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ARTICLE INFO ABSTRACT

Handling editor: Dr. Xing Chen In the present study, alginate-pectin (Al-P) hydrogel particles containing varied total gum concentrations (TGC)

at a constant Al:P ratio of 80:20 were formed utilizing an innovative extrusion-based 3D food printing

Keywo.rds: (3DFOODP) approach. The 3DFOODP conditions, namely, TGC (1.8, 2.0, and 2.2 wt%) and nozzle size (0.108,
Extrusion ) 0.159, and 0.210 mm) were investigated. The 3DFOODP approach was compared with the conventional bead
3D food printer formation method via a peristaltic pump. All Al-P printing inks exhibited a shear-thinning behavior. The
Alginate . . . . . . : : .

Pectin increased apparent viscosity, loss and storage moduli were associated with the increase in the TGC. The size of
Hydrogel beads the wet 3D-printed Al-P hydrogel particles ranged between 1.27 and 1.59 mm, which was smaller than that
Biopolymer produced using the conventional method (1.44-1.79 mm). Freeze-dried Al-P particles showed a porous structure
Delivery with reduced crystallinity. No chemical interaction was observed between alginate and pectin. This is the first

report on generating Al-P-based beads using a 3DFOODP technique that can create delivery systems with high

precision and flexibility.

1. Introduction

Through the combination of recent developments and its great po-
tential, 3DFOODP technology has recruited considerable attention as a
promising technique for assembling customized foods (Liu et al., 2020).
3DFOODP can precisely control not only the geometry but also the
composition of foods, enabling the development of visually appealing
and nutritionally customized foods. Due to its high flexibility, 3SDFOODP
has attracted great interest in developing personalized foods for several
industries, such as military (Caulier et al., 2020) and deep space (Enfield
et al., 2022; Le-Bail et al., 2020). Thus far, several 3D printing tech-
niques, including selective laser sintering, extrusion-based printing,
binder jetting, and inkjet printing, have been implemented for printing
foods (Le-Bail et al., 2020; Lipton et al., 2015; Sun et al., 2015). Among
these printing techniques, extrusion-based printing technology is
currently the most widely utilized 3D printing technique for food
manufacturing due to the large variety of suitable food inks, flexibility,
and high printing speed (Liu et al., 2020). Currently, the extrusion-based
3D printing technique has been mainly used for printing macroscale
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(~cm scale) food objects from materials such as chocolate (Hao et al.,
2010), cheese (Periard et al., 2007), and ground meat (Lipton et al.,
2015). However, creating food microstructures for the delivery of
micronutrients using 3DFOODP has not been fully explored yet
(Ahmadzadeh and Ubeyitogullari, 2022a).

Hydrogels have been investigated as encapsulation media for
nutrient and drug delivery in the food, biomedical, bioprocessing, and
pharmaceutical industries (Guo and Kaletung, 2016). For instance,
hydrogels have been utilized for the targeted delivery of p-carotene
(Guedes Silva et al., 2021), insulin-transferrin conjugates (Kavimandan
et al., 2006), and antimicrobial peptides (Borro et al., 2020), where
bioactive compounds are physically entrapped in the polymeric matrix
of the hydrogel (Guo and Kaletunc, 2016; Lee et al., 2013). By isolating
the bioactive compounds from the outer environment, encapsulant
provides protection during food processing, storage, and gastric diges-
tion (Guo and Kaletunc, 2016).

Among food-grade biopolymers generating hydrogels, alginate and
pectin have received great attention due to their commercial availabil-
ity, low cost, biocompatibility, and biodegradability. Specifically,
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alginate is one of the most broadly utilized polymeric materials for
creating hydrogels for encapsulation purposes. The molecular chain
structure of alginate consists of linear binary copolymers, beta-D man-
nuronic acid (M block), and alpha-L glucuronic acid (G block), combined
through 1,4 linkages (Lee et al., 2013). Pectin is another
polysaccharide-based polymer that consists of D-galacturonic acid units
joined in chains through alpha-1,4 glycosidic linkages with different
degrees of methyl esters substituents (Auriemma et al., 2013). Similar to
alginate, gel formation occurs through cross-linking between pectin and
calcium ions (Jaya et al., 2009).

The pH-responsive characteristic of Al-P hydrogel particles distin-
guishes them from either alginate or pectin gels only since neither of
them alone forms a gel upon decreasing the pH. The Al-P hydrogels are
expected to go through a gel-solution transition as the pH rises (Guo and
Kaletung, 2016). Furthermore, alginate-pectin gels provide better
encapsulation efficiency, protection, and release compared to those
prepared with alginate or pectin alone (Guo et al., 2018; Guo and
Kaletung, 2016; Madziva et al., 2005). Therefore, there are numerous
opportunities for alginate and pectin blends to be used in the delivery of
pH-sensitive drugs/nutrients and microorganisms/cells (Guo and Kale-
tung, 2016).

