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Abstract

Kefiran, an exopolysaccharide produced by lactic acid bacteria, has received a great interest due
to a variety of health claims. In this study, we aim to investigate the physicochemical and biological
properties of Kefiran polysaccharide extracted from Portuguese kefir grains. The kefir growth
rate was about 56% (w/w) at room temperature and the kefir pH after 24 h was about 4.6. The
obtained yield of Kefiran polysaccharide extracted from the kefir grains was about 4.26% (w/w).
The Kefiran structural features were showed in the 'H nuclear magnetic resonance spectrum.
The bands observed in the infrared spectrum confirmed that the Kefiran had a (3-configuration;
and the X-ray photoelectron spectroscopy analysis confirmed the structure and composition of
Kefiran and revealed a C/O atomic ratio of |1.46. Moreover, Kefiran showed an average molecular
weight (Mw) of 534kDa and a number-average molecular weight (Mn) of 357 kDa. Regarding the
rheological data obtained, Kefiran showed an interesting adhesive performance accompanied by a
pseudoplastic behavior, and the extrusion force of Kefiran was | N. Furthermore, Kefiran exhibited
a higher resistance to hyaluronidase degradation than hyaluronic acid. Finally, Kefiran showed a
lack of cytotoxic response through its ability to support metabolic activity and proliferation of
L929 cells, and had no effect on these cells’ morphology. Our research suggested that Kefiran
polymer has attractive and interesting properties for a wide range of biomedical applications, such
as tissue engineering and regenerative medicine.
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Introduction

Kefir, a traditional cultured-milk beverage, is considered one of the oldest methods of both tempo-
rary and long-term food preservation.! It was originated in the Middle and Far East of Asia, 1000s
of years ago.23 This natural probiotic, with a range of reported health benefits, has been extremely
popular in Eastern Europe, where it is regularly administered as probiotic food to patients in hos-
pitals and recommended for infants. It is beginning to gain a worldwide acceptance and popularity
as a healthy probiotic beverage; being commonly home fermented from shared grains, it also has
been recently manufactured on a commercial scale.?

Kefir grains, the starter for obtaining the fermented milk kefir, are elastic, slimy, varying from
white-to-light yellow in color and with an irregular and lobed-shaped cauliflower-like structure of
different sizes (1 and 3 cm) in length.* These grains are composed of proteins and polysaccharides,
containing lactic acid bacteria (LAB), acetic acid bacteria, and yeast, held together by a matrix of
protein and polysaccharide and yeast involved in the fermentation® LAB such as Lactobacillus are
generally recognized as safe and are known to produce extracellular polysaccharides (EPS), which
contribute to the texture of the resulting fermented milk.°

The main exopolysaccharide of kefir grains, named Kefiran,” is mainly produced by Lactobacillus
kefiranofaciens but also by several other unidentified species of Lactobacillus.® Kefiran, the clear
or pale yellow slimy exopolysaccharide, is a water-soluble polysaccharide containing approxi-
mately equal amounts of glucose and galactose.’

Kefir can be considered as a remarkable probiotic resource due to its variety of health claims
besides its nutritional status. It is important to highlight that, when compared with other polysac-
charides, Kefiran has already several important advantages reported, such as antibacterial, antifun-
gal, and antitumor properties.!®-13 For commercial application, Kefiran must be produced at high
levels of quality, in a low-cost media and the isolation procedure must be economically attractive.
Taking into account these considerations, Kefiran polymer obtained from kefir grains is a promis-
ing alternative for several biomedical applications.

In this work, Kefiran exopolysaccharide, produced by kefir grains from Portugal, was character-
ized for its chemical and physical properties by different techniques, as well as its enzymatic resist-
ance and cytotoxicity evaluation.

Materials and methods

Materials

Hyaluronic acid. Hyaluronic acid (HA) sodium salt from Streptococcus equi used in this research is
a bacterial HA, which is a natural non-sulphated high molecular weight glycosaminoglycan. HA
was provided by Sigma-Aldrich (St Louis, USA) (cat 9067-32-7, 53747).

Milk kefir production. Kefir grains (50g), used as a starter culture in this research, were purchased
from a household in Guimaraes, Portugal. The grains were cultured overnight in skimmed milk in
a closed sealed glass at room temperature, and the medium was exchanged daily for a new culture.
This procedure was continued for 15 subsequent days in order to maintain the grain’s viability.
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Milk kefir grain mass. After opening the glass bottles, the culture milk-product kefir grains were
sieved (in a plastic filter with 0.25cm pore size) to separate the milk kefir grains from the fer-
mented milk. The milk kefir grains were washed with 200mL of sterile saline solution, and the
total kefir grain mass (wet mass) was weighed. After determining the kefir grains mass, a certain
amount of grains was used for the Kefiran isolation procedure.

