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Introduction

Developed countries have begun to abolish the usage of

antibiotics to prevent animal diseases and to increase

growth in livestock [1] because the use of antibiotics has

caused resistance to pathogens related with human and

animal diseases [2]. Recently, probiotics have been

proposed as alternatives to antibiotics because they have

been extensively used as food and they inhibit pathogen

colonization on the intestinal receptors [3]. Among the

probiotics, Pediococcus acidilactici (PA) has shown excellent

antimicrobial activity against Salmonella Gallinarum (SG),

which is a major pathogen in poultry [4] and has improved

the production performances of animals [5, 6].

Prebiotics are generally defined as non-digestible food

ingredients that beneficially influence the host through

growth stimulation and the activity of the microbiota that

already existed in the colon [7]. It has been reported that

the principal effect of prebiotics is the generation of short-

chain fatty acids (SCFAs), such as acetate, propionate, or
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Synbiotics are a combination of probiotics and prebiotics, which lead to synergistic benefits in

host welfare. Probiotics have been used as an alternative to antibiotics. Among the probiotics,

Pediococcus acidilactici (PA) has shown excellent antimicrobial activity against Salmonella

Gallinarum (SG) as a major poultry pathogen and has improved the production performances

of animals. Inulin is widely used as a prebiotic for the improvement of animal health and

growth. The main aim of this study was to investigate the antimicrobial activity of inulin

nanoparticle (IN)-internalized PA encapsulated into alginate/chitosan/alginate (ACA)

microcapsules (MCs) for future in vivo application. The prepared phthalyl INs (PINs) were

characterized by DLS and FE-SEM. The contents of phthal groups in the PINs were estimated

by 1H-NMR measurement as 25.1 mol.-%. The sizes of the PINs measured by DLS were

approximately 203 nm. Internalization into PA was confirmed by confocal microscopy and

flow cytometry. The antimicrobial activity of PIN-internalized probiotics encapsulated into

ACA MCs was measured by coculture antimicrobial assays on SG. PIN-internalized probiotics

had a higher antimicrobial ability than that of ACA MCs loaded with PA/inulin or PA.

Interestingly, when PINs were treated with PA and encapsulated into ACA MCs, as a natural

antimicrobial peptide, pediocin was produced much more in the culture medium compared

with other groups with inulin-loaded ACA MCs and PA encapsulated into ACA MCs. 
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butyrate [8], without toxicity to the host [9]. Generally,

prebiotics classified as carbohydrate compounds contain

inulin-type fructans, galactooligosaccharides, glucose-

derived oligosaccharides, starch, pectic oligosaccharides,

oligochitosan, and pullulan [10]. Among carbohydrate

compounds, inulin has been widely used as an industrial

source because it can be produced in relatively high

quantities from various vegetables, although the chain

length of inulin has been reported for the determination of

the microbiota, which acts to primarily degrade fructans [11].

Polymeric nanoparticles have recently been proposed in

biomedical applications because they can deliver biological

materials, such as proteins, genes, and chemotherapeutics,

to the desired site of action according to the external or

biological stimuli [12]. Additionally, cellular barriers for

delivering biological materials into the mammalian cells can

be overcome through internalization of the nanoparticles

inside the cell membrane during endocytosis [13]. 

One of the easy ways to make polymeric nanoparticles is

self-assembly of hydrophobically modified hydrophilic

polymers owing to the hydrophobic interaction of the

hydrophobic groups in inner multi-cores in polymeric

nanoparticles. 

Efficient delivery of probiotics to the intestinal area is

very critical for achieving the therapeutic effect of the

probiotics, because harsh gastric conditions cause low

bioavailability during the oral delivery of probiotics [14]. It

has been reported that the encapsulation of probiotics into

polymeric microcapsules has successfully protected the

probiotics from the harsh gastric conditions [15]. Among

many kinds of polymers, alginate has mostly been used to

encapsulate the probiotics owing to their low cost, lack of

toxicity, biocompatibility, and easy handling [16]. 

In this study, we aimed to enhance the antibacterial

properties of microencapsulated probiotics internalized

with inulin nanoparticles (INs) as prebiotics into alginate/

chitosan/alginate (ACA) microcapsules (MCs) for future in

vivo application. To the best of our knowledge, this is the

first report to show the improved antimicrobial activity of

probiotics against pathogens using INs as prebiotics.

