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Śmiga-Matuszowicz, M. Hydrogels

Made of Poly-γ-Glutamic Acid and

Sugar Alcohols for Enhanced

Survival of Probiotic Strains

Subjected to Low pH and Freeze

Drying. AppliedChem 2021, 1, 173–183.

https://doi.org/10.3390/

appliedchem1020013

Academic Editor: Andrea Atrei

Received: 9 November 2021

Accepted: 10 December 2021

Published: 13 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Physical Chemistry and Technology of Polymers, Silesian University of Technology,
M. Strzody 9, 44-100 Gliwice, Poland; monika.smiga-matuszowicz@polsl.pl

2 Wolverhampton School of Sciences, Faculty of Science and Engineering, University of Wolverhampton,
Wolverhampton WV1 1LY, UK; I.A.Jonah@wlv.ac.uk

* Correspondence: Iwona.Kwiecien@polsl.pl

Abstract: Probiotics are microorganisms that have a beneficial influence on the human gastrointestinal
tract. Unfortunately, their viability can be negatively affected by manufacturing, storage conditions
and gastrointestinal tract conditions. Therefore, there is a need to develop delivery systems, which
can protect probiotics against adverse conditions. Previously, we reported on hydrogels made of
poly-γ-glutamic acid (γ-PGA) and selected PEGs with the potential application as probiotic delivery
vehicles. In the next step of research, we decided to develop fully biobased hydrogels with the
potential application as probiotic oral-delivery systems. Selected sugar alcohols, erythritol, xylitol
and sorbitol, have been used as cross-linkers in the synthesis of γ-PGA-based hydrogels. It was
examined if obtained hydrogels enhanced the survival rate of entrapped probiotic strains subjected
to acidic conditions. Results have been discussed in relation to the previously reported γ-PGA-
PEG hydrogels. Moreover, the possibility of using developed hydrogels as a cryoprotectant was
investigated during freeze drying of entrapped probiotic cells.

Keywords: hydrogels; poly-γ-glutamic acid; sugar alcohols; erythritol; xylitol; sorbitol; probiotics

1. Introduction

Nowadays, food products are chosen by consumers not only based on their nutritive
value, but also based on their beneficial effects on health. Therefore, food manufacturers
have enriched their products with bioactive food ingredients, such as vitamins, minerals,
functional lipids, proteins, probiotics and so on [1]. Probiotics are defined as “live microor-
ganisms which, when administered in adequate amounts, confer a health benefit on the
host” [2]. While it is a widely known fact that probiotics have a beneficial influence on
the functioning of the gastrointestinal tract, they also have other positive effects on the
human body, e.g., they might enhance immunity or decrease cholesterol levels [3]. The
viability of probiotic bacteria can be negatively affected by manufacturing and storage
conditions, as well as through their passage in the gastrointestinal tract [4]. Therefore,
delivery systems that are able to protect probiotics against adverse conditions, such as
hydrogels, have constantly been developed [5–7].

In our previous work, we described hydrogels based on poly-γ-glutamic acid (γ-PGA),
which were successfully tested as probiotic-delivery vehicles able to improve the viability
of entrapped strains of probiotic bacteria under acidic conditions. Those hydrogels were
obtained in a reaction between a γ-PGA biopolymer and poly(ethylene glycol)s (PEGs)
cross-linkers [8]. Poly-γ-glutamic acid, a naturally occurring polymer, is water-soluble,
edible, biodegradable and non-toxic toward humans or environment [9]. Currently, fermen-
tative production of γ-PGA from waste biomass is carried out on an industrial scale [10].
This biopolyamide can be used in various industrial fields, such as in medicine, pharma-
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ceuticals, cosmetics, food or agriculture [11]. Moreover, hydrogels based on γ-PGA exhibit
properties that make them suitable for medical and pharmaceutical applications [12,13].