Acidification kinetics. Throughout the fermentation, the pH’s of Kefiran samples were regularly
measured with a digital pH meter (Model HI5222-02, Hanna Instruments, Bedfordshire, UK). The
pH meter was calibrated with standard buffer solutions of pH 4.0 and 7.0 before measuring the
fermented kefir samples.

Isolation of Kefiran polysaccharide. Kefiran in the kefir grains was extracted by a method previously
described!* with some modifications. Briefly, kefir grains (20g) were treated in boiling water
(1:10) for 30 min, with discontinuous stirring. The mixture was centrifuged at 18,300 G for 20 min
at 20°C. The polysaccharides in the supernatant were precipitated by addition of two volumes of
cold ethanol absolute and left at —20°C overnight. The mixture was again centrifuged at 18,300 G
for 20 min at 4°C. Pellets were dissolved in hot water during 5h and the precipitation procedure
repeated three times. The precipitates were dissolved in water at 60°C and the resulting solution
concentrated for a crude polysaccharide. Kefiran polysaccharides extracted were purified by dialy-
sis (dialysis tubing cellulose membrane cut-off 14 kDa) (Sigma-Aldrich, St Louis, USA) for 1 week
against distilled water to remove the impurities. Water was completely removed and exchanged at
least three times per day. After dialysis and lyophilization, Kefiran polysaccharides were kept in
desiccator to prevent adsorption of moisture. It is important to highlight that the yeast and bacteria
in the filtrate were removed by centrifugation and filtration through a 0.22-um filter (Millipore,
Billerica, MA, USA) for cytotoxicity analysis.

Methods

IH nuclear magnetic resonance spectroscopy. A solution of Kefiran was prepared (1% w/v) in deu-
terium oxide (Sigma-Aldrich, St Louis, USA) at room temperature, and 700 pL of this solution was
transferred to an NMR sample tube. 'H nuclear magnetic resonance (‘H-NMR) spectra were
recorded on a Varian Unity Plus (Varian, Palo Alto, USA) spectrometer at 60°C using a resonance
frequency of 400 MHz. Chemical shifts were reported in ppm (8). MestReNova Software 9.0
(Mestrelab Research) was used for spectral processing.

Fourier-transform infrared spectroscopy. Powder samples of Kefiran were mixed with potassium bro-
mide and were molded into a transparent pellet using a press (Pike, Madison, USA). Transmission
spectra were acquired on IRPrestige-21 spectrometer (Shimadzu, Kyoto, Japan), using 50 scans, a
resolution of 4cm!, and a wavenumber range between 4400 and 400 cm-!.

X-ray photoelectron spectroscopy. The chemical composition of a powder sample of Kefiran was
determined by X-ray photoelectron spectroscopy (XPS) surface measurements using a Kratos
AXIS Supra instrument equipped with aluminum Ka-monochromatized radiation at 1486.6eV
X-ray source, within ESCApe software. The Cls, Ols and survey spectra were recorded using a
Kratos AXIS Supra instrument (Manchester, UK). Monochromatic X-ray source Al-Ka (1486.6eV)
was used for all samples and experiments. The residual vacuum in the X-ray analysis chamber was
maintained at around 8.5 X 10torr. The samples were fixed to the sample holder with double-
sided carbon tape. The binding energies (BEs) positions were referenced to the Cls by setting the
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binding energy of Cls photo peak at 285.0eV Cls hydrocarbon peak. We have also employed an
electron flood gun to minimize surface charging (Charge compensation). A wide-scan survey spec-
trum was used to identify and quantify the elements in the sample. High-resolution narrow scans
are used to build the chemical state assessment, as well as to quantify the presence of the reference
elements in the sample. Data analysis and atomic quantification were determined from the XPS
peak areas using the ESCApe software supplied by the manufacturer Kratos Analytical (Manches-
ter, UK). The effect of electric charge was corrected by the reference of the carbon peak (285¢eV).

Gel permeation chromatography—size exclusion chromatography. Measurements were performed
on a Malvern Viscotek TDA 305 using the refractometer and right angle light scattering detec-
tors. Sample separation was achieved using four columns (PSS, Mainz, Germany): Suprema
precolumn (5um, 8 X 50mm), Suprema 30A (5um, 8 X 300mm), Suprema 1000A (5um,
8 X 300mm), and Suprema ultrahigh (10 pm, 8 X 300 mm). The system was kept at 30°C and
phosphate-buffered saline (PBS) buffer (Sigma-Aldrich, St Louis, USA), 0.01 M phosphate
buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride, pH 7.4) was used as eluent
at rate of 1 mL/min. Pullulan 21.1kDa and polydispersity index (PDI) 1.09 (PSS standard ser-
vices) was used for the calibration of the detectors. The d*n*/d*C* was measured on-line
assuming that the input sample concentration is correct as recommended by Malvern and deter-
mined as 0.128.

