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Abstract
The aim of this study was to compare the ability of endogenous Lactobacillus paracasei ATR6 to grow in unsupplemented
bovine cheese whey (CW) and ricotta whey (RW), and to evaluate the efficiency of these media as encapsulating agents for the
spray-drying (SD) of this bacterium. Growth assays indicated that both CW and RW are adequate culture media since
L. paracasei ATR6 grew satisfactorily (~ 4 log cycles) in both compared to the control medium (skimmed milk). Concerning
their potential as encapsulating agents, results showed that survival rates after SD were similar for CWand RW (> 78%), as were
the yields (> 47%) of this process. CWallowed the formation of smaller capsules (5.31 ± 1.27 μm) than RW (15.21 ± 7.24 μm),
with lower moisture: 8.60% and 13.52%, respectively. Powders were stored at 25 °C for 60 days, during which CW and RW
maintained satisfactory bacterial viability. Water activity increased, yet remained below 0.3. Moisture content of CW and RW
powders was relatively stable throughout the 60 days; however, values obtained in this study are considered to lie outside the
adequate range (4–7%) for product stability.We did not observe color changes in CWand RWmicrocapsules during storage. Due
to its lower protein content, RWoffered less protection, which led to higher loss in acidification ability of the strain. CWand RW
are suitable culture media and encapsulating agents for the growth of L. paracasei ATR6; however, the former offered better
protection, which enabled the maintenance of biological activity.
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Introduction

Lactic acid bacteria (LAB) are microorganisms commonly
used in the food industry as fermentation agents for dairy,
meat, and vegetable products (Jensen et al. 2012). In this con-
text, LAB can be employed either as starters (SLAB), with the
function of rapidly converting lactose into lactic acid, thus
promoting acidification of the medium, or non-starters

(NSLAB), involved in the production of aromatic compounds
(Motta and Gomes 2015). These microorganisms, whether
they are starters or non-starters, tend to help enhance taste,
texture, nutritional value, shelf life, and safety of food prod-
ucts (Souza and Dias 2017). The indiscriminate use of com-
mercial LAB cultures, however, leads to a flattening of sen-
sory characteristics in a variety of products, making them no
longer distinguishable by production technology or geograph-
ical origin (Guarcello et al. 2016). As an alternative, endoge-
nous LAB represent a market differentiation since they are
used to maintain the traditional characteristics of regional
products (Oliszewski et al. 2013; Speranza et al. 2015). In
addition, some LAB strains are classified as probiotic, which
means that they can provide health benefits to the host when
supplied in adequate amounts (FAO/WHO 2002).

The major LAB genera are Lactococcus, Lactobacillus,
Leuconostoc, Pediococcus, Enterococcus, and Streptococcus
(Motta and Gomes 2015). Lactobacilli are versatile and can be
employed as either starter, non-starter, or probiotic cultures
(Angmo et al. 2016; Li and Han 2018; Marco et al. 2017).
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Studies report Lactobacillus spp. as tolerant to high tempera-
tures, to the presence of bile salts, and to extreme pH levels
(Ferrando et al. 2016; Rushdy and Gomaa 2013). This genus
is also dominant in the microbiome of many traditional
fermented milk products (Domingos-Lopes et al. 2017;
Farimani et al. 2016; Picon et al. 2016). Specifically regarding
Lactobacillus paracasei, there is an array of studies using this
strain as starter (Bartkiene et al. 2018; Donkor et al. 2005),
non-starter (Burns et al. 2012; Maragkoudakis et al. 2006),
and probiotic (Brignone et al. 2017; Terpou et al. 2018) cul-
tures for food applications, which shows the broad use of this
LAB species.

In general, LAB have fastidious nutritional requirements.
Aside from the presence of a carbon source andminerals (such
as manganese and iron), reports show that the growth of these
microorganisms increases in the presence of several amino
acids, including L-glycine, L-alanine, and the branched-chain
amino acids (BCAAs), composed of L-valine, L-leucine, and
L-isoleucine (Aller et al. 2014; Terrade and Orduña 2009).
These amino acids are present in cheese whey (CW), a prima-
ry by-product of the dairy industry. This material contains
approximately 60% of milk contents, especially lactose, min-
erals, and proteins (Dragone et al. 2011; Guimarães et al.
2010). In the industry, CW can be used in the production of
ricotta, which releases ricotta whey (RW), primarily com-
posed of lactose (Carvalho et al. 2013). CW and RW contain
high organic loads (1/150 compared to loads from domestic
wastewater), and could represent an environmental threat if
discarded inappropriately (Gallego-Schmid and Tarpani
2019; Pega et al. 2018; Sansonetti et al. 2009). Following that
reasoning, these by-products from the dairy industry can be
exploited as culture media for the growth of LAB.

LAB cultures must be in the form of dried powders for
industrial applications. Spray-drying (SD) is a method that
enables the formation of a capsule for the protection of bioac-
tive ingredients, including microorganisms (Maciel et al.
2014). Technologies such as SD have been used for several
LAB, with the best cost–benefit ratio among the best known
methods, e.g., freeze-drying andmembrane filtration (Ambros
et al. 2016; Huang et al. 2017b; Pérez-Chabela et al. 2013).
Microorganisms are sensitive to high temperatures used in
SD; for that reason, encapsulating agents provide a coating
that protects them from immediate death, especially via the
stabilization of cell membranes (Bustos and Bórquez 2013). In
this context, the presence of carbohydrates and proteins is
essential for the formation of a structured capsule (Đorđević
et al. 2014). Since dairy by-products are rich in these nutrients,
they can be employed as encapsulation agents for SD of LAB
(Bustos and Bórquez 2013; Eckert et al. 2017; Huang et al.
2017b).