So far, alginate-pectin hydrogel particles have been manufactured
using the conventional approach, which entails manufacturing the
particles with a peristaltic pump. Although the resulting hydrogel par-
ticles generated using a peristaltic pump are generally effective, the flow
rate is sensitive to altering differential pressure circumstances (Klespitz
and Kovacs, 2014). In addition, due to variances produced by
manufacturing and tubing replacement, the pump system must be cali-
brated to obtain acceptable accuracy. In some circumstances, their
chemical inertness can be a problem (Klespitz and Kovacs, 2014). Thus,
in this study, 3DFOODP has been employed for generating
alginate-pectin hydrogel particles for the first time. The benefits of using
the 3DFOODP over the traditional approach of Al-P hydrogel particle
formation include high precision and flexibility, where high precision
enables generating particles consistently with high accuracy, and high
flexibility allows to develop different shapes/sizes with different mate-
rial compositions for versatile applications (Ahmadzadeh and Ubeyito-
gullari, 2022b). For example, the 3DFOODP approach can provide fine
control over the design and composition of the particles while enabling
the use of various polymers at the same time in different cartridges.
Bioactive compounds and live microorganisms/cells could be encapsu-
lated in Al-P hydrogel particles using a 3DFOODP without damaging the
microorganisms/cells during the printing process (Schaffner et al.,
2017). 3D printing of alginate/pectin along with other biopolymers has
been reported for tissue engineering applications (Agarwal et al., 2021;
S.Huetal., 2021; Nguyen et al., 2017; You et al., 2017). However, to the
best of our knowledge, there is no report on forming alginate-pectin
hydrogel particles using an extrusion-based 3DFOODP.

Therefore, the main objective of this study was to generate alginate-
pectin particles using 3DFOODP technology. Specific objectives were to:
(a) investigate the effects of 3D printing parameters, namely, TGC,
nozzle size, and extrusion pressure on particle size and shape, (b)
characterize the freeze-dried alginate-pectin particles for their size,
morphology, crystallinity, and chemical structure, and (c) compare the
particle sizes of alginate-pectin particles synthesized using traditional
methods versus those produced using 3DFOODP.

2. Materials and methods
2.1. Materials

Pectin (AM 800) in powdered form was obtained from Ingredion
(Westchester, IL). The degree of esterification (DE) of the pectin was
69-72%. Alginic acid sodium salt with medium viscosity (~3500 cps,
2% aqueous solution), was obtained from MP Biomedicals (Solon, OH).
Calcium chloride (CaCly) with 97 wt% purity was purchased from Alfa
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Aesar (Haverhill, MA).
2.2. Preparation of alginate-pectin gel solution

Solutions of 1.75 and 2.0 wt% alginate, and 4.0 wt% pectin were
prepared by dissolving the powders in deionized water using a magnetic
stirrer at ambient temperature (23 °C) for 2.5 h following the methods
described by Guo and Kaletunc (2016) and Belscak-Cvitanovic¢ et al.
(2015). The different solutions were mixed in various ratios to obtain the
appropriate TGC and Al-P weight percent ratio after being incubated at
4 °C for 8 h to permit air bubbles to rise. Al-P solutions of 1.6-3.0 wt%
TGC were created for screening studies, with the Al-P weight ratio kept
constant at 80:20.

2.3. Preparation of hydrogel particles via the conventional method

A peristaltic pump (Masterflex L/S, Cole Parmer, IL, USA) was used
to generate Al-P hydrogel particles following the method of Guo and
Kaletuncg (2016). The Al-P solution was extruded through a 0.337 mm,
0.210 mm, 0.159 mm, and 0.108 mm inner diameter needles (Allevi, 3D
Systems, Inc., PA, USA) at room temperature (23 °C) with a volumetric
flow rate of 0.027 mL/s and a dropping distance of 2.5 or 5 cm, in order
to obtain spherical particles. The nozzle size of 0.337 mm was selected
for comparing the data with the literature (Guo and Kaletuncg, 2016),
while nozzle sizes of 0.210, 0.159, and 0.108 mm were used to compare
this method with the 3DFOODP technique described below. The
extruded droplets formed hydrogel particles as they interacted with the
0.1 M CaCl; curing solution for 3-4 h (Jaya et al., 2009; Lee et al., 2013).

2.4. Preparation of hydrogel particles using 3D food printing

The hydrogel particles were obtained via a droplet extrusion-based
method using a 3D food printer (Allevi 2, 3D Systems, Inc., PA, USA)
equipped with two 10-mL cartridges. The extrusion system was operated
with pneumatic pressure (1-120 psi). The alginate-pectin solutions were
loaded into one of the cartridges and extruded through 0.210 mm, 0.159
mm, and 0.108 mm inner diameter needles (Allevi, 3D Systems, Inc., PA,
USA) at room temperature (23 °C). Extrusion height was adjusted to 2.5
or 5 cm, while the printing speed was kept constant at 6 mm/s. A ster-
eolithography (stl) file of a sphere was selected using the Bioprint Pro
software for releasing a known amount of the Al-P solution into the
CaCl, solution. The extrusion time was 1 s for each hydrogel droplet,
which was confirmed by estimating the average time required for
printing 64 droplets. Table 1 lists the 3DFOODP conditions studied. The
extruded droplets formed hydrogels as they interacted with the 0.1 M
CaCl; solution. The particles were hardened in the CaCly solution for
3-4 h (Jaya et al., 2009). Finally, they were washed thoroughly with
deionized water to remove excess CaCl, ions from the hydrogel particles.