Differential scanning calorimetry. Differential scanning calorimetry (DSC) experiments were con-
ducted using TA-Q100 equipment, under a nitrogen atmosphere. The dry Kefiran powder samples
(5-10mg) were prepared and packed in aluminum pans. An empty aluminum pan was used as
reference. The samples were heated in two stages at a constant heating rate of 20°C/min from 0°C
up to 500°C, then were left at this temperature during 2 min and cooled at 20°C/min to the initial
temperature. At this point, a second heating run was conducted.

Simultaneous thermal analyzer. The simultaneous thermal analyzer (STA) analysis was performed
on the Simultaneous Thermogravimetric Analyzer (STA7200 Series, Hitachi, Tokyo, Japan) pro-
viding measurement of thermogravimetric analysis (TGA) with selected heating rates of 10°C/min
in the range of 40°C-800°C. Samples of Kefiran powder, all of mass 2.5 mg, were put in alumina
pan in an atmosphere of dry nitrogen and oxygen.

Rheology. Rheological analyses were performed using a Kinexus pro+ rheometer (Malvern Instru-
ments, Malvern, UK), using the acquisition software rSpace. The measuring system used in these
experiments was equipped with stainless steel (316 grade) cone-plate system: the upper measure-
ment geometry cone, 40 mm of diameter and 4°, and a plate lower pedestal. The surface geometry
was covered with dodecane to prevent water loss.

Rotational experiments. Rotational experiments were performed in order to obtain shear viscos-
ity as a function of the shear rate, from 0.01 to 1000s™!, at 37°C. All plots are obtained by the
average of at least three experiments. These experiments were conducted with Kefiran samples at
different concentrations 1% and 10% (w/v) in H,O.

Oscillatory experiments. Oscillatory experiments were performed to study viscoelasticity, by
obtaining frequency sweep curves. All plots are obtained by the average of at least three experi-
ments. These experiments were conducted with Kefiran samples at different concentrations 1%
and 10% (w/v) in H,O.
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Pull away experiments. This experiment involved loading a sample and then pulling away the
upper plate at a defined gap speed (1 mms-!), with a contact time of 2's and a contact force of 1 N.
The resultant normal force was then recorded as function of gap and was used to determine the
adhesion properties (area under the force—gap curve).

Injectability (extrusion) assay. The injectability assay of the samples was performed using an injec-
tion measurement device (KD Scientific, Holliston, USA) commonly consisting of a syringe pump
with a plastic syringe (1 mL) and a needle gauge of 21. The syringe was filled up with the different
formulation solutions working in extrusion mode with a rate of 1 mL/min. Regarding the HA
sodium salt from S. equi used in this research, it is a bacterial HA which is a natural non-sulphated
high molecular weight glycosaminoglycan. HA was provided by (Sigma-Aldrich, St Louis, USA)
(cat 9067-32-7, 53747).

Enzymatic resistance. Kefiran and HA were subjected to enzymatic reactions with hyaluronidase
(EC 3.2.1.35; HAse), under pH 7 in a water bath at 37°C. The samples were cooled in an ice bath
in order to stop the enzymatic reaction. The result was measured as the release of reducing sugars,
using the DNS (dinitrosalicylic acid) method, since studied polysaccharides had reducing ends
on the repeating units of the structure. Glucose was used as standard. Gel permeation
chromatography—size exclusion chromatography (GPC-SEC) was also obtained for some experi-
ments to confirm the reliable use of DNS method to monitor the enzyme action over the polysac-
charides. HA was used as the negative control and non-substrate as positive control.

Analysis of Kefiran’s cytotoxicity using a L929 cell line

Cell culture. Mouse 1929 fibroblastic cell line was used to evaluate Kefiran cytotoxicity as
described in the ISO 10993-5 (2009). Briefly, in the first day of experiment, 10,000 cells were
seeded in each well of a 96-well plate. Then, in accordance with ISO 10993-12 (2012), the samples
were prepared (4% w/v) of Kefiran diluted in 0.9% w/v of NaCl, and milk used as culture medium
for kefir grains. In the next day, the culture medium was replaced for each of the previous solutions
diluted in culture medium at final concentration of 1% v/v. The culture medium was composed of
low-glucose Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich, St Louis, USA) sup-
plemented with 10% v/v fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) and 1% v/v
antibiotic/antimycotic (Invitrogen, Carlsbad, CA, USA). Sample composed of culture medium was
used as a negative control (Ctrl—). A positive control (Ctrl+) composed of Triton X-100 (Sigma-
Aldrich, St Louis, USA) at a concentration of 1% v/v in culture medium was used. Cultures were
maintained at 37°C under a humidified atmosphere of 5% v/v CO, in air. Finally, at 24, 48, and
72 h of culture, cell growth, cell proliferation, and cell damage were analyzed in this experiment.

