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ARTICLE INFO ABSTRACT

Keywords: The study determined the effect of incorporating Momordica charantia leaf powder (MCLP) into
M. charantia leaf powder corn-starch 3D food-printing ink as a functional ingredient. The effects of the particle size (75,
Particle size 131, and 200 pm) and quantity of MCLP on 3D printing performance, structural, textural, and
zg";:mting rheological properties of corn starch gel were evaluated with different concentrations (5, 10, and
Food ink 15 % (w/w)) of corn starch. The viscoelastic properties of food inks were determined considering

their behavior during extrusion and self-recovery after printing. Scanning electron microscope
was used to characterize the microstructure. Based on the results, a high starch content (15 %)
with 5 % MCLP was more favorable for 3D food printing. In addition, 3D printing performance,
textural and rheological properties of formulated ink was mainly governed by the particle size of
MCLP. The food ink with a 5 % mass fraction of 200 pm MCLP had the highest printing precision
and the best masticatory properties.

1. Introduction

Momordica charantia (M. charantia), which belongs to the Cucurbitaceae family, is a tendril-climbing annual plant commonly
known as bitter melon/gourd. M. charantia leaves (MCLs) have been used in folk medicine to treat various ailments, including diabetes,
obesity, and inflammation [1]. A water extract rich in cucurbitane-type triterpenoids was found to reduce the body weight and energy
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Abbreviations

MCLP Momordica charantia leaf powder

IDDSI International Dysphagia Diet Standardization Initiative
MCL M. charantia leaves

SEM Scanning electron microscopy

intake of high-fat diet-fed mice and inhibit adipogenesis in 3T3-L1 pre-adipocytes [2]. Moreover, momordicine I, II, and IV and 3,78,
25-trihydroxycucurbita-5,23(E)-dien-19-al isolated from MCL were demonstrated to reduce periodontal pathogen- or Cutibacterium
acne-induced inflammatory responses in humans [3]. MCL is used to treat various skin and stomach ailments owing to its antimicrobial
properties. M. charantia also functions as an antimicrobial agent [4]. Tea and juice prepared from MCL are popular preparations. MCL
is also consumed as a vegetable; however, as chewing is required, it is not suitable for people with chewing or swallowing difficulties.

3D printing is the process of creating three-dimensional objects by positioning layers of material on top of each other. 3D food
printing enables the innovative development of novel and personalized food products and the expansion of food supply channels.
Owing to these characteristics, 3D food printing has been extensively used in functional food development. Recently, 3D food printing
research related to dysphagia has been growing rapidly owing to the identification of an increasingly aging population as one of the
major global issues. Dysphagia is characterized by difficulties in swallowing, which leads to abnormal delays in food bolus movement
[5]. Currently, most vegetable-based foods for elderly people are pureed or mashed to make them less palatable and appetizing. 3D
food printing has identified as one of the promising techniques that formulates more appealing foods with required textural modifi-
cations for dysphagia. Furthermore, 3D food printing has gained popularity in texture-modified diets owing to its’ ability to formulate
food inks with different textural properties and these texture-modified diets are basic requirement for dysphagia [6]. Thus, the use of
MCL as a raw material and the utilization of its physical and nutritional properties to adapt food formulations can meet consumer
demands for personalized nutrition owing to its promising health characteristics.

The keys to the successful development of 3D food printing are printing materials and the accuracy and efficiency of the process [7].
For the 3D food printing process, the material must have sufficient fluidity to allow continuous and uniform extrusion and should
retain the product shape after extrusion. Studies on natural polymer hydrogels have revealed their ease of use as they usually exhibit
non-Newtonian fluid behavior [8]. Currently, the availability of 3D edible gel printing materials is limited. The rheological properties
of foods can be improved by optimizing food formulations to ensure easy extrusion of materials and minimal deformation after
printing. The rheological and textural properties of 3D food printing inks depend mainly on the ingredients. Therefore, the incor-
poration of functional materials into 3D food-printing ink significantly alters the material characteristics of the ink, especially when
incorporated in the powder form. This change is largely affected by the particle size of the incorporated material [9]. Therefore, it is
worth to investigate the structural and rheological modifications of MCLP incorporated corn starch gel as different particle sizes
significantly alter the 3D food printing performance and these findings are vital for the formulation of functionals ingredients
incorporated 3D food printing ink.