2.5. Rheological properties

The AR 1000-N Rheometer (TA Instruments, DE, USA), a controlled-
stress rheometer equipped with a Peltier Plate temperature control

Table 1
3D printing conditions of alginate-pectin hydrogel particles.

Total gum concentration (wt.%) Nozzle size (I.D. mm) Extrusion pressure (psi)

1.8 0.210 18
0.159 25
0.108 50
2.0 0.210 23
0.159 28
0.108 54
2.2 0.210 27
0.159 34
0.108 60
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device and a 40 mm parallel-plate geometry, was used to study rheo-
logical properties of Al-P solutions with varying total gum concentra-
tions. The temperature was set at 25 °C, and the experimental gap was
adjusted to 1.00 mm. The linear viscoelastic region (LVR) was identified
via performing strain sweep tests at a frequency of 1 Hz following the
methods described by Vicini et al. (2017) and M. Hu et al. (2020). For all
experiments, the equilibration time was set to 5 min at 1 Hz with 0.01%
strain falling within the LVR. The angular frequency was increased from
0.6 to 250 rad/s at 1 Pa for the angular frequency sweep test, and the
elastic (G') and viscous (G”) moduli were recorded.

2.6. Particle size analysis

The size of the particles was measured using ImageJ software
(ImageJ 1.53k, National Institutes of Health, USA). Randomly selected
20 particles were used to determine the mean particle size. The particle
size was measured for TGCs of 1.8, 2.0, and 2.2 wt%, with nozzle sizes of
0.337 mm, 0.210 mm, 0.159 mm, and 0.108 mm inner diameter for
particles generated by the conventional method, and nozzle sizes of
0.210 mm, 0.159 mm, and 0.108 mm inner diameter for particles
formed by the 3DFOODP. The size of the particles generated through a
nozzle size of 0.337 mm inner diameter was investigated to compare the
results with the study conducted by Guo and Kaletunc (2016).

2.7. Freeze-drying of the particles

The washed Al-P hydrogel particles were frozen at —80 °C for 3 h
before being lyophilized (SP VirTis BenchTop SLC, SP scientific, NY,
USA) for 2 days at a condenser temperature of —108 °C under vacuum
pressure of 0.015 kPa. After drying, the beads were placed in a container
that was immediately sealed for future use.

2.8. Density and porosity

The true density of the freeze-dried Al-P particles was measured
using a gas displacement pycnometer system (AccuPyc II, Micromeritics
Instrument Corporation, GA, USA), where helium was used as the
displacement medium. The bulk density of the particles was determined
by measuring their weight and volume. Then, the porosity (%) was
determined using the true and bulk densities by the following equation:

e= (1 7@) 100 8]

true
2.9. Morphology of the dried particles

Scanning electron microscopy (SEM) micrographs of dry Al-P par-
ticles were generated using an FEI Nova Nanolab 200 Dual-Beam system
equipped with a 30 kV SEM FEG column and a 30 kV FIB column
following the method described by Ubeyitogullari and Ciftci (2016).
Specimens were prepared by cutting thin cross-sections from the parti-
cles, which were subsequently sputter-coated with a thin gold layer
using a sputter coater (EMITECH SC7620 Sputter Coater, MA, USA).
SEM images were captured at an acceleration voltage of 15.0 kV, and an
electric current of 10 mA.

2.10. X-ray diffraction

The X-ray diffraction patterns of the samples were recorded at
ambient temperature (23 °C) using a PW3040 X’Pert MRD High-
Resolution XRD (Philips, Almelo, Netherlands) following the method
described by Jaya et al. (2009). Powdered particles were analyzed at two
theta angles ranging from 5° to 55° at a voltage of 45 kV, an electric
current of 40 mA, and with a scan step size of 0.02°. The same procedure
was applied to analyze pure alginate and pectin. OriginPro 2021 (Ori-
ginLab Corporation, MA, USA) was used to calculate the crystallinity
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index by dividing the area under the crystalline peaks to the total area
under the curve (i.e., both the amorphous region and the crystalline
peaks) (Helmiyati and Aprilliza, 2017; Mishra et al., 2008).

2.11. Fourier transform infrared (FTIR) spectroscopy

An FTIR spectrometer (IRAffinity-1S, Shimadzu, Japan) equipped
with a Quest attenuated total reflectance (ATR) was utilized to acquire
the FTIR spectra of the freeze-dried Al-P particles with different TGC (i.
e, 1.8, 2.0, and 2.2 wt%). The FTIR spectra were generated in the
wavelength range of 4004000 cm ™ at a resolution of 4 cm ™! with 64
scans.

2.12. Statistical analysis

The data were analyzed by R (Version 4.0.4., R Foundation for Sta-
tistical Computing, Vienna, Austria) using a one-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparison test at a 95%
confidence level. The hydrogel beads were produced in triplicates for
each processing condition, where a new gel solution was formed for each
replication. The results are presented as the mean value + standard
deviation.

