Food Biophysics
https://doi.org/10.1007/511483-024-09839-5

RESEARCH

®

Check for
updates

Preparation and Characterization of 3D Printed Objects Based on
Different Kefir Gels

Selcuk Ok'® . Emin Yilmaz'® . Niikhet Niliifer Demirel Zorba'

Received: 9 February 2024 / Accepted: 18 March 2024
© The Author(s) 2024

Abstract

In this study, kefir-containing healthy snacks were produced by using 3D food printing technique. Although kefir has many
important health benefits, its consumption is quite low. It was thought that kefir-containing snacks in attractive shapes
produced with a 3D food printer could increase the kefir consumption. For this purpose, disintegrated kefir gels prepared
with starch, gelatin and alginate were used as inks. First, the minimum gelation concentration (C*) of each gelator was
determined. Then, disintegrated gels with concentrations of C*, C*+1%, and C*+2% were prepared with each gelator
and the effect of gelator concentration on printing quality was investigated for each gelator. Printing quality was associ-
ated with storage modulus, loss factor and flow behavior, and the minimum gelator concentration required for a suitable
formulation for 3D printing (highest printability and dimensional stability) was determined as 5%, 6% and 3% for starch,
gelatin and alginate, respectively. Lactobacillus spp. and Lactococcus spp. contents of the starch-based sample were found
to be significantly lower than those of fresh kefir and gelatin and alginate-based samples. Sensory properties and con-
sumer appreciation were lower for the gelatin-based sample. Due to the high printing quality (98% printability and 99%
dimensional stability), high probiotic content (7.81 and 8.13 log cfu/ml Lactobacillus spp. and Lactococcus spp. content,
respectively) and high consumer appreciation (4.71 out of 5 for general acceptance), alginate-based sample (containing 3%
alginate) was chosen as the best sample. In conclusion, new, chewable, alive, alternative kefir products were successfully
developed for consumers seeking new ways of kefir consumption.
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Introduction

The 3D printing technique is a developing technology in
which a 3D structure is produced by the deposition of mate-
rials layer by layer. In the food industry, 3D printing is used
to create 3D food objects in attractive shapes with texture,
content, and sensory characteristics suitable for personal
preferences and needs [1]. Considering all, 3D printers are
thought to be a developing production technique with a high
potential in the preparation of customized food products.
It was stated that using 3D food printers in food manufac-
turing can solve various problems like preparing suitably
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textured foods for people with swallowing difficulties, pre-
paring high nutrition snacks for children, and utilization of
alternative food sources such as ground mealworms [2—4].
Foods to be processed with extrusion-based 3D print-
ers must have a shear-thinning flow and a significant shear
stress and elastic modulus values. Shear-thinning makes
easier to print and sufficient shear stress and elastic mod-
ulus values ensure that better retention of structure/shape
after printing [5, 6]. When developing formulations for pro-
cessing in extrusion-based 3D printers, the formulations of
products were modified or various thickeners were used for
samples that are naturally unsuitable for printing (like fruit
juices) [7, 8]. Further, some studies utilized microgel formu-
lations as inks for bioprinting [9]. It was stated that micro-
gels have shear-thinning flow behavior and sufficient shear
stress [9]. One of the methods used in microgel production
is the breaking-down method, in which the macrogels are
broken down into small pieces [10]. This method is similar
to the method used in this study to produce disintegrated
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gels, and therefore it was thought that disintegrated gels
might be suitable for processing in 3D food printers.

Kefir is a traditional fermented dairy drink produced
with starter cultures or kefir grains. Basic nutrients in kefir
are similar to those of milk, and moreover the fermentation
process improve the nutritional/health value. In addition, it
is rich in probiotic microorganisms, especially lactic acid
bacteria. Kefir has various health benefits like anti-car-
cinogenic, anti-inflammatory, cholesterol-lowering, anti-
hypertensive, anti-microbial, anti-oxidative, anti-diabetic,
anti-allergenic and immunological effects [11, 12]. In a
study, it was observed that approximately 70% of the peo-
ple did not consume kefir, and approximately 30% of them
did not consume kefir due to its sensory properties [13]. In
another study, it was determined that approximately 85% of
the people did not consume kefir [14].

In this study, kefir-containing healthy snacks were pro-
duced with 3D food printing technique by using disinte-
grated kefir gels prepared with starch, gelatin, and alginate.
This healthy traditional drink has been used for the first
time to be processed in a 3D food printer. Effect of gelator
concentration on the rheological properties and 3D print-
ing quality was investigated. Also sensory, textural, and
microbial properties and compositions of the 3D printed
kefir objects were determined. Although kefir has many
important health benefits, its consumption is quite low as
mentioned above. Therefore, offering kefir in a different
product form like 3D printed chewable object with attrac-
tive shapes might satisfy the needs of some consumers, or
at least, would provide a new way of kefir consumption.
The objectives were to study the preparation parameters of
3D printed kefir gels, and comprehensive evaluation of the
properties of the 3D printed objects based on kefir to offer
new food alternatives.

