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Abstract: Kefiran is an exopolysaccharide produced by the microflora of kefir grains used to produce
the fermented milk beverage kefir. The health-promoting and physicochemical properties of kefiran
led to its exploration for a range of applications, mainly in the food industry and biomedical fields.
Aiming to explore its potential for tissue engineering and regenerative medicine (TERM) applica-
tions, the kefiran biopolymer obtained through three different extraction methodologies was fully
characterized and compared. High-quality kefiran polysaccharides were recovered with suitable
yield through different extraction protocols. The methods consisted of heating the kefir grains prior
to recovering kefiran by centrifugation and differed mainly in the precipitation steps included before
lyophilization. Then, kefiran scaffolds were successfully produced from each extract by cryogelation
and freeze-drying. In all extracts, it was possible to identify the molecular structure of the kefiran
polysaccharide through 1H-NMR and FTIR spectra. The kefiran from extraction 1 showed the highest
molecular weight (~3000 kDa) and the best rheological properties, showing a pseudoplastic behavior;
its scaffold presented the highest value of porosity (93.2% ± 2), and wall thickness (85.8 µm ± 16.3).
All extracts showed thermal stability, good injectability and desirable viscoelastic properties; the
developed scaffolds demonstrated mechanical stability, elastic behavior, and pore size comprised
between 98–94 µm. Additionally, all kefiran products proved to be non-cytotoxic over L929 cells. The
interesting structural, physicochemical, and biological properties showed by the kefiran extracts and
cryogels revealed their biomedical potential and suitability for TERM applications.

Keywords: characterization; extraction; kefiran; regenerative medicine; scaffolds; tissue engineering

1. Introduction

Among the natural polymers, polysaccharides have emerged as promising materials
for tissue engineering (TE) applications. Over the last decades, the development of ad-
vanced functional materials with outstanding properties has been the subject of intense
research due to the increasing demand of new materials for biomedical applications [1].
For tissue engineering applications, these materials should act as analogues of the native
extracellular matrix, by maintaining the cells’ desired phenotype and the proper function.
Furthermore, the biomaterials should be biocompatible and have corresponding mechanical
properties to those of the new regenerated tissues [2].

During the last decades, polysaccharide-based materials have been used in different
forms, such as injectable hydrogels or fibrous and porous scaffolds to engineer suitable
tissues. In fact, polysaccharides have been applied for TE purposes as coatings and delivery
systems, wound healing, and scaffolds, among others. These polymers are considered
attractive materials because of their cytocompatibility, biodegradability, high bioavailability,
and their natural abundance [3]. Their chemical structures are characterized by the presence
of hydrophilic groups, such as hydroxyl, amino, carboxylic acids, and sulfate groups that
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will enhance the bio-adhesion properties through non-covalent bonds toward biological
tissues and growth factors [4]. Thus, it is important to point out that these polysaccharides
also exhibit overwhelming structural, physical, and biological properties.

The most common polysaccharides applied in tissue engineering are alginate, agar,
cellulose, chitosan, dextran, gellan, glycosaminoglycans, hyaluronic acid, pectins, pullulan,
starch, and xanthan, among others. These biopolymers have been explored to repair and
regenerate several tissues such as articular and tracheal cartilage, blood vessels, bone,
intervertebral discs, menisci, skeletal muscle, skin, among others. They were also used to
encapsulate and deliver ovarian follicles and pancreatic islets [5].

Kefir is an ancient beverage produced by fermenting milk with kefir grains, a complex
and highly variable symbiotic consortium of lactic acid bacteria, acetic acid bacteria and
yeasts, together with casein and complex sugars in a polysaccharide matrix [6,7]. Kefiran
is the main exopolysaccharide produced by the microflora of kefir grains, being mostly
produced by Lactobacillus kefiranofaciens [8,9]. It is a water-soluble branched glucogalactan
heteropolysaccharide with nearly equal amounts of glucose and galactose with numerous
beneficial properties such as antimicrobial, antioxidant, antitumor, immunomodulatory,
and anti-inflammatory properties, also having antidiabetic, anti-hypercholesterolemic,
and antihypertensive effects, among others [10]. These characteristics, together with its
physicochemical properties and recognized safe status, have led to the exploration of
kefiran for a range of applications, mainly in the food industry and biomedical fields [10–
12]. Kefiran has been receiving increasing interest due to its unique features regarding
rheological behavior, biodegradability, biocompatibility, safety, emulsifier effect, stabilizing
effect, resistance against hydrolysis, barrier, and mechanical properties, and water vapor
permeability [8,11,13]. Moreover, as an inexpensive biopolymer, kefiran also represents
a valuable green material that can have an important contribution to achieve different
Sustainable Development Goals (SDG), not only by significantly diminishing the cost of
biomedical research but also by reducing the carbon footprint of the biomedical industry as
it can represent an alternative to reduce the use of non-biodegradable and non-renewable
materials [10,14]. In addition, the commercial value of kefiran is greatly increasing with
the worldwide ever-growing and insisting demand among health and environmentally
conscious consumers [10].

The applicability of the kefiran polysaccharide for tissue engineering and regenerative
medicine has been previously explored by Radhouani et al. [9,15–17], and others [11,18–23]
as viscosupplementation, films and scaffolds, coatings, drug delivery systems, among other
TERM applications. However, distinct kefiran extraction methods are usually performed
which are reported to differently affect the obtained results [24].