Food processing uses corn starch as a thickener, water-holding agent, and binder to enhance the gel properties, water-holding
capacity, and elasticity of foods [10]. The 3D printability of MCL can be enhanced by the addition of corn starch. The amount of
corn starch added to the MCL 3D printing ink and the particle size of the MCL powder (MCLP) can influence the apparent viscosity,
rheological properties (ease of migration), print results (appearance, shape, and set), and gel characteristics. However, few studies
have explored the modification of 3D food printing ink with the addition of functional ingredients, especially with functional powders
of different particle sizes. Bridging this research gap is thus vital for the remarkable growth of functional ingredients added customized
3D food printing ink. Owing to this urgent need, the aim of the current study was to determine the effect of different MCL particle sizes
on the rheological and textural characteristics of corn-starch 3D food-printing gel as a functional ingredient. This study investigated
the gel strength, texture, rheological properties, and 3D printing performance of MCLP 3D printing ink with different quantities of corn
starch and determined the optimal amount of corn starch and particle size of MCLP for 3D food printing. Further, the current study
hypothesizes that the particle size and content of MCLP govern the textural, rheological and 3D printing performance of MCLP-added
corn starch ink. Collectively, this study provides a theoretical basis for the application of MCLP in the development of functional inks
for 3D food printing.

2. Materials and methods
2.1. Materials

Corn starch (amylose content 29.60 + 0.68 %) was purchased from Ttuleban (Gyeonggi-do, South Korea). Fresh MCL was pur-
chased from a local supermarket (Shandong, China). The separated samples were washed under running tap water, dried by natural
withering for two weeks, powdered, and placed in a desiccator for further use. The moisture, ash, crude protein, crude lipid and crude
fiber contents of the MCLP were recorded as 15 + 0.50, 17.93 + 0.47, 10.25 + 0.51, 3.03 + 0.76, 25.31 + 0.32 % (DW) [11]. Dry
sieving of the MCLP particles was performed using an orbital shaker (SH30 Orbital Shaker, Fine PCR, Korea). Particle sizes of 75, 131,
or 200 pm were obtained using stainless-steel sieves with pore sizes of 45, 106, 150, 212, and 250 pm; these three particle sizes
represented different samples in the following study. The average particle size of the corn starch used in the study was 131 pm.
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2.2. Food ink mixture preparation

Deionized water was used to prepare aqueous solutions of the MCLP and starch blends. Formulations consisting of MCLP and starch
20 % (w/w) were used to determine whether the particle size significantly influenced the rheological properties and printing per-
formance. First, corn starch was prepared as a starch suspension at concentrations of 15 %, 10 %, and 5 % (w/v, dry basis). The starch
suspension was gelatinized via heating to 90 °C and manually stirred 3 times at 5-min intervals. After cooling to 60 °C, the MCLP of
various particle sizes were incorporated in the starch suspensions (5 %, 10 %, and 15 %) and stirred for 30 min until a homogeneous
food ink formulation was obtained. Nine different inks were tested, and their compositions are listed in Supplementary Table 1. During
the preparation, the container was covered with a thin plastic wrap to prevent moisture evaporation. A total reaction volume of 100 mL
was used. Immediately after the material was cooled, it was filled in a syringe and placed at 4 °C overnight (12 h) for the formation of
the starch gel for 3D printing.

2.2.1. Scanning electron microscopy (SEM)

Field-emission scanning electron microscopy (SCIOS 2; Thermo Fisher Scientific, Hillsboro, OR, USA) was used to determine the
microstructure of the food inks at an accelerated voltage of 2 kV and a working distance of 7 mm. Each food ink mixture was coated
with gold (10 mA for 120 s) under vacuum using a sputter coater (Cressington 108 Auto Sputter Coater; Cressington Scientific In-
struments). A magnification of x 250 was used for MCLP and x 500 was used for the ink mixtures.

2.3. Water holding capacity (WHC)

Chen and coworkers described a modified method for determining the WHC of MCLP samples of different sizes. First, empty
centrifuge tubes (W1) were weighed, and 0.05 g of each MCLP (W2) was added to each tube containing 1 mL of deionized water. The
tubes were placed in a water bath for 1 h at 60 °C and then transferred to cold water for 30 min. The samples were centrifuged for 20
min at 10,000 rpm in a refrigerated centrifuge. After removing the supernatant, the tubes containing the residue (W3) were weighed
[12]. The following formula was used to calculate the WHC: WHC (g/g) = (W3-W1-W2)/W2.