Materials and Methods
Materials

Fresh kefir (standard liquid commercial product, stored at
4 °C) was purchased from Altinkili¢ Food and Milk Indus-
try Trade Inc. (Canakkale, Turkiye) and stored in the fridge
(4 °C) throughout the study. Corn starch (food grade),
sodium alginate (food grade) and bovine gelatin pow-
der (220 Bloom, food grade) used in gel production were
obtained from Alfasol (Istanbul, Turkiye). All chemicals
and solvents used in the analyses were of analytical or chro-
matographic grade and purchased from Sigma (St. Louis,
MO, USA) and Merck Co. (Darmstadt, Germany).
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Production of Kefir Gels

Corn starch, sodium alginate and bovine gelatin were used
separately in the production of kefir gels and the minimum
gelation concentrations (C*) were determined for each gela-
tor. The concentrations were decided as a result of prelimi-
nary trials and 4 levels were tested for each gelator. Corn
starch gels were produced according to a previous study
with minor modifications [15]. For this purpose, starch was
added to kefir at concentrations of 4, 5, 6, 7% (w/v). After
that, kefir-starch mixture was mixed at 85 °C for 10 min.
Then, the mixture was kept for 24 h at 4 °C. Sodium alginate
gels were prepared by the “internal gelification” method
based on a previous study with minor modifications [16].
For this purpose, an amount of calcium ion (equivalent to
half the molar content of alginate monomer) was added to
kefir and dissolved by mixing for 5 min at 25 °C. After that,
sodium alginate was added to kefir at concentrations of 1,
2, 3, 4% (w/v). Then, kefir-alginate mixture was mixed for
5 min at 25 °C. Then, the mixture was kept for 24 h at 4 °C.
To prepare gelatin gels, gelatin powder was added to kefir at
concentrations of 3, 4, 5, 6% (w/v). After that, kefir-gelatin
mixture was mixed at 35 °C for 15 min. Then the mixture
was kept for 24 h at 4 °C.

Determination of Minimum Gelation Concentration

Minimum gelation concentrations (C*) were determined
separately for each gelator and disintegrated kefir gels were
produced considering these concentrations. The minimum
gelation concentrations (C*) were determined visually
according to a previous study [17]. In visual evaluation,
the tubes were turned upside down and the samples without
flow and solid appearance were accepted as gel.

Rheological properties of kefir gels were also deter-
mined. In oscillatory rheological analyses of the kefir gels,
storage modulus (G’), loss modulus (G”) and loss factor
(tan §) values were evaluated. Rheological analyses were
accomplished by using a DHR 2 rheometer (TA Instruments,
USA) equipped with cross-hatched parallel plate geometry
(40 mm diameter and 1000 pm gap). Parameters used in the
analyses were selected based on the method used in a previ-
ous study [17]. First, amplitude sweep (strain=0.1-100%)
tests were applied at 25 °C and 1 Hz frequency to deter-
mine the linear viscoelastic region (LVR) for each gel sam-
ple. After that, frequency sweep (0.1 to 100 Hz) tests were
applied for each gel sample at 25 °C and the LVR strains.
For each sample, storage modulus (G’), loss modulus (G™)
and loss factor (tan d8) values were measured.
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Production of Disintegrated Kefir Gels

After the determination of minimum gelation concentration
(C*), three concentration levels, including the minimum
gelation concentration, were selected for each gelator (C*,
C*+1%, C*4+2%), and these concentrations were used to
produce the disintegrated kefir gels. For production of disin-
tegrated kefir gels, gels were produced as mentioned above
with the selected concentrations, and each gel was mixed
with distilled water (1:1, weight: volume). Then, each gel in
the water was broken down into small pieces with a blender
(22,000 rpm, 1 min) (Russell Hobbs, RRH Small Electric
Appliances Limited Company, Istanbul, Turkey). Finally,
these disintegrated gels were separated from the aqueous
phase by centrifugation (6800g, 20 min, 25 °C) (Sigma
2-16 K, Postfach, Germany).

Rheological Analyses of the Disintegrated Kefir Gels

Rheological analyses of the disintegrated kefir gels were
performed by using a DHR 2 rheometer (TA Instruments,
USA) equipped with cross-hatched parallel plate geometry
(40 mm diameter and 1000 pm gap). Amplitude sweep (0.1—
100% strain, 1 Hz frequency, 25 °C analysis temperature)
and frequency sweep (0.1-100 Hz frequency, LVR strain,
25 °C analysis temperature) tests were applied based on the
method used in a previous study [17]. For each sample, stor-
age modulus (G’), loss modulus (G”) and loss factor (tan §)
values were determined.

Viscosity and shear stress measurements were also
accomplished according to a previous study [8]. Analyses
were applied at the shear rate ranging from 1 to 100 s~ at
25 °C.

3D Printing Process

An extrusion-based 3D printer (Wiiboox Sweetin, China)
with CURA 15.02 software (Ultimaker B.V., Netherlands)
was used to process the disintegrated kefir gels. 3D objects
were produced in the form of cylinder (diameter: 30 mm,
height: 30 mm). Printing parameters were as follows; 25 °C
printing temperature, 40 mm/s printing speed, 100% filling
rate, 100% flow rate, 0.84 mm filament diameter, 2 mm bot-
tom/top thickness. Printing parameters used in this study
were selected by considering preliminary trials and previ-
ous studies [3, 18].

