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Abstract

This study focuses on developing a 3D-printable gummy candy matrix that could be
employed as a customizable platform for drug or micronutrient delivery, particularly for
patients with specific health needs. The formulation is designed to be sugar-free, artificial
additive-free, and free of gluten and animal-derived ingredients to ensure broad accessi-
bility. Gellan gum (GG) was selected as the primary binder by means of the "Weighting
Point Technique (WPT)" due to its favorable properties, such as ease of preparation,

adequate consistency, and market availability.

Rheological analyses were conducted to evaluate the formulation’s extrudability, layer ad-
hesion, and shape stability, while cycle compression tests allowed to assess chewability by
measuring hardness, gumminess, cohesiveness, and springiness on gelled samples. Sample
stability was evaluated through weight loss measurements, observing mold formation and

any variation in the aspect of the gelled samples over a period of 7 and 10 days.

Rheological characterization demonstrated that all inks tested are suitable for 3D printing
at their respective gelation temperatures, with the 2.5% GG formulation (G2.5%) show-
ing the best self-supporting ability. Despite its promising printability, cyclic compression
revealed that all formulations, including G2.5%, exhibited brittleness compared to com-
mercial candies. Additionally, the 2.5% formulation displayed the highest water seepage

rate (WSR%) or water loss, indicating potential stability concerns.

Future work will focus on optimizing mechanical properties, texture, and stability through
the addition of sweeteners, other gelling agents, and /or ions like sodium or calcium, as well
as further adjustments of the 3D printing parameters. These improvements aim to enhance
the formulation’s properties, ultimately enabling the incorporation of active ingredients

for personalized drug delivery applications in both the food and pharmaceutical sectors.

Keywords: Gummy Candies, 3D printing, Gellan gum, Rheological Analysis, Cyclic

compression, Mechanical Analysis, Water Loss, Hydrogel
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Abstract in lingua italiana

Questo lavoro di tesi si pone I'obiettivo di analizzare il possibile sviluppo di una matrice
di base per la stampa in 3D di caramelle gommose stampabili, da utilizzare come mezzo
per la somministrazione personalizzata di farmaci o micronutrienti, in particolare vede
tra i suoi destinatari pazienti con esigenze mediche specifiche. La formulazione é stata
concepita per essere priva di zuccheri, additivi artificiali, glutine e ingredienti di origine
animale, al fine di garantirne ’accessibilita a tutte le categorie di pazienti. La gomma
di Gellano (GG) é stata selezionata come legante primario mediante la "Weighting Point
Technique" (WPT) grazie alle sue proprieta, quali la facilita di preparazione, ’adeguata

consistenza e la disponibilita sul mercato.

Le analisi reologiche sono state condotte al fine di valutare ’estrudibilita della formu-
lazione, I'adesione tra gli strati e la stabilita della forma, mentre la compressione ciclica
¢ stata eseguita per stimarne la masticabilitd misurando la durezza, la gommosita, la
coesivita e l'elasticita dei campioni gelificati. La stabilita dei campioni € stata calcolata
attraverso la misurazione della perdita di peso, osservando la formazione di muffa ed even-
tuali variazioni nell’aspetto dei campioni gelificati durante il periodo di conservazione di

7 e 10 giorni.

L’analisi reologica ha dimostrato che tutti gli inchiostri testati sono adatti alla stampa 3D
alle rispettive temperature di gelificazione, con la formulazione al 2.5% di GG (G2.5%) che
mostra la migliore capacita di autosostenersi. Nonostante la promettente stampabilita, i
risultati emersi dalla compressione ciclica hanno rivelato che tutte le formulazioni, com-
presa la formulazione G2.5%, mostrano un comportamento friabile rispetto alle caramelle
commerciali. Inoltre, la formulazione G2.5% ha mostrato il piu alto tasso di perdita
d’acqua (WSR%), indice di potenziali problemi di stabilita.

Gli sviluppi futuri si concentreranno sull’ottimizzazione delle proprieta meccaniche, della
consistenza e della stabilita della formmulazione, attraverso 'aggiunta di dolcificanti,
altri agenti gelificanti e/o ioni come il sodio o il calcio, nonché su ulteriori modifiche dei
parametri della stampa 3D. Questi miglioramenti mirano a perfezionare le proprieta della

formulazione, consentendo 'incorporazione di sostanze funzionali per la somministrazione



di farmaci o micronutrienti con dosaggio personalizzato, sia nel settore alimentare che in

quello farmaceutico.

Parole chiave: Stampa 3D, Caramelle gommose, Gomma di Gellano, Analisi Reologica,

compressione ciclica, Analisi Meccanica, Perdita d’acqua, Idrogel
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Introduction

In recent years, the adoption of 3D printing for the production of a wide range of goods has
grown exponentially, presenting a signi cant opportunity also for the pharmaceutical and
food sectors. This additive manufacturing tool allows the creation of three-dimensional
objects by depositing successive layers of material, with a wide range of shapes, usually
created using a computer-aided design (CAD) software.

In pharmaceutical eld the high degree of customization allows both the shape and dosage
of medicines to be tailored to each patient without requiring additional costs, simply by
adjusting the lling density or size of the desired shape of the printed object, making
ink reformulation unnecessary [35]. Traditional medicines often cannot o er personalized
dosages of active ingredients, making them unsuitable for specic therapies. Whereas,
the potentialities of 3D printing span from the controlled release of active pharmaceutical
ingredients, to the printing of drug delivery systems with multiple active ingredients and
the designing of medications tailored to meet speci ¢ patient needs [5][34][6].

The adoption of 3D printing is becoming relevant also in food industry, particularly in
nutraceutics. Indeed, 3D printed gummy candies can be employed as micronutrient de-
livery systems, enabling candies to be created with the appropriate dosage to meet the
patient's needs [54].

In this respect, 3D printing for drug or micronutrients delivery nds useful applications for
both geriatric and paediatric patients, who experience chewing and swallowing di culties

or have dysphagia. In addition, these problems are also worsened by the bitter taste of
traditional drugs [17]; instead, in the case of food products, unappetizing foods with a
porridge-like consistency are often given to elderly people to address these issues, reducing
appetite and leading to insu cient micronutrient intake [47].

This type of issues can be circumvented by one of the known 3D printing technologies,
that of semi-solid formulations. Here the drugs or micronutrients can be incorporated
into an ink and printed to obtain a customized dosage form.

Further, the development of 3D printed gummies aims to make medicine administration
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more pleasant by associating it with the taste, shape and consistency of a candy, encour-
aging patients to ingest drugs while reducing the chance of them being spit out.

The objective of this thesis is to develop gummies to be employed as a platform for deliv-
ering drugs or micronutrients in various pharmaceutical forms, such as pellets, granules,
powder, or solutions. By utilizing 3D printing, these gummy matrices can be modi ed
to incorporate the drug, taking full advantage of 3D printing technology for personalized
drug delivery. The present work aims at providing a baseline formulation that can be
used in future studies to exploit 3D printing for pharmaceutical purposes, overcoming
the problems associated with the ingestion of conventional medications by children and
adults.