In order to develop LAB culture, the first step is to choose
an adequate strain for the desired product. Endogenous LAB
tend to reinforce typicality and originality, which may lead to

the development of unique products, e.g., with Protected
Denomination of Origin (Farimani et al. 2016; Guarcello
et al. 2016; Tsafrakidou et al. 2016). In fact, endogenous
lactobacilli such as L. paracasei were evaluated as part of a
starter culture in Spanish PDO cheese manufacture (González
et al. 2015). The second step would be bacteria multiplication
to obtain biomass; in order to meet their nutritional demands,
CW has been reported to be a suitable growth medium for
LAB (Burns et al. 2008; Pescuma et al. 2012; Soriano-Perez
et al. 2012). However, there is little literature addressing the
use of RW for that purpose (Lavari et al . 2014;
Maragkoudakis et al. 2010; Secchi et al. 2012). The third step
consists of defining the best drying method since bacterial
cultures must be presented in an adequate form, which allows
the survival of microorganisms and facilitates handling and
storage of the material. As previously mentioned, CW has
been reported as encapsulating agent for SD of LAB; howev-
er, to the best of our knowledge, studies about the use of RW
for this purpose are nonexistent.

Therefore, the aim of this study was to evaluate the ability
of a Brazilian endogenous strain, L. paracasei ATR6, to grow
in bovine CW and RW, and to compare the protection effects
of these by-products in SD of this strain. For that, L. paracasei
ATR6 was cultivated in flasks, with agitated and static incu-
bation, using skimmed milk (SM) as control. Subsequently,
growth was advanced using a bioreactor, after which CWand
RW batches were immediately taken to the spray-dryer. Thus,
we propose a two-step process that does not employ supple-
ments either for the growth or for the drying of L. paracasei
ATR6. The powders were evaluated throughout a storage pe-
riod of 60 days, regarding cell viability, moisture content,
water activity, and color. After drying, the acidification poten-
tial of the encapsulated L. paracasei ATR6 was evaluated and
compared to that of free microorganisms.

Materials and Methods

Microorganisms and Media

The L. paracasei strain ATR6 used in this study is endogenous
from the region of Cachoeira Paulista, São Paulo, Brazil, and
was isolated from milk samples using the following proce-
dure: 25 mL of raw milk was serially diluted in peptone water
(0.1% (w/v)). Dilutions were plated in M17 and in Rogosa
agar, in duplicates. M17 plates were incubated aerobically at
30 °C for 48 h, while Rogosa plates were incubated anaerobi-
cally at 37 °C for 72 h. After choosing the plate that allowed
the best isolation, 10 to 15 colonies were transferred from each
plate (one M17 plate and one Rogosa agar plate) to de Man,
Rogosa, and Sharpe (MRS) agar plates, and incubated at
37 °C for 24 to 48 h. One colony of each sample was resus-
pended in MRS broth, incubated under the same conditions
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until growth was visually observed, and stored at − 20 °C in
MRS broth and glycerol (20% v/v). Skimmed milk (SM) was
purchased from Elebat Alimentos S.A. (Teutônia, RS, Brazil)
and was prepared as recommended by the manufacturer, with
a 10% (w/v) reconstitution in distilled water. This mediumwas
sterilized using fluent vapor at 100 °C for 15 min. CW powder
was purchased from BRF S.A. (Ijuí, RS, Brazil) and was also
reconstituted in distilled water, in order to attain 5% (w/v) of
lactose. RW was kindly provided by a local dairy factory
(Cotrilac Ltda., Anta Gorda, RS, Brazil), and was transported
under refrigeration andmaintained at − 20 °C until its use. RW
was used in its natural form. Both CWand RW were pasteur-
ized in a water bath at 65 °C for 30 min. All reagents used in
this study were of analytical grade, and synthetic culture me-
dia were purchased from Merck®. SM, CW, and RW used in
this study are bovine.

Physicochemical Characterization of Milk and Dairy
By-Products

Physicochemical parameters of SM, CW, and RW were ana-
lyzed according to AOAC International (2012). Total solids
were evaluated using an oven dryer at 105 °C (method no.
990.20), ash was evaluated using a muffle furnace at 550 °C
(method no. 968.08), fat was evaluated using the Mojonnier
method (no. 2000.18), and protein was evaluated using the
Kjeldahl method (no. 991.20). Lactose content was evaluated
using the dinitrosalicylic acid (DNS) method (Miller 1959).
CW and RW colors were measured using a Konica Minolta
CM-5 colorimeter and a color scale to measure the parameters
L*, a*, and b*.

Growth of L. paracasei ATR6 in Flasks

L. paracasei strain ATR6 was isolated from milk samples in
Rogosa agar, and the pure culture was then stored in MRS
broth, with 20% (v/v) glycerol at − 20 °C. The frozen sample
was resuspended in MRS broth and subsequently incubated at
37 °C for 24 h. Liquid culture was then transferred to MRS
agar plates, which were incubated under the same conditions.
Plates were kept in a refrigerator at 10 °C for up to 1 month
and were used as needed. Several colonies from MRS agar
plates were resuspended in 140 mL of MRS broth, incubated
at 37 °C for 48 h. This culture was standardized to optical
density at 600 nm (OD600) of 2.0 ± 0.1, and then divided in
20-mL aliquots that were centrifuged (Universal 320R,
Hettich Zentrifugen®) at 3850×g and 4 °C for 20 min. The
supernatant was discarded and cells were resuspended in
20 mL of SM, CW, or RW. These aliquots were then inocu-
lated in 180 mL (in 1-L Erlenmeyer flasks) of the correspon-
dent medium, representing an inoculum of 10% (v/v). Flasks
of SM, CW, and RW were incubated at 37 °C for 48 h in a
static incubator (EthikTechnology®) and orbital agitation

incubator, called shaker (MA830, Marconi®) at 250 rpm.
This generated duplicate samples for each incubation regime:
SMI, CWI, and RWI for static samples, and SMS, CWS, and
RWS for shaker samples.

In order to evaluate the ability of L. paracasei ATR6 to
grow in both CWand RW compared to SM, cells were count-
ed using the drop plate technique, in which 10 μL of the
diluted cultivated broths were plated in MRS agar and incu-
bated at 37 °C for 48 h. Values of pH were measured using a
pH-meter (DM-22; Digimed®). Lactose consumption was
evaluated using the DNS method (Miller 1959), following
observations with spectrophotometer (i3; SpectraMax®) at
470 nm. Samples for all the analysis were taken at the follow-
ing times: 0, 12, 24, 36, and 48 h. This experiment was con-
ducted in triplicates.