The extraction is considered a critical first step, where the required biomolecule is
separated from the raw materials, while keeping its bioactivity intact. In fact, the extraction
of natural bioactive polysaccharides, such as kefiran, with high purity, and with maximum
extraction yield, meanwhile keeping in view that the native structure remains intact, are
of great future concern, and remains a field for further exploration [25,26]. Furthermore,
it has been demonstrated that the physicochemical and biological properties of natural
polysaccharides vary according to the raw material and extraction method used, and
the potential of bioactive polysaccharide application is highly influenced by their purity,
configuration, chemical structure, and molecular weight [27].

Here, our research work aimed to optimize the kefiran isolation process, to fully char-
acterize and compare the biopolymer obtained through three different extraction method-
ologies, and to explore its potential for TERM applications. Thus, kefiran exopolysaccharide
extracts were obtained through three different procedures and extensively characterized
by 1H nuclear magnetic resonance spectroscopy (NMR), Fourier transform infrared spec-
troscopy (FTIR), gel permeation chromatography–size exclusion chromatography (GPC-
SEC), differential scanning calorimetry (DSC), and by injectability and rheological assays.
Further, 3D scaffolds were produced by cryogelation and characterized by rheology, scan-
ning electron microscopy (SEM), and micro-computed tomography (micro-CT). In addition,
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the in vitro cytotoxicity screening of the developed cryogels was evaluated to assess its
potential as a scaffold for application in different tissue engineering and regenerative
medicine strategies.

2. Materials and Methods
2.1. Kefiran Extraction

A triplicate amount of 20 g of kefir grains, previously kept in continuous skimmed
milk culture at room temperature with shaking, were harvested and washed with ultrapure
water to initiate three different kefiran extraction methods.

2.1.1. Method 1 (M1)

M1 was performed as previously described by Radhouani, Goncalves, Maia, Oliveira,
and Reis [9]; the kefir grains were heated in 200 mL of ultrapure water at 80 ◦C for 30 min.
After centrifugation at 18,300× g for 20 min at 20 ◦C, the exopolysaccharide (EPS) in the
supernatant was precipitated overnight in two volumes of cold absolute ethanol at −20 ◦C.
After new centrifugation at 18,300× g for 20 min at 4 ◦C, the pellets were dissolved in
ultrapure water at 60 ◦C and an additional round of ethanol precipitation was performed
as described. The pellets were then dissolved in ultrapure water at 60 ◦C and concentrated
for a crude polysaccharide by freeze-drying.

2.1.2. Method 2 (M2)

M2 was performed as M1 but with the inclusion of a step of trichloroacetic acid
(TCA) precipitation of contaminating material (proteins, polypeptides) before ethanol
precipitation. The kefir grains were heated at 80 ◦C for 30 min in 200 mL of ultrapure
water. After centrifugation at 18,300× g for 20 min at 20 ◦C, 20 mL of 80% (w/v) TCA at
4 ◦C was added to the supernatants and the mixture was left overnight at 4 ◦C. After new
centrifugation at 18,300× g for 20 min at 4 ◦C, the supernatants were recovered, and two
rounds of ethanol precipitation were performed as described for M1. The pellets were
then dissolved in ultrapure water at 60 ◦C and concentrated for a crude polysaccharide by
freeze-drying.

2.1.3. Method 3 (M3)

M3 was performed as previously described by Pop, Salanţă, Rotar, Semeniuc, Socaciu,
and Sindic [24], with slight modifications. The kefir grains were initially placed at −20 ◦C
for a minimum of 24 h. Then, the frozen kefir grains were added to 200 mL of hot ultrapure
water, heated at 80 ◦C for 30 min, left to cool, and centrifuged for 10 min at 10,000× g
and 4 ◦C. For this method, an EPS purification procedure was performed twice where
the supernatant was kept overnight at −20 ◦C, slowly thawed at room temperature, and
centrifuged at 5000× g for 10 min at 4 ◦C. The pellets were then dissolved in ultrapure
water at 60 ◦C and concentrated for a crude polysaccharide by freeze-drying.

2.2. Production of Kefiran Scaffolds

Kefiran cryogels were produced as previously described by Radhouani, Bicho,
Goncalves, Maia, Reis, and Oliveira [16]. Briefly, 2% (w/v) kefiran solutions were pre-
pared in ultrapure water for each extract. A volume of 200 µL was then distributed into
96-well plate molds that were immediately placed at −20 ◦C for 24 h and at 4 ◦C for
an additional 24 h. Finally, the kefiran cryogels in the microplates were freeze-dried at
−77.7 ◦C and 0.035 mbar (Telstar LyoAlfa 10/15) for 7 days.

2.3. 1H Nuclear Magnetic Resonance Spectroscopy (NMR)

To elucidate the kefiran molecular structure of each kefiran extract, 700 µL of 1% (w/v)
solutions prepared in deuterium oxide (Sigma Aldrich, St. Louis, MI, USA) and heated for
15 min at 40 ◦C were transferred to an NMR sample tube. 1H-NMR spectra were recorded
on a Varian Unity Plus (Varian, Palo Alto, CA, USA) spectrometer at 60 ◦C and a resonance
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frequency of 400 MHz. Chemical shifts were reported in ppm (δ) and MestReNova Software
9.0 (Mestrelab Research, La Coruña, Spain) was used for spectral processing.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

The transmission spectra of each kefiran extract were acquired by placing the samples
directly on an IRPrestige-21 spectrometer (Shimadzu, Kyoto, Japan) and analyzed through
the IRsolution software using 32 scans, a resolution of 4 cm−1, and a wavelength range
between 4000 and 600 cm−1.

