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4232, CEP: 85884-000, Medianeira, Paraná, Brazil 
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d Escola Superior Agrária, Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253, Bragança, Portugal   

A R T I C L E  I N F O   

Keywords: 
Central composite rotatable design 
Paired-preference test 
Thermal analysis 
Probiotic salami 

A B S T R A C T   

The development of functional meat products is an innovative trend aiming to meet consumer demand. 
Microencapsulation is a promising alternative to ensure probiotic viability, mainly when the wall material resists 
the adverse extrinsic conditions releasing the probiotics into the intestine. Therefore, Lactobacillus plantarum was 
encapsulated in Acrycoat S100 by spray drying. The encapsulation process was analysed using a central com
posite rotatable design (CCRD), varying the encapsulant and probiotic microorganism concentrations to evaluate 
the microcapsule yield and encapsulation efficiency (EE). L. plantarum microcapsules added to a Milano-type 
salami formulation for a probiotic product were characterised by physicochemical and morphological anal
ysis, and compared to a control. CCRD central points (5% encapsulant and 1% probiotic) showed the highest 
yield (above 35%) and EE (above 78%) values. The optimum microcapsule formulation was obtained with 5.57% 
encapsulant and 1% probiotic, achieving 80.9% EE. FTIR-ATR and thermal analysis showed efficient microor
ganisms entrapment in the microcapsules, increasing their thermal stability in optimised assays. Milano-type 
probiotic salami was obtained with 8 log CFU g− 1 LAB counts. Physicochemical and sensory properties did 
not differ for salami formulations and ensured their good acceptance, demonstrating pH-dependent controlled 
release advantages compared to a usual probiotic product.   

1. Introduction 

Probiotics are live microbial feed supplements with health benefits to 
the host when ingested in adequate amounts (Basu, Banerjee, Chowd
hury, & Bhattacharya, 2018; Bultosa, 2015; FAO & WHO, 2006). Im
mune system stimulation, nutrient and vitamin B absorption 
enhancement, digestive and protective enzyme production, intestinal 
mucosa barrier strengthening, diarrhoea occurrence reduction, intesti
nal motility stimulation, reduced constipation, lactose intolerance 
symptoms relief (due to better use of this disaccharide), colon cancer 
prevention or suppression, cholesterol levels decrease, and anticarci
nogenic effects have been reported in individuals using probiotics 

(Ambalam, Raman, Purama, & Doble, 2016; Dubey, Ghosh, Bishayee, & 
Khuda-Bukhsh, 2016). 

Probiotics should be able to activate themselves and quickly grow, 
remaining in the intestines for some time, resisting antibiotics found in 
food, but sensitive to those used in lactic acid treatments and to the 
absence of pathogenic, toxic, and allergenic reactions. Moreover, pro
biotics must survive the journey through the digestive system and 
multiply easily upon reaching the intestines. Furthermore, probiotics are 
required to maintain extreme gastrointestinal system conditions, such as 
pH, gastric enzymes, and bile salts (Yao et al., 2020). Lactic acid bacteria 
(LAB) represent the leading probiotic group, especially the Lactobacillus 
genus, including L. plantarum (Bultosa, 2015; FAO & WHO, 2006). 
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Microencapsulation is a promising alternative for probiotic viability. 
The wall material in the encapsulation process must resist adverse 
conditions such as exposure to extrinsic microorganisms, protecting the 
culture until the probiotic is released into the intestines to perform its 
beneficial functions (Yao et al., 2020). There has been significant in
terest in using biocompatible polymers in microencapsulation as they 
are easily moulded into micrometric particles, enabling encapsulated 
compound release to specific sites in the human body (Menezes et al., 
2018). Acrycoat S100 is produced by methacrylic acid and methyl 
methacrylate copolymerisation. It has been applied to micro
encapsulated drug protection due to its gastroresistance or insolubility 
at neutral and acidic pH values. Compounds such as water and acids 
cannot solubilise it, reaching the intestines, where it will be solubilised 
at alkaline pH, releasing the encapsulated material (Colomé, Raffin, 
Jornada, Pohlmann, & Guterres, 2007). Acrycoat S100 may be consid
ered a new wall material for food applications, releasing the core in 
intestinal pH with potential applications in complex food matrices such 
as meat products. 

Convenience, stability, sensory aspects, and nutritional value have 
been attributed to fermented meat characterising it as an essential 
constituent for the human diet. The growing market demand for func
tional foods has been reported mainly by consumers’ concern for 
healthy products (Pavli, Argyri, Chorianopoulos, Nychas, & Tassou, 
2020). In this regard, functional meat products development is an 
excellent alternative for probiotic microorganisms’ incorporation. 
However, the complexity of meat and probiotic sensitivity to the process 
conditions, as well as the additives used in the industrial production, 
may affect the probiotic growth and viability, as well as pH, acidity, the 
presence of other microorganisms (native microflora of meat), water 
activity, processing, storage temperature, additives (nitrite, and nitrate) 
and salt concentrations, protein matrix composition, and low natural 
sugars content (Aspri, Papademas, & Tsaltas, 2020). Microencapsulation 
is characterised as the solution for the inherent harmful attributes of 
meat products for probiotic viability. To the best of our knowledge, 
fermented sausage as a vehicle of probiotic encapsulated in Acrycoat 
S100 has not been reported in the literature, demonstrating innovation 
in the area. 