The health requirements of the gummy matrix, that is intended to be manufactured in
this project, aim to achieve a product that promotes healthy eating habits, featuring low
sugar content and being free of arti cial additives. Regarding adaptability, the aim is to
develop a product that meets the speci c needs of patient groups, such as diabetics or
vegans, ensuring a low glycemic index and the absence of ingredients of animal origin.
Furthermore, the product should be versatile and certi able, thus, the goal is to nd
formulations that can be easily produced in hospital or pharmacy settings, using readily
available and safe ingredients.

Turning to the limitations of this research, the 3D printer (BIO X Bioprinter; Cellink,

US) that will be adopted in the research steps following this work is not used exclusively
to print edible systems, thus to that extent the product cannot be considered food safe
due to possible cross contamination. Consequently, the focus of this thesis and of the next
steps is to determine a formulation suitable for 3D printing that replicates the consistency
and mechanical properties found in commercially available gummy candies. Sensory anal-
ysis and drug release are not prioritized in determining the optimal formulation: these
aspects will be examined in future researches. The novelty of using 3D printing in this
eld presents challenges due to the scarcity of available literature sources. Furthermore,
3D printers cannot manage large capacities in a short period of time, and the main issue
is that there are few appropriate materials; this is due to the fact that material perfor-
mance should meet speci c requirements of 3D printing, which are currently understudied
[44]. These factors underscore the need for thorough exploration in this emerging area of
pharmaceutical technology.
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3D printing of edible products represents a signi cant opportunity both in food and phar-
maceutical sectors. The adoption of this technology in pharma and food eld has many
advantages, such as high level of dosage customization, exibility in the formulation and
design of the nal product, high precision and small batches with speci ¢ characteristics
[90]. 3D printed gummy candies are usually meant for speci ¢ groups of patients, such as
children and the elderly.

Besides the possibility of personalized therapy, this product o ers the opportunity to mask

a medication behind a pleasant appearance and taste. Moreover, being a chewable and
sticky product, its adoption can overcome swallowing and reluctance problems manifested
especially by the elderly, who frequently spit out drugs [68] [90].

Current research on 3D printed gummy candies production involves two main printing
techniques: Fused Deposition Modelling (FDM) and Semi-Solid Extrusion (SSE). The
rst technique is characterised by solid polymeric pellets as the feedstock material, that
is extruded through a high-temperature nozzle and then the molten lament is deposited
layer-by-layer on the printing bed. On the other hand, in SSE technique the starting
material is in a semi-solid/gel condition, the ink is held in a syringe and can be extruded
with a pneumatic, mechanical or solenoid system [90]. Due to the nature of the feedstock
material used in the SSE technique, it is the most used for the production of chewable
gummies [72]. The syringe-based extrusion is equipped either with a programmed stepper
motor that moves the plunger with a linear motion and the extrusion rate is controlled
through motor velocity or with a pressure system which pushes a wider plunger at constant
pressure [32].

The possibility to obtain a three-dimensional object from a 3D printer strongly depends
on the rheological features of the material to be printed as well as the printing parameters.
During the printing process a certain pressure is applied on the material contained in the
barrel or syringe to make it ow through a nozzle of a given diameter at a constant ow
to obtain the deposition of a continuous lament. This can be achieved by having a high
viscosity material inside the barrel, owability (viscosity drop) under reasonable shear
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stress, and rapid recovery of the viscosity to avoid further ow of the uid once deposited
on the platform. To prevent the collapse of the growing 3D structure the elasticity of the
previous layer should be completely restored before the subsequent layer is deposited [72].
For this reason, rheological characterization and mechanical analysis of the nal product
allow for the selection of the most e ective ink formulation, as well as the optimization

of printing parameters and model structure, to achieve the highest printing accuracy.
An estimate of some printing parameters can be made by analyzing the results of the
rheological characterization. These parameters can be then adjusted during the printing
process to achieve the desired nal result.

Figure 1.1: Schematic diagram of semi-solid material extrusion through a nozzle under pressure
[22].

1.1. Rheological Characterization

The rheological characterization of the ink is a fundamental step to understand its be-
havior under di erent conditions. This is essential to determine if the material can be
extruded through the nozzle of the printer, if the adhesion among layers is guaranteed
and if the shape after printing can be maintained. Additionally, rheological analysis helps
understanding how each ingredient a ects the ink's rheology, allowing for formulation
adjustments to achieve the best possible results. It has been extensively documented
that shear thinning behavior of uids are desired characteristics as they can be easily ex-
truded through the printer nozzle and then recover the viscosity and mechanical strength
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necessary to support the next extruded layer )
y pp h ded layer [64] [35] [33]

In general, the rheological characterization can be performed through steady state and
oscillatory tests. The rst consists in evaluating the material behavior when a constant
stress or shear rate is applied. They are particularly suitable for evaluating the extrud-
ability of a non-gel system, that is the ability of a uid to ow under stress. The primary
property usually measured through steady state tests is the viscosity of the material un-
der a constant ow. However, the commonly adopted materials for 3D printed candy
formulations are cross-linked systems, which means that as certain parameters change,
they can form a network structure. Thus, in this case is necessary to characterize the dy-
namic behavior of the uid by performing oscillatory tests. They involve the application

of a periodic shear stress or strain and allow to analyze the viscoelastic behavior of the
material, thus the combination of its elastic and viscous properties. Furthermore, they
are fundamental in identifying the condition in which the structural network is estab-
lished, i.e. when the sol-gel transition happens. These tests are particularly relevant in
the 3D printing application, in which it is critical to ensure that the material can restore

its original shape after being deformed to ow in the nozzle.

These material properties can be evaluated by identifying the values of loss modulus,
storage modulus and complex modulus, which are fundamental parameters to determine
if the material can support its structure after printing, while also having the appropriate
viscosity to be extruded. The storage modulus G' represents the energy retained in each
dynamic oscillation cycle and describes the elastic or solid-like behavior. Consequently, it
is an indicator of the elastic and immediate recovery [99]. The loss modulus G re ects the
liquid-like behavior of the uid, thus it determines the ow properties [72]. To guarantee
the material printability it is necessary to have an adequate balance between G' and G,
which can be quanti ed by the parametertan( ) = ( G°2G?). Kuo et al. (2019)found that
gels with tan( ) value in the range of 0.3-0.5 are mainly 3D printable [42]. Indeed, from
the test of this study on gelatin-alginate based ink, it is obtained that the formulations
suitable for 3D printing have atan( ) value of 0.48-0.58 at the angular frequency that can
be related to their 3D printing setting [43]. The complex modulus Gis a measure of the
mechanical response of a material to an applied compression deformation. It accounts for
both material elasticity and viscosity components and it is de ned agG | = P G2+ GO
[64]. In general, ink samples with high G* value exhibit better self-supporting performance
[51] [52].



6 1| Background

1.1.1. Oscillatory tests: Amplitude and Frequency sweep

The primary tests used to characterize the material include the amplitude sweep test,
where an angular frequency is set, usually rst at 1 rad/s and then at 100 rad/s, performed
in oscillatory mode. During this test, the shear amplitude typically varies from 0.01% to
1000% to identify the material's linear viscoelastic region (LVR) [99]. The LVR is de ned
as the region in which the viscoelastic properties of the material are strain independent.
This area ends in a critical strain value from which the behavior of the inks is non-linear
and the storage modulus, G', decreases. The identi cation of the linear viscoelastic region
is fundamental to ensure that all the oscillatory tests are carried out without destroying
the internal structure of the sample.

