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Abstract: Probiotic formula for the vaginal tract must contain high numbers of viable beneficial bacte-
ria that maintain their characteristics during the production and further storage, in order to exert the
claimed probiotic effect. Four probiotic strains—Lactobacillus gasseri CRL1320, Limosilactobacillus reuteri
CRL1324, Ligilactobacillus salivarius CRL1328 and Lacticaseibacillus rhamnosus CRL1332—originally
isolated from vagina of healthy women exhibiting beneficial properties were evaluated. Therefore, the
optimization of growth parameters and dry biomass production with high viability while preserving
probiotic features of strains is a great challenge. Different growth conditions in MRS medium were
set up in a laboratory bioreactor; two initial pH and agitation were recorded speeds during static or
controlled fermentations. Production conditions of 37 ◦C with controlled pH 6.5 and 5.5-MRS with
150 and 75 rpm stirring speeds were used for CRL1329 and CRL1332 strains, respectively, while static
and free pH MRS for CRL1324 and CRL1328 probiotics allowed us to obtain maximal cell viability
counts. However, during 12 h of fermentation, biomass yields of 19.3, 16.2 and 15.2 g/L were achieved
when CRL1329, CRL1328 and CRL1324 probiotic strains were grown in static and free pH MRS. The
highest biomass yield for CRL1332 strain was produced under controlled MRS-initial pH 6.5 and
75 rpm fermentation conditions. To preserve probiotic high biomass viability, freeze-drying was
carried out in the presence of different cryoprotective agents. Thus, the highest viable numbers
(10.9–11.8 log CFU/g) with survival rates between 91.3 and 95.6% were attained in the presence of
10% trehalose (L. reuteri and L. salivarius), lactose (L. rhammosus) and lactose + trehalose + sucrose
mix (L. gasseri). When stability during post-freeze-drying storage was evaluated, probiotic strains
showed a remarkably higher viability recovery when stored at 4 ◦C than at 25 ◦C for 12 and 3 months,
respectively. In addition, surface characteristics of vaginal probiotics were affected to different extents
during storage depending on the strain, protective agent and storage time/temperature. Critical
factors for growth conditions, drying process and storage stability of probiotic lactobacilli strains
were optimized in view to preserve cell high viability and surface features for the design of vaginal
probiotic formula.

Keywords: vaginal probiotics; lactobacilli; cryoprotectants; storage; vaginal tract health; formula
design

1. Introduction

Lactobacilli are the dominant bacteria in the healthy human vaginal tract, as evidenced
through the recent Microbioma project [1]. They can be applied to restore the vaginal
ecosystem and, at the same time, exert different effects, such as stimulation of the immune
system and protection against pathogens. The high number of viable micro-organisms
in the final formulas is one of the main challenges in the design of probiotic products
aimed at producing a beneficial physiological effect in the host, improving the health
of different human and animal tracts. Thus, the potential beneficial bacteria must resist
the technological conditions of the applied processes for biomass production and further
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concentration-drying steps, surviving and maintaining the probiotic viability and properties
after the storage- and shelf-life of the product.

The evaluation of technological characteristics of micro-organisms for their inclusion in
the final formula is essential to complement the selection and design of products/excipients
in which the vaginal lactic acid bacteria (VLB) will be combined after their industrial scaling-
up [2] and further storage. These requirements are supported by a number of research
reports and guidelines from different scientific organizations [3,4], which confirmed the
dependence of probiotics effectiveness on the number of viable cells, which must remain
between 106 and 108 CFU per formulation dose [5,6] to exert the claimed effect.

In order to obtain high biomass yield for probiotic lactobacilli in a large-scale produc-
tion, optimal conditions to sustain bacterial growth must be achieved. The bacterial biomass
production is frequently carried out using batch systems; laboratory bioreactors are used
to look for the for best conditions [7] through adjusting or modifying different extrinsic
or physicochemical factors to increase cell biomass production. Among other parameters,
modifying growth factors, such as culture medium substrates, pH, temperature, and in-
cubation time, allowed us to improve the amount of produced biomass [8,9]. Concerning
optimal pH, acidification of culture media produced and accumulated using lactobacilli
acid may affect cell physiology with growth reduction or interruption; pH control close to
neutrality can support a higher growth rate. In addition, the growth of probiotic lactobacilli
is rarely enhanced through the presence of oxygen, given the microaerophilic nature of
lactic acid bacteria; thus, high agitation of the medium must be avoided [10,11].

As a further preservation of high viability and functionality of the biomass, concen-
tration and preservation technologies to assure long-term stability must be applied. A
concentration step to increase biomass cell density after fermentation is typically carried
out via centrifugation or membrane filtration for water elimination to guarantee long-term
storage [11,12]. However, the gold standard process applied is freeze-drying, which in-
volves “drying” the solvent (generally water) to remove it via direct passage to gaseous
state from frozen preparations (sublimation). Freeze-drying or lyophilization is carried out
at very low temperatures; thus, alteration of the cells is minimal [13,14]. In addition, it is
vitally important to determine the stability of the freeze-dried bacteria for their subsequent
inclusion in probiotic formulas; although many factors determine the freeze-drying success
of lactic acid bacteria, being the intrinsic property of the strain is of primary importance [15].
Other factors, such as water activity, oxygen level and storage temperature, can lead to a
loss of cell viability during storage; therefore, the use of cryoprotectants/lyoprotectants is
mandatory for cell survival. A diversity of additives was used to protect cells from freeze
drying and improve stability [16–19].