This study aimed (1) to evaluate L. plantarum microencapsulation in 
Acrycoat S100 by spray drying (2) incorporating the microencapsulated 
bacteria in Milano-type salami to obtain a probiotic product. Its effect on 
microbiological, chemical, physicochemical, and sensory properties was 
evaluated and compared to control salami (without microcapsules). 

2. Materials and methods 

2.1. Material 

Poly (methacrylic acid-co-methyl methacrylate) (Acrycoat S100 type 
B (1:2), 125,000 g/mol, Corel Pharma Chem, Gujarat, India) was used as 
the wall material. Tween-80 (Synth, Diadema, Brazil) was used as the 
surfactant. Distilled water and sodium bicarbonate (Alphatec, São 
Paulo, Brazil) were used for buffer solution preparation as a continuous 
phase of suspension. DeMan, Rogosa and Sharpe (MRS) broth (Merck, 
Darmstadt, Germany), MRS agar (Merck), plate count agar (PCA) 
(Himedia, Mumbai, India), and bacteriological meat peptone (Micro- 
Med, Rio de Janeiro, Brazil) were used for the microbiological analysis. 

Freeze-dried L. plantarum BG112 culture (Sacco, Campinas, Brazil) 
was preactivated (0.1% w v− 1) in MRS broth and incubated for 6 h at 
30 ◦C. Preactivated microorganism aliquots (5%) were transferred to 
Erlenmeyer flasks containing MRS broth and incubated for 12 h at 30 ◦C 
(until the stationary phase). Such step was repeated twice for incubation 
and reincubation. The final culture was freeze-dried (25 ± 1 ◦C/0.050 
mBar) and stored in plastic flasks at − 18 ◦C. The total LAB count was 14 
log CFU g− 1. 

2.2. Experimental design 

Central composite rotatable design (CCRD) was performed to opti
mise the microencapsulation process. Acrycoat S100 (x1) and 
L. plantarum (x2) concentrations were evaluated for yield (y1) (total 
microorganism content after microencapsulation) and encapsulation 
efficiency (EE) (y2) (Table 1). 

2.3. L. plantarum microencapsulation 

L. plantarum was suspended in sterilised distilled water (50 mL) 
supplemented with Tween-80 (0.18 g) under magnetic stirring (752 A, 
Fisatom, São Paulo, Brazil) for 30 min. Acrycoat S100 was dissolved into 
a 150 mL sterilised sodium bicarbonate buffer solution 1 M (pH ≅ 8.6) 
under magnetic stirring for 30 min. The L. plantarum suspension was 
transferred to an Acrycoat S100 solution and stirred at 700 rpm for 30 
min using a homogeniser (713D, Fisatom, São Paulo, Brazil). 

The spray drying suspension was performed in a mini spray dryer 
(MSD 1.0, Labmaq, São Paulo, Brazil) using a 500 mm × 150 mm drying 
chamber with a 0.7 mm opening twin fluid nozzle atomiser. A peristaltic 
pump was used at a 0.6 L h− 1 flow rate for feeding, 84 ± 1 ◦C inlet air 
temperature, and a 42 ± 1 ◦C outlet temperature, with a 35 Nm3 h− 1 

(standard cubic meter per hour) drying air flow rate. The microcapsules 
were collected in plastic flasks and stored at 4 ± 1 ◦C. 

2.4. Microcapsule characterisation 

2.4.1. Microcapsule yield 
The LAB count determined the total microorganism content (N1) in 

the microcapsules (encapsulated and non-encapsulated - adhered to the 
outer part of the microcapsule surface). For each assay, 1 g microcap
sules were added to a tube with 9 mL sodium bicarbonate buffer solution 
1 M (pH ≅ 8.6) and stirred for 5 min. Serial dilutions were then pre
pared and a 1 mL aliquot was mixed with molten MRS agar and poured 
into a petri dish. After agar solidification, MRS was poured, forming a 
top layer. The plates were incubated inverted at 30 ◦C for 48 h (Kalschne 
et al., 2015). The yield was calculated according to Equation (1) (Picot & 
Lacroix, 2004).  

Yield (%) = (N1/N0) x 100                                                                 (1) 

N0 is the initial LAB count of the culture added to the formulations, 
and N1 is the total LAB count (CFU g− 1) in the microcapsule obtained 
(encapsulated and non-encapsulated microorganisms). 

2.4.2. Encapsulation efficiency (EE) 
The non-encapsulated microorganisms were quantified to determine 

the microcapsule EE. Microcapsules (1 g) were placed in a tube with 9 
mL sterile peptone water (0.1%) vortex-stirred for 1 min as per steps 
described in section 2.4.1. Encapsulation efficiency was calculated ac
cording to Equation (2) (Picot & Lacroix, 2004).  

EE (%) = (N1–N2) / N1 x 100                                                            (2) 

N1 is the total LAB count (CFU g− 1) in microcapsules obtained 
(encapsulated and non-encapsulated microorganisms), and N2 is a non- 
encapsulated LAB count. 

2.4.3. Physical property determinations 
Moisture was determined at 105 ◦C ± 2 ◦C up to constant weight in a 

drying oven (q313 m, Quimis, São Paulo, Brazil) and expressed as g 100 
g− 1 (AOAC, 2005). Water activity was measured based on the dew point 
using a water activity analyser (4 TE, Aqualab, São Paulo, Brazil) at 
25 ◦C. Hygroscopicity was determined using approximately 1 g micro
capsules placed in an airtight glass container with NaCl saturated solu
tion (75.3% RH) at 25 ◦C for each assay. After one week, the samples 
were weighed and their hygroscopicity expressed as g of water absorbed 
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per 100 g dry-basis microcapsules (Fritzen-Freire et al., 2012). All de
terminations were performed in duplicate. 