3. Results and discussion
3.1. Preparation of the hydrogel particles

In this study, the droplet extrusion method was used to generate the
Al-P hydrogel particles utilizing a peristaltic pump or a 3D food printer.
Droplet extrusion is a manufacturing method wherein a biopolymer
solution is extruded through a capillary and permitted to split away from
the needle in droplet form affected by a gravitational force or external
force into a curing solution (Lee et al., 2013). Although Al-P hydrogel
particles were formed upon contacting the CaCl, solution in both sys-
tems, the traditional pump method had a constant flow of the polymer
solution dripping into the CaCl, solution, whereas the 3DFOODP
approach released a known amount of Al-P solution for each hydrogel
particle, which was determined by the.stl file used in the printing soft-
ware. The curing solution was 0.1 M CaCl; solution, a commonly used
CaCly concentration for bead manufacturing due to its effect on bead
size, structure, and potential encapsulation applications (Lee et al.,
2013). Even though high methoxyl pectins do not have enough affinity
to Ca* to form a gel at pH 5-7, they can form strong gels at lower pHs
(~3) in the presence of a solute (Tibbits et al., 1998). Therefore, Al-P
composite polymers were used together to create the hydrogel particles
that could provide extra protection in acidic environments such as the
stomach. For example, in a previous study, Al-P hydrogel particles
generated without Ca* ions stayed intact at pH 3.0 for 23 days (Guo and
Kaletunc, 2016).

In the preliminary studies, hydrogel particles were prepared at eight
TGCs (i.e., 1.6, 1.8, 2.0, 2.2, 2.4, 2.5, 2.7, and 3.0 wt%), and two drop
heights (i.e., 2.5 and 5 cm). The capacity to produce particles with the
smallest needle size (i.e., 0.108 mm) resulted in the exclusion of TGC
greater than 2.2 wt%, due to the undesirable high pressure (i.e., pres-
sures greater than 65 psi). On the other hand, due to the low viscosity
properties, total gum concentrations less than 1.8 wt% were unable to
form spherical particles using the 3DFOODP with the largest nozzle size
(i.e., 0.210 mm), and therefore, they were excluded from the experi-
mental plan. As a result, the TGC was set to be between 1.8 and 2.2 wt%
for further hydrogel particle preparation and characterization. In addi-
tion, the drop height of 2.5 cm was eliminated as the produced particles
with this drop height were not in a spherical shape. Consequently, all
Al-P hydrogel particles were formed at a drop height of 5.0 cm.
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3.2. Rheological properties

The apparent viscosity of the gel solutions, used as 3D printing inks,
is expected to be low enough to permit easy extrusion through the nozzle
tip, while yet being sufficiently high to allow the ink to be stacked with
previously deposited layers (Liu et al., 2020). In extrusion-based 3D
printing, the viscosity reduction caused by shear deformation is defined
as shear-thinning behavior, which helps the ink to flow smoothly
through a small deposition needle. However, the viscosity of the ink is
recovered upon depositing, resulting in better shape integrity (Huang
et al., 2021).

The apparent viscosities of the Al-P solutions as a function of shear
rate are illustrated in Fig. la. The apparent viscosity increased with
increasing the TGC. This is due to the alginate and pectin’s tendency to
form hydrogen bonds with water molecules, resulting in a denser
network (Liu et al., 2020). Hydrocolloids form strong structures by
water removal from the system. Also, as reported by Sokolovska et al.
(2016), hydrogen bonds formed between chains of sodium alginate and
pectin in combined systems increase the portion of bound water.
Therefore, in this study, free water has decreased by increasing the TGC,
resulting in a stronger network and higher viscosity (Sokolovska et al.,
2016).

All the Al-P solutions exhibited shear-thinning behavior, associated
with gradually decreased apparent viscosity with increasing shear rate,
and suggested that all pastes were non-Newtonian fluids, which is crit-
ical to achieving a successful 3D printing. These findings are consistent
with the prior research conducted by Liu et al. (2020) and Gomez-Di;az
and Navaza (2003), who found that increasing sodium alginate con-
centration leads to higher apparent viscosity.

The mechanical spectrum of a material can be represented as a
variation of G’ and G” with angular frequency. The solid-like behavior
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(G’) dominates the liquid-like, viscous characteristics (G”) in a typical
mechanical spectrum of polysaccharide solutions and gels (Moreira
et al., 2014). The strength of the gel formed between alginate and pectin
is associated with their chemical structure. With an increase in DE,
methyl groups on the pectin chain reduce the electrostatic repulsions,
leading to a better molecular association and the formation of stronger
gels (Walkenstrom et al., 2003). In the present study, high methoxyl
pectin (DE: 69-72%) was used with alginate, generating hydrogels with
appropriate printability.