Materials and Methods

Materials

Inulin, sodium alginate (low viscosity), glycerol, pepsin, bile

salt (B8756), fluorescein isothiocyanate (FITC), sodium acetate

(NoAC), N,N-dimethylformamide, and phthalic anhydride were

purchased from Sigma-Aldrich (USA). Chitosan (MW 15,000;

degree of deacetylation: 91.8%) was kindly provided by Jakwang

Co. Ltd. (Korea). Difco Lactobacilli MRS broth, Lactobacilli MRS

agar, and MacConkey agar were purchased from BD (USA).

Synthesis of Phthalyl Inulin Nanoparticles

Phthalyl inulin nanoparticles (PINs) were synthesized as

described in a previous method [17] with a slight modification.

Briefly, inulin (1 g; MW: 5,000 g/mol) was added to 5 ml of N,N-

dimethylformamide, and 2.0 g of phthalic anhydride was added

dropwise to the inulin solution; 0.2 ml of 5% (w/v) sodium acetate

was used as a catalyst. The reaction was carried out at 40°C for

24 h under nitrogen gas. After 24 h, PINs were precipitated by

adding cold water and collected via filtration. The PINs were

washed four times with cold water to remove any traces of

unreacted inulin and other impurities. The PINs were lyophilized

and stored at -20°C until use. The conjugation of phthalyl groups

in PINs was confirmed by 600 MHz 1H-NMR spectroscopy

(AVANCE600; Bruker, Germany).

Characterization of PINs

The surface topography of the PINs was observed by field-

emission scanning electron microscopy (FE-SEM) using SUPRA

55VP-SEM (Carl Zeiss, Germany). PINs were mounted on the

stubs with adhesive copper tape and coated with platinum under

a vacuum using a coating chamber (CT 1500 HF, Oxford

Instruments, UK). The sizes of nanoparticles were measured with

a dynamic light scattering (DLS) spectrophotometer (DLS-7000;

Otsuka Electronics, Japan).

Bacterial Cultures 

PA KCTC 21088 and SG KCTC 2931 strains were used in this

study. PA was maintained in MRS broth supplemented with 15%

(v/v) glycerol and stored at -70°C. SG was maintained in LB

broth supplemented with 15% (v/v) glycerol and stored at -70°C.

Synthesis of FITC-Labeled PINs 

Five milligrams of FITC was mixed with 100 mg of PINs

dissolved in 1.5 ml of dimethyl sulfoxide (DMSO). The reaction

was carried out in the dark at room temperature. After stirring for

4 h, to remove unreacted FITC, the solution was dialyzed against

distilled water at 4°C. Then, the dialyzed product was lyophilized.

Microencapsulation of Probiotics and PINs

The cultured wild-type PA was centrifuged at 2,000 ×g at 4°C

for 10 min and the pellets were washed and suspended in 5 ml of

normal saline. The MCs were prepared according to a previously

described method [18]. The process of MC preparation is shown in

Fig. 1. Briefly, the mixture of 3% sodium alginate with PA

(1.32 × 1011 CFU/ml), 1% (w/v) inulin or 1% (w/v) PINs, and

glycerol was dropped into 0.2 M CaCl2 by passing through a

cannula-like syringe in the presence of N2 gas pressure. Alginate

droplets immediately formed alginate MCs by calcium ions. The

alginate MCs were allowed to harden by incubating with 0.2 M

CaCl2 solution for 5 min. After incubation, they were washed with
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0.85% saline to remove unreacted CaCl2. Then, the alginate MCs

were coated with 0.8% (w/v) chitosan for 5 min. Chitosan-coated

alginate MCs were further coated with 0.1% (w/v) sodium

alginate for 5 min. After washing the ACA MCs with saline, they

were stored at -70°C for 6 h and lyophilized. ACA MCs without

PA, ACA MCs with PA, and ACA MCs with a mixture of PA and

inulin were prepared in the same way. The composition of the

capsules is shown in Table 1.