Cell growth. Cell growth was assessed using the CellTiter 96® AQueous One Solution Cell Pro-
liferation Assay (MTS, Promega, Madison, WI, USA). At each time point (24, 48, and 72 h), cells
were incubated with 20% v/v of MTS in culture medium without phenol red (Sigma-Aldrich, St
Louis, USA) for the period of 3h at 37°C. The supernatant was then transferred to a new 96-well
plate and absorbance measurements were carried out using a microplate reader (Synergy HT,
BioTek, Vermont, USA) at 490 nm.

Cell proliferation by dsDNA quantification. Cell proliferation was assessed by total double-
stranded DNA (dsDNA) quantification. At each time point, cells were incubated for 1 h at 37°C
in ultrapure H,O. Then, cell lysates were transfer to a 1.5-mL tube and stored at —80°C until ana-
lyzed. Quant-iT PicoGreen dsDNA kit (Molecular Probes, Invitrogen, Eugene, USA) was used
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according to manufacturer’s instructions. Briefly, samples were transferred to a 96-well white
plate and diluted in TE buffer. After adding the Quant-iT PicoGreen dsDNA reagent, samples
were incubated for 10 min at room temperature in the dark, and fluorescence was quantified using
a microplate reader (Synergy HT, BioTek) with Ex/Em at 480/530 nm. R.F.U. were converted into
ng/mL using a standard curve of DNA in the range of 1-2000 ng/mL.

Cell damage. Cell damage was studied through F-actin staining. For that, cells were washed
with phosphate buffer saline (PBS) (Sigma-Aldrich, St Louis, USA), fixed with 10% neutral-buff-
ered formalin (Thermo Fisher Scientific, Michigan, USA) for 15min and permeabilized for 5 min
with 0.1% v/v Triton X-100 (Sigma-Aldrich, St Louis, USA) in PBS. Afterward, samples were
incubated for 30 min in 1% w/v BSA (Sigma-Aldrich, St Louis, USA) in PBS to block unspecific
binding. F-actin filaments were stained with Phalloidin—Tetramethylrhodamine B isothiocyanate
1:40 (Sigma-Aldrich, St Louis, USA) and nuclei were counterstained with 1:5000 of the stock
of 4,6-Diamidino-2-phenyindole, dilactate solution (DAPI, 1 mg/mL) (Biotium, Hayward, USA).
Samples were analyzed by fluorescence inverted microscope (Axio Observer, Zeiss, New York,
USA).

Statistical analysis. All quantitative experiments were run in triplicate, and results were expressed as
a mean * standard error for n=3. Statistical analyses were performed using GraphPad Prism 6.0
software. The non-parametric Mann—Whitney test was used to compare two groups, whereas com-
parison between more than two groups was performed using the Kruskal-Wallis test followed by
Dunn’s comparison test. The critical level of statistical significance chosen was p < 0.05.

Results and discussion

Milk kefir grain mass

The kefir grains (10% w/v) were cultured in skimmed milk, and a growth rate of the kefir grains of
about 56% (w/w) was obtained after a 15-day culture period at room temperature.

Kinetics and mass Kefiran isolated

In our research, the pH of the kefir media after 24 h was acid (pH=4.62 * 0.618) at room tempera-
ture. The kefir pH reported in the literature is usually reported between 4.2 and 4.6.'¢ Other studies
reported lower values of pH that reached 3.9.317:18 This lower value of pH is possibly due to the
presence of some components, such as carbon dioxide, acids, lactose, ethanol, proteins, and fat
contents,!6:19

Regarding the obtained yield of Kefiran polysaccharide isolated from the kefir grains, it showed
an interesting value of 4.26% (w/w). A slightly lower yield of extracted Kefiran (3.16% w/w) was
observed in other report by Zajsek and Gorsek.!$

'H-NMR spectroscopy

'TH-NMR spectroscopy is a fundamental tool when studying the chemistry of polysaccharides.
The use of 'H-NMR spectroscopy, over other techniques such as chromatography, is character-
ized by some interesting advantages (i.c. easy sample preparation, easy equipment calibration,
and fast obtained results).?’ Figure 1 shows the "H-NMR spectrum of the polysaccharide Kefiran
in D,0O at 60°C.
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Figure 1. 'H-NMR spectrum of Kefiran in D,O at 60°C.