Fig. 1b and c illustrates the logarithmic representation of the G, and
G”, respectively, as a function of the angular frequency, revealing the
characteristic spectrum of a hydrogel. The highest absolute values of
both G’ and G” were observed in the hydrogel solution with the highest
TGC. In addition, G’ was higher than G” for all the samples, confirming
the dominant solid-like behavior. However, the almost parallel increase
in G' and G" curves with the increase in the angular frequency reveals a
weak Al-P gel formed (Ye et al., 2021). This was further investigated by
determining the loss tangent (tan § = G”/G’) (Fig. 1d). Tan § gives in-
formation about the relative mechanical strength of the gel solutions,
where tan 8 < 0.1 indicates strong, self-standing gels while 1 > tan & >
0.1 reveals weak, paste-like gels, and tan & > 1 shows a liquid-like
behavior (Hazur et al., 2020; Koo et al., 2014). The tan & values for all
solutions investigated, lied between the range of 1 > tan § > 0.1, indi-
cating an overall paste-like gel behavior. Previously, Hazur et al. (2020)
reported tan § values greater than 1 for alginate solutions (2 wt%), while
Koo et al. (2014) reported tan & lower than 1 for alginate solutions (1.5
wt%) with Tween-80 (0.2 wt%), xanthan gum (0.2 wt%), and glycerol
(5 wt%). These differences can be explained by the nature of the sodium
alginate used (i.e., low viscosity, < 300 cps; medium viscosity, ~3500
cps; or high viscosity, ~ 14000 cps).
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Fig. 1. (A) Viscosity as a function of shear rate at 25 °C; (b) G’; (c) G”; and (d) tan § as a function of angular frequency for Al-P solutions at various concentrations.
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3.3. Particle size

Fig. 2 shows the average particle size of the wet Al-P hydrogel par-
ticles generated via the conventional method (Fig. 2a), as well as pro-
duced utilizing the 3DFOODP (Fig. 2b). All the generated Al-P hydrogel
beads were in a spherical shape (Fig. 3). The particle size of the Al-P
hydrogel beads varied between 1.44 and 1.79 mm when the peristaltic
pump was used with different nozzle sizes (0.108-0.210 mm) and TGC
(1.8-2.2 wt%) (Fig. 2a). On the other hand, 3DFOODP created particles
in the range of 1.27-1.59 mm (Fig. 2b). When the particles were created
using the peristaltic pump rather than the 3DFOODP under identical
conditions, such as using the same nozzle size and TGC, the particles
produced were significantly larger (p < 0.05). For example, the Al-P
hydrogel particles generated via 3DFOODP using a TGC of 1.8 wt% with
a nozzle size of 0.108 mm had a particle size of 1.27 mm, whereas the
Al-P hydrogel particles produced using the peristaltic pump at the same
conditions resulted in significantly larger particle size of 1.44 mm (p <
0.05) (Fig. 2). Compared to the particles produced with 3DFOODP, the
particles created with the peristaltic pump showed larger variation in
their size; specifically, the standard deviation was approximately 39.5%
greater. Furthermore, using the peristaltic pump with the smallest
nozzle size (0.108 mm) and the highest TGC (2.2 wt%) resulted in no
particle formation due to the pressure build-up in the system.

As the TGC increased from 1.8 to 2.2 wt%, the hydrogel particle size
significantly increased for both systems (i.e., 3DFOODP and peristaltic
pump), especially with larger nozzle sizes (e.g., 0.210 and 0.159 mm).
This can be due to the increase in the viscosity of Al-P solutions as the
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Fig. 2. The particle size of Al-P hydrogels generated via (a) the conventional
and (b) 3D food printing methods. *NO PRODUCT means it was not possible to
form droplets from 2.2 wt% TGC using the nozzle size of 0.108 mm inner
diameter. The nozzle size of 0.337 mm was used for comparison with the
literature. Different letters above data points indicate that they are significantly
different (p < 0.05).
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TGC was increased (Fig. 1a). Specifically, as the viscosity of the Al-P
solutions increases, it is more difficult for the particles to separate from
the tip of the nozzle (F. Chen et al., 2018). Furthermore, the particle size
of Al-P hydrogel beads decreased with decreasing the nozzle size as
expected (Fig. 2). The smallest Al-P particles (1.27 mm) were obtained
via 3DFOODP with the smallest nozzle size (0.108 mm) and lowest TGC
(1.8 wt%). However, the particle size only slightly increased to 1.30 and
1.34 mm (p > 0.05) when the TGC increased to 2.0 or 2.2 wt% at these
conditions (Fig. 2b). These findings are consistent with those of Davarc:
et al. (2017), where smaller calcium alginate beads were obtained with
smaller nozzle sizes (~0.7-1.8 mm OD) and lower alginate concentra-
tions (1.0-3.0 wt%).