Different VLB strains were previously isolated from healthy women in Tucumán, Ar-
gentina [20]. The strains showed appropriate surface and functional characteristics [21–26],
such as safety [27] and resistance to osmotic stress, temperatures [28] and gastrointestinal
tract conditions [29], to be used either as probiotics or combined with phytoderivatives [30].
Phase I assays were also performed to determine strains’ safety in healthy women [31]. The
aim of this work was to optimize the growth conditions and biomass production of four
selected VLB probiotics: Lactobacillus gasseri CRL1320, Limosilactobacillus reuteri CRL1324,
Ligilactobacillus salivarius CRL1328 and Lacticaseibacillus rhamnosus CRL1332. In order to
include probiotics VLB in vaginal formulations, the resistance to the freeze-drying process
resulting from use of different cryoprotectant additives and probiotics strains stability
during storage under different temperatures throughout 12 months was also investigated.

2. Material and Methods
2.1. Micro-Organisms and Culture Conditions

Four strains of probiotic vaginal lactic acid bacteria (VLB)—Limosilactobacillus reuteri
CRL1324, Lactobacillus gasseri CRL1320, Lacticaseibacillus rhamnosus CRL1332 and Ligilacto-
bacillus salivarius CRL1328—isolated from healthy urogenital female tract (Tucumán, Ar-
gentina) and selected because of their different and complementary properties [25,32–35]
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were evaluated. The taxonomic characterization of the strains defined by Zheng [36]
was now used. The micro-organisms were stored in milk yeast extract (13% skim milk,
0.5% yeast extract and 1% glucose) at −20 ◦C, subsequently subcultured three times in
MRS broth (De Man, Rogosa and Sharpe) (Biokar Diagnostics, Beauvais, France) and incu-
bated for 12 h at 37 ◦C. The inoculum (2%, v/v) was performed from the third subculture
(O.D560 nm = 0.9–1.0) (Spectronic 20, Bausch and Lomb, Rochester, NY, USA) corresponding
to 6–8 log CFU/mL.

2.2. Optimization of Growth Conditions for VLB Biomass Production

To evaluate the influence of pH and stirring conditions on the probiotic strains, batch
mode fermentation was used. A 1.5 L bioreactor (Benchtop Bioreactor INFORS HT, Switzer-
land) containing 1 L of MRS broth was used, with in situ sterilization (121 ◦C; 20 min). The
first set of experiments were performed at initial pH6.5, in static conditions and with free
pH drop, and samples were taken every 2 h. For pH assay, culture media were initially
adjusted to 6.5 and 5.5 (mimicking vaginal pH value [37]), automatically controlled through
addition of 1N NaOH during fermentation process and incubated during 12 h at 37 ◦C.
After VLB inoculation (2%, v/v), the equipment was set up and solutions plugged to main-
tain stable pH, stirring conditions (150 and 75 rpm), temperature and system operation
were verified. After fermentation, samples were taken aseptically from the bioreactor at
0, 2, 4, 6, 8, 10 and 12 h, and LAB growth was determined using viable cell numbers and
quantified after serial dilutions and plating on MRS agar (incubated for 16 h; 37 ◦C). For
pH measurements (free pH), a PT-10 pH meter with a penetration electrode (Sartorius
AG, Göttingen, Germany) was used, and probiotic biomass (g/L) production at 12 h was
determined via weighting the cellular pellet after centrifugation (Beckman Coulter Avanti
J-E, Brea, CA, USA). Samples were processed via duplicate, and protocols were carried out
twice. Growth in MRS broth pH 6.5 without agitation and free pH drop was used as the
control. A lower stirring speed (75 rpm) was also assayed.

To determine the bacterial growth parameters, the modified Gompertz model with
4 parameters was applied, according to:

DOt = N0 + Amax × exp {−exp [(µ × e/Amax) × (λ−t) + 1]}

where ODt = OD at time t (h); N0 = initial OD value; Amax = maximal growth (log CFU/mL);
µ =growth rate expressed in h−1; e = Neperian logarithm (2.718281828) and λ = length of
the lag phase in h; and basis, as was previously reported [28].

2.3. Optimization of Freeze Drying Conditions

VLB grown in MRS broth after 13 h at 37 ◦C were washed three times, centrifuged
(7000× g; 10 min at 4 ◦C, Beckman, Germany) and concentrated 10 times to obtain a higher
number of micro-organisms (1010–1011 CFU/mL). Subsequently, each VLB was mixed with
different cryoprotectants: lactose, sucrose, and trehalose (10%), as well as the combination
of the three sugars at equal final concentration (10%), and re-suspended (1:1 v/v) [15]. They
were then uniformly distributed in Petri dishes and stored for 48 h at −80 ◦C. The freeze-
drying process was carried out, as previously reported [29], using vertical trays (Lyovac
GT2 Freeze Dryer, Germany) for 16 h at 0.3 mbar, and VBL powders with 1% residual
humidity were obtained. To evaluate the effect of the cryoprotectants, viable cells number
before and after freeze-drying were determined, as described before.