After identifying the LVR, the frequency sweep test is performed keeping the shear strain
amplitude constant and below the critical amplitude limit, and varying the angular fre-
guency. This test further characterizes the structure of the inks as it allows to understand
the internal structure of the material and the time-dependent behavior. High frequencies
represent short-term behavior, like that caused by an extrusion process, while low fre-
guencies represent the long-term behavior, which can be associated to the settling of the
material on the printing bed [33].

As previously mentioned, when the material is in the barrel/syringe it should show high
viscosity and possiblyG®> G 9 thus a solid-like behavior, so as to avoid dripping. Under
high shear rate conditions, thus when the material is owing through the nozzle tip,
the weak intermolecular bonds are supposed to break down, and the material should
exhibit a decrease in viscosity and G', that implies &an( ) > 1. After deposition instead
the original situation (tan( ) < 1) or high viscosity should be restored [72]. Generally, in
literature amplitude sweep test are performed at the printing and ambient temperature, to
simulate the conditions of the material inside the syringe and after deposition, respectively.
As an example, the results obtained byrouaz-El Hajoui et al. (2023)for two di erent

ink formulations at their printing temperature are reported in Figure 1.2a and 1.2b [33].
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(@) (b)

Figure 1.2: Results from amplitude and frequency sweep tests. Figure (a): Shear strain sweep
of composite gels at shear strain from 0.01 % to 100%. Figure (b): Dependence of G' and G
on the angular frequency for the di erent composite gels [33].

Table 1.1 summarizes the main results of the amplitude and frequency sweep tests per-
formed in relevant literature papers found. As expected, in all the cases at the printing
temperature the material exhibits solid-like behavior. Only few papers examined the rhe-
ological behavior of the inks at ambient temperature, thus once they are deposited on
the printing bed. At such temperature it is desired to have G' that has low dependence
with the angular frequency, because this indicates that it has stable solid properties [51]
[59]. It is important to have a material that shows solid-like behavior, independent from
angular frequency especially at low frequency, since this allows to support its own weight
after being deposited on the printing bed [39].
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Table 1.1: Summarizing table of the main parameters and results of the amplitude and frequency sweep tests found in literature.
(Empty spaces means not available data or not performed test)

Amplitude sweep test Frequency sweep test
. G' G Shear Angular Frequency G' G
o Shear strain  Frequency .
Source Torint  [°C] range [%] [Hz] range range | Strain frequency range range range
[Pa] [Pa] [%0] range [rad/s] [Hz] [Pa] [Pa]

Niu et al. (2023) 45 1 0.1-100 16 107-10°
K. Rouaz-El 37 10° 107-10° | Within 107-10° 107
Hajoui et al. (2023) 20 0.01-100 1 10-10° 10-10° | LVR 0.1-100 - 10-100  16°-10°
H. Herrada- 37 - 107-10° 10%-1¢7
Manchon et al. (2020) 23 0,1-100 L 0.50 0.1-10 - 10%-10° 10?
Zhu et al. (2022) 37 0.001-100 1 10°-107  10°-1C7
L. Zhou et al. (2023) 25 0.1-1000 1 107-10°  10%-1C7 0.50 - 0.1-100 0-1C° 0-1¢°
Qiu et al. (2024) 25 1 1-100 107-10° 10%-1C7
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1.1.2. Steady state test: Flow ramp

Another fundamental parameter to be assessed is the viscosity and the ow behavior of the
material, which can be measured by means of the ow curve test. This test is performed
in steady state conditions; during the test, the material viscosity is measured at increasing
shear rates values allowing the material to achieve steady-state or near steady-state ow
at each step before the measure is performed. This test is fundamental to understand
the ow behavior of the material under stress or strain rate, reproducing the extrusion
conditions of the uid through the 3D printer nozzle [67].

There are some required characteristics of materials for being suitable for 3D printing
that have emerged from the literature. Firstly, it is necessary for the material to exhibit
low viscosity during the extrusion process, as this allows its passage through nozzles with
small diameters. At the same time, it is important to maintain a viscosity high enough to
support layer-by-layer deposition, up to the moment the material takes a solid-like feature
[99]. It has been reported that having a material that shows shear thinning behavior is
bene cial for 3D printing as its ow through the nozzle becomes easier due to decreasing
viscosity under increasing applied shear rate [50] [47]. The shear thinning behavior a ects
also the pressure required during the printing process to maintain ink's continuous ow
through the nozzle [93]. Consequently, as long as a pressure exceeding the yield stress is
applied, a shear thinning material can be considered suitable for SSE 3D printing [43].
The yield stress can be de ned as the the minimum stress required to make a uid ow
and it is the point in which the transition from solid to liquid-like state occurs, thus when

G' curve meets G curve becoming predominant. In this context, it is desired to have
a Bingham uid, as the uid starts to ow only when a determined minimum stress is
applied [37].

The results of the ow ramp curve of di erent inks at the printing temperature of 37C
obtained by Zhu et al. (2022)are reported in Figure 1.3 [100]. It can be observed that
viscosity decreases with the shear rate, due to the disruption of the solid-like structure
and the rearrangement among adjacent polymer chains [92].

At lower shear rates, inks were subjected to lower shear stress, the network structures
were entangled with each other and the viscosity of the system was higher.

This shear thinning behavior was found in all examined paper and the main results ranges
together with the parameters of the ow ramp test are summmarized in Table 1.2.
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Figure 1.3: Shear stress and viscosity of the di erent printing inks for shear rate values from
0.1 to 100s ? [100].

Table 1.2: Summarizing table of the main parameters and results of the ow ramp tests
found in literature.

Flow ramp test

Source Test T [°C] Shear rate [s'] Shear stress [Pa] Viscosity
range [Pas]

Niu et Al. (2023) 45 0.1-10 16

H. Herrada- 37 0.01-100 107-10° 107-10

Manchon et al.(2020) 23 ' 16-10° 107-10

Zhu et al.(2022) 37 0.1-100 18107 107

Kuo et al.(2021) 20 0.1-30 1-18 10°-1

L. Zhou et al.(2023) 25 0.1-100 16-10°

Le et al.(2022) 75 0.01-100

. Various T: 101-10° (Maximum values
Qiu et al.(2024) 35°C, 40 °C, 45 °C 0.1-100 at <(ji erent T)

Temperature sweep test

Temperature is a fundamental parameter to be considered since it in uences the viscosity
of the material, as it is possible to observe in Figure 1.4, in which the ow ramp test of
di erent inks at di erent temperature were tested [67].
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Figure 1.4: Viscosity of di erent inks from A to E within shear rate of 0.1 100 s ! at di erent
temperatures [67].

Additionally, for inks formulated to promote a temperature-dependent sol-gel transition
it is possible that when the material is extruded out of the nozzle of the printer, passing
from the higher temperature of the nozzle to the lower temperature of the printer platform
gel transition happens. In this case, the shear thinning liquid-like behavior at higher
temperature, favor the extrusion from the nozzle and the mechanical strength of the
formed gel structure helps to maintain the shape and prevent distortions. Hence, a key
step in the 3D printing process involves determining the optimal printing temperature that
guarantees the smooth extrusion of the ink through the nozzle. This temperature choice
should consider both the viscosity of the ink and the gelation temperature as it provides
information on sol-gel transition speed and the ink self-supporting ability during the shape
printing process [67]. Therefore, the temperature ramp test is generally performed to
understand the material's behavior as the temperature changes and to identify its gelation
temperature. This consists in measuring the values of G' and G as the temperature
changes.