2.4.4. Morphology and microcapsule size 
Morphology and microcapsule size were characterised by scanning 

electron microscopy (SEM) (Quanta 200, Philips/FEI, Hillsboro, USA). 
Microcapsules from each assay were sputter-coated with gold (≅ 15 nm) 
for 98 s at 40 V and then observed using SEM. The average size of mi
crocapsules was calculated by measuring 120 particles for each assay 
(Fritzen-Freire et al., 2012). 

2.4.5. Fourier transform infrared (FTIR-ATR) spectroscopy 
The microcapsules obtained and the pure materials - L. plantarum 

culture and Acrycoat S100 - were analysed by FTIR spectroscopy 
(Spectrum 100 S, Frontier PerkinElmer) using an attenuated reflectance 
mode (ATR). The FTIR-ATR spectra were recorded within a 4000-700 
cm− 1 spectral range at 10 scans per spectrum with a 4 cm− 1 spectral 
resolution. 

2.4.6. Thermal analyses 
Thermogravimetric (TG) and differential scanning calorimetric 

(DTA) analyses were performed using a thermoanalyser (STA 6000, 
PerkinElmer). Approximately 10 mg microcapsules and pure material 
samples were placed in a platinum crucible and heated from 50 to 
600 ◦C (10 ◦C min− 1) under a nitrogen atmosphere (10 mL min− 1). 

2.5. Milano-type probiotic salami obtained by microencapsulated 
L. plantarum addition 

2.5.1. Manufacturing process 
Milano-type salami was produced according to Brazilian regulations 

(Brazil, 1998, 2000, 2006) following standard formulation (Table 2) 
described by Krummenauer et al. (2015). Two formulations were ob
tained: the control salami (F1) produced with a commercial starter 
culture, and the probiotic salami (F2) added with microencapsulated 
L. plantarum, replacing the commercial starter culture. 10 kg-batches 
were produced for each formulation and divided into ten assay units. 
Microcapsule addition to F2 was based on the viable cell number in the 
powder needed to achieve the minimal 8 log CFU g− 1 count in the salami 
(Brazil, 2008). 

Starter culture and L. plantarum microcapsules were previously hy
drated in distilled water at 25 ◦C for 30 min. Back fat and pork meat were 
minced using a cutter (Mado, Garant MTK 661, Germany), obtaining 
particle sizes of approximately 5–8 mm. Dry ingredients and wine were 
added to the minced meat and manually homogenised. Afterwards, 
minced back fat and hydrated starter culture of microencapsulated 

L. plantarum were added to the mixture. The salami was stuffed (PCP-10 
L, Poli, Brusque, Brazil) in 60 mm cellulose casings (Naturin R2L-D, 
Viscofan, São Paulo, Brazil) previously hydrated in distilled water at 
25 ◦C for 30 min. The salamis were tied with polyester strings and stored 
for 30 days in a drying and ripening chamber (Refrica, Girona, Spain) 
located in a meatpacking plant, using conditions similar to those re
ported by Krummenauer et al. (2015). 

2.5.2. Weight loss and pH curve determinations 
Weight loss (WL) percentages were determined according to Krum

menauer et al. (2015), considering the initial (W0) and final (W1) salami 
weight after ripening. 

The pH was measured using a pH meter (Testo, Campinas, Brazil) by 
inserting electrodes in the salami (once a day) for 30 days during 
ripening. Such analyses were performed in duplicate. 

2.5.3. Centesimal composition and physicochemical properties 
Moisture, lipid, protein, and ash contents of salami formulations 

were determined in triplicate according to the AOAC (2005) method. 
Water activity was also performed in triplicate using an Aqualab® 
analyser (4 TE, São Paulo, Brazil). The salami samples were minced into 
5 ± 2 mm pieces and analysed at 25 ± 1 ◦C. 

Table 1 
Central Composite Rotatable Design (2 b) matrix with coded and real values for the variables Acrycoat S100 (x1) concentration and L. plantarum (x2) concentration, the 
responses yield (y1) and encapsulation efficiency (y2), and microcapsule physical properties—moisture, water activity, hygroscopicity, and microcapsules size.  

Runs x1 (%) x2 (%) y1 (%) y2 (%) 1Moisture 1Water activity 1Hygroscopicity 2Size (μm) 

(g 100 g− 1) (g water absorbed 100 g− 1) 

1 − 1 (2.2) − 1 (0.6) 6.5 ± 0.5 26.6 ± 0.3 4.93 ± 0.06cd 0.27 ± 0.01h 23.86 ± 1.73b 4.49 ± 3.41de 

2 +1 (7.8) − 1 (0.6) 0.5 ± 0.0 17.6 ± 1.3 2.89 ± 0.07g 0.31 ± 0.00fg 7.64 ± 0.78e 4.97 ± 2.10cde 

3 − 1 (2.2) +1 (1.4) 23.6 ± 0.8 8.0 ± 2.2 5.89 ± 0.13b 0.32 ± 0.01ef 18.16 ± 0.00c 4.80 ± 2.35cde 

4 +1 (7.8) +1 (1.4) 10.6 ± 0.4 56.5 ± 0.0 2.86 ± 0.14g 0.29 ± 0.00g 9.28 ± 0.22e 6.75 ± 3.26a 

5 − 1.41 (1.0) 0 (1.0) 10.3 ± 1.4 25.3 ± 3.2 4.93 ± 0.06a 0.25 ± 0.01h 32.65 ± 0.19a 4.55 ± 1.60cde 