2.4. Stability of Freeze-Dried VLB during Storage
2.4.1. Encapsulation and Storage at Different Temperatures

After freeze drying, VLB powders with the different protectants were uniformly
distributed in No 1 hard gelatine capsules (Saporiti, Argentina). Capsules were filled using
manual capsule filler (Maclen, Argentina). Later, the capsules were included in aluminium
blisters and vacuum-sealed in aluminium bags (Turbovac, Argentina) for their storage at 4
and 25 ◦C. During different time periods (1, 3, 6, 9 and 12 months), samples were taken,
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and the number of viable bacteria (log CFU/g) and surface properties of the strains were
determined.

2.4.2. Maintenance of VLB Probiotic Properties

Surface properties (autoaggregation and hydrophobicity) of VLB after freeze-drying
and storage for periods of 3 months at 25 ◦C and 12 months at 4 ◦C, respectively, were
evaluated according to the methodology previously reported [25].

2.5. Statistics

The results were expressed as the mean value ± standard deviation of the data. All
the assays were performed in duplicate or triplicate. A value of p < 0.05 was considered
statistically significant through applying an analysis of variance (ANOVA). The results were
analysed using Minitab 17 software. The statistical analysis was carried out considering
the maximal values of OD560nm up to 14 h of growth, and the log CFU/mL in each one of
the growth media were assayed and selected as optimal.

3. Results
3.1. Optimization of Growth Conditions of VLB Probiotics

To optimize the growth of VLB probiotic strains, the effect of operating settings in
the bioreactor were first evaluated. Since the probiotic lactobacilli were isolated from
human vagina, it may be assumed that a temperature of 37 ◦C would be optimal for growth.
Initial pH of 6.5 and 5.5, free dropped or maintained during growth, under static or stirred
conditions for 12 h were assayed. Results of VLB growing in MRS broth at initial 6.5 value,
free pH drop without agitation and 37 ◦C during 12 h incubation (control) showed final cell
counts from 8.78 log CFU/mL for L. rhamnosus CRL1332 to 9.44 log CFU/mL for L. reuteri
CRL1324 (Figure 1). Obtained pHs at the end of incubation time were 3.98, 3.99, 4.39 and
4.59 for CRL1328, CRL1332, CRL1320 and CRL1324, respectively.

Figure 1. Growth of probiotic VLB in MRS-pH 6.5, free pH and static conditions during 12 h at
37 ◦C. Solid lines represent bacterial growth, while dashed lines represent pH. Limosilactobacillus
reuteri CRL1324 (• circle), Ligilactobacillus salivarius CRL1328 (� square), Lacticaseibacillus rhamnosus
CRL1332 (� diamond) and Lactobacillus gasseri CRL1320 (Ntriangle).
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When probiotic VLB were grown in MRS with H 5.5 controlled (during growth) and
agitation (150 rpm) in the bioreactor (Figure 2A), higher viable cell counts were reached
using CRL1332 and CRL1324 strains with 9.60 and 9.15 log CFU/mL, while lower final
viable cell numbers (8.50 and 8.20 CFU/mL) were obtained for CRL1328 and CRL1320.
With the exception of L. rhamnosus CRL1332, a lag-phase of 2 h was observed for the other
probiotic strains. On the other hand, VLB probiotics growth in pH 6.5-controlledMRS and
agitation (150 rpm) at 37 ◦C (Figure 2B) exhibited higher final viable counts compared to
VLB growing in controlled pH 5.5 MRS. Indeed, final viable counts of 10.10 log CFU/mL
were reached using L. gasseri CRL1320, while the other three strains showed 9.60 log
CFU/mL at 12 h. A lack of lag-phase was observed for the growth of probiotic strains
under these last conditions, maintaining pH 6.5 during the entire incubation time.

Figure 2. (A). VLB growth in MRS (pH 5.5 maintained during growth) and 150 rpm. (B). VLB
Growth in MRS (pH 6.5 maintained during growth) and 150 rpm. Lines represent VLB strains
of Limosilactobacillus reuteri CRL1324 (�), Ligilactobacillus salivarius CRL1328 (�), Lacticaseibacillus
rhamnosus CRL1332 (•) and Lactobacillus gasseri CRL1320 (N). (C). Growth of Lactobacillus gasseri
CRL1320 and Lacticaseibacillus rhamnosus CRL1332 in MRS pH 5.5 (maintained during growth) and 75
or 150 rpm. Incubation was carried out at 37 ◦C during 12 h. Continue lines indicate 75 rpm, and
dashed lines 150 rpm.