Guo and Kaletunc (2016) obtained spherical Al-P particles utilizing a
peristaltic pump where the particles were produced using a 2.2 wt%
TGC (82:18 alginate:pectin ratio) gel solution with a 0.337 mm nozzle
size at 5 cm drop height. The Al-P particles generated at these conditions
had a particle diameter of 2.68 mm (Guo and Kaletuncg, 2016). Using the
identical needle size, equipment, TGC, and drop height, spherical par-
ticles with an average diameter of 2.37 mm were created in this study.
The different alginate:pectin ratio (80:20 vs. 82:18), curing solution
(0.1 M CaCl; vs. 0.1 M pH 1.2 HCI/KCI buffer), and volumetric flow rate
(0.027 vs. 0.017-0.022 mL/s) could explain the variation in the particle
sizes. These differences in alginate:pectin ratio, curing solution, and
volumetric flow rate were due to following a different method to prepare
the solutions (Belscak-Cvitanovic et al., 2015), more practical applica-
tions with 3DFOODP, and peristaltic pump limitations, respectively.
Furthermore, a study conducted by Kiaei Pour et al. (2020) obtained
Al-P hydrogel particles with a particle size of 4.10 mm using a 1.8 wt%
TGC and 80:20 alginate:pectin ratio. The microcapsules were prepared
using a syringe pump by dripping the Al-P solution into a 1 M CaCl,
solution through a 0.6 mm syringe needle at a flow rate of 1.0 mL/min.
Similarly, Al-P particles with an average size of 2.11 mm were obtained
by Belscak-Cvitanovic et al. (2015). The particles were formed using an
Al-P solution with a 2.0 wt% TGC and 80:20 alginate:pectin ratio uti-
lizing a 5 mL syringe with a 0.337 mm nozzle size. In this study, using
the peristaltic pump with the identical needle size, alginate:pectin ratio,
and TGC, Al-P particles with a size of 2.03 mm were generated. The
small difference in the particle size could be explained by the varied
equipment (peristaltic vs. syringe pump) and curing solution (0.1 M
CaCl, vs. ~0.2 M CaCly).

3.4. Particle size, density, and porosity of the freeze-dried Al-P particles

After comparing the Al-P bead formation techniques (i.e., the con-
ventional vs. 3DFOODP), only the 3D-printed Al-P hydrogel particles
were freeze-dried and characterized further since it was not expected to
observe differences due to the bead production methods. However, the
3D-printed Al-P particles were characterized in detail due to the limited
data (e.g., SEM, FTIR, and XRD data) on alginate and high methoxyl
pectin particles in the literature and in order to facilitate the potential
applications of these particles in the food and pharmaceutical industries.

Freeze-drying was employed as a drying method to relatively pre-
serve the hydrogel structure and form interconnected porous Al-P
polymers. After freeze-drying, the generated Al-P particles were char-
acterized for their size, density, and porosity (Table 2). All the particles
were generated using a nozzle size of 0.159 mm. The sizes of the freeze-
dried Al-P particles formed using TGCs of 1.8, 2.0, and 2.2 wt% were
1.08, 1.18, and 1.27 mm, respectively. Compared to their sizes before
freeze-drying (Fig. 2b), Al-P hydrogels with higher TGC resulted in less
shrinkage. At higher TGC, more Al-P molecules were present in the same
volumetric area, supporting the structure to minimize shrinkage during
drying (Bera et al., 2015; M. Hu et al., 2020). This also led to a lower
bulk density and a higher porosity at the TGC of 2.2 wt% (Table 2),
where the true density of the Al-P particles was measured as 1.86 +
0.02 g/cm®.

Gelation of the Al-P solutions starts as the biopolymers come into



V.B.J. Rysenaer et al.

-
=
=’

0.337 0.210

Total gum concentration (wt.%)

(b)

0.210

2.2

Total gum concentration (wt.%)
1.8 2.0

Current Research in Food Science 6 (2023) 100404

Nozzle size (I.D. mm)
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No product*
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Fig. 3. Pictures of Al-P hydrogel particles generated using (a) the conventional and (b) 3D food printing methods. *No product means it was not possible to form
droplets from 2.2 wt% TGC using the nozzle size of 0.108 mm inner diameter via the conventional method.

Table 2
Particle diameter, bulk density, and porosity of freeze-dried Al-P particles.
Total gum concentration Particle diameter Bulk density (g/  Porosity
(Wt.%) (mm) em?) (%)
1.8 1.08 + 0.03* 0.09 £ 0.01% 95.1 +
0.3
2.0 1.18 + 0.07% 0.06 + 0.01° 96.7 +
0.1%
2.2 1.27 £0.13* 0.06 + 0.01° 97.2 +
0.5%

* All the particles were formed using a 3D food printing system with a nozzle size
of 0.159 mm at extrusion pressures of 25, 28, and 34 psi for TGC of 1.8, 2.0, and
2.2 wt%, respectively. Data are given as means of triplicates + standard de-
viations. Values in the same column with different superscript letters are
significantly different (p < 0.05).

contact with the CaCl, solution. The gelation starts from the surface of
the droplet, and as CaCl; diffuses into the droplet, the biopolymers at the
center of the droplet cross-links with Ca®* ions (M. Hu et al., 2020).
Therefore, since the diffusion of Ca?" into the droplets generated with a
lower TGC is faster owing to their lower viscosity (Fig. la), these
droplets are expected to have a higher cross-linking density compared to

that of formed with a higher TGC. Consequently, the higher number of
Ca?* present in the structure of Al-P particles formed with a lower TGC
may have also contributed to their increased density (Table 2). In gen-
eral, high-porosity particles could be useful as microencapsulation car-
riers for bioactive compounds (K. Chen and Zhang, 2019).