6 +1.41 (9.0) 0 (1.0) 1.5 ± 0.5 45.9 ± 3.0 3.51 ± 0.10e 0.36 ± 0.01c 8.11 ± 0.19e 5.55 ± 2.78bcd 

7 0 (5.0) − 1.41 (0.4) 0.6 ± 0.0 43.3 ± 3.0 4.10 ± 0.16f 0.34 ± 0.00c 12.56 ± 0.03d 4.38 ± 1.65e 

8 0 (5.0) +1.41 (1.6) 2.6 ± 0.0 2.5 ± 0.3 4.46 ± 0.11df 0.39 ± 0.01b 12.94 ± 0.28d 5.66 ± 3.52abc 

9 0 (5.0) 0 (1.0) 37.1 ± 0.9 80.0 ± 0.2 4.97 ± 0.15c 0.41 ± 0.01ab 9.00 ± 0.04e 4.75 ± 2.91cde 

10 0 (5.0) 0 (1.0) 39.3 ± 3.3 80.6 ± 0.8 5.01 ± 0.08c 0.41 ± 0.00a 9.30 ± 0.20e 4.69 ± 2.64cde 

11 0 (5.0) 0 (1.0) 35.8 ± 2.8 78.2 ± 1.3 5.00 ± 0.10c 0.41 ± 0.00a 8.99 ± 0.29e 4.72 ± 2.37cde 

12 0.2 (6.4) 0 (1.0) 34.9 ± 3.5 80.9 ± 2.1 5.28 ± 0.15c 0.34 ± 0.00ce 13.13 ± 0.63d 6.34 ± 2.17ab 

Different letters in same column indicate significant difference among the assays by the Tukey test (P ≤ 0.05). 
Means ± standard deviation (n = 3). 
Means ± standard deviation (n = 120). 

Table 2 
Milano-type salami formulations.  

Raw materials/Ingredients F1 (%) F2 (%) 

Pork meat (lean retail) 76.49 76.49 
Back fat 18.00 18.00 
Ibrac Curea 0.25 0.25 
Ibracor 501b 0.30 0.30 
Starter culture Bactoferm SM 1942c 0.04 – 
L. plantarum BG112 microcapsules – 0.10 
Refined salt 2.70 2.70 
Crystal sugar 0.80 0.80 
White pepper powder 0.02 0.02 
Garlic powder 0.20 0.20 
Dry red wine 1.20 1.20 
Total 100.00 100.00 

F1: Control salami. F2: Salami added by microencapsulated Lactobacillus plan
tarum. 
Note: The masses of commercial starter culture and microencapsulated probiotic 
were calculated based on the number of viable cells necessary to provide in 
salami mass a minimum of 8 log CFU g− 1, according to ANVISA (Brazil, 2008). 

a Composition: salt, sodium nitrite (6%), and sodium nitrate (4%). 
b Composition: sugar, sodium erythorbate and citric acid. 
c Combination among the strains of Staphylococcus carnosus, Staphylococcus 

xylosus, Lactobacillus sakei, Pediococcus pentosaceus, and Debaryomyces hansenii. 
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L* (lightness), a*, and b* (CIELAB colour system) colour measure
ment parameters were determined using a Minolta CR400 colourimeter 
(Osaka, Japan) with a D65 illuminant and a 10◦ standard observer. 10 
measurements were carried out on each side of the salami samples. 

The samples were cut into 20 mm cubes for shear force measure
ments and sheared in triplicate using an HDP/WBV probe with a 2 mm 
s− 1 test speed coupled to a TA-HD plus texture analyser (Stable Micro 
Systems, Surrey, UK), fitted with a 5-kg load cell. 

2.5.4. Microbiological evaluation 
The total lactic acid bacteria (LAB) count in salami samples was 

performed in triplicate, according to Kalschne et al. (2015). 
Mesophilic aerobic bacteria (MAB) total count, Salmonella spp., 

coagulase-positive Staphylococcus, coliforms at 45 ◦C, and sulfite- 
reducing Clostridia were also determined in triplicate according to 
methods described by Silva, Junqueira, and Silveira (2010). 

2.5.5. Sensory evaluation 
This study was authorised by the Ethics Committee of the Faculdade 

Integrado - Campo Mourão-PR, Brazil (certificate number 
56836316.2.0000.0092). All panellists gave written consent for the in
clusion of material about themselves. The tests were carried out after 
microbiological evaluation, attesting samples to determine the suit
ability for consumption as required by ANVISA (Brazil, 2001). 

One hundred and forty-one untrained assessors were recruited at 
Universidade Tecnológica Federal do Paraná, Medianeira Campus, 
Paraná, Brazil. The assessors, mainly meat products consumers (99.3%), 
were university students, lecturers, and employees, aged between 18 
and 25 years (80.9%), 55.3% female and 44.7% male, ranging from 
secondary school to degree level education (87.2% undergraduate stu
dents). Sensory tests were conducted in individual booths under elec
trical white lighting in the Sensory Analysis Laboratory. Two salami 
samples (F1 and F2) were finely sliced and served in coded recipients 
with three random digits and monadically displayed according to 
complete balanced block designs in a randomised order. The assessors 
were instructed to clean their palate with drinking water and salty 
crackers before and between each sample evaluation. A 10-cm hybrid 
hedonic scale anchored with verbal terms (0 = disliked extremely, 5 =
neither liked, nor disliked, 10 = liked extremely (Villanueva, Petenate, 
& Da Silva, 2005) was used to evaluate acceptance (colour, aroma, 
flavour, texture, and overall impression attributes). The purchase 
intention of samples was also assessed. 

