability, reaching up to
2 log CFU/g at 50°C.

4. Conclusion

The printing temperature significantly affected the
viability of L. plantarum Dad-13 within protein-based
3DFP products. Probiotic viability decreased with
increasing printing temperature from 30°C to 50°C. At
30-35°C, probiotic viability remained high, reaching 10
log CFU/g. At printing temperatures of 40°C and above,
a continued reduction in viability to 10° CFU/g was
observed. At 50°C, probiotic viability plummeted to 2
log CFU/g. Microscopic observations and
microstructural analysis supported the results of
probiotic viability analysis. Lower printing temperatures
resulted in a rougher cross-section structure of protein-
based 3DFP products, which may be associated with
lower mobility of hydrogel and other components, thus
providing more thermal protection to the probiotic.
Future studies should include rheological analysis to
confirm this. Optimum baking temperature and sensory
analysis on the baked product are also needed for further
development of this product.
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