3.5. Morphology of the freeze-dried Al-P particles

The morphology of the freeze-dried Al-P hydrogel particles at
various TGCs was investigated using SEM (Fig. 4). All the samples
showed a porous structure with irregular macropores where the pores
were interconnected due to cross-linking of the polymers and ionic
gelation. Ayarza et al. (2017) reported that the ionically cross-linked
alginate beads indicate interconnected networks with high porosity
compared to the alginic acid beads due to the fact that hydrogen
bonding formed between chains in alginic acid beads are weaker than
ionic cross-linking of the polymer.

In addition, the formation of ice crystals during freezing and then
lyophilization of the beads also resulted in the generation of a macro-
porous structure (Stachowiak et al., 2021). SEM images revealed that
the morphology of the particles slightly differed depending on the TGC.
As the TGC increased, a more porous structure was observed, which can
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Fig. 4. SEM images of freeze-dried Al-P particles. All the particles were formed using a 3D food printing system with a nozzle size of 0.159 mm.

be due to the less shrinkage and collapsing of the particles caused by
ionic cross-linking and freeze-drying, respectively (Fig. 4a;,bi,c1). Also,
at higher TGC, a denser hydrocolloid network structure increased gel
stability against the growth of ice crystals. This result supports the
density and porosity data obtained in this study (Table 2). Similar SEM
images were reported by K. Chen and Zhang (2019) for freeze-dried Al-P
particles produced using a 75:25 alginate:pectin ratio and 4 wt% TGC.
Jaya et al. (2009) reported similar interconnected porous structures for
Al-P microcapsules produced via the sol-gel method using CaCl; as the
curing solution. The authors also reported the suitability of these
structures for drug delivery systems.

3.6. X-ray diffraction

The X-ray diffraction patterns of the dried Al-P hydrogel particles
with various TGC (i.e., 1.8, 2.0, and 2.2 wt%), pure alginate, and pectin
are depicted in Fig. 5. Pectin showed diffraction peaks at 26 = 11.65°,
13.05°, 14.25°, 18.8°, 19.50°, 22.50°, 24.75°, 38.4°, 46.1°, and 48.00°,
respectively (Fig. 5a) while pure alginate exhibited a characteristic
diffraction peak at 20 = 14.25° (Fig. 5b). Similar diffraction peaks have
been reported for high-methoxyl pectin (Bera and Kumar, 2018) and
alginate (L. Li et al., 2007). Freeze-dried Al-P particles had a single clear
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Fig. 5. XRD patterns of the (a) pectin, (b) alginate, and 3D-printed Al-P par-
ticles produced using TGC of (c) 1.8, (d) 2.0, and (e) 2.2 wt%. (Crl: Crystal-
linity index).

diffraction peak at 20 = 14.25°, which was due to their alginate content
and cross-linking with CaCl, and the resulting lateral packing among the
molecules (L. Li et al., 2007). Characteristic peaks of pectin were not
observed in the XRD patterns of Al-P particles in part due to its relatively
low concentration. Also, the presence of Ca?" could have disrupted
pectin’s inter-and intramolecular interactions, resulting in reduced
crystallinity (Yang et al., 2018). Similarly, the loss of crystallinity in the
XRD patterns of the Al-P particles can be explained by the ionic in-
teractions between biopolymers damaging the crystalline configuration
(Kiaei Pour et al., 2020). However, as the TGC increased, the intensity of
the characteristic diffraction peak at 26 = 14.25° decreased (Fig. 5c,d,e).
The Al-P particles’ crystallinity indexes were also calculated (Fig. 5).
The results showed that the crystallinity of the Al-P particles decreased
as the TGC increased. The crystallinity indexes of sodium alginate (31%)
and pectin (38%) were slightly different than the values reported in the
literature (29% for sodium alginate (Helmiyati and Aprilliza, 2017) and
43% for pectin (Mishra et al., 2008)), which could be due to the source
of the biopolymers, molecular weight (e.g., low vs. high viscosity so-
dium alginate), and degree of esterification (e.g., low vs. high methoxyl
pectin). A study conducted by Cho et al. (2014) reported that the in-
tensity of the peak at 20 ~13° is associated with the number of lateral
cross-linking. As described in Section 3.4., Al-P particles with a lower
TGC are expected to have a higher cross-linking density, resulting in a
more organized structure. Thus, the higher concentration of Ca%* ions in
the structure of Al-P particles formed with a lower TGC resulted in a
higher peak intensity at 20 = 14.25°, agreeing with the findings of Laia
et al. (2014) and Prasetyaningrum et al. (2021).