A paired-preference test was also performed serving two salami 
samples simultaneously and the assessors were asked to choose their 
preferred one. 

2.6. Statistical analysis 

Yield and encapsulation efficiency (EE) responses were evaluated 
using Statistica 8.0 software (StatSoft, Tulsa, USA). The adequacy of the 
second-order models generated was assessed (p ≤ 0.05). The optimal 
point (assay 12) was experimentally determined. Yield and microen
capsulation efficiency were determined and compared with the pre
dicted values for results validation. One-way analysis of variance 
(ANOVA) and Tukey test at a 5% (P < 0.05) significance level evaluated 
the microcapsule physicochemical properties data. Chemical composi
tion and physicochemical properties data from the two salami formu
lations were evaluated by Student’s t-test (P < 0.05). 

For sensory analyses, the acceptance test was evaluated by a two-way 
analysis of variance (ANOVA), considering formulations and assessors as 
the sources of variation, and mean of Tukey test (P < 0.05) was used. 
The paired-preference test was evaluated according to Roessler, Pang
born, Sidel, and Stone (1978), comparing the minimum number of 
correct assessments to the minimum number required at a 5% signifi
cance level. 

3. Results and discussion 

3.1. L. plantarum microencapsulation optimisation 

The microorganism (x1) and encapsulant (x2) concentrations used for 
L. plantarum microencapsulation influenced yield (y1) and encapsulation 
efficiency (EE) (y2) responses. The highest response values were 
observed at the central points (assays 9, 10, and 11), ranging from 35.8% 
to 39.3% and from 78.2% to 80.6% for yield and EE, respectively 
(Table 1). These experimental conditions corresponded to the 1:5 core/ 
wall ratio. Lower than 1:5 core/wall ratios were not efficient to entrap 
L. plantarum, suggesting that the polymer content was not enough to 
cover the microorganism. In contrast, ratios higher than 1:5 resulted in 
intermediate microencapsulation efficiency values. The L. plantarum cell 
surface showed hydrophilicity (Kirillova et al., 2017), while Acrycoat 
S100 is a hydrophobic polymer (Kar et al., 2019). Therefore, when using 
Acrycoat S100 in higher amounts, interactions amongst the polymer 
groups, including the methacrylic acid groups (hydrophilic portions), 
decreased the free groups available for microorganism binding. 

The x1 and x2 quadratic terms had significant adverse effects on re
sponses (P < 0.05) (Fig. 1a and b) for both variables. It indicates the 
existence of maximum x1 and x2 concentrations to obtain maximum y1 
and y2 responses in the studied range, characterising the optimal point 
region for L. plantarum microencapsulation. The nonsignificant effects 
were incorporated in the residual. Second-order models were obtained 
(Fig. 1c and d) for yield and EE, respectively, as a function of 
L. plantarum and Acrycoat S100 concentrations. The ANOVA F test 
showed that the models were valid to predict the responses evaluated, 
where Fcalculated (24.5 and 12.6 for yield and EE, respectively) was 
higher than Ftabulated (4.5 and 4.3, for yield and EE, respectively), thus 
generating the response surface, as shown in Fig. 1c and d. 

For both responses, the central point region coincided with the op
timum Acrycoat S100 and L. plantarum concentrations for yield and EE. 
The generated models were derivatised for yield and EE. The variables’ 
optimum conditions were estimated to maximise their responses. 
Therefore, the optimal point for yield was − 0.1 for x1 (4.72% Acrycoat 
S100) and 0.1 for x2 (1.04% L. plantarum). The optimal point for EE was 
codified as 0.2 for x1 (5.57% Acrycoat S100) and 0.0 for x2 (1.00% 
L. plantarum). The optimal point determined by this response was 
considered for method validation since EE represents the microorganism 
content entrapped within microcapsules. The optimal point (assay 12) 
was validated considering EE (x1 = 0.2 and x2 = 0.00), obtaining 34.9% 
and 80.9% for yield and EE, respectively. 

3.2. L. plantarum microcapsule characterisation 

3.2.1. Physical characterisation 
Microcapsule moisture ranged from 2.86 to 5.89 g 100 g− 1 for the 

assays with an optimal point of 5.28 g 100 g− 1 (Table 1). The spray 
dryer’s inlet temperature affects the moisture content of dried powders, 
and the higher the inlet temperature, the lower the moisture content 
(Sun, Cameron, & Bai, 2020). Moisture found in microcapsules main
tained bacterial viability during storage, preventing cell death (Eckert 
et al., 2017). 

Water activity ranged from 0.25 to 0.41, and it was 0.34 for the 
optimal point assay. The values were within the normal range for spray- 
dried products as described by Eckert et al. (2017). The results were 
within the recommended limit to ensure microbiological stability (<0.6) 
(De Castro-Cislaghi, Silva, Fritzen-Freire, Lorenz, & Sant’Anna, 2012). 

Hygroscopicity results varied from 7.64 to 32.65 g water absorbed 
per 100 g− 1 for the assays. The optimal point was 13.13 g water 
absorbed per 100 g− 1. Overall, the Acrycoat S100 concentration 
decrease and the L. plantarum concentration increase were responsible 
for the higher hygroscopicity values. Such results were due to the lower 
hydrophilicity of Acrycoat S100 compared to L. plantarum cells, result
ing in lower water absorption when Acrycoat S100 and L. plantarum 
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Fig. 1. Pareto chart of effects analysis of Central Composite Rotatable Design for (a) yield (y1) and (b) encapsulation efficiency (y2); and second-order models and 
response surface of Central Composite Rotatable Design for (c) yield (y1) and (d) encapsulation efficiency (y2) of L. plantarum microencapsulated in Acrycoat S100 by 
spray drying technique. 