2.4. Dynamic viscoelastic properties of 3D printing food inks

Dynamic viscoelasticity and viscosity of the food inks were measured using a rheometer (Discovery HR-3; TA Instruments, New
Castle, DE, USA) with a parallel plate of 20 mm diameter and a gap of 1 mm. The dynamic viscoelastic properties were measured in the
range of 0.1-100 rad/s, and viscosity parameters were determined in the shear rate range of 0.1-100/s. The experimental mea-
surements were conducted at 25 °C, and the gel was equilibrated at room temperature (25 °C) for 7 min prior to each measurement.

2.5. Texture properties of 3D printing food inks

A texture analyzer (Brookfield CT3 Texture Analyzer; Brookfield Engineering Laboratories, Middleboro, MA, USA) was used to
assess the textural properties of food inks with different formulations, according to a previously described method. Each food ink was
placed in a cylindrical plastic container (35 mm in diameter and 20 mm in height) positioned at the center of the platform. The force-
time curves were measured using a 13 mm-diameter cylinder probe. Height and weight calibrations were performed prior to testing.
There were two compression cycles: both tests were conducted at 10 mm/s and the post-test was conducted at 1 mm/s. The holding
time was O s and the trigger force was 7 g. The tests were conducted in triplicate at room temperature (25 °C).

2.6. Printability assessment of 3D printing food inks

An extrusion 3D printing system (Choco J; LSB Co., Ltd., South Korea) was used for the printability experiments. In this study, a
hollow cylinder with dimensions of 20 mm x 20 mm was designed using the 3D modeling software Tinkercad (Autodesk, Inc., San
Rafael, California, USA). The objects were sliced using the open-source 3D slicer software, Ultimaker Cura (version 4.12.1). The
printing conditions were set as follows: nozzle diameter, 1 mm; layer height, 0.8 mm; nozzle moving speed, 5 mm/s; and extruder
moving speed, 100 mm/s. A temperature of 25 + 1 °C was used for all printing experiments.

The printing accuracy was calculated using the following equation:

Printing accuracy (%) = ((1-(D11-Dis)/Dys) + (1-(Dto-Dos)/Dos) + (1-H-Hs)/Hs) + (1-(Dp1-Dis)/Dis) + (1-(Dpo-Dos)/Dos))/5 x 100

where Dy is the top inner diameter (mm), Dig is the set inner diameter of the model (mm), Drg refers to the top outer diameter (mm),
Dos is the outer diameter of the model (mm), H denotes the height of the 3D-printed product (mm), where HS represents the set height
of the model (mm), Dg; refers to the inner diameter of the bottom (mm), and Dgg refers to the outer diameter of the bottom (mm).

2.7. FTIR spectrum of 3D printing food inks

Infrared spectra were obtained using a Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a KBr/Ge beam splitter, deuterated triglycine sulfate detector, and smart iTX-iD7 attenuated total reflectance sampling accessory
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with a diamond crystal. The FTIR spectra were collected from 400 cm™'-4000 cm ™. Each ink mixture was scanned 16 times at a
resolution of 8 cm 1. The spectra were normalized and corrected for baseline effects using OMNIC spectra software (version 8.0;
Thermo Fisher Scientific).

2.8. Syneresis of 3D printing food inks

A protocol adapted from the filter paper blotting method was used to analyze the syneresis of the hydrogel [13]. Food inks of
different formulations were placed on Whatman Grade 4 filter paper with a radius of 1.25 cm at the center of the experiment. Food inks
were flattened to cover a circle of 1 cm in diameter. After 30 min of fluid spreading on the filter paper, the samples were photographed.
To identify the contours of the water ring, the area covered by the fluid was measured and analyzed using ImageJ software. A ruler was
used as a reference for image analysis and photographed with the filter paper.

2.9. International dysphagia diet standardization initiative (IDDSI) test of 3D food inks

A fork pressure test was conducted on 3D printed cuboids (15 mm edge length), during which thumb pressure was applied to the
surface of the food ink to observe its deformation [5]. Of note, blanching occurs when the pressure is greater than the mean arterial
blood pressure (approximately 17 kPa), which is similar to tongue pressure during swallowing. The samples must be compressed with
the fork pressure categorized according to the IDDSI framework and should not regain their original shape after pressure release. The
spoon-tilt test was performed by scooping a teaspoon of food ink, holding the spoon steadily above a plate, and slowly tilting the spoon
sideways. The behavior of the food ink on the spoon during tilting was compared with the IDDSI descriptions. In accordance with the
IDDSI, a level 5 minced and moist dysphagia diet must demonstrate the following characteristics: can be eaten with a fork, spoon, or
chopsticks, depending on the individual’s mastery of hand control; can be easily scooped and shaped on a plate; have small lumps
visible within the food; and can be easily squashed.