Previously, different PEGs were selected as cross-linkers due to their availability,
relatively low price and widespread applications in the pharmaceutical and food indus-
tries [8]. However, it seemed reasonable to develop fully biobased hydrogels for probiotic
oral-delivery systems. Therefore, in our current work, we decided to use sugar alcohols as
cross-linkers. Sugar alcohols, a class of polyols, are naturally present in fruits, vegetables
and mushrooms. Some of them, such as erythritol, xylitol, mannitol, sorbitol or isomalt,
are used in the food industry as additives, which act as sweeteners, stabilizers, anti-caking
agents and so on [14]. Erythritol is produced on an industrial scale from glucose derived
from corn or wheat through biological processes. Other sugar alcohols are mostly pro-
duced from corresponding mono- and disaccharides by catalytic hydrogenation [15,16].
However, alternative routes of obtaining various sugar alcohols, e.g., biotechnological,
have constantly been developed. For example, it is known that xylitol could be produced
by different yeast strains from various agricultural industry wastes, such as sugar cane
bagasse, corncob, wood sawdust or sunflower stalks [17]. Sorbitol, another sugar alcohol
commonly used in the food industry, might be obtained during the fermentation of glucose
and fructose by bacteria strains [18,19].

In the present work, the γ-PGA-based hydrogels, obtained in a reaction between a
γ-PGA biopolymer and selected sugar alcohols as cross-linkers, were tested as probiotic-
delivery vehicles. The obtained hydrogels were investigated for their ability to provide
entrapped probiotics with proper protection against acidic conditions, as well as improve
the viability of probiotic bacteria during freeze drying.

2. Materials and Methods
2.1. Materials

Poly-γ-glutamic acid (γ-PGA), Mw = 200,000–500,000 g/mol, was purchased from
FUJIFILM Wako Chemicals Europe GmbH (Neuss, Germany). 4-Dimethylaminopyridine
(DMAP), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), phthalate
buffer solution (pH = 3.0), erythritol and xylitol were purchased from Acros Organics
(Geel, Belgium). Sorbitol was purchased from Fisher Scientific U.K. Ltd. (Loughborough,
UK). DMSO, acetone and phosphate buffered saline (PBS, pH = 7.4) were purchased
from Avantor Performance Materials Poland S.A. (Gliwice, Poland). Dialysis membrane
Spectra/Por (MWCO 6000–8000) was purchased from Carl Roth (Karlsruhe, Germany). A
mixture of Lactobacillus strains (L. acidophilus, L. casei and L. rhamnosus) was obtained from
Holland & Barrett Retail Ltd. (Nuneaton, UK). Streptococcus thermophilus was obtained
from the University of Wolverhampton culture collection. Tryptic Soy Agar (TSA) was
purchased from Lab M Ltd. (Heywood, UK).

2.2. Synthesis of Hydrogels

Hydrogels were synthesized in a manner similar to the method previously described [8].
Briefly, the 1.5 g of γ-PGA was placed in a round bottom flask equipped with a magnetic
stirring bar and dissolved in 80 mL of DMSO. Then, the remaining reagents were added
(mol % was calculated per glutamic acid residue of γ-PGA): sugar alcohol (30 mol %),
EDC (30 mol %) and DMAP (10 mol %). The reaction mixture was stirred for 2 h at room
temperature. Then, the mixture was precipitated in acetone and centrifuged for 3 min at
8000 rpm. Obtained hydrogels were purified by putting them into dialysis membranes
and kept overnight in distilled water at room temperature. Then, swollen hydrogels
were lyophilised.

2.3. Nuclear Magnetic Resonance (NMR) Characterisation

Nuclear magnetic resonance (NMR) analyses were performed at room temperature
using NMR Varian 300 MHz (Palo Alto, CA, USA). Each spectrum was recorded with
32 scans, a 1.71 s acquisition time and a 10 s relaxation delay. Before the analyses, samples
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were hydrolyzed in D2O solution of NaOH. Samples of dry hydrogels (15 mg) were put
into vials containing 2.5 mL of D2O solution of NaOH (pH 10.0) and mixed at 60 ◦C for 6 h.
Trimethylsilylpropanoic acid (TSP) was used as an internal standard.