Determination of Suitability of Disintegrated Kefir
Gels for Processing in a 3D Printer

The suitability of disintegrated kefir gels for processing
in a 3D printer was assessed by conformity of the printed

objects to the target geometry and dimensional stability (the
printed objects’ stability over time). Methods in a previous
study were used in these analyses [8]. For determination of
printability (conformity to target geometry), height of the
printed object was measured with a digital caliper imme-
diately after the printing process and compared with the
height determined with the software. For determination of
dimensional stability, deformation rates of 3D objects were
examined. For this purpose, height of the printed object was
measured with a digital caliper immediately after the print-
ing process. After that, printed object was kept at 25 °C for
1 h and height of the object was measured again. Finally, the
change in the height was calculated. Printability and dimen-
sional stability values were calculated by using the follow-
ing Eqgs. (1) and (2), respectively.

Printability(%) =
(Achievedheightoftheobject
/Targetoftheobject)

x 100

(1

DimensionalStability (%) =
(Height of the object after 1 hour 2)
/Height of the object immediately after printing) x 100

According to the results of these analyses, the minimum
gelator concentration required for a suitable formulation for
3D printing process (highest printability and dimensional
stability) was determined for each gelator separately and
these concentrations were used for the subsequent parts of
the study.

Determination of Physicochemical Properties of the
3D Printed Objects and Kefir

Moisture, fat, protein, and ash contents of the 3D printed
objects and liquid kefir were determined according to meth-
ods of AOAC 925.23, AOAC 2000.18, AOAC 991.20 and
AOAC 945.46, respectively [19]. Color values were mea-
sured using a Minolta colorimeter CR 400 (Minolta Camera
Co., Osaka, Japan). The pH and viscosity values of liquid
kefir were measured with a pH meter (Sartorius, Germany)
and a rotational viscometer (Brookfield viscometer DV
11+ Pro, Brookfield Engineering, USA), respectively.

Texture Analyses of the 3D Printed Objects
Texture profiles were determined by using TA-HD Plus Tex-
ture Analyzer (Stable Micro Systems Ltd., UK) equipped

with TTC Spreadability Rig (Stable Micro Systems Ltd.,
UK). The measurement parameters were as follows;
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compression test mode, 3 mm/s test speed, 10 mm/s post-
test speed, distance as target mode and 23 mm distance.

Microbial Analyses of the 3D Printed Objects and
Kefir

10 g of sample were mixed with 90 mL physiological saline
(0.85% NacCl, Sigma, USA) solution. Then, homogenization
was carried out for 1 min in the Stomacher and appropriate
dilutions of the suspension were prepared using physiologi-
cal saline solution. Lactobacillus spp. and Lactococcus spp.
counts were performed according to the study of Uskudar
Guclu et al. (2021) with minor modifications [20]. Lacto-
bacillus spp. count was performed according to the pour
plate method with De Man-Rogosa-Sharpe agar (MRS agar)
(HiMedia, India) and the incubation was carried out under
anaerobic conditions in an anaerobic cabin (Electrotek
400TG, UK) (80% N,, 10% CO,, 10% H,) at 30 °C for 72 h
[20]. Lactococcus spp. count was performed according to
the pour plate method with M-17 Agar (Merck, Germany)
and the incubation was accomplished under anaerobic con-
ditions at 37 °C for 48 h [20]. The yeast content was deter-
mined according to the pour plate method with Dichloran
Rose Bengal Chloramphenicol Agar (DRBC Agar) (Merck,
Germany) and the incubation was carried out at 25 °C for 5
days [21]. The microbiological analyses were completed on
fresh samples, and after the 6th and 12th days of storage. In
a preliminary study, microbial spoilage was observed in the
samples after the 12th day. Therefore, the periods of analy-
ses were selected accordingly.

Table 1 Descriptive terms and references used in the sensory descrip-
tive analysis

Descriptor Definition Reference
Shape integrity Perfection of cylindrical shape Perfect metal
cylinder
Hardness The resistance felt in the teeth Min: Yoghurt
at the first bite Max: Jellybean
Chewiness Ability to be chewed without ~ Min: Yoghurt
falling apart in the mouth Max: Chewing
gum
Stickiness Ability of the sample to stick ~ Min: Yoghurt
to the mouth during chewing ~ Max: Chewing
gum
Sandy mouthfeel =~ Small particles that can be felt Min: Yoghurt
in the mouth Max: Crystal-
lized syrup
Sweetness Basic taste of sugar 5% sucrose
solution
Sourness Basic taste of organic acid Lemon juice
Creamy taste/ Basic taste/aroma of milk Milk cream
aroma cream
Fermented taste/ ~ Sour taste resulting from Kefir
aroma fermentation
Milk taste/aroma  Basic taste/aroma of milk Milk
Kefir flavor Characteristic flavor of kefir ~ Kefir
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Sensory Descriptive Analyses of the 3D Printed
Objects

Sensory descriptive analysis was applied with Quantitative
Descriptive Analysis (QDA) technique [22]. There were six
female and four male volunteer panelists aged between 24
and 53. These panelists were trained at least 15 h in different
days and sessions. There were 5 sessions and each session
lasted about 3 h in separate 5 days. A signed consent form
indicating that the samples were food-grade and safe was
provided to panelists. Under the management of the panel
leader, eleven different descriptive terms were developed for
the samples. Descriptive terms and their references used in
these analyses are provided in Table 1. Samples were coded
with three-digit random numbers and served at room tem-
perature to the panelists at different evaluation sessions. A
10 cm line scale from 0 at minimum intensity to 10 at maxi-
mum intensity was used to quantify the sensory characteris-
tics. Water, unsalted cracker, dry coffee, and expectoration
cups were provided to panelists besides samples. All tests
were accomplished under daylight at room temperature. 3D
printed kefir objects were produced two times and analysis
was done in duplicate for each of the production replicates.