Growth of L. paracasei ATR6 in Bioreactor

L. paracaseiATR6 cultivation was analyzed separately in CW
and in RW in the bioreactor. Similarly to the standardization
process for growth in flasks, 24–48-h L. paracasei ATR6 cul-
tures with OD600 = 2.0 ± 0.1 were inoculated (10% (v/v)) in
both media, reaching a final working volume of 1300 mL in a
2-L bioreactor (BioStat® B; Sartorius Stedim). Cultivations
were carried out at 37 °C and 150 rpm for 72 h, in which
sampling was performed at the following times: 0, 2, 4, 8,
12, 16, 20, 24, 32, 40, 48, 60, and 72 h. The methods for cell
counting and lactose consumption were the same as the ones
used in Section 2.3. Values of pH throughout cultivation were
measured using an input electrode (EasyFerm Plus VP 225,
Hamilton®) from the bioreactor system. Batches were per-
formed in triplicates. Maximum growth rate (μmax) for the
cultivation of L. paracasei ATR6 in both CW and RW was
calculated by linear fitting the exponential phase of the growth
curve and obtaining the angular coefficient of the equation
(slope), according to de Souza et al. (2009).

Spray-Drying of L. paracasei ATR6

Spray-drying parameters were based on previously published
studies (Eckert et al. 2017). A laboratory-scale spray-dryer
(MSD 0.5; Labmaq) was fed (0.25 L/h) with CW and RW
solutions containing L. paracasei ATR6, working with air
inlet temperature of 90 °C and outlet temperature of 75 °C.
Drying airflow was established as 1.10 m3/min, and the diam-
eter of the spray nozzle employed in the encapsulation process
was 1.0 mm. Dried powder samples were collected from the
base of the cyclone in sterile bottles. Spray-drying processes
were carried out in triplicates.

In order to evaluate L. paracasei ATR6 survival after
spray-drying, 0.1 g of microcapsules were diluted in 0.9 mL
of peptone water (0.1% (w/v)). The solutions were stirred in
vortex for 10 min until complete release of the capsules.
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Survival rate (%) after the process is calculated by Eq. 1,
where N is the number of viable cells (log CFU/g of dry
matter) in the microcapsules and N0 is the number of viable
cells (log CFU/g of dry matter) in the feed solutions (before
drying) (Picot and Lacroix 2004; Pinto et al. 2015).

Survival rate %ð Þ ¼ N
N 0

� 100 ð1Þ

Spray-drying yield (SDY) was calculated by dividing the
weight of solids in the dried powder (Wp) immediately after
drying and the weight of solids in the solutions (Ws) fed in the
dryer, as shown in Eq. 2 (Bustos and Bórquez 2013).

SDY% ¼ Wp

W s

� �
� 100 ð2Þ

Microcapsule Characterization

Immediately after drying, samples were fixed with double-
sided carbon tape, coated with gold on a sputter coater
(Q150R ES, Quorum Technologies), and viewed using scan-
ning electron microscopy (SEM) (LS 10; Carl Zeiss) in high-
vacuummode to examine surface morphology and to estimate
the size of the microcapsules. Software ImageJ was used for
measuring mean size. Cell viability during storage was mea-
sured as mentioned in Section 2.3 and is expressed in log CFU
per gram of dry matter. Moisture content was evaluated ac-
cording to AOAC method no. 990.20, using an oven dryer at
105 °C (AOAC 2012). Water activity (aw) was measured
using an AquaLab water activity instrument (AquaLab Lite;
Decagon Devices). Color was analyzed using a Konica
Minolta CM-5 colorimeter and a color scale to measure pa-
rameters L*, a*, and b*. In all these experiments (except for
SEM), samples were collected at 0, 15, 30, 45, and 60 days of
storage; powders were stored in sterile flasks at 25 °C,
protected from light. Assays were conducted in triplicates.

Acidification Potential of Encapsulated L. paracasei ATR6

The acidification potential of the dried powders (at 0, 30, and
60 days) was evaluated by incubation in SM, and by compar-
ing with free (non-encapsulated) L. paracaseiATR6 cells. For
the bacteria encapsulated with CW and RW, the viability of
0.1 g of each powder was evaluated as described in
Section 2.3. After that, a given mass of powder was resus-
pended in 10 mL of SM and homogenized in vortex for
10min, in order to achieve a final population of approximately
106 CFU/mL. Free cultures were also standardized, by dilut-
ing samples originally containing approximately 109 CFU/mL
(achieved at 24 h of incubation in MRS broth), followed by
centrifugation (3850×g, 20 min at 4 °C) and resuspension in

SM, to obtain the same bacterial population as the encapsu-
lates; approximately 106 CFU/mL of milk.

For encapsulated and free L. paracasei ATR6, 90 mL of
SM was inoculated (10% (v/v)) with 10 mL of these standard-
ized cultures and incubated statically at 37 °C for 14 h, in
which pH variation was measured using a pH-meter (DM-
22; Digimed®) at 0, 2, 4, 6, 8, 10, 12, and 14 h. In addition,
the following kinetic parameters of acidification were evalu-
ated, according to Eckert et al. (2018): Vmax (maximum rate of
acidification, in units of pH per minute (upH/min)); tVmax

(time in hours to reach Vmax); pHmax (pH value corresponding
to the Vmax); ΔpHmax (pH variation between beginning and
end of incubation and pHmax).

Data Analysis

Assays with three or more samples were evaluated using an
analysis of variance (ANOVA) followed by Tukey’s test with
a significance of 95% (p ≤ 0.05). Assays with two samples
were analyzed using Student’s t test, also with p ≤ 0.05.
Analyses were performed using the BioEstat 5.3 software.
Graphs were generated using Origin Lab 8.0. MEV images
were edited using CorelPHOTO-PAINT® 2019 and
CorelDRAW® 2019.