2.10. Statistical analysis

Origin 8.0 software (Stat-Ease Company, Minneapolis, MN, USA) and GraphPad Prism (version 8.4; GraphPad Software, San Diego,
CA, USA) for Tukey’s test (p < 0.05) were used to prepare graphs and determine the statistical significance, respectively.
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sizes of MCLP. (D) Mean diameter (pm) and (E) Water holding capacity (g/g) of MCL particle.



M. Fan et al.

3. Results and discussion

3.1. Morphological analysis and WHC of MCLP

The morphological characteristics of the MCLP particles are shown in Fig. 1. MCLP with a particle size of 200 pm displayed
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irregular polygonal morphology with random pores and a rough cellular structure. This result might be due to MCL being rich in fibers,
which are not crushed during milling owing to their robust and hard tissue structure. They may have originated from petioles, midribs,
or veins [14]. Irregular and compact particles with sharp edges and remarkable indentations due to milling were observed in MCLP
with particle sizes of 131 pm and 75 pm; these particles were efficiently packed with minimal space between them. Smaller particles
may originate from the delicate structure of the thin layers and small reticulate veins, which can easily be crushed into fine particles
[15]. The MCLP particle size of 200 pm had a more porous structure on the surface than the smaller particle size, which is attributed to
the different rheological and textural properties of MCLP-added corn starch gel. Moreover, a previous study reported that fiber content
increased with the increasing particle size [16]. Consequently, high fiber content of 200 pm particle size of MCL powder may be
contributed to exhibit deviations in 3D printing performance.

According to Raghavendra and coworkers, the water-holding capacity of a powder refers to the amount of water that it can hold
under atmospheric pressure and gravity [17]. The WHC of the MCLP increased significantly as the particle size increased. Powder
properties, including porosity, surface area, bulk density, and ingredient composition, may differ due to grinding and sieving.
Generally, the WHC is related to the microstructure of vegetable powders, their bulk density, and their water-binding sites [9]. Based
on the results of the current study, particle diameter and WHC exhibited a positive relationship, which may be attributed to the porous
structure and surface characteristics of the particle size, where more pore structures with larger particle sizes contributed to a high
WHC.

3.2. Rheological characteristics of 3D printing food inks

As shown in Fig. 2A, the viscosity of food ink increases with increasing angular frequency, resulting in shear thinning and non-
Newtonian pseudoplastic fluid behavior [18]. Accordingly, apparent viscosity increased as the starch content increased. A higher
apparent viscosity results in higher bond strength during layer deposition [19]. Fig. 2B-D shows the plots of storage modulus (G, loss
modulus (G"), and tan & versus angular frequency (o) for MCLP mixtures of different particle sizes. In Fig. 2B and C, both G’ and G” of
the MCLP ink mixtures increased with starch addition and an increase in particle size, indicating that they could provide a degree of
rigidity to the MCLP ink mixtures. G’ was higher than G" in all inks, and G’ and G” increased as the angular frequency increased,
indicating weak gel characteristics [20]. The increase in G’ and G” values with increasing particle size may be related to the micro-
structure and bulk density of the particles. Larger particles with high porosity exhibited a low bulk density and a relatively high bulk
size when MCLP was incorporated at the same mass ratio. Variations in the bulk size of the dispersion system may have a significant
effect on printability and printing performance. Moreover, high fiber content of larger particle size also equally contributed to
exhibited rheological properties. Studies have reported that crude fiber alters the flow properties increasing the rigidity of the material
[21]. Accordingly, MCLP and corn starch blend formulated with larger particle size showed higher G’ and G” attributed to high fiber
content. The tan § of all groups decreased as the angular frequency increased, and the overall trend was generally similar. In addition,
the tan & values for all groups were less than 1, indicating elastic behavior in all inks. Thus, the inks exhibited a solid nature and could
self-retain their 3D printed structures after printing [22]. As shown in Fig. 2D, the tan § value of the group with 15 % starch was lower
than that of the other groups, indicating that the 15 % starch-inks tended to be more solid than the other inks, indicating better
elasticity, stability, and shape-retention properties of inks with increasing starch content and particle size, which aligns with the
printed products.