Consumer Tests of the 3D Printed Objects

Hedonic test (degree of liking) was applied to determine
the degree of consumer acceptance [22]. For this purpose,
the same consent form was provided, and the samples were
coded and served at room temperature to volunteer consum-
ers. Samples were evaluated by 100 volunteer consumers (80
female, 20 male, aged between 19 and 53) by using 5-point
hedonic scale (1=Dislike extremely, 5=Like extremely).
Samples were evaluated in terms of “appearance”, “smell/
aroma”, “taste/flavor”, “mouthfeel” and “general accep-
tance”. The term “appearance” was evaluated in terms of
shape integrity. The terms “smell/aroma” and “taste/flavor”
were evaluated according to consumer acceptance consid-
ering the characteristic taste and aroma of kefir. The term
“mouthfeel” was evaluated based on characteristics such
as hardness, stickiness, chewiness, etc. The term “general
acceptance” was evaluated considering all these attributes.
Water, unsalted cracker, and expectoration cups were pro-
vided to consumers besides samples.

Statistical Analysis

3D printed kefir objects were produced two times as two rep-
licates, and every listed analysis was done at least in dupli-
cate or triplicate for each of the production replicates. The
collected data were analyzed with ANOVA and treatment
groups were compared with Tukey’s test, and the sensory
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data were analyzed by the nonparametric Kruskal-Wallis
test. Minitab Ver. 21.4.2 (Minitab, LLC., USA) and SPSS
(SPSS Inc., USA) package software programs were used for
the statistical analyses [23, 24]. The level of confidence was
at least 95% in this study.

Results and Discussion

Minimum Gelation Concentrations

Since the 3D printing was conducted at 25 °C, the minimum
gelation concentration (C*) of each gelator was determined

at that temperature by visual evaluation. Rheological mea-
surements were also accomplished at that temperature.

For visual evaluation, tubes that turned upside down
are shown in Fig. 1. An unsolid appearance with flow was
observed for the samples at 4%, 3%, and 1% concentra-
tions for starch, gelatin, and alginate, respectively. Hence,
the minimum gelation concentrations (C*) for corn starch,
bovine gelatin and sodium alginate in the gelation of kefir
were determined as 5%, 4% and 2%, respectively.

The rheological properties (storage modulus (G’), loss
modulus (G””) and loss factor (tan §)) of the starch, gelatin
and alginate-based kefir gels are presented in Figs. 2 and 3,
and Fig. 4, respectively. The solid-like behavior is charac-
terized by the storage modulus (G’) and loss modulus (G™*)

5% 6% 7%

STARCH

4% 5%

3% 6%

1% 2%

4%

3%

ALGINATE

Fig. 1 The prepared kefir gels
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is the liquid-like response. Loss factor (tan d=G’/G’) indi-
cates the material dominant behavior. Higher tan & value
indicates more fluid-like behavior and lower tan & value
indicates more solid-like behavior [25]. For all gelators,
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significant increases were observed in the storage modulus
values with increasing the gelator concentrations. Addi-
tionally, for all gelators, tan 6 values relatively decreased
as gelator concentrations increased. In previous studies, the
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Fig.4 Rheological properties of
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relationship between gel strength and gelator concentra-
tion was associated with greater water absorption by starch
granules for starch gels, formation of the greater number of
junction zones for gelatin gels, and the degree of interaction
between calcium ions and sodium alginate monomers for
alginate gels [26-28]. When the storage modulus and loss
factor values were considered, liquid-like behavior were
more dominant at 4%, 3%, and 1% concentrations for corn
starch, bovine gelatin and sodium alginate, respectively. It
can be said that rheological analysis results supported to
visual evaluation.

To the best of our knowledge, there is no study about
kefir gels produced with starch, gelatin or alginate for direct
comparison. In a study, starch suspensions ranging from 2
to 20% (w/v) were prepared with distilled water and it was
observed that gel was formed even at the concentration of
2% for maize starch [29]. In another study, dairy ingredients
were added at 5% and 10% concentrations and their effects
on the starch gel were investigated. It was observed that
dairy ingredients reduced the gel hardness and peak viscos-
ity in starch gels [30]. As a result, dairy ingredients gener-
ally weaken the starch gel structure, therefore, it was thought
that higher starch concentration was needed in the produc-
tion of starch-based kefir gel. In a study, rheological proper-
ties of gelatin gels were investigated, and it was observed
that as the gelatin concentration increased, the melting point
of the gel increased. Gels with melting point of 29-33 °C,
27-32 °C and 25-27 °C were obtained with 5.0%, 2.5% and

Angular Frequency (rad/s)

0401 +1% @ 2% & 3% & 4%

0.35 -
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PR S

0204 N

1 10
Angular Frequency (rad/s)
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1.0% gelatin, respectively [27]. In our study, in the visual
evaluation applied at 25 °C, gel formation was not observed
with 3% gelatin. In another study, the gel strength of bovine
gelatin gel (6.67% gelatin) was examined at pH 3 to 10, and
it was found that gel strength decreased as pH decreased
[31]. Relatively higher gelatin concentration was needed
for kefir gel production in our study, probably due to differ-
ences in physicochemical properties of the systems such as
composition, pH, etc. In a study, the optimal composition
of alginate hydrogel was determined as 2.7% alginate and
0.9% CaCl, [32]. In another study, well gelatinous samples
were obtained with alginate in distilled water at the concen-
tration of 1.5 and 2% [33]. Results of this study concur with
the literature in terms of alginate-based kefir gels.