2.5. Gel Permeation Chromatography–Size Exclusion Chromatography (GPC-SEC)

The molecular weight (Mw) of the different kefiran extracts was determined by per-
forming GPC-SEC of 1 mg/mL solutions prepared in phosphate-buffered saline (0.01 M
phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride, pH 7.4,
at 25 ◦C, Sigma-Aldrich, St. Louis, MI, USA) and 0.05% w/v NaN3 at rate of 1 mL/min.
GPC measurements were performed with a Malvern Viscotek TDA 305 with refractometer
(RI-Detector 8110, Bischoff), right- and low-angle light scattering (LS), and viscometer
detectors on a set of four columns: pre-column Suprema, 5 µm, 8 × 50, Suprema 30 Å,
5 µm, 8 × 300, and 2× Suprema 1000 Å, 5 µm, 8 × 300. The system was kept at 30 ◦C. The
absolute molecular weight was determined by a calibration of the Refractive Index (RI) and
Light Scattering (LS) detectors performed using the software Omnisec 5.12 (ViskoteK) with
a pullulan number-average molecular weight (Mn) of 48.8 kDa and a polydispersity index
(PDI) of 1.07. The refractive index increment (dn/dc) specific of the polysaccharide was set
to 0.15.

2.6. Differential Scanning Calorimetry (DSC)

DSC experiments were performed in a TA-Q100 equipment under a dry nitrogen
atmosphere at a flow rate of 50 mL/min. A total of 7 mg of each kefiran extract was packed
into aluminium pans and an empty pan was used as reference. Each sample was heated
from 20 ◦C to 200 ◦C at a constant rate of 20 ◦C/min, left isothermal for 2 min, cooled at
the same rate to the initial temperature, and left isothermal again for 2 min before initiating
a second heating run. The TA Universal Analysis 2000 software was used to determine the
onset of melting temperatures, peak temperatures, and transition enthalpies (∆H).

2.7. Injectability (Extrusion) Assay

The injectability of the different kefiran extracts was assessed in 1% (w/v) solutions
prepared in ultrapure water. An injection measurement device (KD Scientific, Holliston,
MA, USA) consisting of a syringe pump with a 1 mL plastic syringe and a needle gauge of
21 was used working in extrusion mode with a 1 mL/min rate. The injectability of water
was measured as a reference.

2.8. Rheology

Rheological analyses were performed in a Kinexus Pro+ Rheometer (Malvern Instru-
ments, Malvern, UK), using the acquisition software rSpace. The measuring system was
equipped with a stainless steel (316 grade) cone-plate system with an upper measurement
geometry cone, 40 mm of diameter and 4◦, and a lower plate pedestal. To obtain shear
viscosity and shear stress as a function of the shear rate, rotational experiments from 0.1 s−1

to 100 s−1, at 37 ◦C, were performed for each kefiran extract in 1% (w/v) solutions prepared
in ultrapure water. Oscillatory experiments were performed on the kefiran scaffolds to
study their viscoelasticity though frequency sweep curves obtained at 37 ◦C from 0.01 Hz
to 1 Hz with a shear strain of 1.3%. All plots were obtained by the average of at least
three experiments. Through oscillatory experiments, the average mesh size (ξ, nm) and
the crosslinking density (ne, mol/m3) of the scaffolds were determined [28]. The mesh size
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is defined as the distance between the crosslinking points that can be established by the
rubber elastic theory (RET), Equation (1):

ξ =

(
G′NA

RT

)−1/3

(1)

where G’ is the storage modulus, NA is the Avogadro constant (6.022 × 1023), R represents the
molar gas constant (8.314 J/K mol), and T is the temperature in Kelvin (25 ◦C = 298.15 K) [29].
The values obtained with these units are in meters and then converted to nanometers. The
ne (mol/m3) is nominated by the number of elastically active connection points in the
network per unit of volume, calculated by RET, Equation (2):

ne =
Ge

RT
(2)

where Ge is the plateau value of the storage modulus measured by the frequency sweep
test [30].

2.9. Scanning Electron Microscopy (SEM)

To analyze the kefiran scaffolds by SEM, intact and longitudinally and transversally
cut scaffolds were attached to aluminum stubs using carbon tape and coated with platinum
in a sputter coater (Model EM ACE600, Leica, Wentzler, Germany). Morphology images
were obtained on a JSM-6010LV scanning electron microscope (JEOL, Tokyo, Japan), featur-
ing integrated energy dispersive spectroscopy (INCAx-Act, PentaFET Precision, Oxford
Instruments, Santa Barbara, CA, USA).

2.10. Micro-Computed Tomography (Micro-CT)

The microstructure of the kefiran scaffolds was evaluated using a high-resolution
X-ray microtomography system Skyscan 1272 scanner (Bruker Micro-CT, Kontich, Belgium)
with a defined pixel size of 5 µm, a 2452 × 1640 resolution, and a rotation step of 0.45◦ over
a rotation range of 360◦. Acquisitions were performed with the X-ray source of 50 keV of
energy and 200 µA of current with no filter. After acquisition, the reconstructed grey-scale
images were converted into binary images using a dynamic threshold of 33–255. The binary
images were used for morphometric analysis (CT Analyzer v1.12.0.0, SkyScan, Kontich,
Belgium) by the quantification of porosity, mean pore size, and mean wall thickness. The
image processing and reconstruction software Data Viewer (v1.6.6.0) and CT-Vox (v2.0.0)
(SkyScan, Kontich, Belgium) were used to create, visualize, and register 3D virtual models
and cross-sectional and longitudinal cuts.