2.4. Preliminary Hydrolitic Degradation

Studies of hydrolytic degradation of hydrogels were carried out under laboratory
conditions in two aqueous solutions: phthalate buffer (pH = 3.0) and phosphate buffered
saline (pH = 7.4). Glass vials containing 150 mg of hydrogel and 10 mL of buffer solution
were placed in a thermostatically controlled incubator set at 37 ◦C. Vials with samples
were withdrawn in duplicate from the incubator after 1, 3, 7, 14 and 21 days. For samples
containing undissolved hydrogels, prior to lyophilization, fragments of hydrogel were
removed by filtration. Lyophilised samples were dissolved in D2O, and NMR analyses
were performed.

2.5. Swelling Studies

Samples of dried hydrogels (with mass of 9–15 mg each) were put into 4.0 mL of tested
medium: phthalate buffer and phosphate-buffered saline. After 24 h of incubation at room
temperature, samples of swollen hydrogels were placed on mesh sheets (Flow-MeshTM;
Diversified Biotech, Boston, MA, USA) to remove excess of buffer and weighed. Then, hy-
drogels were lyophilised and dried samples were weighted. Each swelling experiment was
carried out in triplicate. Swelling ratio SR (g/g) was calculated according to the formula:

SR = (Ws − Wd)/Wd, (1)

where Ws is the weight of the swollen sample (g) and Wd is the weight of the dry sample (g).

2.6. Probiotic Survival in Acid Environments

The protective effects of the γ-PGA-based hydrogels was investigated under pH = 1.5
using a mixture of three Lactobacillus strains (L. acidophilus, L. casei, and L. rhamnosus)
and under pH = 2.0 using Streptococcus thermophilus. Samples of hydrogels (25 mg each)
absorbed 0.5 mL of the suspension of probiotic strains in Ringer’s solution. The 0.5 mL of
suspension of free cells in Ringer’s solution was used as a control. Control and samples
of hydrogels with bacteria were subjected to an acidic solution and incubated at 37 ◦C.
Triplicate samples were withdrawn after 2 and 4 h. Hydrogel samples were put into
Ringer’s solution and shaken on a vortex mixer to release the bacteria. A serial dilution
of bacteria suspension was prepared up to 10−8; then, 20 µL of each cell suspension was
aseptically plated out in duplicate on the TSA plates. Plates were incubated at 37 ◦C. Then,
cell viability was determined by counting the CFU/mL.

2.7. Probiotic Survival after Freeze Drying

The 0.5 mL of suspension of probiotic strains in Ringer’s solution was absorbed by
the 25 mg sample of hydrogel at room temperature. The 0.5 mL of suspension of free
cells in Ringer’s solution was used as a control. Samples of hydrogels with entrapped
cells and suspension of free cells were frozen at −20 ◦C overnight. Triplicate samples
were lyophilised at 0.52 mbar for 48 h. The freeze-dried control was mixed with Ringer’s
solution to prepare a bacteria suspension. Freeze-dried samples of hydrogels were put
into Ringer’s solution, allowed to swell for 1 h and shaken on a vortex mixer to release the
bacteria. A serial dilution of bacteria suspension was prepared up to 10−6; then, 20 µL of
each cell suspension was aseptically plated out in duplicate on the TSA plates. Plates were
incubated at 37 ◦C. Then, cell viability was determined by counting the CFU/mL.

2.8. Statistical Analysis

The data were expressed as mean ± standard deviation. Statistically significant differ-
ences of the samples were assessed using a Student’s t-test, and p < 0.05 was considered to
be statistically significant.
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3. Results

Hydrogels: γ-PGA-erythritol (PGA-E), γ-PGA-xylitol (PGA-X) and γ-PGA-sorbitol
(PGA-S) were obtained via an esterification reaction between carboxyl groups present
along the γ-PGA chain and hydroxyl groups of the selected sugar alcohol, erythritol, xylitol
andsorbitol, respectively (Scheme 1).
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Scheme 1. Synthesis of γ-PGA-based hydrogels.