Zhou et al. (2023) shown in Figure 1.5 (a), (b), (c) and (d) the G' and G curves
of composite gels in a temperature ramp test, during cooling process (a) and heating
process (b). Additionally, Figure 1.5 (c) and (d) depicts how the loss factor changes with
the temperature [99]. It is important to mention that the value oftan( ) = 10* does not
represent a real physical value, but simulates the ideal liquid-like behavior. In this case,
the phase shift of = 2 cannot be measured by the rheometer, since it indicates a complete
transition to uid behavior, where the material behaves like a perfect uid.
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Figure 1.5: G' and G curves of di erent gels of the temperature sweep test: during cooling
process (a) and heating process (b). Loss factortgn( ) = G°2G°) at dierent gels during
cooling process (c) and heating process (d). [99]

In the process of cooling the intersection between G' and G curves indicates the sol-gel
transition point, while during heating such intersection represents the reversible gel-sol
transition [15]. The increase in reversible gel-sol transition temperature implies improved
thermal stability of the samples because higher temperature is necessary to break the
intermolecular forces in the gel [15].

Le et al. (2022) evaluated the gelation temperature of their inks by executing a temper-
ature ramp test at 1s ! from 8C0°C to 25°C with a cooling rate of PC/min. The gelation
temperature was evaluated by extrapolating the high and low temperature asymptotes of
the G' and G curves and identifying the temperature at which they intersects [44].

Instead, Figure 1.6 shows the evolution of Gas the temperature decreases from the
printing temperature (35°C-55°C) to room temperature (25C) when the inks pass from
printing to shaping stage. Figure 1.6A shows Gvariation for 3 minutes at the printing
temperature and for 5 minutes at room temperature. It can be observed that the decrease
in temperature causes an increase of Ghat reaches a constant value, and the time
needed to reach this plateau is called gelation time. The gelation time indicates the
self-supporting ability of the 3D printed structures. A long gelation time may result in
excessive spreading of the printed lament and the nal product could exhibit inadequate
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self-supporting properties. This occurs since the ink has insu cient time to build the
required mechanical strength to resist to gravity force [67]. The results @iu et al.
(2024) show that the gelation time of all food samples tested increased with the increase of
printing temperature. This may occur because at higher temperatures the gelling process
is slowed down, as the molecules take longer to coalesce and create a gel structure.

Figure 1.6: Gelation pro les for inks with di erent formulations at di erent temperatures.
[67].

Qiu et al. (2024) in their study showed the correlation between the inks' rheological
properties and the 3D printing performance. Figure 1.7A shows the results obtained by
printing the inks at a temperature below the sol-gel transition temperature (Je). It can

be observed that in some cases discontinuous lines with uneven surface were obtained,
this is due to a premature gelation, resulting in poor extrudability. In addition, the low
printing temperature resulted in an increase in viscosity, which further interferes with
extrusion since it can result in nozzle clogging. In contrast, whefyining > Tgel the
opposite phenomena can be noted (Figure 1.7A). In this case, the material requires larger
gelation time for shape stabilization, as a result a problem of excessive line spread can be
observed.
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Figure 1.7: The printing performance of di erent inks in terms of printing lines and
pentagons (A), and hollow cylinders (B) at di erent temperatures. FG: fenugreek gum
[67].

The results found by this study indicate that the printing temperature should be close
to the gelation temperature to ensure continuous extrusion and fast gelation of inks.
For example, in Figure 1.7B the structures printed at 4% have a homogeneous surface:
this occurs because the printing temperature is close to,d (39.7°C), leading to a rapid
gelation rate after printing. Furthermore, these results demonstrate that gelation kinetics
IS a signi cant aspect to consider for achieving a good nal 3D product.

Time sweep test

There are some materials commonly used in 3D printing of gummy candies, such as
pectin, that have a time dependent gel-sol transition. In all these cases, a time sweep test
is usually performed,; it consists in the measurement of G' and G as the time varies at a
xed angular frequency and amplitude.

An example of this test can be observed from Figure 1.Blerli et al. (2022) obtained that

as the test started G' was higher than G, thus the gel-sol transition had already occurred,
G' and G increased over time indicating that cross-linking continued [56]. Then, after
140 minutes the value of G' and G stabilized and the cross-linking could be considered
complete; therefore, the relevant time window for 3D printing was identi ed. As a result,
the time dependent owability and structure recovery of the inks was studied within this
time window.
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Figure 1.8: G', G as a function of crosslinking time for two di erent formulations. Represen-
tative images of both materials at 1h [56].

Shear strain amplitude and recovery after high strain

Shear strain amplitude sweep test are generally performed to determine the stress required
to extrude the material. Merli et al. (2022) performed, after 60 min crosslinking an
oscillatory test at xed angular frequency and varying stress amplitude (Figure 1.9) to
evaluate the yield stress. By applying a shear stress higher to the yield one, G gets higher
that G' and the liquid-like material starts owing.

Figure 1.9: G'and G over shear stress after 60 min crosslinking for di erent formulations. The
arrows indicate the yield stress [56].

In 3D printing it is desired to have a material that shows a thixotropic behavior, meaning
that the material becomes less viscous under shear stress and gradually returns to its
original viscosity when the stress is no longer applied. Therefore, it is an indication of
the ability of the material to recover its state after printing [65].

Merli et al. (2022) estimated the thixotropy of the material by a three step procedure.

Initially, an oscillatory test was conducted at 1 Hz and 0,5% strain amplitude for 100s
to evaluate G' and G [56]. Thereafter, to induce a possible structural failure a 100%
amplitude strain was applied for 100s at the same frequency, and nally the oscillatory



16 1| Background

stage was repeated, under the same conditions of the rst test, for 200s to measure the
recovery of G', G and thus evaluate the material ability to restore its original behavior
and microstructure.

Herrada-Manchon et al. (2020)measured thixotropy through a steady state rotational
test including measuring the viscosity at low shear rate of 04 * for 120s, then at high
shear rate of 100s ! for 40s and nally again at the low shear rate of 0,4 * for 120s
[35]. Structural recovery of materials was measured as a viscosity percentage variation
in respect of the initial value observed after the rst 40s and the last 120s. As can be
observed from Figure 1.10a, in both cases the inks tested revealed high recovery values,
almost restoring the initial values of G' and G after the last step of the test.

Rouaz-El Hajoui et al. (2023)instead (Figure 1.10b), obtained low recovery values for
one of their inks and to solve this problem, they reduced the printing speed, allowing the
ink to settle properly and regain its self-supporting properties.

(a) Shear recovery test for inks thixotropy evaluation and percentage of vis-
cosity recovery of the inks 40s and 120s after a high shear rate [35].

(b) Recovery of G', G as a function of test time, for di erent formulations,
after applying a 100% strain at 1Hz for 100s [33].

Figure 1.10:Inks Thixotropy evaluation through di erent approaches.

These tests provide fundamental information to optimize the 3D printing process and
ensure consistent performance of the material, and their main objectives and requirements
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together with desired inks characteristics are reported in Table 1.3.
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Table 1.3: Summary of rheological characterization tests' objectives and desired ink properties.