2.11. Cytotoxicity Screening

The L929 cell line from mouse was used to assess the cytotoxicity of the different
kefiran extracts as described in the ISO 10993-5 (2009). Briefly, 10,000 cells were seeded
in each well of a 96-well plate and 4% (w/v) kefiran solutions were diluted in 0.9% (w/v)
of NaCl, as specified in ISO 10993-12 (2012). After 24 h, the cell culture medium was
substituted for each kefiran solution diluted in culture medium at a final concentration of
1% (v/v). The culture medium was composed of low-glucose Dulbecco’s Modified Eagle
Medium, DMEM (Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) Fetal
Bovine Serum, FBS (Invitrogen, Carlsbad, CA, USA) and 1% (v/v) antibiotic/antimycotic
(Invitrogen). Two samples composed of only culture medium and the prepared NaCl
diluted in culture medium were used as negative controls. Triton X-100 (Sigma-Aldrich, St.
Louis, MO, USA) at a concentration of 1% (v/v) in culture medium was used as a positive
control. Cultures were kept under a humidified atmosphere of 5% (v/v) CO2 in air at 37 ◦C.
The same conditions were used to assess the cytotoxicity of the different kefiran scaffolds
by seeding a density of 1 × 105 cells/cm2 on top of each scaffold.
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At 24 h, 48 h, and 72 h of culture, cell growth and proliferation were assessed through
the AlamarBlue® cell viability assay (Bio-Rad, Amadora, Portugal) and total double-
stranded DNA (dsDNA) quantification. At each time point, cells were incubated for
4 h at 37 ◦C with 10% (v/v) of AlamarBlue® reagent. Afterwards, the supernatants were
collected, and fluorescence was measured with Ex/Em at 530/590 nm. Each sample and
experimental control were performed in triplicate, and culture medium with AlamarBlue®

reagent was used as negative control.
For dsDNA quantification, cells were incubated for 1 h at 37 ◦C in ultrapure water

and then stored at −80 ◦C until analyzed. The Quant-iT PicoGreen dsDNA kit (Invitrogen,
Carlsbad, CA, USA) was used following the manufacturer’s instructions. Briefly, samples
were diluted in TE buffer into a 96-well white plate and incubated protected from light
for 10 min at room temperature after the addition of Quant-iT PicoGreen dsDNA reagent.
Fluorescence was measured using a Biotek Synergy HT microplate reader, quantified with
Ex/Em at 480/530 nm and R.F.U. were converted into ng/mL using a standard DNA curve
in the range of 1–2000 ng/mL. AlamarBlue® and dsDNA quantification data are shown as
mean ± standard deviation (n = 3).

2.12. Statistical Analysis

In the in vitro studies, a two-way ANOVA followed by Tukey’s multiple comparisons
test was performed using GraphPad Prism version 8.0.1 for Windows (GraphPad Software,
San Diego, CA, USA) to identify statistically significant differences between sample groups.

3. Results and Discussion

Three kefiran extracts were obtained through different extraction methods: E1, fol-
lowing the procedure previously described by Radhouani, Goncalves, Maia, Oliveira, and
Reis [9]; E2, obtained as E1 but with the inclusion of TCA precipitation of contaminat-
ing material (proteins, polypeptides) before kefiran precipitation with ethanol; and E3,
extracted as detailed by Pop, Salanţă, Rotar, Semeniuc, Socaciu, and Sindic [24], without
either ethanol or TCA precipitation, and with prior freezing of kefir grains. The extraction
method with higher yield was E2; from a total of 20 g of kefir grains, E1 and E3 yielded
approximate amounts of kefiran (0.730 g and 0.757 g of kefiran, respectively) whilst the
final amount of kefiran weighed for E2 was 3.434 g. However, the E2 extract showed to
be highly hygroscopic, a characteristic that was not observed for the E1 and E3 extracts.
Previous reports of kefiran precipitation with TCA highlight that a great proportion of the
EPS (which can represent about 50%) co-precipitates with TCA, resulting in lower kefiran
yields observed in techniques containing a step of TCA precipitation [31]. Nonetheless,
the inclusion of a TCA precipitation step is reported to be advantageous when aiming for
polysaccharide characterization as it allows the recovery of a purer polysaccharide due to
the precipitation of contaminating materials such as proteins or polypeptides [31].

The parameters of the extraction method such as the type of the extraction solvent, the
size of the raw materials, the extraction temperature and duration, among others, affect
the extraction efficiency. It is important to highlight that the extraction methods that were
used in this research are green extraction techniques since the kefiran polysaccharides were
isolated with hot water. Recently, these green techniques have gained increasing interest
principally due to their cost-effectiveness, high extraction yield, and environmentally
friendly nature [32].

To explore differences regarding tissue engineering and regenerative medicine appli-
cations, the kefiran polysaccharides obtained with each extraction were fully characterized
for their structural, physicochemical, and biological properties.

3.1. 1H-NMR

Nuclear magnetic resonance spectroscopy has been extensively applied as an analytical
chemistry technique for the determination of the molecular structure and conformation of
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polysaccharides [33]. The 1H-NMR spectrum of each sample was obtained in D2O at 60 ◦C
(Figure 1).
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Figure 1. 1H nuclear magnetic resonance (1H-NMR) spectrum of kefiran extracts E1, E2, and E3 in
deuterium oxide (D2O) at 60 ◦C.

The same peak at around 5.16 ppm was identified in all the extracts (E1, E2, and E3)
for an anomeric α hydrogen. The signal occurring in the spectrum should be doublet at
5.16 ppm but appears as a singlet. This could be due to the high temperature (60 ◦C) used
for the acquisition of NMR spectra. Moreover, five signals at the chemical shifts of 4.85
(doublet), 4.69, 4.64, 4.52, and 4.47 for several anomeric β hydrogens were assigned to
glucose and galactose rings linked by a β (1–4) glycosidic bond [34]. As expected, we can
identify, through NMR spectra, these two saccharides (glucose and galactose), confirming
by the way the molecular structure of the kefiran molecule in all extracts.