Results and Discussion

Physicochemical Composition of Milk and Dairy
By-Products

The composition (g/L) of the dairy media is shown in Table 1.
Total solid and protein contents are different (p ≤ 0.05) among
the three media, and SM is the medium that contains the
highest values of these parameters. Lactose concentration
showed no statistical difference between SM and CW, being
slightly lower in RW. SM and CW have similar (p ≤ 0.05) ash
and fat contents. Regarding milk composition, values

Table 1 Physico-chemical characterization of skimmed milk (SM),
cheese whey (CW), and ricotta whey (RW) used for the growth of
L. paracasei ATR6

Component Culture media (g/L)

SM CW RW

Total solids 99.09 ± 1.36a 63.45 ± 2.54b 50.63 ± 2.40c

Ashes 8.21 ± 0.14a 4.14 ± 0.22b 3.98 ± 0.37b

Fats 7.55 ± 0.32a 5.25 ± 0.63b 4.99 ± 0.53b

Proteins 33.07 ± 0.14a 7.07 ± 0.59b 2.50 ± 0.55c

Lactose 50.44 ± 1.65a 50.20 ± 2.13a 46.17 ± 1.04b

Different superscript letters in the same row indicate significant statistical
difference according to Tukey’s test (p ≤ 0.05)
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obtained in this study are similar to those reported by the
standard references of the United States Department of
Agriculture (USDA 2018). As to CW, physicochemical com-
position is also in accordance with what has been published by
USDA and other authors (Eckert et al. 2017; USDA 2018).
RW composition is also similar to that obtained in other stud-
ies (Lavari et al. 2014; Sansonetti et al. 2009). CW and RW
color analyses resulted in different values for each sample.
CW values were 65.10, − 0.96, and 28.72, for parameters
L*, a*, and b*, respectively. On the other hand, RW values
were 84.56, − 0.32, and 16.92. This means they both are prone
to light coloration (because L* values are positive), although
RW white tones are brighter. Both of the materials had nega-
tive a* values, which indicates they tend to have green tones.
Similarly, b* values were both positive, meaning both samples
also tended to have yellow coloration. This corroborates the
findings by Carvalho et al. (2013), who state that whey is a
greenish-yellow by-product.

Growth of L. paracasei ATR6 in Flasks

Table 2 shows L. paracaseiATR6 growth results (in log CFU/
mL) in the three media tested. No statistical difference (p ≤
0.05) was found between them, which indicates that CW and
RW are equally suitable for the growth of this bacterium,
compared to SM. Lavari et al. (2014) reported similar increase
in L. paracasei population between CWand RW, obtaining a
growth of approximately 1.5 log cycles after 18 h of static
incubation in these media, which is slightly lower than the
values observed in the present study. Soriano-Perez et al.
(2012) studied agitated incubation (in shaker at 200 rpm) of
Lactobacillus helveticus in CW and observed a similar in-
crease in this bacterium population (1.1 log cycles). In fact,
agitation during incubation seems to be strain dependent since
some authors (Ibrahim et al. 2010) have found that increased
agitation (between 50 and 250 rpm in shaker) negatively af-
fected the growth of Lactococcus lactis, while others (Gupta
et al. 2011) have reported an opposite reaction for
Lactobacillus plantarum (growing at an agitation speed of 0,

50, and 100 rpm), which had a higher growth rate under agi-
tated incubation. In the present study, the maximum log in-
crease occurred between 4.70 and 5.59 log CFU/mL, with no
statistical differences between media or incubation systems.

Furthermore, regarding lactose consumption (Fig. 1), sta-
tistical analysis showed that the total decrease in the concen-
tration of this sugar was similar (p ≤ 0.05) between SMS, SMI,
and CWI, with results of 10.09 ± 2.86, 10.48 ± 0.54, and
12.49 ± 0.66 g of lactose per liter, respectively, after 48 h of
cultivation. Higher values were obtained for incubation in
CWS (14.39 ± 1.75 g/L) and RWS (14.62 ± 3.11 g/L), in the
same period of 48 h. L. paracasei ATR6 had its maximum
value of lactose consumption (18.70 ± 0.77 g/L) in RWI.
Statistical analysis reveals no difference among the three sam-
ples (CWS, RWS, and RWI). These results show that the
incubation system (agitated or static) only caused a difference
in CW since lactose consumption in the other media was sim-
ilar (p ≤ 0.05) between static and shaker samples. Therefore,
static incubation can be considered more efficient since it does
not require agitation energy and allows bacteria to multiply in
the same manner, as explained above. Additionally, although
growth was satisfactory in the three media, L. paracaseiATR6
was unable to consume all the available lactose in any of them,
which has also been reported by other authors (Bernárdez
et al. 2008; Secchi et al. 2012). This can be explained by
increased concentration of lactic acid, which inhibits growth,
and consequently, LAB metabolism (Soriano-Perez et al.
2012).

This inhibition can be correlated to the total variation in pH
throughout incubation time. Final values of all media lay be-
tween 3.62 and 3.97, and the lowest decrease occurred in RW
samples, while CW and SM had similar ΔpH (p ≤ 0.05).
Hence, L. paracasei ATR6 had the same growth in RW as in
CWand SM with lower lactic acid production, even though it
consumed the same mean amounts of lactose. Furthermore,
incubation system (whether agitated or not) showed no differ-
ences in pH variation. In addition, the initial pH of RW was
lower than that of CW and SM, which is due to the use of
organic acids in ricotta manufacture (Carvalho et al. 2013).