Test performed

Objective

Requirements

Flow ramp at T printing
to determine shear stress and

Low is needed for extrusion
through small nozzles, while high
enough is required to support
layer-by-layer deposition.

Shear thinning behavior

Frequency sweep test at Jinting
and Tane: G, G, G* tan vs
angular frequency

Understand the material's internal
structure and time-dependent behavior
during printing

Solid like behavior (G',G, tan );
Good self supporting ability (G*)

Amplitude sweep test at Tyinting
(usually Torining = Tamb):

(1)G', G, G* tan vs shear strain
(2)G',G vs shear stress

Determine LVR and yield stress

(1) Solid like behavior

(2) High yield stress to reduce
but also a low yield stress

to facilitate extrusion

(1) Temperature ramp:G',G vs
decreasing T or vs decreasing T
(2) Temperature recovery test:
time dependence of G* when

the Tyrining decreases to Impient

Selection of Tyrinting

Not too low compared to Tgel,

as it could cause high

and ink gelation inside the nozzle.
Not too high, as it could lead

to excessive spreading.

Time sweep test

Selection of the optimal byinting

For time-dependent gelling, the
optimal time should allow the material
to create and maintain its structure
while remaining uid enough to ow
and form a continuous lament.

Shear recovery test

Formulate a material that recovers
its original state after injection.

Thixotropy behavior
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1.2. Product quality tests: mechanical properties

One of the test that is performed generally in literature is the texture pro le analysis
(TPA) by means of a speci ¢ machine such a§A.XTPlus Texture Analyzer [84]. This test

Is performed in order to determine the texture properties of food products, in particular it
reproduces the mouth biting action through a double compression cycle of the specimen
(two-bites test) [66]. The test usually consists in three phases at three di erent speeds:
pre-test, test and post-test. The instrument is composed by a probe that descends at
the pre-test speed until touching the sample, the texture analyzer starts to record data
when the load cell detects a prede ned force applied on the sample, called trigger force.
Thereatfter, the rst compression begins at the prede ned test speed by reaching a target
distance or strain (values that can be imposed arbitrarily), then the probe rises back
to the original position. The second compression, at the same test speed, begins after a
certain rest time, after which the probe returns again to its initial position. An example of
parameters values usually used in this analysis are: test speedlofim=min, compression
strain of 50% and resting time of 15s [66]. The output of this test is usually a force-time
curve, as can be observed in Figure 1.11, from which the following four parameters can
be derived and investigated: hardness, springiness, cohesiveness and gumminess.

Figure 1.11: Example of a two compression cycle graph [84].

"Hardness", represents the force required to have a prede ned compression of the gummy,
and it can be measured as the maximum peak force recorded during the rst compres-



20 1| Background

sion cycle. This parameter should be high enough to resist to logistics and manufacturing
stress. Itis important to mention that this parameter in literature is commonly de ned as
hardness, actually in the context of TPA it is more appropriate to refer it as the nominal
stiness of the material. Indeed, hardness and sti ness are both indicators of a mate-
rial's resistance to deformation but di er in scope and measurement. Hardness re ects a
material's ability to resist surface indentation or scratching and is commonly measured
through indentation tests like the Vickers, Brinell, or Rockwell tests, each applying a
force to create an indentation and assess the material's resistance at a localized point.
Sti ness, on the other hand, measures how much a material resists overall deformation
when stressed, evaluated by Young's modulus. This modulus is determined by applying a
force and measuring the material's strain, with higher values indicating less deformation
and greater sti ness throughout its structure [24].

Cohesiveness represents the ability of the product to resist a second deformation compared
to its resistance in the rst deformation phase, and it is measured as the ratio between
Area2=Areal in the force-time curve of Figure 1.11. Where:

" Area 1 represents the total area under the force-time curve generated during the
rst cycle.

" Area 2 is the area under the force-time curve in the second cycle.

Springiness represents the ability of the product to physically recover after being com-
pressed and waiting the resting time, it is measured @rea5=Area3, as can be observed
in the force-time curve of Figure 1.11 [28]. Where:

" Area 3 represents the total area under the force-time curve during the compression
phase of the rst cycle, up to the prede ned compression.

Starting point: The moment when the force starts increasing from the baseline
(no force applied).

End point: The moment when the force reaches its maximum value correspond-
ing to the prede ned compression.

" Area 5 represents the total area under the force-time curve during the compression
phase of the second cycle, up to the prede ned compression.

Starting point: The moment when the force starts increasing from the baseline
during the second cycle (after the resting time).

End point: The moment when the force reaches its maximum value correspond-
ing to the prede ned compression in the second cycle.
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The concept of Gumminess in Texture Prole Analysis (TPA) refers to the work, or
energy, needed to disintegrate a semisolid food so that it becomes swallowable. It is
speci cally used for semisolid or soft solid foods, and mathematically, gumminess is de ned
asGumminess = Hardness Cohesiveness

Since cohesiveness is a dimensionless ratio and hardness is a force, the resulting gumminess
also has units of force. This interpretation implies that gumminess is a measure of the
force a consumer would need to apply to chew the food until it is ready to be swallowed
[25].

1.2.1. Gummy candies ingredients

Gummy candies formulations combine di erent ingredients, each having a speci ¢ function
to achieve the nal product quality; many excipients used in 3D printed chewable candies
formulation coincide with those employed in standard gummies. Generally, they consist
of one or more binding/gelling agents, sugars and/or sweeteners, acids, glazing agents,
additives (coloring and avoring), and sometimes additional ingredients, like vitamins,
active ingredients, etc. [28]. The content of each ingredient varies according to the target
application, the desired nal texture and compactness of the printed product.

Binding agents

The key ingredient in chewable gummies is the gelling agent, which gives the candy its
typical gelatinous texture; indeed, its addition modi es the viscosity of the formulation

in uencing the printability characteristics of the material. The main types of gelling
agents commonly used include gelatin, cellulose, starch, alginate, pectin, carrageenan,
various gums etc. [68]. More in detail these hydrophilic polymers are commonly adopted
in 3D printing applications because they can form a dense gel network structure in food
materials, which can improve the rheological properties, water distribution and texture
characteristics of inks [46].

Gellan gum is a natural hydrophilic polymer produced by Sphingomonas elodea that,
when heated and mixed with water, forms a viscous uid, its chemical formula is shown
in Figure 1.12 [46] [87]. Gellan is soluble in water at temperatures above 0. When
the solution is cooled down the gelation takes place at a certain temperature depending
on the concentration of Gellan. It was demostarted that the thermally induced sol-to-gel
transition is related to a coil-helix conformational change of the polymer in solution [62].
The Gellan gum has been broadly used in biomedical application since the FDA approval
in 1992 for its biocompatibility and low cytotoxicity [3]. Thus, according to literature



22 1| Background

the gum is commonly adopted in 3D printing of food-based products because it allows
to increase hardness, viscosity, sti ness and self-supporting ability of the nal product,
overall resulting in better printing performances [46].

Figure 1.12: Gellan gum structure [87].