3.2. FTIR

FTIR analysis is useful to investigate structural changes in biopolymers and has been
used to identify not only the fundamental groups present in the kefiran structure but also
the reactive functional groups which make kefiran more flexible to modification [8,9,35].
The FTIR spectrum of the different kefiran extracts (Figure 2) showed to be similar and
in accordance with those previously reported for kefiran by Radhouani, Goncalves, Maia,
Oliveira, and Reis [9], Pop, Salanţă, Rotar, Semeniuc, Socaciu, and Sindic [24] and others.
Four major absorption zones were identified: the large absorption band region detected
at around 3333 cm−1 is attributed to hydroxyl groups (O–H), as a result of the inter-
and intra-molecular interactions of the polysaccharide chains. The band identified at
around 2922 cm−1 corresponds to a C–H stretching vibration zone, and the peak intensity
reduction is related to disruption of the kefiran structure due to the water molecules whose
presence masked the C–H bond of the carbohydrate rings, thus reducing the contribution
of C–H absorbance bands. The bands in the region 1700–1300 cm−1 are attributed to the
bending mode of O–H; this provides relevant information for industrial applications, since
the relative absorption intensities depend on kefiran extraction quality. It is important
to highlight that the extracts E1 and E3 showed a band near 1600 cm−1, which can be
attributed to the N–H bending vibration in primary amine perhaps due to the presence of
residual protein. On the contrary, this band was not present in the extract E2, which could
be explained by the fact that the extraction process used trichloroacetic acid (TCA). It is well
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known that this reagent is a very effective protein-precipitating agent and is considered
one of the most efficient for precipitating proteins.
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The last region, 1200–800 cm−1, dominated by ring vibrations overlapped with stretch-
ing vibrations of C–OH side groups and C–O–C glycosidic band vibrations, indicates the
presence of glucose and galactose of the pure kefiran structure. The structural informa-
tion and the signal assignments obtained through the 1H-NMR and FTIR spectra were
furthermore confirmed with the literature spectra of the kefiran polysaccharide [36].

3.3. GPC-SEC

Gel permeation/size exclusion chromatography (GPC/SEC) is routinely used to
study the molecular weight and structural characteristics of polymers and is useful for
polysaccharide characterization. In this study, the Mw of the different kefiran extracts
(E1, E2, and E3) was determined by GPC-SEC (Table 1). Results showed that each kefiran
extraction method impacted differently the obtained polysaccharide, with E1 yielding
the polymer with highest Mw, around 3000 kDa. The other obtained polymers showed
significantly lower Mw with values around 1250 kDa for E3 and less than 400 kDa for E2.
The kefiran polysaccharide recovered before by Radhouani, Goncalves, Maia, Oliveira, and
Reis [9] following the same procedure that was used for the isolation of E1 in this study
revealed through SEC a Mn of 357 kDa and Mw of 534 kDa, with a PDI of 1.49; here, a higher
molecular weight polymer was recovered, showing also a more uniform chain length as the
PDI value is closer to 1. It is important to highlight that those polysaccharides with high
molecular weights are normally characterized by a low solubility since disentanglement
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from the particle surface and consequent dispersion to the main solution will take longer
for a large molecule when compared to a smaller one [37]. Moreover, it has been described
those polymers with high polydispersity dissolve faster than monodisperse ones [37], a
situation also observed in our study.

Table 1. Gel permeation/size exclusion chromatography (GPC/SEC) data obtained for kefiran
extracts E1, E2, and E3: number-average molecular weight (Mn), molecular weight of the peak
maxima (Mp), weight-average molecular weight (Mw), polydispersity index (PDI), and intrinsic
viscosity (IV).

Mn (kDa) Mp (kDa) Mw (kDa) PDI (Mw/Mn) IV (dL/g)

E1 2830.00 ± 647.18 3038.67 ± 490.27 2994.33 ± 674.84 1.058 ± 0.008 1

E2 90.77 ± 6.69 361.87 ± 13.77 335.17 ± 9.05 3.70 ± 0.21 1

E3 1035.00 ± 76.22 1241.33 ± 58.94 1244.67 ± 74.45 1.204 ± 0.054 1

In the previous work of Pop, Salanţă, Rotar, Semeniuc, Socaciu, and Sindic [24], the
Mw of the obtained polysaccharides was between 2.4 × 103 kDa and 1.5 × 104 kDa, being
the values dependant on differences in extraction conditions; following the same conditions
that were used for E3 isolation (i.e., 80 ◦C, 30 min), Pop, Salanţă, Rotar, Semeniuc, Socaciu,
and Sindic [24] recovered a kefiran polysaccharide with much higher Mw (15,204.5 kDa).

The molecular weight of a polymer impacts its physical (e.g., viscosity, transition
temperature) and mechanical (e.g., strength, toughness, stiffness) properties in a way that
the lower the Mw, the lower the transition temperature, viscosity, and mechanical properties
of a polymer [38]. Hence, when a material has a low Mw, it flows easier, but presents a weak
molecular structure as polymer chains are lightly bonded by weak van der Waals forces and
can easily move, leading to low strength. On the other hand, as molecular weight increases,
the polymer chains become large and entangled, resulting in increased strength, toughness,
and stress crack resistance but also in increased viscosity, making the processing of the
polymer more difficult [38]. The physicochemical and biological properties can depend on
both Mw and molecular weight distributions. In the case of viscosupplementation therapy,
the properties of the gold standard hyaluronic acid have been shown to depend on its Mw
and concentration, greatly affecting the viscoelastic properties of the synovial fluids [39].
Biologic evidence regarding the use of either low, moderate or high Mw hyaluronic acid is
conflicting; still, the optimum hyaluronic acid Mw to achieve high binding affinity and to
stimulate endogenous hyaluronic acid production has been shown to be in the range of 500
to 4000 kDa based on in vitro studies, which supports the use of low and moderate Mw
hyaluronic acid formulations [40].