Composition of hydrogels was determined using 1H NMR. In preparing solution for
analysis, samples of dried hydrogels were hydrolyzed with a solution of NaOH in D2O. As
a result of contact with the NaOH solution, samples of hydrogels first swelled visibly and
then dissolved simultaneously with the progress of the hydrolysis of ester bonds between
γ-PGA and sugar alcohol. The 1H NMR spectra of the hydrolyzed samples are presented
in Figure 1.

In each 1H NMR spectra, signals corresponding to protons of γ-PGA chain (signals
a–c) are visible. Signals corresponding to –CH– and –CH2– protons of each sugar-alcohol
cross-linker overlap each other and are labeled as d, d’ and d” for erythritol, xylitol and
sorbitol, respectively. Based on signals corresponding to sugar alcohol protons (signal d, d’
and d” in Figure 1) and the γ-proton of PGA (signal c in Figure 1), it was calculated that
content of the cross-linker was 12 mol % in PGA-E hydrogel and 11 mol % in PGA-X and
PGA-S hydrogels.

Preliminary hydrolytic degradation of each hydrogel was carried out at 37 ◦C for
21 days in two aqueous solutions: phthalate buffer (pH = 3.0) and phosphate buffered saline
(pH = 7.4). Samples were withdrawn in duplicates after 1, 3, 7, 14 and 21 days. For each
hydrogel, it was observed that samples swelled visibly (tested vials contained hydrogel
and solution), and in synchrony with time of the experiment, samples dissolved completely
(vials contained only transparent solution) (Table 1). PGA-E dissolved completely after
21 days at pH 3.0, while at pH 7.4, after 21 days small fragments of swollen hydrogel could
be observed. PGA-X dissolved completely after 14 days at pH 3.0 and 21 days at pH 7.4.
PGA-S dissolved completely after 21 days at pH 3.0 and at pH 7.4.
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Figure 1. The 1H NMR spectra of the sample obtained as a result of hydrolysis of PGA-E (A), PGA-X (B) and PGA-S (C)
hydrogels (signals a–c corresponding to protons of γ-PGA chain; signals d, d’ and d” corresponding to –CH– and –CH2–
protons of erythritol, xylitol and sorbitol, respectively).

Table 1. Behavior of hydrogel samples during hydrolytic degradation under laboratory conditions.

Time
[Days] PGA-E PGA-X PGA-S

pH 3.0 pH 7.4 pH 3.0 pH 7.4 pH 3.0 pH 7.4
1 h/s h/s h/s h/s h/s h/s
3 h/s h/s h/s h/s h/s h/s
7 h/s h/s h/s h/s h/s h/s

14 h/s h/s s h/s h/s h/s
21 s h/s s s s s

h/s = hydrogel and solution, s = solution.

Swelling studies of PGA-E, PGA-X and PGA-S hydrogels were carried out in aqueous
solutions at pH = 3.0 (phthalate buffer) and at pH = 7.4 (phosphate buffered saline). For
each tested hydrogel, swelling ratio (SR) after soaking in buffer at pH = 7.4 was higher than
SR observed after soaking in buffer at pH = 3.0 (Figure 2). The highest SR in both media
was observed for PGA-X (13.74 ± 0.80 at pH = 3.0 and 18.48 ± 0.64 at pH = 7.4).
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Figure 2. Swelling behavior of γ-PGA-based hydrogels carried in phthalate buffer at pH = 3.0 and
phosphate buffered saline at pH = 7.4 (n = 3, error bars denote standard deviation).

3.1. Protective Effects of γ-PGA-Based Hydrogels on Probiotic Strains under Low pH

The results of protective effects of γ-PGA-based hydrogels on Lactobacillus strains
subjected to pH 1.5, expressed as Log10 CFU/mL, is presented in Figure 3. Control (free
cells) and probiotic bacteria entrapped in hydrogel samples were subjected to pH 1.5 up to
4 h. For free cells, total loss in viability was observed after 2 h of incubation under acidic
condition. While after 2 h of incubation under these conditions, PGA-E, PGA-X and PGA-S
hydrogels allowed the maintenance of probiotic viability at 6.30 ± 0.11, 6.56 ± 0.25 and
6.16 ± 0.20 Log CFU/mL, respectively. After 4 h of the experiment, the viable cell count of
the cells entrapped in 25 mg of PGA-E, PGA-X and PGA-S hydrogels further decreased,
reaching values of 5.27 ± 0.37, 5.15 ± 0.31 and 4.62 ± 0.26 Log CFU/mL, respectively.
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Figure 3. Viability of Lactobacillus strains exposed to pH = 1.5 (control = free cells, n = 3, error bars
denote standard deviation, ns = nonsignificant with p > 0.05).