Fig. 2. Morphology of spray-dried microcapsules containing L. plantarum produced with Acrycoat S100. Acrycoat S100 (%)/L. plantarum (%): 1 = 2.2/0.6; 2 = 7.8/ 
0.6; 3 = 2.2/1.4; 4 = 7.8/1.4; 5 = 1.0/1.0; 6 = 9.0/1.0; 7 = 5.0/0.4; 8 = 5.0/1.6; 9, 10, and 11 = 5.0/1.0; 12 = 5.57/1.0. 
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concentrations were inversely proportional. 

3.2.2. Morphology and microcapsule size 
The microcapsules had similar appearances, except for assay 5 

(Fig. 2e), irrespective of the x1 and x2 ratios. The external surfaces had 
continuous walls free of cracks or shattering, with spherical and oval 
shapes of various sizes and concavities in the central region. Concavities 
are typical of spray-drying-produced microcapsules and were attributed 
to particle shrinkage during the drying process. Khem, Small, and May 
(2016) also reported concavities on L. plantarum microencapsulation in 
whey protein isolate. The presence of agglomerates and tiny microcap
sules inside larger microcapsules depend on hydrophobic interactions 
between radicals of the wall material. 

The microcapsule size ranged from 4.38 to 6.75 μm (Table 1) for the 
assays. Khem et al. (2016) reported similar results (from 1 to 14 μm) for 
L. plantarum microcapsules with 10% whey protein isolate as wall ma
terial. Such microcapsule size variation is typical of 
spray-drying-attained powders. 

3.2.3. Fourier transform infrared (FTIR-ATR) spectroscopy 
FTIR-ATR spectra for Acrycoat S100 and free and encapsulated 

L. plantarum BG112 cells of assays with higher (assays 10 and 12) and 
lower (assay 5) EE are shown in Fig. 3. Absorption bands at 1725 and 
1150 cm− 1 were observed in the Acrycoat S100 spectrum, correspond
ing to C––O characteristic vibrations from carbonyl groups esterified and 
ester vibrations (C–O) (Mehta, Chawla, Sharma, & Pawar, 2013). Such 
wall material vibration bands were also identified in the microcapsule 
spectra for assays 5, 10, and 12, suggesting polymer presence in the 
outer part of microcapsules. However, these bands presented lower in
tensities in assay 5 than assays 10 and 12. 

FTIR-ATR spectra for viable L. plantarum cells presented an absorp
tion band at 1580 cm− 1 corresponding to the amide II function and the 
same was observed in the encapsulated microorganism spectrum. 
However, assays 10 and 12 presented lower intensity than assay 5. The 
polymer content in the assays mentioned above was enough to entrap 
the microorganism. On the other hand, assay 5 presented more intense 
bands, suggesting microorganism presence in the outer part of micro
capsules. These results corroborated with those observed for EE, with 
assays 10 (80.6%) and 12 (80.9%) producing microcapsules more effi
ciently than assay 5 (25.3%). Considering that the FTIR-ATR technique 
is characterised by surface absorption with low radiation penetration, 
measurements are related to the outer part of microcapsules. It also 

justifies the low spectral band intensity referred to microorganisms in 
the microcapsules with high EE. 

3.2.4. Thermal analyses 
The DTA curve for L. plantarum BG112-free cells (Fig. 4) showed an 

endothermic peak at 127 ◦C, which must be due to water ebullition and 
increased molecular mobility. For Acrycoat S100, a subtle peak was 
observed at 220 ◦C, suggesting its melting temperature (Tm). 

Sharma, Sharma, Panda, and Majumdar (2011) reported Tm at 
216.2 ◦C and 188.5 ◦C in Eudragit L100 and S100 samples, respectively. 
They are polymers similar to Acrycoat S100 and used in papain 
encapsulation. 

No thermal events were observed for L. plantarum encapsulated in 
assays 5, 10, and 12. Glass transition and melting temperature were not 
identified in microcapsules, demonstrating their amorphous nature, 
ensuring encapsulation. 

Thermogravimetric curves (TG) (Fig. 5a) showed sample weight loss 
during the temperature increase. Derivative curves (dTG) from ther
mogravimetric curves were also determined (Fig. 5b). L. plantarum BG12 
free cells thermogravimetric profile did not show any visible separations 
between the weight loss events. Instead, a continuous process with 27% 
residual mass (higher than the encapsulating polymer one) was 
observed. The differential thermogravimetric (dTG) analysis showed 
various expected weight loss processes referring to a living organism 
with a diverse and complex chemical composition. The main weight loss 
process was observed at a maximum of 130 ◦C and 10% weight loss due 
to water elimination from the sample. Besides, microorganism weight 
loss occurred gradually, reaching approximately 25% at 190 ◦C, 45% at 
285 ◦C, and 70% at 478 ◦C, due to the degradation of proteins, lipids, 
and polysaccharides found in the microorganism. Acrycoat S100 pre
sented a 10% weight loss only at 345 ◦C, observing its degradation 
temperature at approximately 428 ◦C. Microcapsules corresponding to 
assays 10 and 12 exhibited similar dTG behaviour compared to the pure 

Fig. 3. FTIR-ATR spectra from pure materials (Acrycoat S100 and L. plantarum 
free cells) and microcapsules corresponding to assays 5 (MC 5, 1.0% encapsu
lant and 1.0% microorganism, w/v), 10 (MC 10, 5.0% encapsulant and 1.0% 
microorganism, w/v), and 12 (MC 12, 6.4% encapsulant, and 1.0% microor
ganism, w/v). 