3.4. Thermal Properties of Kefiran Extracts

Thermal analysis is imperative when investigating a broad range of properties of a
material. DSC is a simple and precise method for studying the decomposition pattern and
the thermal stability of polymers, providing insight into the physical and chemical changes
that occur in a polysaccharide during thermal processing [41]. Figure 3 shows the DSC
curve of the different kefiran extracts of this study. The outcome of the thermal analysis
was similar for all extracts, revealing a small endothermic peak close to 0 ◦C. This statement
is often associated with a melting phase transition that occurs in temperatures below 0 ◦C,
which are endorsed by a small fraction of absorbed or free H2O existent on kefiran extracts.
Moreover, an endothermic heat flow was observed with a sharp peak at 88.11 ◦C for E1, at
88.94 ◦C for E2, and at 90.25 ◦C for E3, which corresponds to the kefiran polysaccharide
melting point.
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The calculated enthalpy transitions showed that the kefiran melting process required
more energy for E2 than for E1 and E3 (Table 2). At around 156 ◦C, all samples revealed a
sharp exothermic peak corresponding to the degradation of the kefiran samples (Figure 3).

Table 2. Melting temperatures and associated enthalpy changes in DSC thermograms obtained for
the different kefiran extracts.

Peak (◦C) Onset (◦C) ∆H (J/g) Heat Flow
(mW)

E1 88.11 32.74 426.6 19.88

E2 88.94 35.11 523.7 22.61

E3 90.25 33.39 426.2 19.47

Previous studies using DSC analysis reported higher kefiran melting temperatures,
around 99 ◦C for kefiran extracts [4] and a few degrees above 100 ◦C for kefiran dense films
and porous scaffolds, with melting enthalpies of 355.2 and 294.8 and J/g, respectively [42].
Wang, et al. [43] reported a melting temperature around 93 ◦C with an endothermic enthalpy
change of 249.7 J/g for kefiran produced by L. kefiranofaciens ZW3 from Tibet kefir. A melting
point of 131.46 ◦C was reported by Chen et al. [44] for kefiran obtained from Tibetan kefir
grains being the enthalpy change 209.6 J/g. In contrary to the extracts E1 and E3 that
presented enthalpy changes of 426 J/g, E2 extract showed the highest enthalpy change
(523.7 J/g). This statement, in accordance with the literature, could be explained by its lower
molecular weight (E2, 400 kDa) and resulting in a lower chain rigidity [45]. Furthermore,
when we compare the different spectra, it is possible to point out that the extracts E1, E2,
and E3 presented similar profiles; however, through FTIR spectra, the extraction 2 seems to
provide kefiran polysaccharide with a higher purity.

Nonetheless, the DSC system used and the sample’s mass, form, density, crucible
contact, gas atmosphere, and heating rate are some examples of variables that are known
to impact the time and temperature at which the phase transition reaches its maximum.
Moreover, as a powerful analytical tool, DSC is able of clarifying the factors that are
involved in the folding and stability of pharmaceutical molecules [46].
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3.5. Kefiran Injectability

Injectable therapeutics assisted by engineered biomaterials have been receiving in-
creasing interest due to the tendency to make clinical practice regenerative and minimally
invasive; by offering the possibility to reach deeper, harder to access anatomical locations,
and to repair lesions with irregular shapes, these biomaterials reveal immense translational
potential [47]. Injectability denotes how a formulation performs during injection, repre-
senting a key performance indicator for parenteral dosage forms [48]. The injectability
assessment of the different kefiran extracts showed that in 1% (w/v) solutions, E1 and
E3 required higher extrusion force (13.5 ± 4.7 N and 15.3 ± 5.5 N, respectively) than E2
(6.8 ± 0.3 N), which was near to the measured injectability of water (6.5 ± 0.2 N). This
could be explained by the fact that the natural polymer from E1 had a more elastic (or
gel-like) behavior compared to the viscous (liquid-like) behavior at a low frequency of E2.
Besides the similarity of the flow curves obtained between E2 and E3, an important factor
is that the E1 and E3 presented the highest Mw, 3000 kDa and 1250 kDa, respectively, while
E2 only showed a Mw of 400 kDa. Thus, the Mw highly affected the needed injectability
force but not the shear flow profile. It is well known that a polymer’s molecular weight
impacts its physical and mechanical properties. A previously reported kefiran extract
obtained through the same method as E1 and using the same injectability measurement
setting required only 1 N of force for injection [9]. However, the obtained values are close to
that measured in the same conditions for hyaluronic acid (11.3 N) [9], which is considered
the gold standard viscosupplement, presently used as a commercial injectable biomaterial
and a major player in the category of new injectable hydrogels for knee osteoarthritis
treatment [47,49].