The results of protective effects of γ-PGA-based hydrogels on Streptococcus thermophilus
subjected to pH 2.0, expressed as Log10 CFU/mL, is presented in Figure 4. Probiotic
bacteria entrapped in hydrogel samples, as well as free cells (control), were subjected
to acid conditions up to 4 h. After incubation for 2 h, the highest loss in cell viability
(3.15 Log CFU/mL) was observed for free cells, while the lowest loss in cell viability
(1.28 Log CFU/mL) was recorded for bacteria entrapped in PGA-E hydrogel. After 4 h,
for free cells kept in pH 2.0, the decrease in cell number from 9.07 ± 07 Log CFU/mL to
4.84 ± 0.17 Log CFU/mL was observed. In cells protected by hydrogels under the same
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time of incubation in low pH, less than a 2.8 Log CFU/mL reduction in viable cell count
was recorded. PGA-E, PGA-X and PGA-S hydrogels allowed the maintenance of probiotic
viability at 6.44 ± 0.27, 6.29 ± 0.33 and 6.47 ± 0.34 Log CFU/mL, respectively. Number
of cells entrapped in all tested hydrogels after 4 h in pH 2.0 were comparable and there
was no significant difference between PGA-E/PGA-X, PGA-E/PGA-S or PGA-X/PGA-S
(p > 0.05).
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Figure 4. Viability of Streptococcus thermophilus exposed to pH = 2.0 (control = free cells, n = 3, error
bars denote standard deviation).

3.2. Cryoprotective Effects of γ-PGA-Based Hydrogels on the Viability of Probiotic Bacteria during
Freeze Drying

Cryoprotective effects of PGA-E, PGA-X and PGA-S hydrogels on the viability of Strep-
tococcus thermophilus during freeze drying was investigated, and results are presented in
Figure 5. After freeze drying, the highest loss in cell viability (from 9.07 ± 0.07 Log CFU/mL
to 3.96 ± 0.32 Log CFU/mL) was recorded for free cells (control). For probiotic cells en-
trapped in hydrogels, less than a 3 Log CFU/mL reduction in viable cell count was observed
after freeze drying. PGA-E, PGA-X and PGA-S hydrogels allowed the maintenance of
probiotic viability at 6.31 ± 0.16, 6.20 ± 0.15 and 6.08 ± 0.18 Log CFU/mL, respectively.
There was no significant difference between PGA-E/PGA-X and PGA-X/PGA-S (p > 0.05).
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4. Discussion

Numerous hydrogels have been developed constantly to obtain materials that are able
to improve the survivability of entrapped probiotic bacteria under gastric conditions, dur-
ing heat treatment or storage at various temperatures [20]. Previously, we have established
that γ-PGA-based hydrogels, developed by some of us, were able to improve the viability
of entrapped strains of probiotic bacteria during exposure to low pH [8]. Those outcomes
encouraged further research on γ-PGA-based hydrogels. In the present work, we report
hydrogels made of a γ-PGA biopolymer and selected sugar alcohol. Sugar alcohols used
as food additives and consumed in moderate doses could be beneficial to human health
because they act as a prebiotic [21]. Prebiotics are compounds that support the growth or
activity of bacteria that colonize the gastrointestinal tract [22].