The 'H-NMR spectrum revealed a peak at 5.15 ppm for an anomeric B hydrogen and showed
also six signals at the chemical shifts of 4.85, 4.83, 4.78, 4.76, 4.67, and 4.62 ppm for several ano-
meric a hydrogens, assigned to a sugar on a lateral branch. With the results obtained by this tech-
nique, it was possible to identify the molecule structure of Kefiran. It is worth noticing that the
'H-NMR data agree with those reported for a polysaccharide Kefiran produced by a ropy
Lactobacillus and L. kefiranofaciens.?'->?

Fourier-transform infrared spectroscopy

In order to further characterize Kefiran isolated from kefir grains and to identify the fundamental
groups present in its structure, infrared radiation (IR) analysis was performed (Figure 2).

In the IR spectrum shown in Figure 2, a band at 3430 cm! that corresponds to the hydroxyl
groups can be observed. In fact, this band region is attributed to the stretching vibration O—H
in the constituent sugar residues.!62324 The band at 2930cm-!, which is associated with the
stretching vibration of C—H in the sugar ring, can be assigned to methyl and methylene groups.
The band at 1700 cm™! is due the stretching vibration of O—H. It is important to highlight that
reactive functional groups in polysaccharides make them easily flexible to several modifica-
tions, which is highly important for medical applications. Moreover, hydrogels can be quickly
and easily obtained, which make them excellent candidates for tissue engineering and regenera-
tive medicine.

The band around 1400 cm! is attributed to CH, and OH groups.?>2¢ The region of 1100—1150 cm!
has showed intense absorptions, a characteristic of stretches C-O—C and alcohol groups in carbohy-
drates.!! The presence of band at 900cm ! indicated B-configuration and also vibration modes of
glucose and galactose.?” According to several authors, these bands confirmed that the compound
obtained is a polysaccharide.'®23-25 Besides chemical properties, applicability of polysaccharide in
the tissue engineering field is largely dependent on its physical behavior.?
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Figure 2. Infrared spectrum of Kefiran between 500 and 4000cm-'.
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Figure 3. XPS spectra of Kefiran.

XPS

XPS analysis was carried out in order to evaluate the chemical bindings of Kefiran polysaccha-
ride (Figure 3).

The Cls spectra of XPS spectra clearly revealed the presence of C—OH bond at 286.6eV?® and
O-C-O bond at 287.8eV.3? Regarding the oxygen Ols peak, it was decomposed in two compo-
nents attributed mainly to O—C bond at 533eV3! and to oxygen bond to hydrogen [H-O—C] at
534.6eV.32 Moreover, the XPS results revealed a C/O atomic ratio of 1.46. It is important to
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Figure 4. DSC curve of Kefiran (0°C-500°C).

highlight that XPS analysis has a depth of few nanometers and was performed in order to obtain
supplementary information about the chemical structure of Kefiran polysaccharide.’? In fact, the
detailed data obtained regarding the bonds confirmed the results obtained through Fourier-
transform infrared spectroscopy (FTIR) technique previously described.

In fact, FTIR and XPS results are complementary to each other. XPS helps identify the surface
functional groups while FTIR analyses the overall availability of different functional groups.’*

GPC-SEC

The molecular weight of a substance, particularly a polymer, is a key chemical characteristic that
can dramatically influence the material mechanical performance, especially the viscosity and the
rheological behavior.?® In this sense, size exclusion chromatography allowed determining the num-
ber-average molecular weight (Mn) and weight-average molecular weight (Mw) of Kefiran poly-
saccharide. Results showed an average of molecular weight of 534kDa and a number-average
molecular weight of 357 kDa, with a PDI of 1.49. The molecular weight has a significant impact on
the polymer properties such as degradation, mechanical strength and solubility. It is important to
highlight that production of low molecular weight biomaterial is highly interesting and desirable in
modern medicine as it provides a shorter degradation rate.3037

DSC

DSC is a thermal analysis technique relevant in the characterization of the thermal properties and
transitions of a polymer.2’ DSC was performed to Kefiran samples with two straight runs (Figure 4).