As stated above, three concentration levels, including
the minimum gelation concentration, were selected for each
gelator (C*, C*+1%, C*+2%). For this purpose, corn starch
at concentrations of 5%, 6%, and 7%, bovine gelatin at con-
centrations of 4%, 5%, and 6%, and sodium alginate at con-
centrations of 2%, 3%, and 4% were used for the production
of disintegrated kefir gels.

Rheological Properties of the Disintegrated Kefir
Gels

Flow behavior properties (apparent viscosity versus shear
rate) of the starch, gelatin and alginate-based disintegrated
kefir gels are shown in Figs. 5 and 6, and Fig. 7, respectively.
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It was observed that the apparent viscosity values of all
samples decreased with the increase in shear rate and con-
sequently all samples had a shear-thinning flow behavior.
The shear-thinning flow behavior was associated with the
breakdown of structural units between the elements due to
the hydrodynamic forces produced during shear stress [8].
At higher shear rates, the apparent viscosity values were
lower at the concentration of 4% for gelatin and 2% for
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alginate, while there was no statistically significant differ-
ence between concentrations for starch.

Storage modulus (G’), loss modulus (G’’) and loss fac-
tor (tan &) values of the starch, gelatin and alginate-based
disintegrated kefir gels are presented in Figs. 5 and 6, and
Fig. 7, respectively. There was no statistically significant
difference between concentrations in starch-based samples
in terms of loss factor values, on the other hand, loss factor
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values relatively decreased with an increase in the gelator
concentrations for gelatin and alginate-based samples. The
storage modulus values increased with an increase in the
gelator concentrations for all samples.

To the best of our knowledge, there is no study about
disintegrated kefir gels produced with starch, gelatin or
alginate for direct comparison. In a study, effect of starch
concentration (5%, 7.5%, and 10%) on the rheological prop-
erties of grape molasses was investigated. It was observed
that starch gels showed shear-thinning flow behavior and
as the starch concentration increased, the storage modulus
value increased, and the gel structure became stronger [26].
In another study, gelatin gels with and without milk proteins
containing 1.0%, 2.5%, and 5.0% gelatin were prepared, and
it was stated that higher storage modulus values and stron-
ger gels were obtained with higher gelatin concentration
[27]. In a study, alginate gels (0.5%, 1%, 1.5% and 2.0%)
were characterized with shear-thinning flow behavior and it
was observed that as alginate concentration increased, stron-
ger gels were obtained [33]. As a result, it can be said that
starch, gelatin and alginate-based gels have a shear-thinning
flow behavior and the gel strength is directly related to the
gelator concentration, and in conclusion, the results in this
study concur with literature in this respect.

Printing Quality of Disintegrated Kefir Gels with a
3D Printer

Printed objects and printability and dimensional stability
values of the 3D printed kefir objects are shown in Figs. 8

100 1 10 100
Angular Frequency (rad/s)

and 9, respectively. It is known that rheological properties
are the main factor affecting the 3D printing quality. Shear-
thinning flow behavior makes easier to print and sufficient
shear stress and elastic modulus values ensure better reten-
tion of shape after printing [5, 6]. For this reason, printing
quality was associated with the rheological properties of the
disintegrated kefir gels.

As mentioned above, all samples had shear-thinning flow
behavior and thus, continuous extrusion was achieved dur-
ing the printing process for all samples, and the printing pro-
cess was easily carried out.

Printability was significantly affected by gelator con-
centration for gelatin and alginate-based samples. The
printability values were calculated to be about 90% at the
concentrations of 4% and 2% for gelatin and alginate,
respectively. Disintegrated kefir gels with 4% gelatin and
2% alginate had relatively lower apparent viscosity values
and higher loss factor values, and therefore these samples
were considered to show more liquid-like behavior. It was
thought that due to this relatively high fluidity, the layers
could not resist the pressure and started to collapse during
the printing process, and the storage modulus values were
not high enough to resist this deformation. Maximum sta-
bility was achieved at 6% concentration for gelatin and 3%
and 4% concentrations for alginate. It was thought that the
storage modulus values of alginate-based sample at 2% con-
centration and gelatin-based samples at 4% and 5% concen-
trations were not sufficient to resist deformation over time.

Forstarch-based samples, the printability and dimensional
stability were not affected by the gelator concentration. In
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Fig.8 The 3D printed kefir
objects (i: Immediately after
printing; ii: 1 h after printing)
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starch-based samples, there was no significant difference
between gelator concentrations in terms of apparent viscos-
ity values at higher shear rates and loss factor values, and
so, there was no difference in terms of fluidity among the
samples. Consequently, their storage modulus values were
sufficient to prevent deformation and the samples showed
high printability and dimensional stability.