PGA-E, PGA-X and PGA-S hydrogels were obtained in an esterification reaction
between a γ-PGA biopolymer and selected sugar alcohol: erythritol, xylitol and sorbitol,
respectively. Based on 1H NMR spectra of the hydrolyzed hydrogels samples, it was
established that the content of sugar alcohol was similar in each hydrogel (12 mol % in
PGA-E and 11 mol % in PGA-X and PGA-S). During swelling studies, it was observed
that for each tested hydrogel, the swelling ratio (SR) was lower after soaking in buffer at
pH = 3.0 than after soaking at pH = 7.4. Differences in SR values at tested buffers might
be associated with the influence of pH on swelling behavior. Swelling behavior of γ-PGA-
based hydrogels is associated with repulsive forces between –COO− groups. At lower pH,
the –COO− groups are protonated, which led to a depressed swelling of the hydrogel [23].
For probiotic delivery vehicles, low swelling ratio under acidic conditions is desirable since
contact between entrapped probiotic cells and acidic medium in the stomach should be
limited. Then, a probiotic vehicle subjected to the gradually increasing pH (from pH = 5.5
in the small intestine to about pH = 7.5 in the ileo-colonic region [24]) would swell so
probiotic cells could be released. A preliminary hydrolytic degradation test carried out
under laboratory conditions at pH = 3.0 and at pH = 7.4 showed that hydrogels dissolved
completely after 14 or even 21 days of experiment. However, under gastrointestinal tract
conditions, there are considerably more factors that affect degradation rate. It is known
that presence of enzymes accelerate degradation of ester bonds [25,26]. Therefore, it can
be assumed that in the human gastrointestinal tract, degradation of hydrogels would
perform faster.

The protective effects of developed γ-PGA-based hydrogels was investigated under
low pH. In the performed experiment, Lactobacillus strains subjected to pH 1.5 were not
able to survive for 2 h (Figure 3). Under the same time frame, 25 mg of hydrogels made
of γ-PGA biopolymer and selected sugar alcohol facilitated in maintaining the viability
of the entrapped probiotic cells higher than 6.0 Log CFU/mL. Moreover, even after 4 h
of experiment, the viability rate of cells entrapped in PGA-E and PGA-X hydrogels were
higher than 5.0 CFU/mL. Notably, in our previous work, the highest viable cell count of
the same Lactobacillus strain cells entrapped in 25 mg of hydrogels made of γ-PGA and
PEG, after 4 h of incubation under pH = 1.5, reached values of 2.88 ± 1.86 Log CFU/mL
for PEG400 and 3.34 ± 2.61 Log CFU/mL for PEG1000-3arm. It was previously established
that increasing the hydrogel amount (from 25 to 50 mg per sample) visibly improved
the cell survival rate. The viable cell count of Lactobacillus cells entrapped in 50 mg of
hydrogels made of γ-PGA and PEG, after 4 h of incubation under pH = 1.5, was higher
than 4.0 Log CFU/mL (4.16 ± 0.37 Log CFU/mL for PEG400 or 4.29 ± 0.24 Log CFU/mL
for PEG1000-3arm) [8]. Based on the obtained results, it was established that the smaller
amount (25 mg) of hydrogels made of γ-PGA and sugar alcohol were able to maintain a
higher viable cell count of Lactobacillus strains subjected to low pH than a larger amount
(50 mg) of γ-PGA-PEG hydrogels. As a result, we managed to develop hydrogels (made
of γ-PGA and sugar alcohol) that provide better protection than previously reported
hydrogels made of γ-PGA and PEG for the same probiotic bacteria subjected to low pH.

It was established that hydrogels made of γ-PGA and sugar alcohol improve the
survivability of Lactobacillus strains subjected to acidic conditions. In the next step, the



AppliedChem 2021, 1 181

protective effects of developed hydrogels were investigated towards another probiotic
strain sensitive to gastrointestinal tract conditions—Streptococcus thermophilus [27]. Free
cells of Streptococcus thermophilus and cells entrapped into PGA-E, PGA-X and PGA-S
hydrogels were subjected to pH 2.0 up to 4 h (Figure 4). After 2 h of experiment, as well
as after 4 h, the viability of free cells was lower than the viability of cells protected by
hydrogels. Although certain loss in the viability of cells entrapped in all hydrogels was
recorded, the number of viable cells ≥6.00 Log CFU/mL after 4 h should be still enough to
carry out health benefits on the host [28]. Based on literature data, it could be explained
that developed hydrogels enhanced the cells’ survival rate by providing a physical barrier
between entrapped probiotic cells and the harmful environment [4–7].