Niu et al. (2023) investigated how the concentration (0%, 0.5%, 1%, 2%) by mass of
the mixture of Gellan gum in a formulation containing mainly corn starch and erythritol

a ects the printability and printing accuracy of special shape of gummy candies [64] . The
rheological characterization of the di erent inks tested, as well as the characteristic of the
nal printed product, lead to the conclusion that materials with higher GG concentration
posses higher viscosity and sti ness. Further, printing inks with 1.5% of Gellan gum
concentration displayed best printing performance showing high printing precision and
great self-supporting performance.

Carrageenan is another binding agent that is widely adopted in 3D printing applications.
According to FDA regulations, Carrageenan can be safely used in food [1]. Despite some
scientists suggesting that Carrageenan may lead to in ammation and digestive issues
like bloating and irritable bowel disease (IBD), and potentially even colon cancer, these
claims are highly contentious. The evidence supporting these concerns is derived solely
from studies conducted on cells and animals [2].
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Figure 1.13: Primary carrageenan structures [12].

Carrageenan is a linear sulfated polysaccharide of D-galactose and 3,6-anhydro-D-galactose
extracted from certain red seaweeds of the Rhodophyceae class [13]. This seaweed based
polysaccharide is conventionally categorized into six basic forms depending on their sul-
phate content, source of extraction and solubility but the ones with highest commercial
importance due to their viscoelastic and gelling properties a® , and -Carrageenan
and their formulas are shown in Figure 1.13 [18] [12]. As for Gellan gum, carrageenan
shows thermo-gelation property: upon cooling undergo coil to helix transition and heli-
cal aggregation to form thermotropic hydrogels. Generally, carrageenan hydrogels have
brittle structure with high swelling ratios and poor mechanical stability under physio-
logical conditions [86]. Thus, carrageenan is often combined with other binding agents
because a synergic e ect is obtained. For instance, when locust bean gum is mixed with
-carrageenan, it creates synergic interactions reducing the brittleness and increasing
the compliance of the material [28].Grazela and Morrison (2002)suggested the use of
-carrageenan with other hydrogels such as agar-agar, xanthan gum, locust bean gum,
Gellan gum, arabic gum, pectin, gelatin, -carrageenan, guar gum, modi ed or unmod-
i ed starches for food products [30]. They also demonstrated that a formulation with
carrageenan as a binding agent showed excellent elasticity and cohesiveness but low hard-
ness [30].Zhu et al. (2022) demonstrated that combination of carrageenan and gelatin
a ects signi cantly the printability of the formulation, which increased with the addition
of gelatin and the decrease in carrageenan concentration [100].

Gelatin is an high molecular weight polypeptide with a triple helix structure [44]. It is
an animal collagen, that can form thermally reversible gels, displaying a solution state
above 40C while gel state at lower temperature [28] [10]. The increased amount of



24 1| Background

gelatin in the ink improves the network structure of the whole system, which in turn
increases the toughness and printability. When it is mixed with carrageenan the brittle
gel structure could lead to the mechanical damage of the network structure and reduce
the toughness of the laments, which resulted in poor printability. However, formulation
with a high gelatin content showed weak thermal stability because gelatin has a low gel-
sol conversion temperature. In contrast, the addition of carrageenan with a high gel-sol
conversion temperature is signi cant for the thermal stability of the formulation and the
improvement of the self-supporting ability of the material after printing [100].

Qiu et al. (2024) formulated temperature-responsive inks adding Fenugreek Gum (FG) to
the -Carrageenan [67]. FG is a highly branched polysaccharide derived from Trigonella
foenum-graecum [40]. It is a galactomannan consisting of1l ! 4)- -D-mannan back-
bone with a single -D-galactopyranosyl group attached to the 0-6 position of the D-
mannopyranosyl residue [96]. FG has also been reported to exhibit antioxidant [71],
anti-fungal [71], blood glucose reducing [73], and plasma cholesterol level controlling [78].
Qiu et al. (2024) [67] demonstrated that the addition of the fenugreek gum facilitated
the sol-gel transition of the ink increasing the ¢ value. FG could induce the coil-helix
transition of -carrageenan molecules and favor the aggregation of helices [23]. Inks con-
taining FG also exhibit higher zero-shear viscosity compared to those without FG at all
the tested temperature. Additionally, FG accelerates the gelation process and improves
the mechanical strength of inks at room temperatureZhou et al. (2023)combined it
with peach gum to improve the thermal stability of gelatin. Peach gum is an exudate
produced by the Prunus Persica tree which has excellent emulsifying stability, capacity of
reducing postprandial blood glucose levels and anti-proliferative activity [99] [91]. Peach
gum polysaccharide (PGP) solution could maintain high viscosity under high temperature
(40°C-70C°C) [95]. Zhou et al. (2023)proved that the addition of PGP to gelatin increases
the gelation and melting temperatures, strengthens the gel network through molecular in-
teractions, and maintains the elastic properties of the gel, resulting in a stronger gel with
a higher modulus. Consequently, the addition of gums can improve the 3D printability
and self-supporting ability of the inks [99].

Pectin is another common gelling agent used for gummy candies production. Itis a natural
polysaccharide that can be extracted under acidic conditions from cell walls of di erent
plants such as apple, lemon, orange and banana [26]. Pectin is an FDA-approved polymer,
which identi es it as Generally Recognized As Safe (GRAS) [4]. Generally, its structure is
characterised by D-galacturonic acid units linked through an(1! 4) glycosidic bond and

its chemical formula is shown in Figure 1.14 [79]. However, pectin structure and gelation
ability are signi cantly dependent on its degree of esteri cation (DE). The esteri cation
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of the pectin chains' carboxyl groups (-COOH) through methyl groups (-Ck) happens
as follows:
R COOH+ CHz;OH! R COOCH;3+ H,;0 (1.2)

According to its degree of esteri cation, there are two main varietes of pectin that are
commonly used in food industry, high methoxyl (HM) and low methoxyl (LM) pectin
[77]. High methoxyl pectin has usually a degree of esteri cation higher than 50%, its
gelation occurs at high sugar concentrations (55% wi/v) forming physical gels, through
hydrophobic interactions and hydrogen bonds, at very acidic pH values [60]. HM pectin is
the main additive employed in jams to obtain a jelly-like consistency of the nal product
[69]. Instead, low methoxyl pectin has a DE in the range of 20-40%, and it gels over time
only with calcium ions presence, that create ionic bonds with pectin chains carboxylate
groups.

Figure 1.14: Pectin molecule repeating segment and its chain functional groups: (b) carboxyl,
(c) ester, (d) amide [79].

Pectin is frequently used as an alternative to gelatin because of its non-animal origin and
temperature-independent gelling. However, high temperatures can weaken the bonds in
the pectin junctions [7].

The inks produced with pectin usually show a shear thinning behavior, the viscosity
is mainly in uenced by its concentration and by the pH of the solution [56]. As for
the pH of the solution, in the case of LM pectin it is a ected by the concentration of
calcium ions in the mixture, the higher the pH, the sti er the gel consistency [56]. In
addition, also Ganatra et al. (2024) states that the concentration of pectin in uences
the gel network strength, enhancing both mechanical properties and printing quality [26].
Moreover, according to this study also gumminess, chewiness and hardness are directly
proportional to pectin concentration in gummies. In general, the employment of pectin

in gummy candies improves ink properties and extrudability [56].
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Coloring and avoring agents

The addition of coloring and avoring agents in candies formulation is fundamental from

a commercial perspective. The purpose of coloring agents in gummies is purely aesthetic,
while avoring agents are usually added to mask unpleasant or pungent taste of the
other excipients cointaned in the formulation [68]. Both colorants and avorings can be
synthetic/arti cial or naturally derived; usually natural ones come from fruit extracts,
essential oils extracts or plant based dyes, respectively [83].