The relationship between the WHC and rheological properties is well documented [23]. Our results proved the positive correlation
between particle size and WHC (Fig. 1), ultimately demonstrating the potential relationship between particle size, WHC, and rheo-
logical properties. Thus, particle size markedly affects the correlation between the WHC and rheological properties of ink formulations.

3.3. Textural properties of 3D printing food inks

The effects of starch content and particle size on the textural properties of food ink are shown in Fig. 2. As particle size increased,
hardness, adhesiveness, chewiness, and gumminess of the ink significantly increased (Fig. 2E-DH, aligning with the rheological pa-
rameters. This increase was more significant with a high starch content, indicating that an increase in starch is beneficial for the
printing and molding processes [24], where MCL and corn starch blend perfectly to form a gel with excellent textural properties. The
qualitative properties of MCLP ink have a substantial impact on the efficiency of 3D printing. When the hardness and adhesiveness of
the ink are extremely low, its ability to counteract the potential energy loss is reduced, which affects the extrusion of the ink and
reduces its printability [25]. The higher the mastication of the slurry during helical extrusion of the ink by the printer, the lower the
probability of breaking into strips during extrusion. Moreover, a certain amount of gumminess facilitates ink formation [26]. The
increase in the hardness and adhesiveness of the ink facilitated by increasing starch concentration is attributed to the swelling of starch
macroparticles filling the porous structure, resulting in increased extrusion pressure between the macromolecules and a more stable
gel structure [27]. Conversely, a decrease in the concentration of tapioca starch decreased the concentration of macromolecules in the
ink, thereby reducing cross-linking and the formation of straight-chain links in starch, resulting in the formation of a more brittle gel
ink with less hardness and elasticity [28]. This result is consistent with that of the current study, in which the hardness of all inks
decreased at the lowest concentration (5 %) of corn starch, regardless of particle size. Thus, at low starch concentrations, particle size is
a less significant factor governing textural properties, whereas at high concentrations, particle size plays a central role in governing the
textural properties. Further, at higher MCLP contents, ink formulations contained high amounts of fiber compared to ink formulations
with low content of MCLP. Therefore, water absorption of fiber is more prominent with high MCLP content, and this may lead to low
hardness by reducing the degree of cross-linking [21]. However, hardness increased with the increase in particle size. This may be
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attributed to strong particle-particle interactions at larger particle size of MCLP. Previous study also reported similar results where
hardness increased with increase in particle size of spinach powder [9].

3.4. Printing performance of MCLP-added corn starch inks

A hollow cylinder was printed to assess the 3D printability of different ink formulations. Fig. 3 shows a photograph of the products
printed using the MCLP ink mixtures. As shown in Fig. 3A, some differences in the surface properties and overall particle size were
observed among the inks with different particle sizes and starch contents. The samples printed using 10 % MCLP ink were stacked
during printing but collapsed in shape owing to poor structural stability. This result is because lower hardness and gumminess of 10 %
MCLP ink ensured smooth extrusion, but its lower G' and G” resulted in insufficient mechanical strength to maintain stable printed
structure. Further, all 15 % MCLP inks failed to print the target objects may be attributed to increased rigidity of the gel due to high
fiber content. All 5 % MCLP inks were printed smoothly, regardless of the particle size. Despite being structurally stable, the 75 and
131 pm MCLP inks displayed a rougher surface with many small holes in the printed samples owing to broken strips. This result was
due to poor extrusion of the material and the tendency of the strips to break despite the sufficient structural stability of the printed
samples. These findings are consistent with the previous textural and rheological results. In contrast, 5 % 200 pm MCLP ink displayed
more structural stability owing to higher fiber content. High fiber content results in increased rigidity of printing material while
maintaining the shape of printed structure resulting in less deformed printed object [20]. Fig. 4B shows some models successfully
printed using the 5 % 200 pm MCLP ink, demonstrating that the 5 % 200 pm MCLP ink allows accurate 3D printing with sufficient
mechanical strength to maintain the structural stability.