Table 2 Growth of L. paracaseiATR6 (log CFU/mL) in skimmed milk in either incubator (SMI) or shaker (SMS); in cheese whey in either incubator
(CWI) or shaker (CWS); in ricotta whey in either incubator (RWI) or shaker (RWS)

Time (h) Growth (log CFU/mL)

SMI SMS CWI CWS RWI RWS

0 8.65 ± 0.51a 8.49 ± 0.48a 8.58 ± 0.52a 8.45 ± 0.34a 8.85 ± 0.68a 8.60 ± 0.55a

12 12.00 ± 0.77a 11.90 ± 0.85a 11.57 ± 0.73a 11.23 ± 1.41a 11.08 ± 1.09a 11.58 ± 0.86a

24 13.22 ± 0.64a 12.42 ± 0.95a 12.77 ± 0.84a 12.54 ± 0.48a 12.56 ± 0.94a 11.94 ± 0.83a

36 14.24 ± 0.07a 13.90 ± 1.51a 13.37 ± 1.02a 12.77 ± 1.33a 13.74 ± 0.64a 13.21 ± 1.05a

48 13.59 ± 0.78a 13.63 ± 0.72a 13.98 ± 1.57a 12.77 ± 1.49a 13.92 ± 0.55a 12.23 ± 1.08a

Different superscript letters in the same row indicate significant statistical difference according to Tukey’s test (p ≤ 0.05)
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Nevertheless, growth in both CW and RW was proven to be
satisfactory; that is why these media were chosen to continue
the study with bioreactors.

Growth of L. paracasei ATR6 in Bioreactor

Figure 2 shows L. paracasei ATR6 growth, lactose consump-
tion, and pH variation in CWand RW, cultivated in bioreactor.
The maximum increase in bacterial population found in CW
was 4.25 ± 0.84 log CFU/mL (48 h), which corroborates re-
ports by other authors who found a 4 log increase in L. reuteri
(Jantzen et al. 2013) and L. paracasei (Bartkiene et al. 2018)
in CW. In RW, on the other hand, the maximum population
increase was 5.88 ± 0.46 log CFU/mL (48 h). Statistical anal-
yses indicate that there is a difference (p ≤ 0.05) between these

values, which shows that L. paracasei ATR6 populations had
higher ability to increase in RW than in CW in this experi-
ment. Growth rates, however, were considered similar in CW
(μmax = 0.71 ± 0.35/h) and RW (μmax = 0.63 ± 0.11/h), mean-
ing that this bacterium showed the same ability to duplicate
itself in CW and in RW.

Total lactose consumption in CW was 13.76 ± 1.78 g/L; in
RW, lactose metabolism was slightly higher (14.48 ± 1.75 g/
L), but with no statistical difference (p ≤ 0.05). As occurred
with the flask experiment, L. paracasei ATR6 consumed sim-
ilar amounts of lactose in RW, which indicates this strain has a
similar ability to grow in either CW or RW. However, the
sugar available was not fully consumed in either media, which
again happened in the bioreactor and is explained by lactic
acid inhibition. Additionally, Lactobacillus genus of LAB is
described as having the ability of degrading only hexoses for
ATP release, especially via the Embden–Meyerhof–Parnas
(EMP) pathway (Schleifer and Ludwig 1995). Therefore, lac-
tose itself has been reported as an adequate carbon source for
the growth of lactobacilli (Dong et al. 2014).

In the present study, L. paracasei ATR6 had a higher
growth profile in RW (5.88 ± 0.46 log CFU/mL) than in CW
while consuming the same average concentration of lactose
(approximately 14 g/L). Bacteria need ATP to grow, and the
EMP pathway (glycolysis) is reported to be the only path for
LAB to obtain this energy (Buron-Moles et al. 2019; Pessione
2012; Schleifer and Ludwig 1995). However, CW is a culture
medium that enables resistance to several stressful conditions
such as heat, pH, and presence of bile salts, induced by the
accumulation of intracellular compounds (Huang et al. 2018;
Huang et al. 2016). In addition, the BCAA’s L-isoleucine (Ile),
L-leucine (Leu), and L-valine (Val), present in CW, were found
to be essential for the growth of not only lactobacilli but also
other LAB genera (Aller et al. 2014; Terrade and Orduña
2009). Bearing this in mind, our results indicate that
L. paracasei ATR6 in CW may be using the energy from
lactose degradation to assimilate other metabolic pathways
involved in tolerance mechanisms. On the other hand, the

Fig. 2 Growth in (log CFU/mL, ▲), pH variation (pH units, ■), and lactose consumption (g/L, ●) throughout the incubation period in bioreactor of
L. paracasei ATR6 in (a) CW and (b) RW

Fig. 1 Lactose consumption (g/L) throughout the incubation time (h) of
the L. paracasei ATR6 strain in skimmed milk either in incubator (SMI,
■) or in shaker (SMS, ●); in cheese whey in either incubator (CWI,▲) or
shaker (CWS, ▼); and in ricotta whey in either incubator (RWI, ◄) or
shaker (RWS, ►)
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energy from glycolysis in RWmay have been entirely used for
growth, which explains the better ability of the bacteria to
grow in this medium than in CW. Indeed, several other papers
employ the use of these dairy by-products without any sup-
plementation for the growth of LAB, and their results, like
ours, indicate that these are suitable media for this purpose
(Ardanareswari et al. 2017; Burns et al. 2008; Lavari et al.
2014; Pescuma et al. 2012; Secchi et al. 2012; Soriano-Perez
et al. 2012).

Considering the potential for large-scale production of
LAB cultures, the use of unsupplemented medium is highly
recommended since these supplements (glucose, maltodex-
trin, yeast extract, casein peptone) can be very expensive.
Soriano-Perez et al. (2012), for example, showed that the
use of yeast extract does not enhance the growth of
L. helveticus. On the other hand, Burns et al. (2008) found
that a small supplementation (0.3%) with the same ingredient
enables several LAB to grow in a similar way to how they
perform in commercial medium (MRS). The results obtained
in the present study are higher than those obtained by these
two authors (Soriano-Perez et al. 2012; Burns et al. 2008),
although we used longer fermentation time. Additionally, in
another study (Rama et al. 2019), we found that the need for
supplementation is possibly genus- or even strain-dependent
since similar strains perform differently in either the presence
or absence of extra carbon/nitrogen sources. For that reason,
we strongly suggest testing individual strains for their nutri-
tional demands.