As a result of the previous evaluated conditions, the highest final viable count num-
bers were obtained for L. gasseri CRL1320 and L. rhamnosus CRL1332 when pH 6.5 was
maintained/controlled in MRS broth, and 150 rpm were set as the stirring speed in the
bioreactor. Due to the microaerophilic characteristic of lactic acid bacteria, excessive aera-
tion can be detrimental for growth; therefore, a lower agitation speed (75 rpm) was assayed
for CRL1320 and CRL1332 (Figure 2C), albeit maintaining pH 5.5 during growth. Results
showed a dramatic reduction in the final viable numbers (8.15 log CFU/mL) for L. gasseri
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CRL1320 at 12 h when 75 rpm was set, while maximal viable counts (10 log CFU/mL) were
maintained at a speed of 150 rpm. On the other hand, L. rhamnosus CRL1332 increased its
final counts to 10 log CFU/mL when medium was stirred at 75 rpm.

3.2. Growth Parameters

Table 1 summarizes the growth parameters of VLB strains under the evaluated con-
ditions. The growth of L. gasseri CRL1320 and L. rhamnosus CRL1332 exhibited maximal
growth rate (1.62 ± 0.05 and 1.44 ± 0.01) in controlled pH 6.5-MRS at 150 rpm and con-
trolled pH 5.5-MRS, 75 rpm, respectively. L. reuteri CRL1324, when grown in MRS (initial
pH 6.5, with no pH control during growth) in static conditions, exhibited high viable cell
counts, close to controlled pH 6.5-MRS at 150 rpm. However, high viable cell numbers were
reached using L. rhamnosus CRL1332 and L. gasseri CRL1320 in pH 6.5 controlled (during
growth)-MRS and pH 5.5-controlled and 150 rpm, respectively. The number of viable cells
showed in the table were the highest obtained, albeit at different times of incubation (plots
not showed). The results obtained indicate a high dependence of probiotic strain on the
cultivation conditions.

Table 1. Growth parameters of VLB incubated under different conditions.

VLB Strain * Incubation
(pH/rpm) µ (h−1) Lag Phase

(h) Amax (log UFC)

Lactobacillus gasseri
(L. gasseri CRL 1320)

5.5/150 0.87 ± 0.07 0 11.09 ± 0.02

5.5/75 1.00± 0.01 1 10.21 ± 0.01

6.5/150 1.62 ± 0.05 6 10.64 ± 0.09

MRS 0.40 ± 0.10 5 9.96 ± 0.03

Lacticaseibacillus rhamnosus
(L. rhamnosus CRL 1332)

5.5–150 0.64 ± 0.01 0 10.74 ± 0.04

5.5–75 1.44 ± 0.01 2 10.74 ± 0.06

6.5–150 0.86 ± 0.01 2 10.75 ± 0.08

MRS 0.44 ± 0.04 0 9.78 ± 0.04

Limosilactobacillus reuteri
(L. reuteri CRL 1324)

5.5–150 0.92 ± 0.02 0 9.92 ± 0.55

6.5–150 0.92 ± 0.03 2 10.83 ± 0.03

MRS 0.48 ± 0.09 1 10.61 ± 0.01

Ligilactobacillus salivarius
(L. salivarius CRL 1328)

5.5–150 0.82 ± 0.04 0 10.47 ± 0.07

6.5–150 0.93 ± 0.01 8 8.24 ± 0.01

MRS 0.75 ± 0.08 1 10.5 ± 0.08
* The taxonomic identification of the lactic acid bacteria assayed are included in the table, according to
Zheng et al. [36]. The name of the strains as originally isolated, and included in the CRL Collection strains
is below, indicated in parenthesis.

3.3. Bacterial Biomass Yield

Comparison of bacterial performance required to produce cell biomass under different
growth conditions is shown in Figure 3. A higher yield of bacterial biomass was obtained
when L. gasseri CRL1320, L. reuteri CRL1324 and L. salivarius CRL1328 probiotic strains
were grown in free and static MRS-initial pH 6.5, while L. rhamnosus CRL1332 showed max-
imal biomass production under controlled pH 6.5 MRS conditions and stirred at 150 rpm.
However, no significant difference (p > 0.05) was found for biomass produced using L.
gasseri CRL1320, L. reuteri CRL1324 and L. salivarius CRL1328 in controlled pH 6.5 MRS
stirred at 150 rpm. Wet biomass yields for L. gasseri CRL1320 in free MRS was 19.03 g/L,
while values of 8.21 and 6.13 g/L were obtained when it was grown in controlled pH
6.5-MRS/150 and 5.5/150 or 5.5/75 conditions, respectively. Biomass obtained for CRL1324
and CRL1328 probiotic strains also showed maximal values of 15.2 and 16.5 g/L growing
in pH free-drop MRS; however, under controlled MRS pH 6.5/150 and 5.5/150 conditions,
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biomass production was 4.0 and 8.0 g/L, respectively. In addition, high biomass yield was
found for L. rhamnosus CRL1332 when it was grown in controlled pH 5.5/150 conditions,
while lower biomass yield (16.9 g/L) was recovered under free MRS cultivation; controlled
pH 5.5/150 and 5.5/75 yielded 14.24 and 6.5 g/L of biomass, respectively.