Fig. 3C-J summarizes the 3D printing performance of MCLP-added corn starch gel. The collapse of the printed products decreased
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Fig. 3. Effect of different particle sizes of MCLP on 3D printing performance of corn starch ink (A) 3D models printed with different formulations of
MCLP and corn starch, (B) Images of different 3D models printed with 5 % 200 pm ink. Dimensions of 3D model printed with different MCLP and
corn starch formulations: Top inner (C) and outer (D) diameter; Bottom inner (E) and outer (F) diameter; (G) Top area; (H) Bottom area; (I) Height;
(J) Printing accuracy.
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Fig. 4. (A) FTIR spectra of the MCLP-added corn starch ink. Microstructure of the different ink formulations. (B) 5 % 75 pm MCLP, (C) 5 % 131 pm
MCLP, (D) 5 % 200 pm MCLP, (E) 10 % 75 pm MCLP, (F) 10 % 131 pm MCLP, (G) 10 % 200 pm MCLP, (H) 15 % 75 pm MCLP, (I) 15 % 131 pm
MCLP, and (J) 15 % 200 pm MCLP.

as the size of the MCLP particles increased, indicating that the MCLP large particles improved the support of the starch gel samples. As
shown in Fig. 3C-1, as the MCLP particle size increased, the top diameter and bottom area of the printed product gradually decreased
while the height increased, which was more consistent with the model setup. Notably, the material is stacked layer by layer during 3D
printing, producing samples without sagging and collapsing as the most critical criteria for effective printing [29]. As shown in Fig. 3I,
the height of the prints gradually increased as the size of the MCLP particles increased, with 5 % 200 pm MCLP reaching a height of
19.7 mm. The inclusion of large MCLP particles could alleviate the degree of sagging and collapse of the starch gel to some extent.
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Similarly, the printing accuracy of the prints tended to increase as the MCLP particle size increased (Fig. 3J).

The particle size of MCLP markedly affected the printing performance at a lower concentration than at a high concentration of corn
starch. Similarly, the top outer diameter, bottom inner diameter, top area, and height did not exhibit significant differences among the
different particle sizes at a corn starch concentration of 15 %. However, the top outer diameter, bottom inner diameter, top area,
bottom area, and height significantly differed between the different particle sizes at a corn starch concentration of 10 %, and a higher
particle size induced better printing characteristics. A similar trend was observed for printing accuracy, where the largest particle size
exhibited a higher printing accuracy at 10 % corn starch concentration. In contrast, the 15 % corn starch-added gel displayed the
highest printing accuracy among all gel formulations, regardless of particle size. Therefore, at higher concentrations of corn starch, the
particle size of the incorporated powder is less significant at improving the 3D printing performance, while at low concentrations of
corn starch, the particle size of the incorporated powder plays a central role in improving the 3D printing performance. Thus, our
findings suggest that both the particle size and amount of incorporated powder play a pivotal role in improving the printing per-
formance of 3D printing gels. Further, according to the results of the current study low MCLP content (5 %) showed better printing
performance. Similarly, the amount of powder incorporated into the 3D food-printing gel is governed by the particle size of the
powder.

3.5. FT-IR absorption characteristics of 3D printing food inks

Fig. 4 shows the typical shared peaks in the FT-IR spectra of 3D printing inks with different particle sizes and starch contents. The
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Fig. 5. Syneresis and correlation matrix of MCLP-added corn starch ink. (A) Syneresis measurement. (B) Spreading of food inks measured in area
covered by the liquid leaking from food inks on the filter paper. (C) Heatmap of the distribution of correlation coefficients between the particle size,
gel properties, and printing performance of the printed products.
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Table 1
Classification of samples based on the IDDSI test.
Sample Fork pressure test Fork drip test Spoon tilt test Comments
5% [ /7 Level 5-
75 pm - W / Minced and
MCLP — moist
Description: Holds its shape on a spoon.
D iption: Ink sits i il
escription: ik sits In a plle Fails off hardly if the spoon is tilted. Sticky.
above the fork. Does not drip
continuously through a fork.
Description: Push down on piece with
fork ink squash completely and not
regain its shape.

5% Level 5-
131 g - g Minced and
pm moist
MCLP Description: Holds its shape on a spoon.

Description: Ink sits in a pile Fails off hardly if the spoon is tilted. Sticky.
above the fork. Does not drip
continuously through a fork.

Description: Push down on piece with

fork ink squash completely and not

regain its shape.

5% . Level 5-
200 - e / Minced and
pm = moist
MCLP Description: Holds its shape on a spoon.

Description: Push down on piece with
fork ink squash completely and not

regain its shape.

10 % ; i

75 pm
MCLP ‘
G L S W T

Description: Push down on piece with
fork ink squash completely and not

regain its shape.

Description: Ink sits in a pile
above the fork. Does not drip

continuously through a fork.

|

Description: Drips slowly in
dollops through the prongs of a
fork.

10

Fails off hardly if the spoon is tilted. Sticky.

v / Not classified

Description: Hard holds its shape on a
spoon. Fails off easily if the spoon is tilted.
Not firm.