There is no directly comparable study on the process-
ing of disintegrated kefir gels, containing starch, gelatin
and alginate, in a 3D food printer. In a study about gela-
tin gels processing in a 3D food printer, gelatin was used
at concentrations of 14, 16 and 18%. It was determined
that as the gelatin concentration increased, the printed 3D
structure became more stable. It was also observed that at
lower concentrations (< 12%), the previous layers were not
hard enough to support the structure and therefore the tar-
get geometry could not be achieved [34]. In our study, a
3D object with high printability and stability was obtained
with 6% gelatin. In another study about 3D printing prop-
erties of sodium alginate-based gels, sodium alginate was
used at concentrations of 2, 4, 6, 8, 10, and 12%. It was
observed that at lower alginate concentrations (2, 4, 6%),
the deposited layers could not resist and collapsed due to
low mechanical strength [35]. In our study, 3D objects with
high printability and stability were obtained with 3% and
4% alginate. In a study about 3D printing of starch-based
lemon juice gel, starch was used at concentrations of 10,
12.5, 15, 17.5, 20%. It was observed that lower starch con-
tent (10, 12.5%) led to lower viscosity and larger loss factor
values, and as a result, these samples, which had more lig-
uid-like behavior and high fluidity, could not resist deforma-
tion and maintain their shape [36]. In contrast, in our study,
a 3D object with high printability and stability was obtained
even with 5% starch.

It was observed that the results in our study did not con-
cur with the literature for both starch, gelatin, and alginate-
based samples. It was thought that such a result could be
achieved due to the differences in raw materials (kefir versus

water), and the use of the disintegrated gels in this study.
Gel disintegration was quite helpful to remove excess water
before printing. Nonetheless, studies about 3D food printing
demonstrated that printing quality was mostly related to the
rheological properties and gelator concentrations, as shown
in this study.

Consequently, the minimum gelator concentration
required for a suitable formulation for 3D printing (high-
est printability and dimensional stability) was determined as
5%, 6% and 3% for starch, gelatin and alginate, respectively.
The main characteristics of kefir (taste, composition, etc.)
were desired to be preserved as much as possible, therefore,
it was considered that gelator should be added at the low-
est possible concentration. For this purpose, disintegrated
kefir gels were produced at the concentrations stated above
with each gelator and processed separately to produce 3D
objects. In the following parts of the study, main charac-
teristics of these 3D printed kefir objects were determined.

Physicochemical Properties of the 3D Printed
Objects and Kefir

Basic composition, viscosity, pH, and color values of the
kefir used in the study are presented in Table 2. In a study,
kefir samples were produced with two different kefir grains
and two different lyophilized starter cultures, and physico-
chemical properties of these samples were determined. Vis-
cosity and pH values of the kefir samples were determined
as 75.80-148.18 cP and 4.33-4.70, respectively. Protein, fat,
dry matter and ash contents were measured as 3.64—4.22%,
2.68-2.88%, 10.54-10.93% and 0.68—0.71%, respectively.
As a result, it was observed that the type of grains and cul-
tures affected the physicochemical properties of kefir [37].
In another study, six different commercial kefir samples
were obtained from local market and their physicochemi-
cal properties were investigated. pH values and dry matter,
protein and fat contents of the samples were determined
as 3.86—4.06, 9.49-11.97%, 2.30-3.44% and 2.50-3.00%,

Table 2 Physicochemical properties of the kefir and 3D printed kefir objects

Kefir Starch-based object (5% starch) Gelatin-based object (6% gelatin) Alginate-based object (3% alginate)
pH 448+0.07 - -
Viscosity (cP) 141.50+3.50 - -
Color
L* 76.23+0.09% 70.20+0.16 ¢ 73.36+0.15¢ 73.70+0.14°
a* -1.87+0.14° -3.30+0.082 -2.29+0.05° 2.21+0.04°
b* 556+031° 6.64+0.12° 6.87+0.07 5.25+0.04°¢
Moisture content ~ 87.81+0.63* 78.68+0.11 ¢ 77.83+0.11 ¢ 80.32+0.08 °
(%)
Protein content (%) 3.70+0.06° 3.56+0.04 ¢ 9.01+0.22° 3.60+0.01°
Fat content (%) 3.14+£0.07* 2.97+0.01°¢ 2.93+0.01¢ 3.02+0.01°
Ash content (%) 0.69+0.02° 0.64+0.02° 0.65+0.01° 1.34+0.05*

Results are expressed as mean + SE. Different superscript letters in the same line indicate significant differences (p <0.05)
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respectively. L, a*, and b* color values of the samples were
measured as 84.21-86.68, -2.40- -2.87, and 4.80-6.03,
respectively. It was stated that differences between samples
in terms of physicochemical properties may be due to the
compositional variations of raw materials and kefir cul-
tures used in their production [38]. Although the results
in this study generally concur with the literature, there are
some slight differences. As mentioned in the studies, phys-
icochemical properties of kefir are not uniform and these
properties are affected by compositional variations of raw
materials and the type of grains and cultures used [37, 38].