Figure 3. Production of biomass using VLB at different growth conditions. Lactobacillus gasseri

CRL1320 (black solid bars ), Limosilactobacillus reuteri CRL1324 (oblique line bars ), Ligilactobacil-

lus salivarius CRL1328 (squared bars ) and Lacticaseibacillus rhamnosus CRL1332 (dotted bars ).
Different letters indicate statistical differences between strains at different fermentation condicions
(p < 0.05).

3.4. Optimization of Freeze-Drying Conditions and Effect of Cryoprotectants on VLB

To maintain the high viability of VLB probiotics strains when they are administered, it
is necessary to ensure the preservation of their high numbers in the obtained biomass. In
this study, freeze-drying was used due to the enhanced stability reached using probiotic
micro-organisms during storage via the use of cryoprotectants/lyoprotectants. Therefore,
the effect of different cryoprotectants was evaluated (Figure 4).

The probiotic cells were differently affected by the protective agents assayed; L. reuteri
CRL1324 and L. salivarius CRL1328 were efficiently protected when suspended in trehalose
(T), showing the highest viability (11.9 and 10.8 log CFU/g) after the freeze-drying, with
estimated survival rates of 95.6 and 93.9%, respectively. Using lactose (L) as a protectant,
freeze-dried L. rhamnosus CRL1332 reached maximal viability (11.8 log CFU/g) with a
survival recovery of 94.7%. In addition, L. gasseri CRL1320 reached maximal viability
(11.6 log CFU/g) when suspended in the lyoprotectants mixture (M), reaching a survivabil-
ity of 91.3%. With the exception of CRL1324 strain, sucrose (S) as protectant showed the
lowest viability recovery.
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Figure 4. Viable cell numbers of VLB before and after lyophilization with different lyoprotectants.
Different letters indicate statistical differences before and after lyofilization (p < 0.05). Lactose (L),
sucrose (S), trehalose (T) and cryoprotectants are mixed (M). Grey and white bars represent viable
counts before and after freeze drying process, respectively. Strains are represented using each pair of
grey–white bars as follows: L. gasseri CRL1320 (solid bars ), L. reueri CRL1324 (oblique lines bars

), L. salivarius CRL1328 (squeared bars ) and L. rhamnosus CRL1332 (dotted bars ).

3.5. Stability of Encapsulated VLB during Storage at Different Temperatures
3.5.1. Stability of VLB Stored at 25 ◦C

After freeze-drying, VLB probiotic strains were incorporated in hard-gelatine capsules
and stored at different temperatures up to 12 months and under vacuum conditions. When
maintained at 25 ◦C, a dramatic viability decrease was observed after 3 months, as shown in
Figure 5. Therefore, and knowing that a cell concentration between 6.0 and 9.0 log CFU/g
is required in probiotic formulations, the stability of the probiotic VLB was determined
after different months of storage. Even when a high survival recovery was exhibited by L.
reuteri CRL1324 (>10 log CFU/g) for all the assayed protectants, L. gasseri CRL1320 was
able to survive in the range of 6.8–8.3 log CFU/g at 25 ◦C; its higher viability after 3 months
was in the presence of M with 7.6 log CFU/g. In addition, L. rhamnosus CRL1332 remained
viable between 7.0 and 8.4 log CFU/g after 3 months, while L. salivarious CRL1328 did not
maintain the required viability to be included in probiotic formulas, with a loss of viability
that was maximal when L was used as a lyoprotectant (<6.0 log CFU/g).
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Figure 5. Stability of VLB stored for 3 months at 25 ◦C (room temperature) with different lyopro-
tectants. Letters indicate statistical differences between lyoprotectants used (p < 0.05). Lactose (L),
sucrose (S), trehalose (T) and lyoprotectants mixture (M). Lactobacillus gasseri CRL1320 (solid bars ),
Limosilactobacillus reuteri CRL1324 (oblique lines bars ), Ligilactobacillus alivarius CRL1328 (squeared
bars ) and Lacticaseibacillus rhamnosus CRL 1332 (dotted bars ).

3.5.2. Stability of Lyophilized VLB Stored at 4 ◦C

Refrigeration temperatures are used to store and maintain the viability of lyophilized
micro-organisms during different periods of time, with conditions being applied in re-
search laboratories, culture collections, pharmaceutical and food product manufacturing.
In this study, a decrease in VLB viability after 12 months of storage at 4 ◦C was ob-
served (Figure 6). After 3 months of storage at this temperature, VLB probiotic strains
remained viable, and no significant differences were observed for strains with the different
lyoprotectants (Figure 6A), with this result being similar to those obtained at 25 ◦C (after
3 months). On the other hand, after 12 months of storage at 4 ◦C, L. gasseri CRL1320
and L. rhamnosus CRL1332 freeze-dried with different protectants maintained their via-
bility around 8.0 log CFU/g (with the exception of CRL1332 when M was used), while L.
reuteri CRL1324 and L. salivarius CRL1328 showed 7.0 log CFU/g under the same storage
conditions (Figure 6B). As regard as lyoprotectants under evaluation, L. gasseri CRL1320
suspended in L and T, and L. rhamnosus CRL1332 suspended in S, registered the highest
viability at (8.0–9.0 log CFU/g) at 12 months. However, viable cells recovered from L. sali-
varius CRL1328 and L. reuteri CRL1328 with different lyoprotectants showed the capacity to
maintain the number required for probiotic formulations.