Kefiran thermogram (endothermic heat flow) exhibited a sharp endothermic peak at 98.7 = 0.2°C.
This transition (799°C) could be related to its melting point, being explained by the hydrophilic
nature of Kefiran functional groups; the presence of this peak can also reveal the existence of water
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Figure 5. TGA and DTG curves of Kefiran (40°C-800°C).

bound. The appearance of several peaks at around 282°C was considered as just one peak. All these
peaks were reproducible for all the replicates. The results showed in the DSC curve are in agree-
ment with those presented in the TGA curve (Figure 5). In our research, Kefiran polysaccharide
showed a similar thermal stability, compared to Kefiran extracted in other study that reported a
degradation temperature of 352°C.16

STA

In the TGA figure (Figure 5), one event can be observed during the increasing of the temperature
(40°C-106°C). This event occurred with the maximum mass loss (approximately 9%), which
could be associated with the loss of moisture.'®

The major weight loss (12%—-65%) occurred in the second event in the range of 264°C—350°C,
which was due to major degradation of Kefiran polysaccharide structure. This event was associated
with an extensive enthalpy change as depicted in the DSC curve (Figure 4). Other studies of
exopolysaccharides showed approximated temperature of degradation, with maximum at 352°C.1°
The TGA profiles of the curves observed in this study were similar to those identified in a previous
research, which reported the thermal properties of some natural polysaccharide materials.?3

It is important to point out the interesting thermal characteristics of Kefiran, reported in our
research, for potential industrial applications where processing temperatures reach approximately
150°C.1®

Rheology

Rotational experiments. Flow behavior of Kefiran solutions (1% and 10% w/v) was illustrated in
Figures 6(a) and 6(b), respectively. Figure 6(a) presented the shear viscosity function to the
shear rate.
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Figure 6. Curves of shear viscosity (a) and shear stress (b) versus shear rate of Kefiran samples at 1%
(open symbol) and 10% (filled symbol) of concentration.

Shear viscosity of Kefiran samples at different concentrations decreased with the increment of
shear rate (Figure 6(a)). Two main regions were noticed for both Kefiran solutions (1% and 10%
w/v) at 37°C: (1) a power law region, showing shear-thinning (pseudoplastic) behavior and (2) a
Newtonian region. This profile, with Newtonian fluid behavior at extreme shear rates, is frequent
in many shear-thinning (pseudoplastic) fluids. Similar results were obtained and reported by
others.1423.39

From the power law region the obtained indexes for 10% (w/v) and 1% (w/v) solutions were
0.24 and 0.29, respectively, which are typical values for pseudoplastic fluids. The pseudoplastic
behavior and gelation ability of Kefiran point out the fact that this polymer could be exploited as
matrix environments of different therapeutic agents, including proteins, stem cells, or genetically
engineered cells.

Figure 6(b) presented the shear stress function to the shear rate. In these curves, the two regions
were not so easily perceived, being even possible to adjust a linear regression model, where the
slope is the average viscosity value. It demonstrated the relationship between the shear stress applied
and the resulting shear rate. Kefiran samples (1% and 10% w/v) revealed an infinite viscosity until
a sufficiently high stress as applied to initiate flow. Above this stress, our biomaterial showed simple
Newtonian flow, which was identified as a Bingham plastic model. From the Newtonian region,
where the viscosity is nearly constant, 10% (w/v) solutions stabilized at higher value of viscosity
(approximately 0.3 Pas) while 1% (w/v) solutions have just 0.004 Pas of shear viscosity.

Oscillatory experiments. The mechanical spectra of 1% (w/v) and 10% (w/v) of Kefiran were
obtained (Figure 7(a) and (b), respectively) at 37°C.

Storage and loss moduli are both functions of frequency and give an insight of the structure of
polymer solutions. The different Kefiran concentrations studied (1% and 10% w/v) showed diver-
gent behaviors, since that samples of 1% (w/v) started by a viscous behavior and samples of 10%
(w/v) started by an elastic behavior. More particularly, Kefiran samples of 1% (w/v) had a cross
over at approximately 8 Hz, changing from a phase angle of about 47° (viscous liquid) to approxi-
mately 31° (elastic/gel); while 10% (w/v) solutions presented a cross over at 1.6 Hz, changing from
a phase angle of about 25.7° (elastic/gel) to an average of approximately 58° (viscous liquid). The
different behavior between concentrations was not studied or reported by other authors, but it could
justify the selection of a certain concentration based on its rheological response considering the
therapeutic application. Further studies should be performed in order to better understand this
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Figure 7. Frequency dependence of the viscoelastic moduli, loss modulus G” (open symbol) and storage
modulus G’ (filled symbol), of 1% w/v (a) and 10% w/v (b) Kefiran samples, at 37°C.