3.7. Fourier transform infrared spectroscopy

Fig. 6 depicts the ATR-FTIR spectra of pectin, alginate, and the
freeze-dried Al-P particles with various TGC in the wavenumber range
of 4000-400 cm™!. The FTIR spectra demonstrate the characteristic
absorption peaks of the utilized ingredients for the particle formation
(Fig. 6a and b), and the potential molecular interaction between alginate
and pectin (Fig. 6¢,d,e). The FTIR spectra of pure alginate showed ab-
sorption bands at 1591 and 1420 cm ™, which correspond to asymmetric
and symmetric stretching vibrations of carboxylate salt ion, respectively
(Q. Lietal., 2021), and are specific to ionic bonding (Saarai et al., 2013).
The absorption band related to C-O stretching was observed in the FTIR
spectrum of pectin at the wavenumber of 1619 cm ™! (Jaya et al., 2009).
The addition of pectin caused the formation of a new peak in the FTIR
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Fig. 6. ATR-FTIR spectra of the (a) pectin, (b) alginate, and 3D-printed Al-P
particles produced using TGC of (c) 1.8, (d) 2.0, and (e) 2.2 wt%.

spectra of Al-P particles (1732 cm™}) attributed to the C-O stretching in
the carboxyl group (Kiaei Pour et al., 2020).

The FTIR spectra of the dried Al-P particles with different TGC (i.e.,
1.8, 2.0, and 2.2 wt%) were similar (Fig. 6¢,d,e). The absorption bands
present in the FTIR spectra at 3700-3000 cm ' and 3000-2850 cm™*
were attributed to O-H and C-H stretching vibrations, respectively
(Vaziri et al., 2018). Similar FTIR spectra of alginate-pectin dried
hydrogel beads are reported by Kiaei Pour et al. (2020).

For Al-P particles (TGC: 1.8, 2.0, 2.2 wt%), the carboxyl group
characteristic peak at 1591 cm ™ shifted to 1597, 1589, and 1589 cm™?,
respectively, suggesting the cross-linking of sodium alginate with Ca2*,
agreeing with the results obtained by Badita et al. (2020) who reported
the effect of ionic cross-linking on shifting in FTIR band corresponding
to the carboxyl group. Compared to pure alginate, Ca?* cross-linking
resulted in an increase in the stretching carboxyl group (Vaziri et al.,
2018). However, Badita et al. (2020) reported a reduction in the in-
tensity of the carboxyl group characteristic peak when using a high
concentration of Ca?" for alginate gelation, which can explain the ob-
tained results in the present study. Moreover, the shoulder that appeared
at 1076 cm™! was ascribed to the C-C and C-O stretching, which can
also be related to the presence of ionic cross-linking. In another research
conducted by Makaremi et al. (2019) on cross-linked films of Al-P, au-
thors reported that shifting of COO™ characteristic peak could also be
related to the powerful hydrogen bonding formed between two poly-
mers. Overall, it is well studied that pectin and alginate are ionic poly-
saccharides, and they form hydrogels through chain-chain association,
which is induced by the addition of divalent cations. As previously re-
ported in the literature (da Silva et al., 2009), the specific interactions of
calcium ions with guluronate in alginate and galacturonate in pectin
resulted in gel formation.

Finally, no chemical interactions were observed between alginate
and pectin (Fig. 6). Specifically, the FTIR spectra of the Al-P particles
did not show any covalent bonds between alginate and pectin since the
absorption bonds wavenumbers of the carboxylic group of alginate and
the carbonyl group of pectin remained unaltered. These findings are
consistent with the literature (da Silva et al., 2009), as those studies did
not report the formation of new covalent bonds between alginate and
pectin during gel formation.

4. Conclusions

Alginate-pectin hydrogel particles were successfully prepared by
droplet extrusion using a 3DFOODP approach. In this study, the effects
of Al-P TGC, nozzle size, and extrusion pressure on 3DFOODP were
investigated, and the printing conditions were determined for creating
small particle sizes. The 3DFOODP approach resulted in smaller Al-P
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particles compared to the conventional method using a peristaltic pump
when similar conditions were used. All Al-P solutions showed a shear-
thinning behavior, where their viscosity, loss and storage moduli
increased with increasing the TGC. Generally, decreasing the TGC or the
nozzle size resulted in a decrease in the particle size. The smallest par-
ticle size (1.27 mm) was achieved via 3SDFOODP at a TCG of 1.8 wt% and
a nozzle size of 0.108 mm. When the peristaltic pump was used, no
particles were formed with the highest TGC (2.2 wt%) and the smallest
nozzle size (0.108 mm), confirming the limitations of the conventional
method and its low flexibility in generating particles compared to the
3DFOODP approach. All freeze-dried Al-P particles revealed an inter-
connected porous structure. TGC affected the ionic cross-linking with
Ca?" jons and also the shrinkage rate upon freeze-drying. The crystal-
linity of the freeze-dried Al-P particles was reduced compared to that of
pure alginate and pectin. However, their crystallinity increased with the
increased cross-linking density. FTIR spectra showed the ionic cross-
linking with the Ca®* ions; nevertheless, there was no indication of
any chemical interaction between alginate and pectin, suggesting a
physical entrapment of biopolymers. Overall, 3DFOODP has the po-
tential to create Al-P particles with precise control over shape, size, and
composition for developing delivery systems.
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