3.6. Maintenance of Surface Properties after VLB Freeze Drying

Surface properties (autoaggregation and hydrophobicity) of lyophilized VLB pre-
served during 3 and 12 months at 25 ◦C and 4 ◦C, respectively, were assessed. The results
were compared with those previously obtained in order to determine whether the drying
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process applied modified the strains surface characteristics, which was one of the main
criterium supporting their selection (Table 2). Results showed a general decrease in hy-
drophobicity percentage at 25 ◦C for all the probiotics, except for freeze-dried CRL1320
strain, which preserved high values when M was used as lyoprotectant. Storage at 4 ◦C
lead to similar hydrophobicity percentages for L. gasseri CRL1320, L reuteri CRL1324, L.
salivarius CRL1328 and L. rhamnosus CRL1332, except when S, S and M and lyoprotectant
mixture were used, respectively. However, CRL1328 strain exhibited higher and similar
reported hydrohobicity values when L/S and T, respectively, were used as lyoprotectants.

Figure 6. Stability during storage of VLB after freeze-drying with different lyoprotectants. (A). For
3 months at 4 ◦C. (B) For 12 months at 4 ◦C. Letters indicate statistical differences between lyoprotec-
tants of each strains (p < 0.05). Lactose (L), sucrose (S), trehalose (T) and lyoprotectants mixture (M).
Lactobacillus gasseri CRL 320 (solid bars );, Limosilactobacillus reuteri CRL1324 (oblique lines bars

), Ligilactobacillus salivarius CRL1328 (squeared bars ) and Lacticaseibacillus rhamnosus CRL1332
(doted bars ).
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When the autoaggregation percentage was compared at 25 ◦C to values previously
reported, with the exception of L. gasseri CRL1320, which increased its values, probiotic
strains showed lower autoaggregative percentages. When probiotics were stored for 12
months at 4 ◦C, L. gasseri CRL1320 and L. reuteri CRL1324 increased self-aggregation values;
a reduction in these values was observed for CRL1328 and CRL1332 probiotic strains under
these conditions.

Table 2. Surface properties of VLB before and after freeze-drying with different cryoprotective agents
and storage at 4 and 25 ◦C.

BVL T ◦C Lyoprotectant
% Hydrophobicity % Autoagreggation

Pre-
Lyofilization

Post-
Lyofilization

Pre-
Lyofilization

Post-
Lyofilization

Ligilactobacillus salivarius
(L. salivarius CRL 1328)

4 ◦C

Lactose 10.00 23.07 80.00 6.00

Sucrose 10.00 25.50 80.00 69.16

Trehalose 10.00 10.00 80.00 39.19

Mixture 10.00 2.00- 80.00 40.00

25 ◦C

Lactose 10.00 2.00 80.00 2.00

Sucrose 10.00 2.00 80.00 2.00

Trehalose 10.00 2.00 80.00 2.00

Mixture 10.00 2.00 80.00 2.00

Lacticaseibacillus rhamnosus
(L. rhamnosus CRL 1332)

4 ◦C

Lactose 42.00 5.00 18.00 2.00

Sucrose 42.00 5.00 18.00 10.83

Trehalose 42.00 5.00 18.00 2.00

Mixture 42.00 5.00 18.00 2.00

25 ◦C

Lactose 42.00 2.00 18.00 2.00

Sucrose 42.00 5.00 18.00 2.00

Trehalose 42.00 5.00 18.00 2.00

Mixture 42.00 5.00 18.00 2.00

Lactobacillus gasseri
(L. gasseri CRL 1320)

4 ◦C

Lactose 97.00 71.40 10.00 50.00

Sucrose 97.00 10.00 10.00 54.16

Trehalose 97.00 62.50 10.00 55.83

Mixture 97.00 83.30 10.00 62.50

25 ◦C

Lactose 97.00 10.00 10.00 68.69

Sucrose 97.00 10.00 10.00 72.30

Trehalose 97.00 10.00 10.00 82.75

Mixture 97.00 61.00 10.00 74.13

Limosilactobacillus reuteri
(L. reuteri CRL 1324)

4 ◦C

Lactose 96.00 41.60 23.00 62.50

Sucrose 96.00 10.00 23.00 54.16

Trehalose 96.00 78.90 23.00 35.83

Mixture 96.00 10.00 23.00 39.16

25 ◦C

Lactose 96.00 10.00 23.00 2.00

Sucrose 96.00 10.00 23.00 2.00

Trehalose 96.00 10.00 23.00 2.00

Mixture 96.00 10.00 23.00 2.00
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4. Discussion

As a first step in designing probiotic formulas, a high biomass yield during bacteria
fermentation must be obtained; therefore, culture media and physicochemical growth
conditions must be optimized [38,39]. As lactic acid bacteria are strain-dependent and
fastidious micro-organisms regarding their nutrient and growth condition requirements,
MRS represents a rich and suitable medium supporting optimal lactobacilli growth. Al-
though MRS broth successfully supports adequate growth at laboratory level, it is not
suitable for large-scale biomass production due to its high cost. In addition to medium
formulation, LAB probiotic activity is affected by culture conditions, such as temperature,
initial-controlled pH and oxygen/redox level, as well as the process used to preserve cell
viability. Since the growth optimal temperature must be set for probiotic strains [11,39],
37 ◦C is deemed appropriate for those isolated from vagina.