Color values and basic compositions of the 3D objects
are shown in Table 2. Some minor differences in color val-
ues were observed with different gelators. The dry matter
contents of the 3D objects were significantly higher than the
kefir probably because of the addition of gelators and the
separation of some of the water present in the kefir during
the centrifugation process in the production of disintegrated
gels. The protein content of the gelatin-based sample was
significantly higher, as expected. Significant differences
were also observed in the ash contents of the samples. Due
to the high mineral content of sodium alginate, its addition
as a gelator significantly increased the ash content of the
printed object. In general, composition of the liquid kefir
was not changed in negative way during 3D printed object
preparation, and 3D printed kefir objects could be consid-
ered as nutritionally rich snacks due to retained nutrition
content and probiotic activity. In a study, 3D printed snacks
were produced by using wheat flour dough substituted with
different amounts of yellow mealworm powder (10% and
20%) [4]. Protein, lipid and ash contents of wheat flour were
found as 11.7%, 1.1%, and 0.7% and with the addition of yel-
low mealworm powder these values increased up to 20.4%,
5.6%, and 1.3%, respectively. In another study, 3D printed
gluten-free cereal snack were produced with incorporation
of Spirulina or Chlorella vulgaris [39]. Protein, total fatty
acids and ash contents of samples with Chlorella (5%) and
Spirulina (5%) were found as 7.86% and 9.87%, 7.65% and
8.23%, and 2.06% and 2.15%, respectively. It can be said
that the protein, fat, and ash contents of the snacks produced
in our study were relatively lower than the samples in these
studies. This was an expected result due to the use of addi-
tives with high nutritional content in these studies.

Texture Profiles of the 3D Printed Kefir Objects

Texture is one of the most important sensorial properties that
affect consumers’ preferences. Instrumental Texture Profile
Analysis (TPA) was used for determination of texture pro-
files and the results are presented in Table 3. The firmness,
also referred to as hardness, is the positive peak force of
the penetration and the work of shear is the area under this
positive peak. Stickiness is the negative peak force of the
withdrawal and the area under this negative peak is defined
as the work of adhesion. These two terms are related to how
a food sticks to the inside of the mouth during chewing [40,
41].

The highest values in all textural properties were mea-
sured in the alginate-based sample and it was followed by
starch and gelatin-based samples, respectively. It is well
known that the rheological properties are closely related
to the textural properties. Similarly, the highest storage
modulus and viscosity values were measured for the algi-
nate-based sample and it was followed by starch and gel-
atin-based samples, respectively. In addition, the sensory
analysis results also supported to the texture profiles of the
samples. As seen in Fig. 10a, hardness and stickiness values
were determined to be significantly higher in the alginate-
based sample.

Microbiological Characteristics of the 3D Printed
Kefir Objects

Lactobacillus spp., Lactococcus spp. and yeast contents of
Kefir (control) and 3D printed kefir objects were analyzed
on fresh sample as well as 6 and 12 days stored samples, and
the findings were presented in Table 4.

There was no statistically significant difference between
gelatin and alginate-based products and kefir in terms of
microorganism contents. Therefore, these products can
also be considered probiotic. Lactobacillus spp. and Lac-
tococcus spp. contents of the starch-based sample were
significantly lower than those of fresh kefir and gelatin and
alginate-based samples. As stated above, the production of
alginate gel was carried out at room temperature (25 °C),
while the temperatures were increased to 35 and 85 °C in
the preparation of gelatin and starch gels, respectively. It
was thought that the decrease in the counts of Lactobacillus

Ta!)le 3 Texture. profiles of 3D Firmness (g) Work of shear Stickiness (g) Work of adhe-

printed kefir objects (g.sec) sion (g.sec)
Starch-based object  522.25+10.33° 613.32+£31.77° -205.36+12.52° -46.32+2.92°
(5% starch)

Results are expressed as . .

mean+ SE, Different superscript Gelatin-based object  336.09+22.32 ¢ 381.02+17.08° -153.51+5.3°¢ -37.72+45°¢

+SE. o .

letters in the same column (6 A) gelatin) .

indicate significant differences Alginate-based object 833.18+6.03 ° 909.93+12.34% -443.84+16.56* -73.33+3.18%

(p<0.05) (3% alginate)
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Table 4 The Lactobacillus spp., Lactococcus spp. and yeast counts of
the kefir and 3D printed kefir objects

Species and Fresh 6-days stored  12-days
samples stored
Lactobacillus spp.
(log cfu/mL)
Control (kefir) 83640464  823+0.194B 8.60+0.23
Aa
Starch-based object 3.63+1.43 8  3.39+0.19% 2.95+1.73
(5% starch) Ba
Gelatin-based 81540204  8.14+0.065  828+0.21
object (6% gelatin) Aa
Alginate-based 7.81+£0.404°  8.65+0.284%  8.87+0.48
object (3% alginate) Aa
Lactococcus spp.
(log cfu/mL)
Control (kefir) 8.47+0.30"°  846+0294° 9.20+0.19
Aa
Starch-based object 3.55+1.528% 338+0.198%  3.88+1.79
(5% starch) Ba
Gelatin-based 79540254  851+026%  8.28+0.78
object (6% gelatin) Aab
Alginate-based 8.13+0.64%%  8.63+0.56%% 8.92+0.18
object (3% alginate) Aa
Yeast (log cfu/mL)
Control (kefir) 2.48+0.554Y  2.99+0.854B® 4.00+0.20
ABa
Starch-based object 2.81+1.00%% 2.41+0.84%  3.21+0.87
(5% starch) Ba
Gelatin-based 29140844  357+0244°  4.18+0.12
object (6% gelatin) ABa
Alginate-based 3.06+£0.15%°  327+0.3248% 434+0.16
object (3% alginate) Aa