Sweeteners

Sweeteners in gummy candies formulation have the function of sweetening and thus mask-
ing o - avors of the product while also increasing its attractiveness, especially to children,
keeping the idea of commercial candies' taste. As for colorants and avors, sweeteners can
be arti cial or natural. Usually the most used sweetener is sucrose, however, nowadays
also low-glycemic index sweeteners are considered as a valid alternative in the manu-
facturing of gummy candies, such as erythritol, maltitol, sorbitol, etc.. Each sweetener
has a speci c sweetening power (SP) with respect to sucrose, which has a SP equal to
one. Moreover, some of them are characterised by a bitter o - avor, which in uences
the required concentration of sweeteners in the formulation to maintain the same taste
as for commercial candies [83]. The presence of sugar and/or polyols in uences positively
the mechanical strength of the system, since it partly in uences the gelation kinetics in
terms of gelation temperature of gels in which gelatin is present [44]. For what concerns
those formulations in which the base ingredient of the gel is HM pectin, the presence of
polyols (Sorbitol and Maltitol) increases the elastic behavior of the gel, and decreases the
interaction of water with pectin [26]. V. Vancauwenberghe et al. (2017)emonstrated
that also LM pectin viscoelastic properties are in uenced by the presence of sugar, thus
also the printing performance is directly a ected [89]. In all cases, the in uence on gel
network strength is a consequence of a synergic e ect of di erent excipients contained in
the formulation.
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2 ‘ Experimental Detalls

The experimental analysis of this project aims to nd the most suitable formulation that
will enable the best 3D printing performance, along with a texture resembling that of
presently available gummies. The study begins with the identi cation and preliminary
selection of ingredients. Afterwards, a standard preparation method is established based
on a thorough literature review, leading to the development of various formulations that
are characterized rheologically. The textural properties of the cast product are nally
assessed.

2.1. Ingredients Selection

The sensory analysis is out of the scope of this study, therefore the excipients that ex-
clusively contribute to organoleptic and aesthetic properties will be excluded from the
selection, focusing on binding agents. Nevertheless, as this analysis is relevant for future
research developments, sweeteners will be taken into account.

Regarding binders, the main constraint for the choice concerns the need to use a gelling
agent of non-animal origin, thus immediately discarding gelatin. All the binders listed in
the previous chapter are evaluated according to the following selected criteria: preparation
complexity, relevance, price and availability. The criteria are awarded di erent weights
based on their importance, and to each binding agent is assigned a score from 1 to 3 for
the various criteria.

Preparation complexity represents the possibility to easily prepare the formulation in a
hospital environment. The score assigned to each binder depends on preparation time,
temperature and number of ingredients: the higher is the time, the temperature and the
number of ingredients needed for its preparation the lower is the score. An example regards
Xanthan gum and -Carrageenan, which were disadvantaged in the scoring because they
are often mixed with another binding agent or with each other [33] [35]. The highest
weight of 0; 5 was assigned to this parameter, as the ease of preparation is an objective of
the project.
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Relevance quanti es the amount of papers in which the gum is used out of all papers in
which all the formulations were successfully printed. The higher is the amount of papers
out of the total, the higher is the score. To this criteria was assigned a weight 0f3 as
the literature review represents the basis on which this project is built.

The price, expressed i, /kg, together with availability were determined by checking three

di erent websites of ingredients suppliers:Special Ingredients (Sl)[76], Sigma Aldrich
(SA) [74], The Kitchen Lab (TKL) [41]. In this case, only the lowest price was considered
to assign the score, as the associated site will be selected to purchase the ingredient. The
higher the price, the lower the score. Availability is quanti ed by checking if the ingredient

Is available in the above mentioned sites. An exception was made for the low methoxyl
pectin that was already available form the in the Chemical and Materials Engineering
Department (CMIC) laboratory of Politecnico di Milano, consequently it was assigned

to it the highest score. Table 2.1 summarizes the characteristics of each binding agent
related to each selected criteria that allowed scoring.
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Table 2.1: Summary of binding agents characteristics according to the parameters chosen
for the WPT application.

Binding agent Preparation Relevance Price [ ¢ /kg]
. 131.8 (SI)
Stirring between 80-90C for at
Gellan gum (GG) . [44], [64] 904 (SA)
least 30 min
200 (TKL)
. 67.8 (SI)
Stirring between 70-80C for at  [33], [35],
-Carrageenan . 733 (SA)
least 20-60 min [100], [67]
100 (TKL)
59.8 (SI)

Stirring between 70-80C for at
Xanthan Gum (XG) least 20-60 min [33], [35] 652 (SA)
- [

72 (TKL)
Hydroxypropyl Stirring at 80°C until N/A
y ypPropy g _ [81] 1180 (SA)
Methylcellulose (HPMC) completely dissolved N/A
Stirri t 80°C
Fenugreek Gum (FG) fring at © 67] N/A
for 30 min
Stirring at 80 °C until (26] 79.8 (SI)
Pectin completely dissolved 510 (SA)
Overnight stirring a.t.25 °C [56] 100 (TKL)
and CaCOs3 addition
Peach Gum Stirring at 90°C for 2h [99] N/A
127.84 (SI)

Stirring at 80°C until
Locust bean Gum , [70] 162 (SA)
completely dissolved NIA

Table 2.2 presents the score assignments, with the nal column displaying the total score
for each gum, calculated as a weighted average of the scores for each binder criterion.
Gellan gum proved to be the best binder among all possible candidates with a nal score
of 2. However, it is worth noting that the main limitation of this method is that both scores
and weights are subjected to a personal bias. For this reason, als&€Carrageenan and
Xanthan Gum have been purchased, in order to adjust, if necessary, the Gellan gum's
formulation or to develop an additional formulation. In addition, since low methoxyl
pectin was already available, it was analyzed to evaluate its potential to enhance the
formulations printing performance.
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Table 2.2: Weighting Point Technique for binding agents selection.

Preparatl.on Relevance Price  Availability
Complexity Total
Weights 0.5 0.3 0.1 0.1 Score
Gellan gum 2 2 2 2 2
-Carrageenan 1 3 3 2 19
Xanthan Gum 1 2 3 2 1.6
HPMC 2 1 1 1 15
Fenugreek Gum 2 1 1 1 15
Pectin 1 1 3 3 1.4
Peach Gum 1 1 1 1 1
Locust bean Gum 2 1 2 1 1.6

Since this project represents a preliminary study on the production of 3D printed GCs,
the requirement of sugar-free is important, but not the focus of this study. However, the
selection of sweeteners is provided for future developments of the basic formulation. Tak-
ing into consideration the above mentioned target, sucrose is excluded from the selection
as it has high glycemic index and it is the main enemy for diabetics. Also in this case to
choose among the various sweeteners used in the food industry, the WPT was adopted,
with the following selection criteria: sweetening power, relevance, glycemic index and the
Admissible Daily Intake (ADI) [mg=kg,.].
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Table 2.3: Criteria and their corresponding values used to score the sweeteners for the
WPT [31].