Thus, in this study, VLB probiotics were cultivated in MRS as a first approach to
evaluate their growth conditions, such as free dropped or controlled pH (6.5 or 5.5 during
growth), static or stirring at 150 and 75 rpm during fermentation in a laboratory bioreactor.
Even though other culture media, such as LAPTg, can be used for lactic acid bacteria
growth [40], lactobacilli growth exhibited higher final cell numbers in MRS medium. The
effects of the initial pH medium, pH maintenance during growth and temperature on
probiotics growth and biomass production were investigated using MRS. It is known that
not only medium formulation, but also physicochemical parameters, are critical factors in
improving bacterial numbers. The results showed that both the initial and maintained pH
and agitation during growth affected the number of viable cells and biomass production
using the probiotic lactobacilli. Preliminary growth of L. reuteri CRL1324 and L. salivarius
CRL1328 probiotic strains in MRS at 37 ◦C under free dropped pH and static conditions
showed maximal final cell counts. In addition, L. gasseri CRL1320 exhibited highest viable
cell counts when cultivated in pH 5.5-controlled-MRS stirred at 150 rpm, while L. rhamnosus
CRL1332 reached maximal cell numbers and agitation at pH 5.5-controlled-MRS and
75 rpm, respectively. These results evidenced a high strain dependence on the growth
conditions. It is known that pH can influence probiotics’ functionality, such as tolerance
to gastric conditions, adhesion to epithelia or immunomodulatory activity. Lactic acid
bacteria are relatively acid tolerant; however, without pH control, the accumulation of
lactic acid may influence their physiology [11]. As the growth rate slows down when pH
drops, controlling pH at values close to neutrality supports higher final counts, as shown
through a probiotic L. reuteri strain isolated from swine faeces that behaves as an aciduric
bacterium, growing better in a low pH medium, and yielding higher biomass without
pH control [41]. Similar to our results, optimal growth conditions found for a L salivarius
chicken probiotic strain were reported in MRS with a free initial pH 6.1 to 6.5 [42,43], and
a spray dried L. rhamnosus strain [44]. In addition, the higher viable counts obtained for
L. rhamnosus CRL1332 under controlled conditions and those produced at free pH are in
correlation with the increase in one-log CFU/mL reported when this probiotic was grown
under controlled pH, compared to batch fermentation in a dairy-based media without pH
control. Moreover, controlled growth conditions at pH 5.5 and a higher stirring speed
(150 rpm) that allowed L. gasseri CRL1320 to attain maximal cell numbers agree with the
adaptation of this bacterium to aerobic environment, as was previously reported for a
probiotic strain from infant faeces even though the deleterious effect of oxygen is known,
most LAB can grow under aerobic conditions, and their way to utilize oxygen is through
the action of flavoprotein oxidases [45].

The results showed that biomass production by probiotic lactobacilli was affected by
both initial and controlled pH and agitation. Cell mass production using L. gasseri CRL1320,
L. reuteri CRL1324 and L. salivarius CRL1328 was maximal when grown in free pH with
MRS without agitation. In accordance, maximal biomass 4.12 g/L was produced using
a probiotic L. reuteri strain growing in batch conditions in MRS double-carbon medium,
with pH adjusted to 6.5 and static conditions at 37 ◦C [46]; nevertheless, in this study, with
similar growth conditions, higher biomass for this bacterium was obtained. In agreement
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with our results, maximal cell biomass production using L. salivarius was also produced in
MRS initial pH of 6.1 [47]. Even when L. gasseri CRL 1320 exhibited maximal viable cells
under pH controlled and high speed stirring conditions, maximal biomass was attained
in free pH and static MRS medium. The use of pH control does not only affect acidifying
activity of the cultures, but also the biomass yield [17]. In addition, L. rhamnosus CRL
1332, which produced higher cell numbers under pH 5.5 controlled conditions stirred,
also exhibited maximal biomass under controlled pH 6.5 and higher agitation speed; this
finding is in agreement with the reported ability of this bacterium to uptake oxygen and
increase biomass [47]. However, the differences in biomass amount produced among
strains when pH-controlled batch fermentation conditions were used may be attributed
to the different cell morphology developed using each strain, which depends on culture
media. Nevertheless, since probiotics must be in high numbers for high viability to be
administered, final viable counts are more relevant than the amount of biomass.