Furthermore, total variations in pH were 3.03 ± 0.05 and
2.27 ± 0.08 for CW and RW, respectively. These values are
statistically different (p ≤ 0.05). Similar to what happened in
flasks, L. paracasei had less acidification ability in RW.
Hence, less lactic acid in the medium led to a similar growth
profile between CW and RW. Optimum initial pH for the
growth of lactobacilli is reported to lie between 5.4 and 6.4,
which includes the CW and RW used in this study. However,
this genus has a high tolerance to pH variations, being able to
grow in extreme values such as 2 and 11 (Popescu et al. 2014).
Therefore, authors (Ai et al. 2017; Silva et al. 2005) report, for
instance, that the growth of Lactobacillus spp. in an uncon-
trolled pH environment produces higher yields of biomass and
enables the expression of proteins related to heat-shock resis-
tance, which are very useful in terms of post-growth processes
such as SD and/or lyophilization. The cultivation experiments
carried out in this study did not employ pH control since the
aim was to obtain a protocol for biomass production that in-
volved minimal use of reagents and/or supplements that could
increase the costs and complexity of the process.

Spray-Drying of L. paracasei ATR6

Samples at a stationary phase were directly submitted to SD,
without going through previous steps of harvesting and

resuspension in encapsulation material. Jantzen et al. (2013)
report that it is more suitable to spray-dry bacteria in a station-
ary phase since lower proliferation rate leads to less microbial
activity and increased stress tolerance. SD results are shown in
Table 3. Survival rates of L. paracasei ATR6 were similar
(p ≤ 0.05) in CWand RW. The importance of this result relies
on the fact that, according to a study recently published (Rama
et al. 2019), there are no reports on the use of RW for the
encapsulation of LAB using SD.

Ilha et al. (2015) encapsulated L. paracasei with CW and
found survival rates of 93%, higher than those obtained in the
present study for any of the protective materials evaluated.
This may be explained by the fact that the outlet temperature
was lower (55 °C) than the one used in our experiment
(75 °C); this temperature was chosen due to the experience
of other researchers that used the same equipment and encap-
sulating agent, as well as a similar microorganism (Eckert
et al. 2017). However, a lower range of temperatures (55–
65 °C) was also employed for SD of Lactobacillus
acidophilus LA-5, with survival rates (~ 76%) more similar
to our results for both CW and RW (Maciel et al. 2014), cor-
roborating once again the biotechnological potential of these
two dairy by-products.

Finally, there was no significant difference (p ≤ 0.05) in the
SDYof CWand RW microcapsules, which was close to 50%
in both cases. These results are higher than those found by
other authors (Bustos and Bórquez 2013) who encapsulated a
Lactobacillus strain with CW as encapsulating agent and ob-
tained a maximum yield of 35%. According to Bustos and
Bórquez (2013), SDY is directly affected by spray nozzle size
and atomizing pressure, which are equipment characteristics.
Since the spray-dryer used in this study is different from the
one used in the study mentioned, process yields are expected
to be different.

Microcapsule Characterization

Table 4 shows the evolution of microcapsule characteristics
during the storage period of 60 days at 25 °C. This tempera-
ture was chosen to evaluate the stability of dried powders
without the need for refrigeration, which is a characteristic
of spray-dried materials (Peighambardoust et al. 2011).
Initial viability in storage was different in the two encapsulat-
ing agents; however, log reduction after 60 days was found to
be similar (p ≤ 0.05) for CW (1.69 ± 0.09 log CFU/g of dry
matter) and RW (1.17 ± 0.43 log CFU/g of dry matter). During
this time, L. paracasei ATR6 encapsulated with CW lost sig-
nificant (p ≤ 0.05) viability only after 45 days, while RW
enabled the microorganism to remain stable throughout stor-
age. Other authors (Eckert et al. 2017) who encapsulated
L. plantarum ATCC8014 using CW as wall material have
found 100% survival in microcapsules stored at 20 °C for
56 days. In the present study, however, we stored powders at
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25 °C. Huang et al. (2017a), who used the same temperature,
reported a gradual decrease in viability of Lactobacillus casei
after 7 days. This indicates that the robustness of LAB under
SD probably depends on which species or even which strain is
undergoing the process. In fact, reports on the use of CW as
encapsulating agent for SD of LAB are almost restricted to
lactobacillus species. This genus has shown high tolerance to
the temperatures used with this technology, being able to sur-
vive for long storage periods (Bustos and Bórquez 2013;
Maciel et al. 2014). Lactobacilli encapsulated with CW have
also shown high activity when inserted in milk or in milk-
based products, as well as after going through simulated gas-
trointestinal tract (Aragón-Rojas et al. 2018; De Castro-
Cislaghi et al. 2012; Eckert et al. 2017; Ilha et al. 2015).

The use of supplements for SD of LAB does not seem offer
better protection during powder storage, at least regarding cell
viability. A good example is shown by Bustos and Bórquez
(2013), who encapsulated an endogenous L. plantarum with
CW and tested several supplements, such as maltodextrin,
skimmed milk, Arabic gum, and pectin. In this case, CW
was the substance that provided the best results in strain sta-
bility, losing the lowest viability in 70 days of storage at 4 °C:
nearly 1 log cycle. In comparison, Eckert et al. (2017) also
encapsulated a strain of L. plantarum in unsupplemented
cheese whey and, as mentioned above, observed no loss in
viability after 56 days of storage at 20 °C, which is a condition
that allows more instability due to the lack of refrigeration.
This reinforces the argument that supplements are not neces-
sarily correlated to better outcomes in storage, and they do not
seem to have influence in growth and survival rates immedi-
ately after SD.