Fig. 4. Differential thermal analysis (DTA) from pure materials (Acrycoat S100 
and L. plantarum free cells), and microcapsules corresponding to assays 5 (MC 5, 
1.0% encapsulant, and 1.0% microorganism, w/v), 10 (MC 10, 5.0% encapsu
lant, and 1.0% microorganism, w/v), and 12 (MC 12, 6.4% encapsulant, and 
1.0% microorganism, w/v). 
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polymer. However, a prominent peak was obtained in the microcapsule 
dTG curves (assays 10 and 12) ranging from 335 ◦C to 365 ◦C, corre
sponding to a sharp weight loss. It suggests microcapsule rupture and 
encapsulated compound degradation. Assay 5 presented a 20% weight 
loss for microcapsules at 278 ◦C, suggesting the presence of microor
ganisms on their outer part. 

3.3. Milano-type probiotic salami with microencapsulated 
L. plantarum 

3.3.1. Chemical and physicochemical characterisation 
Salami weight loss (WL) during ripening is a natural moisture 

decreasing process caused by controlled drying. WL percentages shown 
by F1 (37.73 ± 0.66%) and F2 (38.95 ± 1.37%) salami did not differ from 
each other and were similar to those found in the literature (Glisic et al., 
2019; Krummenauer et al., 2015). The initial and final salami ripening 
phases were compared and pH values varied from 5.56 to 5.34 and 5.58 
to 5.39 for F1 and F2, respectively. No significant differences were 
observed between them during this time. These values are in accordance 
with those reported by Sameshima et al. (1998) when studying probiotic 

addition in fermented sausages. The pH decreases during the ripening 
phase as a result from lactic acid produced by LAB fermentation. In the 
present study, the addition of microencapsulated L. plantarum replacing 
starter culture did not cause any changes to the salami pH decrease 
during ripening. 

F1 and F2 salami chemical compositions (Table 3) were in accordance 
with the Brazilian legislation for moisture, protein, lipids, and water 

Fig. 5. (a) Thermogravimetric (TG) curves, and (b) their derivative curves 
(DTG) from pure materials (Acrycoat S100 and L. plantarum free cells), and 
microcapsules corresponding to assays 5 (MC 5, 1.0% encapsulant, and 1.0% 
microorganism, w/v), 10 (MC 10, 5.0% encapsulant, and 1.0% microorganism, 
w/v) and 12 (MC 12, 6.4% encapsulant, and 1.0% microorganism, w/v). 

Table 3 
Chemical, physicochemical, microbiological, and sensory characterization of 
Milano-type salami formulations produced with a commercial starter culture 
(F1) or with microencapsulated L. plantarum (F2).  

Salami characterization Brazilian 
legislation 

F1 F2 

Chemical 
composition (g 
100 g− 1) 

Moisture (g 100 
g− 1) 

<40 30.9a ±

0.7 
30.3a ±

0.5 
Protein (g 100 
g− 1) 

>20 31.3a ±

0.5 
30.6a ±

0.6 
Lipid (g 100 g− 1) <35 29.5a ±

1.7 
28.9a ±

0.4 
Ash (g 100 g− 1) – 6.9a ±

0.2 
6.5a±

0.1 
Physicochemical 

properties 
Weight loss (WL) 
(%) 

– 37.73a ±

0.66 
38.95a ±

1.37 
pH initial – 5.56a ±

0.02 
5.58a ±

0.03 
pH final – 5.34a ±

0.01 
5.39a ±

0.05 
Water activity <0.92 0.86a ±

0.00 
0.84a ±

0.00 
L* – 45.60a ±

1.48 
42.93a ±

3.39 
a* – 12.09a ±

0.82 
10.62a ±

1.43 
b* – 8.77a ±

0.63 
9.75a ±

0.80 
Shear force (N) – 27.8a ±

11.4 
29.8a ±

9.5 
Microbiological 

analyses (log CFU 
g− 1) 

Salmonella spp. Absence Absence Absence 
(in 25 g) 
Coagulase 
positive 
Staphylococcus 

<3.7 <2 <2 

Coliforms at 
45 ◦C 

<3 <1 <1 

Sulfite reducing 
Clostridia 

<2.7 <1 <1 

Total LAB – 5 8 
Total MAB – 8 8 

Sensory test hedonic 
scale 

Colour – 7.0a ±

2.0 
6.8a ±

1.7 
Aroma – 7.0a ±

2.0 
7.2a ±

1.8 
Flavour – 7.6a ±

1.9 
7.6a ±

1.7 
Texture – 7.7a ±

1.7 
7.6a ±

1.7 
Overall 
acceptance 

– 7.7a ±

1.6 
7.6a±

1.5 
Purchase 
intention 

– 7.4a ±

1.9 
7.4a ±

1.9 
Sensory acceptance 

index (%) 
Colour – 70 68 
Aroma – 70 72 
Flavour – 76 76 
Texture – 77 76 
Overall 
acceptance 

– 77 76 

Purchase 
intention 

– 74 74 

LAB: lactic acid bacteria. MAB: Mesophilic aerobic bacteria. 
Mean ± standard deviation. Different letters in the same row indicate significant 
differences by the Student t-test (P ≤ 0.05) for chemical and physicochemical 
determinations (n = 3) and by the Tukey test (P ≤ 0.05) for the hedonic scale test 
(n = 141). 
Brazilian legislations: Brazil (2000; 2001). 
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activity (Brazil, 2000) and did not differ between the formulations. 
These results confirmed raw material standardisation and that 
L. plantarum microcapsules addition did not affect the salami 
composition. 