(continued on next page)
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Table 1 (continued)

Sample Fork pressure test Fork drip test Spoon tilt test Comments
10 % ; 7/ 7 Level 4-
131 . a / - w/ Pureed
IRk
pm ¥ W’
MCLP ‘ Description: Hard holds its shape on a
Description: Ink sits in a pile

spoon. Fails off if the spoon is tilted. Not firm.

LT T above the fork. Does not drlp Stlc](y

L. X . continuously through a fork.
Description: Push down on piece with
fork ink squash completely and not
regain its shape.

10 % ) |
200 .
pm ! g
MCLP ‘ “

U e

7 g Level 4-
4 6/ ‘/ / Pureed
*/

Description: Hard holds its shape on a

Description: Ink sits in a pile spoon. Fails off if the spoon is tilted. Not firm.
above the fork. Does not drip Sticky.
Description: Push down on piece with continuously through a fork.

fork ink squash completely and not

regain its shape.

intensity of the absorption peaks is expressed in terms of transmittance. The higher the transmittance, the weaker the absorption
intensity. The broad peak near 3310 cm ™! corresponded to the stretching vibration peak of the hydroxyl group in starch, the absorption
peak at 2930 cm ™! represented the —CH stretching vibration peak of starch, and the peak at 1625 cm™* represented the characteristic
—OH absorption peak of starch, which is common in starch-like substances [30,31]. When small molecules are incorporated into the
single-helix cavity of straight-chain starch through hydrophobic interactions, an inclusive crystalline complex is formed, and the
characteristic IR absorption peaks are shielded to some extent [32]. As shown in Fig. 4, typical infrared characteristic absorption peaks
of starch are present in the spectrum, but the major MCL characteristic absorption peaks are absent. Furthermore, no complementary
absorption peaks appeared in the treated 3D printing inks with increasing MCLP content, indicating that no new functional groups
were generated by the addition of MCLP to starch. Such findings indicate the absence of new substances and the emergence of safety
issues after the treatment of 3D printing inks via multiple strategies. Moreover, the addition of MCLP did not significantly affect starch
gelatinization as no marked differences were observed in the peaks at 1022, 1047, and 995 nm. Accordingly, the absorbance ratios at
1047,/1022 and 1022/995 cm ™! were not markedly different among the corn-starch gels prepared with different MCLP particle sizes
and contents (Fig. 4A), which represents the short-range molecular order of the starch [33]. Our studies revealed that the incorporation
of MCLP into pre-gelatinized corn starch did not lead to the formation of any chemical bonds, and the observed changes in rheological,
textural, and printing characteristics were solely attributed to the physical binding of starch and the porous surfaces of MCLP. As a
result, the functional properties of the MCL remained intact after formulation into the 3D printing gel and delivered the expected
functional properties.

3.6. Scanning electron microscopy (SEM) of 3D printing food inks

Fig. 4B-J shows the microstructures of the MCLP ink mixtures. The ink with 5 % MCLP exhibited a reticulate structure, uniform
distribution of pores, and thinner pore walls. This result may be due to the small number of MCLP molecules adhering to the surface of
the dextrinized starch molecules, which acted as a bridging agent and strengthened the network of dextrinized starch molecules [34].
The ink with 10 % MCLP exhibited a cross-linked porous structure; however, the pore sizes were not uniformly distributed, and the
pore walls were thicker, which might be due to the surface of the starch molecules being covered by MCLP, resulting in the formation of
a rigid structure [35]. This phenomenon explains the rough and grainy surfaces of the samples printed using the 10 % MCLP ink. The
ink with 15 % MCLP did not form a continuous mesh structure and exhibited a lamellar powdery surface. The sample printed with 15 %
75 pm MCLP ink showed large cavities inside the gel and absence of lamellar structure. This appearance may be due to the non-uniform
distribution of water in the sample and the thin wall layer, which caused considerable water evaporation from the gel network during
freeze-drying, resulting in disruption of the gel network structure [36]. The inks with 5 % MCLP were dense, and the gel network
structure improved as the particle size increased, aligning with the printing performance results. This may be attributed to the higher
fiber content of large particle size as studies have reported that fiber increases the compactness of gel structure leading while
contributing to increase the rigidity of the material [21].
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3.7. Syneresis of 3D printing food inks

In food inks, syneresis (water spreading) is the undesired leakage of water [13], which results in an unattractive visual appearance
(Fig. 5A). Spreading water affects the integrity of printed food structures, resulting in unstable prints that collapse easily. An approach
was employed to quantitatively determine the amount of water leaking from the food by measuring the area of Whatman filter paper
wet with water on a piece of 3D printed food (Fig. 5B). As the particle size increased, the amount of water leaking from the food
products gradually decreased. This finding is consistent with the good water retention found for large granular powders. Water leakage
at high concentrations of MCLP was higher than that at low concentrations, which was due to the ability of starch to retain highly
viscous water. Therefore, syneresis must be minimized to improve food quality and stability.