The success of probiotics administration to different hosts highly depends on preserva-
tion technologies to ensure high viability and functional activity. Freeze-drying is by far the
most conventional process for the industrial production of dried bacterial cultures, through
which water activity is reduced for the achievement of long-term storage [11]. The composi-
tion of the media used to protect cells during freeze-drying is pointed to as one of the most
important issues. Thus, the use of protective additives (lyoprotectants/cryoprotectants)
during the drying process is required for cell survival. The stability of probiotic bacteria
during freeze-drying and storage can be enhanced via adding cryoprotectants; these agents
are adsorbed on bacterial cell membranes to form a viscous layer, inhibiting the intracellular
formation of ice [19]. The survival of micro-organisms during freeze drying and storage
was shown to be dependent on the strain, protective agent and storage temperature. In
this study, three cryoprotectants were assayed, both individually and combined. The
results showed that trehalose is an efficient protectant for L reuteri CRL1324 and L. salivarius
CRL1328. The most influencing factor for both strains was trehalose, which was shown
to be the most effective compound for a range of lactic acid bacterial strains. Indeed, the
maintenance of membrane integrity and fluidity was reported to increase the survival rates
in the presence of trehalose used as a cryoprotective agent during freeze-drying [47,48].
In addition, L. rhamnosus CRL1332 was found to recover maximal viability after freeze-
drying in the presence of lactose. Studies on the effect of disaccharides on survival of
the probiotic L. rhamnosus GG after freeze-drying indicated a protective effectiveness of
trehalose > lactose [49], while an inverse relationship was observed in this study. However,
the higher viability post-freeze-drying for L. gasseri CRL1320 was found in the presence of
trehalose, lactose and sucrose combined. The lower protecting efficiency of sucrose here ob-
served could be related to the reportedly greater amount of sucrose compared to trehalosa
(3:1) needed to exert the same effect during lyophilisation, as reported in [49]. Multiple
compounds in a cryoprotective mixture were often found to yield synergic effects. The
protection of bacterial cells using disaccharides is generally attributed to their capability to
hydrate biological structures, which is referred to as a water replacement hypothesis [50].

The ability of cells to remain viable after freeze-drying during long-term storage is
an important requirement for probiotic strains. In general, a higher number of viable cells
in capsules containing freeze-dried bacteria are retained during storage, with this effect
being strongly dependent on the temperature during storage. In general, bacteria retained a
higher number of viable cells in capsules containing freeze-dried bacteria after three months
of storage at 25 ◦C; after this period, a marked decline would be expected. The viability
reduction for most of the probiotic strains (except CRL 1324) observed was higher at 4 ◦C
during 12 months than at 25 ◦C during 3 months. Even for differences among strains and
cryoprotectants, noted immediately after freeze-drying, the percentage of survivors was
very high (>9 log CFU/g). In contrast, during storage, survival in the dried state depended
on the cryoprotectant, storage temperature and strain. For all the protectants assayed, the
stability of the cultures was remarkably longer when stored under refrigeration (4 ◦C).
Similar results were reported for different lactobacilli stored at 22–23 ◦C and 4 ◦C [51,52].



Appl. Microbiol. 2023, 3 532

Thus, freeze-drying in the presence of appropriate cryoprotectants allows the production
of long shelf-life and highly concentrated dried cultures ready for administration in high
numbers as probiotic cultures.

As lyophilization and storage are strain-specific, this method may interfere with the
probiotics’ functionality; therefore, functional issues must be taken into consideration in
product development. It is important to highlight the maintenance of surface characteris-
tics of VLB strains, such as self-aggregation and hydrophobicity, after freeze-drying and
storage. In this study, cell surface hydrophobicity related to the adhesion ability of vaginal
epithelium was used as a control for freeze-drying and storage. When the surface features
of probiotic cells were determined and compared with values previously reported in [28],
the results indicated that their functionality was mostly retained at 4 ◦C, but not at 25 ◦C.
Indeed, with the exception of L. rhamnosus CRL1322, retained hydrophobic values were
found after freeze drying and storage at 4 ◦C when optimal cryoprotectant was used; an
effect of protective disaccharides on L. rhamnosus cell membrane could be suggested as
the cause of the dramatic hydrophobicity reduction. Nevertheless, protective agents were
able to maintain high degrees of cell surface hydrophobicity, as was previously reported
in [53]. On the contrary, cells’ autoaggregation post-freeze-drying was scarcely retained
at 4 ◦C, while an increment at 25 ◦C for CRL1320 and CRL1324 was observed. Contrarily,
Lactobacillus johnsonii of vaginal origin was reported to retain autoaggregative features
when freeze-dried in the presence of sucrose, lactose, reconstituted skim milk and their
combinations during freeze-drying, and when stored at 4 ◦C for up to two years [54]. Sur-
face characteristics of VLB probiotic cells were affected to different extents during storage
depending on the strain, protective agent and storage time and temperature.

5. Conclusions

Optimization of the growth conditions, drying process and storage stability of vaginal
probiotic lactobacilli strains in a targeted strain-specific way were performed. Probiotic
biomass exhibiting high viability, long-term stability after freeze drying and storage and
functionality was obtained. Thus, these results can be successfully used as a basis for the
industrial cultivation of these probiotics.
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