statement. Piermaria et al.?* demonstrated the same behavior in Kefiran samples at 1.08% w/v
(10.8 g/L) that we observed in our 1% Kefiran samples. In this case (10% w/v of Kefiran solution),
the mechanical spectra demonstrated the behavior of a polysaccharide solution at low frequency
where the storage modulus was greater than the loss modulus. In fact, both moduli increased with
frequency swept, but G” increased more rapidly and tended to overcome G’ at higher frequencies.
This statement could be explained by the mechanism of an entrapped network system at low fre-
quencies. At high frequencies, the polymer chains did not have sufficient time to uncoil and slide
and, therefore, may behave like a gel (G'>G").¥

The viscoelastic properties of Kefiran highlight its applicability in tissue engineering and regen-
erative medicine. For instance, it could be used in osteoarthritis treatment therapies (viscosupple-
mentation) in order to restore the viscoelastic properties of the joint synovial fluid. This polysaccharide
could be an economical and environmentally improved alternative to the well-known HA.

Pull away experiments. Preliminary pull away tests to 1% (w/v) and 10% (w/v) Kefiran samples
allowed us to state that Kefiran polysaccharide was characterized by an adhesive performance.
Being this effect 97% higher for 10% solutions, with an adhesion of 1.159 = 0.018 N/s. Kefiran
solutions of 1% (w/v) presented a similar adhesion value to water, 0.135 = 0.049 N/s. In fact, poly-
saccharide such as Kefiran may help bacterial cells for adhesion to biological surfaces and biofilm
formation.*’ It is important to point out that the advances in biofilm formation knowledge, coupled
with emerging engineered biomaterials, provide many potential platforms and strategies to prevent
or significantly reduce biofilm infections.*!

These interesting results obtained through different analyses demonstrated that Kefiran is a rel-
evant candidate in the field of biomaterials, especially for tissue engineering and regenerative medi-
cine by replicating the tissues’ mechanical and viscoelastic characteristics. The Kefiran may be use
in the prevention or treatment of bone and cartilage disease or defects or also wound healing.

Injectability (extrusion) performance

Injectability is a key-product performance parameter of any parenteral dosage form. This assay
included pressure or force required for injection, evenness of flow, and freedom from clogging
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Figure 8. Enzymatic resistance to degradation of Kefiran (black) and HA (white) samples (2%, 1%, and
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such as no blockage of the syringe needle. The extrusion force, measured by the injectable meas-
urement device at room temperature, of Kefiran was 1 N. The Kefiran and HA samples presented
different values of force required for injection. The extrusion force of HA (11.3N), which pre-
sented the highest value, is clinically relevant data since the physician must inject the HA through
a thin needle into soft tissue. It has been shown that Kefiran formulation could represent interest-
ing viscosupplementation products, for example, over HA intra-articular injections since they
offer a smooth injectability by low extrusion forces. It is important to point out that HA polysac-
charide was considered as gold standard for viscosupplement, since it is currently used as a com-
mercial injectable biomaterial (e.g. for osteoarthritis treatment).*? This polysaccharide was the
first Food and Drug Administration (FDA)-approved viscosupplement, and in 1997, it became
marketed and quickly growing in popularity due to its viscoelastic properties by re-establishing
the elasticity and viscous properties of the articular joint improving pain and restoring function in
osteoarthritis patients.*3 These injections provide a prompt pain relief, but their benefit appears to
be short-lived. Thus, it will be interesting to create a new valid therapeutic alternative based on
Kefiran polysaccharide that could have a great commercial interest and high-value therapy for
osteoarthritis patient.

Enzymatic resistance

The enzymatic resistance of Kefiran polysaccharides obtained in this research was evaluated
(Figure 8). The results achieved, in terms of reducing sugars release during the enzymatic reac-
tions, for 48 h of reaction are presented in Figure 8. Kefiran exhibited a better resistance to hyalu-
ronidase degradation as compared to HA that presented a degradation of 30%. GPC-SEC analysis
confirmed the results obtained.
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Generally, the hyaluronidase cleaves high-molecular-weight HA into smaller fragments. They
are assumed to be the predominant catabolic mechanism involved in HA degradation throughout
the vertebrate body. Thus, marketed viscosupplements based on HA are susceptible to hyaluroni-
dases degradation action, resulting in a fast clearance.

The HA which is the responsible for the high viscosity and thixotropic behavior of synovial
fluid, has a half-life varying from 1-3 weeks in inert tissues such as cartilage to 1-2days in the
epidermis of skin. The half-life in blood was much shorter (2—5 min) requiring several dosages.*
HA modifications are being reported with higher half-life, but it is not sufficient and the HA pro-
duction cost is still too high.