Different capital letters in the same column indicate significant dif-
ferences between the samples for the same storage day (p <0.05)

Different lowercase letters in the same line indicate significant differ-
ences between the storage days for the same sample (p <0.05)

spp. and Lactococcus spp. was due to the high temperature
used in the production of the starch gel. As a result, the pro-
biotic content in the starch-based sample was low, therefore
the use of starch can be avoided in the production of kefir-
containing snacks or lower temperatures can be used in gel
production to preserve the probiotic content. Since nutri-
tious value of kefir is based on its alive microbiota.

In a study, Lactobacillus spp. contents of the kefir sam-
ples were measured as 4.45-8.42 log cfu/mL [37]. In another
study, Lactobacillus spp., Lactococcus spp. and yeast con-
tents of kefir samples were determined as 9.21-9.28 log
cfu/mL, 9.23-9.29 log cfu/mL and 4.71-5.53 log cfu/mL,
respectively [42]. In general, it can be said that results in the
study concur with the literature.

Sensory Descriptions and Consumer Preferences of the 3D
Printed Kefir Objects

The results of the sensory descriptive analysis are presented
in Fig. 10a. Eleven different descriptive terms (1 appear-
ance, 4 mouth sense and 6 aroma/taste) were developed for
3D printed kefir objects. There was no significant difference
in terms of ‘shape integrity’, which was an expected result
because products showed high conformity to the target
geometry at the selected concentrations. Significant differ-
ences were observed in terms of ‘hardness’, ‘chewiness’,
‘stickiness’, ‘sandy mouthfeel’, ‘fermented taste/aroma’,
and ‘kefir flavor’. Hardness and stickiness values were
found to be significantly higher in the alginate-based sam-
ple, similar to the results of the texture profile analysis. The
chewiness value of the gelatin-based sample was also found
to be relatively low probably because of the lower hardness
value. In addition, the characteristic taste/aroma of kefir was
perceived less in the gelatin-based sample. Gelatin might
have masked or encapsulated the aroma. In a study, ten dif-
ferent sensory descriptors were developed for kefir samples.
Among these terms, sour, sweet, creamy, fermented, and
dairy were also determined for the 3D printed kefir objects
in this study [37].

Results of the consumer hedonic tests are presented in
Fig. 10b. There was no significant difference in terms of
appearance, as expected. However, consumer preferences
were significantly affected in terms of smell/aroma, taste/
flavor, mouthfeel and general acceptance. Differences
between samples in terms of mouthfeel might be due to
the differences in the hardness and stickiness values which
were measured in texture profile and sensory descriptive
analyses. According to the sensory descriptive analysis, the
characteristic taste/aroma of kefir was perceived at a lower
intensity in the gelatin-based sample and for this reason,
it was thought that the gelatin-based sample was not liked
by consumers. As a result, it can be said that in starch and
alginate-based samples, the characteristic sensory proper-
ties of kefir were preserved, and these healthy snacks were
accepted by consumers.

As a result, due to the high printing quality (98% print-
ability and 99% dimensional stability), high probiotic
content (7.81 and 8.13 log cfu/ml Lactobacillus spp. and
Lactococcus spp. content, respectively) and high consumer
appreciation (4.71 out of 5 for general acceptance), alginate-
based sample (containing 3% alginate) was chosen as the
best sample. At the end of the study, the printability of 3D
objects in attractive shapes was tested using alginate-based
formulation (3% alginate), and the printed objects are pre-
sented in the Fig. 11.
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Fig. 11 Kefir-containing snacks
with alginate (3%) produced by a
3D food printer
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Conclusion

In this study, kefir-containing healthy snacks were produced
with a 3D food printer by using disintegrated kefir gels,
which were prepared with starch, gelatin and alginate. Print-
ing quality was associated with the rheological properties of
the samples and samples with proper storage modulus and
loss factor values showed higher printability and dimen-
sional stability. Probiotic content of the starch-based sample
was found to be significantly lower than that of fresh kefir
and gelatin and alginate-based samples probably because
of the high temperature used in the gel preparation. Lower
temperatures can be used in gel production to preserve the
probiotic content. Sensory analysis showed that mouth
sense and taste/aroma were affected by the gelator type and
gelatin-based sample was not appreciated by consumers.
Due to the high printing quality (98% printability and 99%
dimensional stability), high probiotic content (7.81 and 8.13
log cfu/ml Lactobacillus spp. and Lactococcus spp. content,
respectively) and high consumer appreciation (4.71 out of 5

@ Springer

for general acceptance), alginate-based sample (containing
3% alginate) was chosen as the best sample. In conclusion,
this study aimed to increase the kefir consumption, which
is rich in nutritional content and probiotic microorganisms,
with kefir-containing snacks in attractive shapes produced
with a 3D food printer. 3D printed kefir objects could offer
consumers chewable, condensed, alive, easily consumable
new alternatives to get the health benefits of kefir drink.
Thus, this study contributes to the development of 3D print-
ers in the food sector and to gain new perspectives on the
use of 3D food printers.
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