Probiotic bacteria are subjected to freeze drying to prolong their storage time, as well
as to reduce costs of transport and storage. Cell dehydration during the freeze drying
process may cause damages on the cellular structures; therefore, a decrease in cell viability
is commonly observed [29]. The viability of free cells of Streptococcus thermophilus visibly
decreased during a freeze-drying experiment (Figure 5). It is known that the negative effects
of freeze drying could be overcome by using cryoprotectants, substances such as skim milk,
ascorbic acid or mono and disaccharides, which are capable of protecting the cells from
membrane injuries [30]. The γ-PGA has already been successfully tested as a cryoprotectant
for probiotic bacteria during freeze drying [31,32]. Moreover, it was found that some sugar
alcohols, such as xylitol or sorbitol, were able to stabilize the viability of probiotic bacteria
during freeze drying, as well as during storage at refrigerated conditions [33,34]. Taking
that into consideration, it seems reasonable to develop cryoprotectants for probiotics
containing both materials, γ-PGA and selected sugar alcohol. Obtained results (Figure 5)
showed that all tested hydrogels were able to improve the viability of entrapped cells
during freeze drying in comparison to free cells.

5. Conclusions

During conducted research, it was found that developed γ-PGA-based hydrogels
improved the survival of Lactobacillus strains during exposure to acid conditions. Interest-
ingly, the viability of Lactobacillus strains entrapped into the hydrogels made of a γ-PGA
biopolymer and selected sugar alcohols exposed to low pH was higher than the viability of
those strains entrapped into hydrogels made of a γ-PGA biopolymer and PEG (previously
reported by some of us). Moreover, currently reported γ-PGA-based hydrogels could
be used not only for the Lactobacillus strain, but also for other probiotic strains. It was
established that obtained hydrogels were able to improve the survivability of Streptococcus
thermophilus under acidic conditions. In addition, those hydrogels helped maintain the
viability of entrapped Streptococcus thermophilus cells during freeze drying.
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8. Kwiecień, I.; Niewolik, D.; Ekere, A.I.; Gupta, A.; Radecka, I. Synthesis of Hydrogels Made of Poly-γ-Glutamic Acid (γ-PGA) for
Potential Applications as Probiotic-Delivery Vehicles. Appl. Sci. 2020, 10, 2787. [CrossRef]

9. Bajaj, I.; Singhal, R. Poly (glutamic acid)-an emerging biopolymer of commercial interest. Bioresour. Technol. 2011, 102, 5551–5561.
[CrossRef]

10. Luo, Z.; Guo, Y.; Liu, J.; Qiu, H.; Zhao, M.; Zou, W.; Li, S. Microbial synthesis of poly-γ-glutamic acid: Current progress,
challenges, and future perspectives. Biotechnol. Biofuels 2016, 9, 134. [CrossRef] [PubMed]

11. Hsueh, Y.-H.; Huang, K.-Y.; Kunene, S.C.; Lee, T.-Y. Poly-γ-glutamic Acid Synthesis, Gene Regulation, Phylogenetic Relationships,
and Role in Fermentation. Int. J. Mol. Sci. 2017, 18, 2644. [CrossRef]

12. Cho, S.H.; Hong, J.H.; Noh, Y.W.; Lee, E.; Lee, C.S.; Lim, Y.T. Raspberry-like poly(γ-glutamic acid) hydrogel particles for
pH-dependent cell membrane passage and controlled cytosolic delivery of antitumor drugs. Int. J. Nanomed. 2016, 11, 5621–5632.
[CrossRef] [PubMed]

13. Fan, Z.; Zhang, Y.; Zhang, W.; Li, X. In situ injectable poly(γ-glutamic acid) based biohydrogel formed by enzymatic crosslinking.
J. Appl. Polym. Sci. 2015, 132, 42301–42307. [CrossRef]

14. Grembecka, M. Sugar alcohols—Their role in the modern world of sweeteners: A review. Eur. Food Res. Technol. 2015, 241, 1–14.
[CrossRef]
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