3.6. Rheological Properties of Kefiran Extracts and Scaffolds

To simulate physiological conditions, the mechanical tests for each kefiran extract and
scaffold were performed at 37 ◦C. The flow behavior of each kefiran extract is represented
in Figure 4, showing shear viscosity (η) and shear stress (σ) values measured as a function
of the shear rate (γ). For tissue engineering applications of injectable biomaterials, it is
essential to understand how their viscosity depends on the shear rate since it is highly
desirable to have low resistance during injection, meaning that the viscosity of these
materials should rapidly decrease when subjected to increasing the shear rate [50]. All the
tested kefiran extracts show this behavior. For E1 (Figure 4A), a power law region can be
observed through the full range of the measured shear rate; this typically describes shear
thinning behavior, also known as pseudoplastic flow, which is the most common type
of non-Newtonian behavior where fluid viscosity decreases, and shear stress rises with
increasing shear rate. Most polymer solutions exhibit shear thinning behavior and these
results are in accordance with those previously described for kefiran extracted through
the same procedure and analyzed in 1% and 10% (w/v) solutions at 37 ◦C [9,15], and
others [18–23,51,52]. However, for E2 and E3 (Figure 4B,C), this shear thinning behavior is
only observed for lower shear rates, showing a shift to an apparent Newtonian behavior
that is not observed for E1 in the same shear rate range. High molecular weight polymers
such as kefiran are usually intertwined and randomly oriented but start to unwind and
align in the direction of flow when sheared, causing viscosity to decrease. Since this is
dependant of shear rate, at sufficiently high shear rates, the polymeric chains in the solution
will be fully separated and aligned, resulting in a Newtonian state where viscosity becomes
independent of shear rate, which reflects the behavior observed for E2 and E3 at shear
rates above 10 s−1. The power-law Ostwald de Waele model (σ = Kγn or η = Kγn−1), the
most frequently used model for non-Newtonian fluid mechanics, was applied to determine
the flow consistency index (K) and flow-behavior index (n), a unitless number indicating
the closeness to Newtonian flow (n = 1 for Newtonian, n < 1 for pseudoplastic/shear
thinning, and n > 1 for dilatant/shear thickening fluids). The power-law equations of each
kefiran extract reveal, for the shear rate range of 0.1 to 1 s−1, consistency flow indexes
of 0.2 for E1 and of 0.006 for E2 and E3, being all flow behavior indexes far below 1
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(0.369, −0.177, and −0.132 for E1, E2, and E3, respectively). For the shear rate range
of 10 to 100 s−1, consistency flow indexes were of 0.3 for E1 and of 0.0019 for E2 and
E3, being the flow behavior indexes 0.362 for E1 but 1.0787 and 1.0506 for E2 and E3,
respectively, showing the distinct nearly Newtonian behavior of these samples at higher
shear rates. Similar consistency and flow behavior indexes were previously described
for kefiran [9,19,20,23,24,52,53]. The viscoelastic properties of all the kefiran extracts, but
particularly E1, show their potential for TERM applications, namely as an economical
alternative therapy to the traditional hyaluronic acid in restoring the viscoelastic properties
of the joint synovial fluid in osteoarthritis cases [9,16,54].
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Figure 4. Rheological flow curves of shear viscosity (i) and shear stress (ii) versus shear rate of
kefiran extracts E1 (A), E2 (B), and E3 (C) and respective fitted power-law equations from different
power-law regions identified from 0.1 to 1 s−1 and 10 to 100 s−1.

Suitable mechanical properties of scaffolds are of major importance for TERM applica-
tions, not only to possess sufficient mechanical strength, comparable to that of native tissue
to be repaired, but also to deliver a proper microenvironment for cellular growth [55,56].
Indeed, scaffold stiffness and the stresses generated by the occurring cell-scaffold strains
have been shown to have a significant impact on cells, particularly in stem cell differentia-
tion [56]. Hence, the viscoelastic behavior is a key parameter to be addressed, particularly
at low strain rates and within physiological frequency ranges [56]. Oscillatory experiments
were performed on the kefiran scaffolds to study their viscoelasticity though frequency
sweep curves starting at 0.01 Hz to 1 Hz and results can be observed in Figure 5.
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For all samples analyzed, the storage modulus (G′), which measures the elastic compo-
nent of the sample, was, as expected, higher than the loss modulus (G′ ′), which reflects the
viscous component. This elastic character of kefiran scaffolds has been previously reported
by [16], quantified by a phase angle of 16◦ ± 0.7◦. The phase-angle is a direct measure of
viscoelasticity and indicates the phase shift between the input signal (i.e., the applied oscil-
lation) and the output signal, which represents the sample response. Viscoelastic materials
fall in the range of 90◦ (solid) and 0◦ (liquid), being elastic solids those with values closer
to 0◦ and higher storage modulus (G′) and viscous liquids, those closer to 90◦ with higher
loss modulus (G′ ′) [57]. In this study, all scaffolds exhibited a similar trend throughout
the measured frequency, with phase angle values of 9.06◦ ± 2.08◦ for S1, 5.43◦ ± 1.41◦

for S2, and 11.23◦ ± 2.49◦ for S3. The viscoelastic properties (elastic/gel character) and
mechanical stability observed in all kefiran scaffolds are of major importance regarding
TERM applicability, proving their potential in this context.

3.7. Kefiran Scaffold Microstructure

The detailed morphology of each kefiran scaffold was analyzed by SEM and micro-CT.
A highly porous structure was observed across all samples in the longitudinal sections,
cross-sections, and uncut views analyzed by SEM (Figure 6A–C). The interconnectivity and
porous structure of all scaffolds was confirmed using micro-CT through 3D reconstructed
images of each scaffold (Figure 6D–F). The qualitative and quantitative analysis of the
architecture of each scaffold investigated by micro-CT showed that all kefiran scaffolds
presented high porosity and a widespread pore size distribution, revealing similar aver-
age values that were close to 90% and above 90 µm, respectively (Figure 7). Porosity is
considered the key characteristic of TERM scaffolds but since it is determined by open
and closed pores of variable size, shape, spatial distribution, and mutual interconnection,
accomplishing an accurate comparison of pore size remains a challenge in scaffold mate-
rials [58]. When compared to SEM, the gold-standard method for pore size evaluation,
micro-CT stands out as an emerging effective method with interesting advantages but can
over/underestimate pore size in irregularly shaped pores [58]. Still, the optimal pore size
for TERM is tissue specific and consensus regarding the optimal scaffold pore size is yet
to be accomplished. Pore sizes ranging from 50 to 710 µm have been suggested for bone
regeneration with values around 100 to 350 µm suggested as ideal; also, sizes in the range
of 200 to 300 µm are recommended for fibrocartilaginous tissue growth, the optimal pore
size for neovascularization is considered 5 µm, while for fibroblast ingrowth, the ideal
range of 5 to 15 µm is reported [59,60]. The micro-CT morphometric analysis also revealed
that the different scaffolds analyzed in this study presented interesting values regarding
wall thickness and interconnectivity (Figure 7).