Colour measurement values (Table 3) did not differ between the F1 
and F2 formulations. The L* colour parameter (lightness) varied from 
45.60 (F1) to 42.93 (F2) and was similar to that reported by Ruiz, Vil
lanueva, Favaro-Trindade, and Contreras-Castillo (2014), who studied 
salami with different starter cultures. The a* (redness) parameter values 
varied from 12.09 (F1) to 10.62 (F2) and were directly connected to 
salami curing and ripening. During these processes, myoglobin interacts 
with nitric oxide, producing nitrosomyoglobin, typical of cured meat. 
For the b* parameter (yellowness), the values varied from 8.77 (F1) to 
9.75 (F2). According to Pérez-Alvarez, Sayas-Barberá, Fernández-López, 
and Aranda-Catalá (1999), b* values changes (increase/decrease) relate 
to oxygen consumption by microbial cultures inserted in the meat 
product, both probiotic and starter, during their exponential growth 
phase. The a* and b* values obtained in the present study were in 
accordance with those reported by Campagnol, Fries, Terra, Santos, and 
Furtado (2007) and Ruiz et al. (2014), who studied potentially probiotic 
salami. 

Shear force values did not differ between the salami formulations, 
varying from 27.8 N (F1) to 29.8 N (F2), similar to that reported by 
Daengprok, Garnjanagoonchorn, and Mine (2002) and Xing et al. (2015) 
who studied fermented sausages. 

Salami formulations were in accordance with the Brazilian legisla
tion for microbiological analysis (Brazil, 2001) (Table 3). The microbi
ological quality of cured meat products may be evaluated based on 
microbial groups such as mesophilic aerobic bacteria (MAB) and co
liforms at 45 ◦C (used as indicators). For MAB count, 8 log CFU g− 1 

values were obtained for both formulations, and coliforms at 45 ◦C 
counts were lower than 1 log CFU g− 1. These counts, typical for this type 
of fermented sausage, do not represent microbial alteration (Menéndez, 
Rendueles, Sanz, Santos, & García-Fernández, 2018). 

The LAB count was higher in F2 (8 log CFU g− 1) than in F1 (5 log CFU 
g− 1). F1 values were in accordance with the Brazilian legislation (Brazil, 
2008), which suggests counts higher than 8 CFU g− 1 for probiotic 
product characterisation. Coman et al. (2012) also reported 8 log CFU 
g− 1 counts in probiotic salami with combined Lactobacillus strains. The 
results obtained in the present study showed that L. plantarum micro
capsules added to salami dominated endogenous LAB during the 
fermentation process. It is due to the presence of non-encapsulated mi
croorganisms adhered to the microcapsule’s surface. Despite the pro
biotic property, higher LAB counts could contribute to the safety and 
microbiological stability of the salami produced. This protective effect is 
due to bacteriocins, which are capable of inhibiting pathogenic and 
deteriorating bacteria. 

3.3.2. Sensory evaluation 
F1 and F2 salami formulations did not differ from each other when 

evaluated by a 10-point hedonic scale test for colour, aroma, flavour, 
texture, overall acceptance, and purchase intention attributes (Table 3). 
Taking into account the 70% acceptance index (minimum limit) (Teix
eira, Meinert, & Barbetta, 1987), the acceptance indexes calculated for 
colour, aroma, flavour, texture, overall acceptance, and purchase 
intention from samples demonstrated good acceptance for all attributes 
(Table 3). The results indicated that both samples were accepted and 
L. plantarum microcapsules addition did not influence product accep
tance. The results from the present study were similar to those found by 
(Ruiz et al., 2014), who reported no sensorial acceptance differences 
between the salami produced with commercial starter and the ones with 
probiotic cultures. Campagnol et al. (2007) reported that probiotic 
culture addition improved the salami flavour compared to the com
mercial starter culture. Similar acceptance results were reported by 
Cavalheiro et al. (2019), who studied the use of encapsulated 
L. plantarum in dry fermented chorizo compared to a control sample 

(without probiotic). 
82 assessors preferred the F2 sample in the paired-preference test. 

According to Roessler et al. (1978), 83 assessments are minimally 
required for a sample to be regarded the preferred one (n = 141, α =
0.05). Therefore, the paired-preference test confirmed that the samples 
did not differ from each other. 

4. Conclusion 

Lactobacillus plantarum was efficiently microencapsulated in Acry
coat S100 by spray drying and an optimal formulation was obtained 
considering the highest encapsulation efficiency. Moreover, Milano-type 
probiotic salami with microencapsulated L. plantarum was obtained. The 
microorganism resisted the fermentation and ripening phases, demon
strating its advantages as a probiotic product since Acrycoat S100 has a 
pH-dependent controlled release (pH > 7.0). No sensory acceptance 
differences were noticed between the batch added with starter culture 
and that with microencapsulated L. plantarum. L. plantarum microcap
sule addition did not influence the product’s sensory characteristics, 
having good consumer acceptance. Furthermore, the thermal stability 
demonstrated by L. plantarum microcapsules may expand its application 
to other food matrices requiring heat treatment for their processing. 
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