Furthermore, aw of encapsulated L. paracasei ATR6 at
0 days was approximately 0.2 for any of the materials
used as protective agents. There was a significant (p ≤
0.05) increase in aw with CW on the 30th day, and after
that, values remained stable. We observed several varia-
tions throughout storage time in RW; however, aw of
these microcapsules was similar at 0 and 60 days. In ad-
dition, both encapsulating agents caused values to remain
below 0.3, which according to some authors (De Castro-
Cislaghi et al. 2012; Tonon et al. 2009) is an adequate
range for dried powders; bacteria are able to survive

within this range, but the small amount of free water pre-
vents the occurrence of several biochemical reactions that
could damage capsule structure. For this reason, viability
of L. paracasei ATR6 was satisfactorily maintained
throughout the 60 days of storage.

Initially, the moisture content of CW microcapsules was
significantly (p ≤ 0.05) lower than that of RW microcapsules.
In fact, values of L. paracasei ATR6 encapsulated with CW
remained stable throughout storage, while RW enabled a few
variations, as moisture gradually decreased over time, until
(after day 30) it became similar (p ≤ 0.05) to the content of
CW microcapsules. Nonetheless, the value range obtained in
our study is considered to be outside the adequate moisture
content for this type of material, which is supposed to lie
between 4% and 7% (Ananta et al. 2005). Some authors even
state that a suitable moisture content for whey powders is
supposed to be around 3% (Schuck 2011). Our high values
may be related to the fact that, in the drying process of milk-
based materials, high temperatures cause a phenomenon
called caking, which happens due to water absorption by the
hygroscopic amorphous lactose, which is converted into α-
lactose monohydrate crystals (Fox et al. 2015). Caking also
leads to binding of particles, which can be seen in Fig. 3.

This same figure shows microcapsule size and morpholo-
gy. Mean particle size was different between CW (5.31 ±
1.27 μm) and RW (15.21 ± 7.24 μm). CW microcapsules
had sizes similar to those obtained by Eckert et al. (2017),
while the size of RW microcapsules was similar to the ones
found by Soukoulis et al. (2014). In SD, particle size is mod-
ulated by parameters such as spray nozzle type and atomizing
pressure, as well as composition of the emulsions submitted to
drying (Peighambardoust et al. 2011). In addition, Đorđević
et al. (2014) report that SD is a technology that enables the
formation of particle size in the range of millimeters to nano-
meters, which includes the sizes observed in our experiments.
In Fig. 3, it is also possible to see that CW capsules have a
smoother surface than RW capsules. Khem et al. (2016) re-
ported that it is essential that the encapsulation agent contains
a certain amount of proteins since they will accumulate on
capsule surface and avoid adhesion to the spray-drier wall.
This may explain why CWmicrocapsules have a more homo-
geneous morphology. In addition, defects on capsule surface

Table 3 Viability before and after drying, spray-drying yield (SDY), and survival rate of L. paracaseiATR6 using cheese whey (CW) and ricotta whey
(RW) as encapsulating agents

Encapsulating agent Parameters

Viability before drying (log CFU g−1) Viability after drying (log CFU g−1) SDY (%) Survival rate (%)

CW 14.83 ± 0.35 12.75 ± 0.53 48.41 ± 1.50a 86.04 ± 5.24a

RW 15.73 ± 0.22 12.31 ± 0.68 47.56 ± 4.32a 78.28 ± 1.14a

Different superscript letters in the same column indicate significant statistical difference according to Student’s t test (p ≤ 0.05)
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lead to higher instability during storage and/or food process-
ing (Gong et al. 2014).

Some of these instabilities are expressed in color changes.
Color changes in spray-dried powders are caused by an array
of biochemical reactions, such as lactose crystallization and
migration of free fat to microcapsule surface (Chudy et al.
2015; Ho et al. 2019). In the present study, however, color
parameters for the two encapsulating gents remained relative-
ly stable throughout storage. L* values were high for CWand
RW, indicating that both powders tend to have light (white)
coloration; these values remained stable for the two encapsu-
lating agents, except for RW microcapsules on the 60th day,
when a significant (p ≤ 0.05) increase in L* color was ob-
served. Negative a* values were obtained for all the samples,
meaning they both tend to have a green coloration, and b*
values were all positive, indicating a tendency toward yellow
coloration. However, RW powder is shown to be greener,
while CW shows a stronger yellow tone. This was expected
since CW is reported to be a greenish-yellow by-product

(Carvalho et al. 2013), which is confirmed by the color pa-
rameters observed in Section 3.1. After 60 days of storage,
there was no statistical difference (p ≤ 0.05) between a* and
b* values in either of the encapsulating agents, showing once
again the versatility of dairy by-products as sources of bio-
technological applications.

Acidification Potential of Encapsulated L. paracasei ATR6

The biological activity of LAB is defined as the ability of this
microorganism to acidify a certain medium (Peighambardoust
et al. 2011). When selecting a bacterium to be used for cheese
production, for example, this medium is milk, and the micro-
organism must achieve a pH of 5.3 after 6 h (Beresford et al.
2001). Acidification potential of free and encapsulated
L. paracasei ATR6 at 0, 30, and 60 days of storage is shown
in Fig. 4. At 0 days, encapsulated bacteria were able to vary
pH by 1.46 ± 0.04 and 1.40 ± 0.19 units in CW and RW mi-
crocapsules, respectively. There is no statistical difference

Fig. 3 Scanning electron micrographs (SEM) of CW (a) and RW (c)
microcapsules with ×1000 magnification and 20 μm scale; and CW (b)
and RW (d) microcapsules with ×500 magnification and also 20 μm

scale. Fig. A1 is a single CW microcapsule with ×15,000 magnification
and 2-μm scale, for proper comparison of surface and morphology
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between these values. On day 30, encapsulated bacteria de-
creased pH by 1.75 ± 0.07 (CW) and 0.82 ± 0.28 (RW) units,
and on day 60, these values dropped to 1.07 ± 0.33 and 0.59 ±
0.06 pH units in CW and RW, respectively. Considering the
30th and 60th days, ΔpH values are statistically different (p ≤
0.05) between the two encapsulating agents, indicating that
CW allowed for the best acidification activity of
L. paracasei ATR6 during storage. Nonetheless, free cells
were able to decrease pH by 1.72 ± 0.01 units after 14 h,
which is higher (p ≤ 0.05) than the values obtained for bacteria
encapsulated with either materials tested in this study.