For all TERM applications, porosity, pore size, wall thickness, and pore interconnectiv-
ity are critical scaffold structural properties that directly impact both in vitro and in vivo
scaffold functionality as they determine permeability, diffusivity, degradation rate, and
elastic modulus of the scaffold, and therefore the biological processes required for tissue
regeneration [61,62]. An interconnected porous network enhances cell proliferation and
migration through the scaffold and allows nutrient transport and waste removal; hence,
the distinct pore analysis parameters have direct influence over cell behavior and define
the final mechanical properties of the scaffold [61].

3.8. Cytocompatibility of Different Kefiran Extracts and Scaffolds

Regarding the viability and proliferation of L929 cells exposed to the different extracts,
AlamarBlue® reads only showed significant differences between E1 and E3 (p = 0.0002) and
E2 and E3 (p = 0.0093) after 72 h (Figure 8A). All extracts showed significant differences
when compared to the control after 48 h and 72 h (p < 0.0001) and significant changes
between timepoints were observed for all extracts. Measurements of dsDNA also showed
significant differences between all extracts and the control after 24 h and 48 h, and only
E3 was significantly different after 72 h. However, no significant changes were observed
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among E1, E2, and E3 at any timepoint (Figure 8C). Concerning the different scaffolds, no
significant changes were observed in the AlamarBlue® reads between S1, S2, and S3 for any
timepoint (Figure 8B); varying levels of significance were obtained between each scaffold
and the control. Equivalent results were noted for dsDNA measurements (Figure 8D).
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Figure 6. Morphology of kefiran scaffolds obtained from each extract, S1 (A,D), S2 (B,E), and
S3 (C,F). (A–C) show the macroscopic image (i) of each scaffold (scale bar: 1 mm) and the SEM
microstructures for longitudinal sections at magnifications of ×50 (ii) and ×150 (iii) and for cross-
sectional (iv) and uncut (iii) views at ×150 of magnification. (D–F) show 3D reconstructed images of
each scaffold using micro-CT: cross-sectional (i,ii), longitudinal (iv,v), and fully reconstructed (iii)
views (scale bars: 500 µm).
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Figure 8. Cytocompatibility of different kefiran extracts and scaffolds. AlamarBlue® quantification
indicated statistically significant differences in the metabolic activity of L929 cells exposed to kefiran
extracts after 72 h (A), but no statistically significant changes were observed between scaffolds
(B). dsDNA quantification of exposed L929 cells did not show significant changes between extracts
(C) or scaffolds (D) at any timepoint. ** p < 0.01; *** p < 0.001.

The results show that, as expected, none of the kefiran extracts or scaffolds show
any cytotoxic effect over L929 cells, and no significant changes were observed that could
clearly distinguish them regarding cytocompatibility. It is important to point out that
cytocompatibility is the most usually used term to describe suitable biological require-
ments of a biomaterial used in a medical device. Thus, all the different kefiran extracts
and scaffolds, which were cytocompatible and enhanced the cell proliferation, could rep-
resent a potential candidate for tissue engineering application. Nonetheless, for TERM
applications, biomaterials should not just be biocompatible for cells, but they should act
as the extracellular matrix of native tissues, preserving biochemical cues and properties,
so these polysaccharide-based materials should improve cellular adhesion, proliferation,
and differentiation and at the same time avoid immunological reactions [63]. Thus, it
will be interesting for further research, to evaluate the in vitro model of different cell lines
incorporated in these three kefiran-based scaffolds.

4. Conclusions

High-quality kefiran polysaccharides with suitable yield were obtained through differ-
ent extraction protocols, and kefiran cryogels were successfully produced from different
extracts by freeze-drying. Both products, kefiran extracts and 3D scaffolds, were fully
characterized for their structural and physicochemical properties. In general, the three
extracts showed thermal stability and desirable viscoelastic properties. One of the three
extracts (E1) stood out and demonstrated to have the greatest physical and mechanical
properties, similar to those of hyaluronic acid, the gold standard viscosupplement presently
used as a commercial injectable biomaterial and a major player in the category of new
injectable hydrogels for osteoarthritis treatment. All kefiran extracts and scaffolds proved to
be non-cytotoxic over L929 cells. Furthermore, the developed scaffolds showed mechanical
stability, elastic behavior, and high porosity which are characteristics of major importance
regarding TERM applicability.

The current research demonstrated that the application of these developed products is
conditioned by the employed extraction method. While the three kefiran products showed
interesting structural, physicochemical, and biological properties, each one of them could
be used for a certain biomedical application.

Nowadays, it is of great significance to develop effective and selective methods for the
extraction of bioactive polymers to develop functional biomaterials. For future research,
since the extraction technique was optimized, it will be a great interest and huge challenge
to use more advanced technologies, such as cell-electrospinning, 3D printing, microfluidics,
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among others, to develop smart biomaterials that will better mimic the properties of the
native tissues.
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