In this research, the evaluation of Kefiran resistance to HAase activity was an important step to
confirm advantage over HA. So, it is important to highlight that Kefiran biopolymer could be a
promising alternative viscosupplement to HA as it presents a better a resistance to hyaluronidase
degradation. Further studies should be performed with other enzymes such as collagenase and
proteoglycanase, in order to get a better knowledge of the enzymatic resistance property of Kefiran.

Analysis of Kefiran’s cytotoxicity

To evaluate the cytotoxicity of Kefiran extract and its safety as an upcoming biomedical material,
ISO 10993-5 was followed. The purpose of the study was to provide a test sample where the bio-
logical reactivity of any leachable could be detected.

In this experiment, cell growth, cell proliferation, and cell damage were evaluated (Figure 9).
Figure 9(a) showed cell growth assessed by MTS assay, once the absorbance was directly propor-
tional to the number of living cells within the culture. It is important to mention that along the
culture, the number of living cells increased, as corroborated by dsDNA quantification and F-actin
staining (Figure 9(b) and (c)). Finally, F-actin staining showed no damage on cells when submitted
to any condition (Figure 9(c)). It is important to highlight that the L929 cells had an increasing cell
metabolic activity level during the time after exposure to Kefiran polysaccharide.

The results of in vitro cytotoxicity are shown in Figure 9. The 1929 cells showed to be metabolic
active along the time of culture for all conditions (Figure 9(a)). Moreover, metabolic activity levels
increased along the time, indicating that cells were proliferating, as corroborated by dsDNA quantifi-
cation (Figure 8(b)). Nevertheless, comparing to the milk and control, Kefiran polysaccharide showed
lower metabolic activity and dsSDNA quantification levels after 72h of incubation. Concerning the
difference observed between Kefiran and milk, the difference could be explained by the fact that milk
contains a certain amount of nutrients that can influence cells’ behavior. In the case of the difference
observed between Kefiran and control, it can be due to the fact that the extracts present new cues that
cells need to adapt, delaying their development. Finally, it is important to point out that the cultured
L929 cells showed no morphological differences between all the culturing conditions.

In our research, the in vitro evaluation of Kefiran cytotoxicity on L929 mouse fibroblast cells
reveals the metabolic activity of our polysaccharide in a manner that is comparable to that on the
negative control. It is imperative to perform a preliminary in vitro study before studying the tissue
response of a material in vivo in order to obtain some knowledge about its performance in a physi-
ological environment. In fact, cytotoxic responses can hinder the natural assimilation process that
is needed for successful in vivo integration of a biopolymer such as Kefiran. The in vitro assess-
ment should mimic perfectly the in vivo cell environment. 443

This research therefore chose 1929 cells to represent tissues with Kefiran products, developed
in the future, which will interact in vivo in various cartilage and bone tissue engineering therapies
along with the cell line suggested per ISO 10993-5.
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Figure 9. Kefiran cytotoxicity using a cell line: (a) cells growth assessed by MTS assay of L929 cells
cultured during 72 h with Kefiran extract, (b) cells proliferation assessed by dsDNA quantification of
L929 cells cultured during 72 h with Kefiran extract, and (c) cell damage assessed by F-actin staining

(cytoskeleton, red) and counterstained with DAPI staining (nuclei, blue), during 72 h of culture (scale bar:

50 um).

*denotes statistical significant differences along the time of culture (p <0.05).

Furthermore, recent study investigated the potential cytotoxicity effect of Kefiran produced by

L. kefiranofaciens ATCC 8007 cells on many cancer cell lines.* However, little information is
present on the cytotoxic activity of the Kefiran on L.929 cells. The results obtained through this
research suggest that Kefiran is a suitable biomaterial for tissue engineering and regenerative med-

icine, as it showed a lack of cytotoxic response through its ability to support cell metabolic activity

and cell proliferation, and had no effect on cells’ morphology.
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Conclusion

In this study, the physicochemical and structural characterizations of Kefiran polysaccharide iso-
lated and purified from Portuguese kefir grains were performed. This research presented very
important parameters to access the biopolymer structure and properties. These potential properties
of Kefiran were obtained to show its competence and to clarify the highly application potential of
Kefiran polysaccharide, through, for example, its physicochemical and rheological properties in
tissue engineering and regenerative medicine. In fact, Kefiran polysaccharide with its several
potential properties could be modulated to achieve, for example, an adequate structure as demanded
for example by articular cartilage or bone defects applications. Further works will be performed to
optimize scaling up for Kefiran industrial application and will comprise a set of new in vitro
experiments in order to fully characterize its biological properties for therapeutic applications.
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