Score Sweetening Power Relevance  ADI [mg/kg pw:] Glycemic Index
1 < 07 <2 >3 >20
2 08 1.3 2 3 <3 5 20
3 > 1:3 >3 Not present <5

Sweetener | Sweetening Power Relevance  ADI [mg/kg pw:] Glycemic Index

Fructose 1.7 [99] Not Present 23
Erythritol 0.6 08 [64],[44] Not Present 0
. [26],
Maltitol 0:9 Not Present 35
[28],[44]
Xylitol 1 [44] Not Present 13
26],[28
Sorbitol 05 07 [261.[28), Not Present 9
[44]
Stevia 200 [28] Present 0
Mannitol 05 07 - Not Present 0

Table 2.3 summarizes the methodology used to assign a score from 1 to 3 to each selection
parameter and the corresponding values. For instance, if a sweetener has a sweetening
power (e.g. Sorbitol) lower than0:7, to it is assigned a score of 1, in betwedeh8 and 1:3

a score of 2, and a score of 3 for higher values, as it is desired to have a sweetener with
high sweetening power.

This method was then applied to each sweetener and selection criteria, and the results
are reported in Table 2.4. It is possible to observe that the best performing sweeteners
are Stevia and Maltitol with a total score of2:2 in both cases.
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Table 2.4: Weighting Point Technique for sweeteners selection.

Sweetening Relevance  Glycemic Index ADI [mg/kg_p.c.]

Power Total
Weights 0.4 0.3 0.2 0.1 Score
Fructose 2 1 2 3 1.8
Erythritol 1 2 3 3 1.9
Maltitol 2 3 1 3 2.2
Xylitol 2 1 2 3 1.8
Sorbitol 1 3 2 3 2
Stevia 3 1 3 1 2.2
Mannitol 1 1 3 3 1.6

2.2. Preparation Method

In this section we describe in detail the materials used, specifying where they were pur-
chased, and the preparation procedures adopted to develop the ink formulations. The
suppliers selected and the reasons for their selection are indicated, with special attention
to the quality and consistency of the materials. The process of preparing the formula-

tions is explained, including the precise concentrations, the mixing methods used, and the
controlled environmental conditions, such as temperature and humidity, to achieve the

desired characteristics of the inks.

2.2.1. Materials

Low acyl Gellan gum or Gellan gum Type F (CAS = 71010-52-1) ,-Carrageenan (CAS
= 37288-59-8) and Xanthan Gum (CAS = 98112-77-7) were purchased frdapecial In-
gredients, IT. Low methoxyl Pectin from citrus fruit (classic CU 701, batch 01907714)
was kindly gifted by was and stored at 4C in the fridge of the chemical department lab-
oratory. Sodium bicarbonate NaHCO3;, CAS: 144-55-8) and sodium chlorideNacCl)
were purchased from Carrefour market (Milan, Italy), while calcium carbonateGaCOs,
CAS: 471-34-1, Beilstein No.: 8008338) was obtained fro&igma-Aldrich, ensuring a
high degree of purity suitable for formulation needs. All compounds were stored in a dry,
controlled environment to maintain their stability and e ectiveness, ensuring optimal per-
formance in the nal formulations.
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2.2.2. Methods

Pectin solution

The preparation of the pectin solution is divided in di erent phases all performed at
room temperature. Firstly, 0.9% w/v of NaCl was dissolved in deionized water and
stirred at 300rpm with IKA RCT basic stirring hotplate, then di erent concentrations

of low methoxyl pectin (LMP) along with the progressive addition of 20mM of sodium
bicarbonate were dissolved in théNaCl solution. This solution was stirred at 300rpm
overnight. Thereafter, another solution of deionized water and 0.9% w/v dfiaCl was
prepared, always stirred at the same angular speed, and 20mM of calcium carbonate was
added, obtaining a suspension. To allow gel formation overtime, this suspension was
added and dissolved in the pectin solution. The pectin solution and the suspension are in
a proportion of 1:1.5, volumetric ratio. The simpli ed preparation scheme is represented
in Figure 2.1. The two pectin concentrations prepared are 2.4% e 1.4% wi/v.

Figure 2.1: Simpli ed preparation scheme of pectin solution.

Gellan gum solution (GG)

It was then decided to prepare a formulation consisting solely of Gellan gum dispersed
in deionized water for ease of preparation. Several literature sources suggest that it is
possible to create gummy candy using only these ingredients, demonstrating the versatility
of Gellan gum as a gelling agent. Gellan gum is a polysaccharide that is very used in
food industry. Its gelation in aqueous solutions is related to a conformational change of
its molecules structure when temperature drops from high temperatures to temperatures
lower than about 35C, according to the Gellan concentration in the solution [62].

The gelation mechanism initiates with the aggregation of the gum polymer chains, which
coil into a double-helix structure. These double helices aggregate with each other, creating
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junction zones that form the binding point between the di erent chains. Thus, a three-
dimensional network is formed by the double helices; this network traps water molecules,
giving rise to the a hydrogel structure. Furthermore, the addition of cations, either mono-
or bivalent, is sometimes included in its gelling mechanism as it increases the stability of
the gel structure [55]. Figure 2.2 schematizes the gelation mechanism of the Gellan gum.

Figure 2.2: Gelling mechanism of low acyl Gellan gum [8].

This gelation mechanism was exploited to optimize the 3D printing process and obtain a
nal gel product with similar characteristics to a commercial gummy candy.

The following concentrations of Gellan gum powder were analysed:

" Ink A: 1; 5%WV=Vsoent

A

Ink B: 2%W=Vsopent
- Ink C 2:50/0/\1:V50|vent

Each concentration has been weighted and then dispersed in deionised water contained
in a conical ask through a constant magnetic stirring of 300 rpm and at a temperature
of 80-90C for at least 30 minutes. The stirring has been performed through KA RCT
basic stirring hotplate. Afterwards, the solution was put in beaker with a water bath to
keep temperature constant at 9% as shown in Figure 2.3.
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Figure 2.3: Preparation method of Gellan gum solution.

Carrageenan and Xanthan gum solution (CX)

According to literature, the use of -carrageenan and xanthan gum together produces a
synergistic e ect that has been previously discussed and presented, hence it was decided to
mix together these two ingredients. In particular, the temperature at which their mixing

in a deionized water solution was performed is 80 at 300rpm. the same preparation
method of Gellan gum was adopted, since also these two materials show a temperature
dependent gelation. The speci ¢ concentrations of the formulations prepared are:

" CuiswXoew: -Carragenan 1.5%w/v and Xanthan Gum 0.6% w/v

A

Cis00X0450%. -Carrageenan 1.5%w/v and Xanthan Gum 0.45%w/v

2.2.3. Methodology

To optimize the analysis and establish a starting point between the di erent formulations,
it was decided to perform a further screening of them using two separate methods that
will be explained in depth in this section.

Firstly, the GG and CX formulations were prepared and then extruded with a syringe and
poured into molds to visually observe their characteristics upon gelation. The objective
was to identify a formulation that exhibits superior performance compared to the others
in order to simplify the work by performing the TPA analysis and rheometry character-
ization only on the best promising solution. The three formulations aspect after being
poured in a mold and gelled is shown in Figure 2.4. The results obtained from the dif-
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