3.8. IDDSI test of 3D printing food inks

Dysphagia is common among elderly people, people with mental disabilities, stroke patients, and many postoperative patients, and
has a negative impact on their health, well-being, and quality of life [37,38]. Accordingly, the IDDSI developed and published the first
international textural standard for special foods for dysphagia (IDDSI International Standard) in 2016 [39], integrating the strengths
and weaknesses of national textural standards for special foods. The IDDSI recently launched the IDDSI Textural Framework Version
2.0 [40,41] after more than three years of global practice and promotion.

The IDDSI testing methods were used to determine the IDDSI level classification of the MCLP ink, as shown in Table 1. MCLP ink
with a particle size of 75 pm failed the spoon tilt test based on the IDDSI framework, whereas MCLP inks with particle sizes of 131 and
200 pm could be classified as level 5 minced and moist dysphagia diet.

3.9. Correlation between different particle sizes of MCLP and printing properties

Fig. 5C shows the correlation between different particle sizes of the MCLP, gel properties, and printing performance, with red and
blue representing positive and negative correlations, respectively, and the correlation coefficient ranging from 1 to —1. As illustrated in
the figure, the MCLP content was negatively correlated with the printing accuracy, which perfectly matches the results in Fig. 3, where
a high MCLP content decreased the printing performance. Although the particle size and printing accuracy displayed a positive
correlation, the correlation was not strong, which may be attributed to the dependence of the printing performance on both the particle
size and the amount of MCLP added to the gel; only a high amount of MCLP led to a significant effect. However, a strong positive
correlation was found between chewiness and particle size in MCLP. A similar pattern was observed for gumminess, adhesiveness, and
hardness, with hardness showing the highest correlation (0.91). As expected, the WHC and particle size exhibited a strong positive
correlation (0.97), which aligns with the results shown in Fig. 1. Moreover, WHC displayed a strong positive correlation with the
textural properties: hardness (0.89), chewiness (0.7), and gumminess (0.66) of the MCLP-added corn starch gel; adhesiveness (0.3)
exhibited a weak positive correlation. In contrast, syneresis exhibited a strong negative correlation with the following textural
properties: hardness (—0.93), chewiness (—0.91), adhesiveness (—0.94), and gumminess (—0.91). Interestingly, syneresis negatively
correlated with the particles size (—0.83) of MCLP, where an increase in particles size led to a decrease in syneresis. Printing accuracy
and syneresis also displayed a strong negative correlation (—0.75). As expected, G' max strongly correlated with printing accuracy
(0.86). The positive correlation displayed between the G’ max and the particle size of the MCLP was not strong (0.19). The correlation
(0.43) between the printing accuracy and particle size of the MCLP followed a similar trend. Further, G' max and MCLP content showed
a strong negative (—0.75) correlation, with an increase in MCLP content leading to a decrease in G’ max, resulting in poor printing
performance.

4. Conclusions

In this study, several MCLP-corn starch ink mixtures were used for 3D printing. First, the effects of MCLP size and starch addition on
the printing performance of the ink were investigated. The addition of starch as a thickening agent was found to increase the apparent
viscosity, G, and G”, and improve the textural properties of the printed products in a concentration-dependent manner. At high corn
starch concentrations, particle size was a major factor in determining textural properties; however, at low starch concentrations,
particle size was insignificant in determining textural properties. The printability of the blends was markedly influenced by an increase
in the particle size of the incorporated MCLP. This difference was found to be more significant at low starch concentrations. Based on
the textural and rheological properties, the current study confirmed that hydrodynamic stability is proportional to particle size. 3D
printing inks with 5 % mass fraction of 200 pm MCLP displayed the highest precision, the most ordered microstructure, the most
desirable mechanical properties, and good stability. Therefore, suitable material formulations, ratios, and particle sizes are key to
successful 3D food printing with the addition of functional ingredients. To enrich and broaden the range of 3D printed food products,
future research should focus on nutritional variations and consumer feedback in addition to the study of physical properties.
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