Acidification kinetic parameters are shown in Table 5. At
0 days, RW samples showed a better relative profile in the
acidification assay, even though, as mentioned above, the final
pH variation was similar for both encapsulating agents.
However, we observed a reduction in Vmax and increase in
ΔpHmax with increased storage time, meaning that
L. paracasei ATR6 gradually lost its ability to acidify milk,
regardless of the material used for encapsulation. Considering
tVmax values, the bacteria encapsulated with RW needed more
time to reach its maximum acidification rate. CWalso enabled
higher pHmax and ΔpHmax values during storage. In spite of
that, free bacteria also showed better acidification kinetic

profile, which means that SD negatively affects the biological
activity of this LAB.

On the other hand, Ferreira et al. (2017) showed that
SD enabled a better performance in reducing pH of SM in
L. plantarum undergoing freeze- and spray-drying using
CW as encapsulating/cryoprotecting agent. Spray-dried
L. plantarum was also more resistant to acidic environ-
ments and to the presence of bile salts compared to
freeze-dried LAB (Ferreira et al. 2017). Hence, the very
process of drying, which is not exclusive to a particular
technology, is harmful to bacteria. Therefore, it is of the
utmost importance to study the use of different materials
and their protective effects for LAB undergoing drying
protocols.

In this regard, we observed that L. paracasei ATR6 encap-
sulated with CW maintained its acidification properties at a
higher level compared to RW. This may be explained by the
protection that proteins offer for cell membranes in the SD
process. In fact, lactose also helps to minimize damages by
interacting with the polar section of phospholipids in bacterial
cell membranes (Maciel et al. 2014). However, the tempera-
ture used in SD unfolds protein structures, and denatured pro-
teins contain free carboxylic and amino groups available for

Fig. 4 Acidification potential of L. paracaseiATR6 encapsulated with (a) CWand (b) RW, on days 0 (–■–), 30 (–□–), and 60 (–Δ–) of storage, compared
to free microorganisms (–●–)

Table 5 Kinetic parameters of the acidification activity in skimmed milk of L. paracasei ATR6 encapsulated with CWand RW, compared to those of
the free microorganism

Kinetic parameter Encapsulated L. paracasei ATR6 Free L. paracasei ATR6

CW RW CW RW CW RW
0 days 30 days 60 days

Vmax (× 10
−3) 4.32 6.15 5.58 2.06 2.57 1.49 4.78

tVmax 10.00 14.00 10.00 12.00 10.00 12.00 8.00

pHmax 5.76 5.11 5.28 6.00 5.96 6.17 5.76

ΔpHmax 0.91 1.40 1.40 0.65 0.67 0.50 0.94

Vmax is expressed in pH units per minute (upH/min); tVmax is expressed in h; ΔpHmax is expressed in pH units
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reactions, which increases hydrophobic forces, as well as hy-
drogen and sulfide bonds, resulting in aggregation, coagula-
tion, and even precipitation. This creates a microcapsule ca-
pable of protecting LAB from harsh conditions (Khem et al.
2016). CW contains higher amounts of proteins than RW (see
Section 3.1). Without these proteins, unprotected cells will
suffer injuries such as the loss of cell functions caused by
changes in protein and enzyme structures, which result from
the heat employed in SD (De Prisco et al. 2017; Gong et al.
2014). For that reason, CW-encapsulated L. paracasei ATR6
had a higher protection and, therefore, showed better activity
when acidifying milk. Moreover, aside from using materials
as protective agents, the study and optimization of SD param-
eters is necessary to overcome the negative effects of this
drying technology on LAB.

In addition, neither free nor encapsulated L. paracaseiwere
able to decrease pH to 5.3 in 6 h (Beresford et al. 2001).
Nonetheless, this bacterium is not considered a starter strain.
In cheese production, this species is more commonly used as
non-starter, meaning it helps form aromatic compounds, and is
not primarily involved in acidification (and consequently, in
the coagulation of milk proteins) (Guarrasi et al. 2017;
Tsafrakidou et al. 2016). It might also be used as probiotic
since this species has already been described for this purpose
(Caggia et al. 2015; Pino et al. 2017). Therefore, although SD
negatively affects the ability of this bacterium to acidify milk,
it is safe to state that its employment as a non-starter or pro-
biotic culture may not represent a problem for the food indus-
try. As a matter of fact, the encapsulation of probiotic LAB
using SD technology and CWas encapsulating agent has been
reported to increase the survival of these microorganisms un-
der the harsh conditions of food processing and also through
simulated gastrointestinal tract (Eckert et al. 2017; Huang
et al. 2017a; De Castro-Cislaghi et al. 2012). However, further
studies are required on SD of starter LAB employing different
materials as encapsulating agents.

Conclusions

In the present study, we used two by-products from the dairy
industry for the growth of an endogenous strain of
L. paracasei. This bacterium had similar ability to multiply
itself in both media, compared to incubation in skimmed milk.
In bioreactor, CW and RW continued to allow for good cell
growth, which translated in similar lactose consumption
throughout cultivation, although L. paracasei ATR6 had low-
er ability to decrease pH in RW. Thus, CW and RW can be
considered suitable culture media for the growth of this LAB.
As to SD of this bacterial species, both by-products enabled
similar protection and yields throughout the process. During
storage, both materials enabled the bacteria to remain satisfac-
torily viable, while the microcapsules showed stability in

terms of aw, moisture content, and color, with few variations,
which reinforces the biotechnological potential of these mate-
rials. It is thus possible to conclude that CW is a suitable
encapsulating agent for SD of LAB. On the other hand, RW
allowed for L. paracasei ATR6 to suffer more cell injuries
than CW, which resulted in a lower ability to acidify milk.
In summary, we proposed a two-step process that involves
the growth in unsupplemented dairy by-products and the di-
rect SD of the cultivation medium. The proposed protocol
proved to be satisfactory; by diminishing the number of steps,
we simplified the process and enabled a possible cost
reduction.
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