Confirmation of Internalization of PINs in PA 

To observe the internalization of PINs in PA, before making

PIN-internalized PA-loaded ACA MCs (PA: 0.5 ~ 2.0 × 1011 CFU/ml),

FITC-labeled PINs (0.02 g PINs/0.3 ml 0.85% saline) were

preincubated at 37°C for 30 min in a shaking incubator (255 rpm)

in PA. Then, the PIN-internalized PA-loaded ACA MCs were

prepared in the same way as shown in Fig. 1 [18]. The release of

PA from encapsulated ACA MCs was performed in simulated

small intestinal fluid (SIF) (pH 7.2) for 3 h at 37°C in a shaking

incubator (255 rpm) in vitro. Released PA was collected by

centrifugation (10,000 ×g, 1 min, room temperature), washed three

times in 1 ml of PBS, and visualized by confocal laser microscopy

(SP8 X STED; Leica, Germany).

Morphology Observation and Size Measurement of ACA MCs

The morphologies of the ACA MCs were observed by

stereomicroscopy (EZ4HD; Leica, Germany). The average sizes of

ACA MCs were calculated using a hemocytometer (Tiefe Depth

Profondeur 0.100 mm; Paul Marienfeld, Germany).

Loading Content of PA in ACA MCs

The encapsulation efficiency (EE) of PA in the ACA MCs was

expressed as the percentage of PA found in the ACA MCs relative

to the total amount of PA used to prepare the ACA MCs. The

loading content (LC) of PA in the ACA MCs was expressed as

colony forming units (CFU) of PA found in the ACA MCs as

described in a previous report [19]. Briefly, ACA MCs were

incubated in MRS broth in a shaking incubator (37°C and

100 rpm) for a given interval of time. Then, 10 µl of the broth was

dropped into an MRS agar plate and incubated at 37°C to count

the colonies.

Fig. 1. Process of microcapsule preparation (modified from Jiang et al. [18]).

Table 1. Formulations used in this study.

Cohort Formulation Description

1 ACA MCs Alginate-chitosan-alginate microcapsules

2 ACA(PA) MCs Pediococcus acidilactici encapsulated into ACA MCs

3 ACA(PA-I) MCs Pediococcus acidilactici and inulin encapsulated into ACA MCs

4 ACA(PA-PIN) MCs Phthalyl inulin nanoparticles-internalized Pediococcus acidilactici encapsulated into ACA MCs

5 ACA(PIN) MCs Phthalyl Inulin nanoparticles encapsulated into ACA MCs (without Pediococcus acidilactici)
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Release Profile of PA from ACA MCs in SGF and SIF 

Simulated gastric fluid (SGF) and SIF were prepared according

to the method of United States Pharmacopoeia [20]. Briefly, SGF

was prepared by adjusting the pH to 2.0 with 2 g/l NaCl with or

without pepsin (1,000 units/ml). SIF at pH 7.2 was composed of

0.05 mol/l KH2PO4 and 1.2% (w/v) bile salt. ACA MCs were

incubated in SGF and incubated for 5, 30, 60, and 120 min at 37°C.

The release profile of PA from ACA MCs in SIF was also

monitored as being the same.

Antimicrobial Activity Test 

Antimicrobial activity was tested by a cocultivation assay [21].

One gram of microcapsule (PA: 2.0~3.7 × 108 CFU /capsule) and

pathogen (SG: 3.3 × 108 CFU) were cocultivated in 50 ml of MRS

broth at 37°C for 9 h at 100 rpm. At each time point, viable cell

counts of SG were determined by plating on MacConkey agar for

24 h at 37°C.

Analysis of Short-Chain Fatty Acids in Cocultured Broth

Analysis of the SCFAs (acetate, propionate, and butyrate) was

performed by gas chromatography. Briefly, 1 ml of cocultured

supernatant was obtained by centrifugation (10,000 ×g, 30 min,

4°C). A gas chromatograph 7890N (Agilent Technologies Inc.,

USA) connected to a flame ionization detector was used for the

identification and quantification of SCFAs. Each sample (1 µl) was

injected into the gas chromatograph equipped with an HP-Innowax

capillary column (12 m × 0.2 mm × 0.25 mm) using He as a gas

carrier. The temperature of the injector was 170°C. Chromatographic

Fig. 2. Production scheme and characterization of phthalyl inulin nanoparticles (PINs). 

(A) Reaction scheme of preparation of phthalyl inulin (PI). (B) NMR spectrum of PI. (C) Particle sizes of PINs measured by DLS. (D) SEM images

of PIN stem; left: scale bar: 10 µm; right: scale bar: 1 µm.
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conditions were as follows: initial oven temperature of 80°C,

20°C/min up to 120°C, 12 min at 120°C, and a ramp of 20°C/min

up to 220°C to clean the column. The peaks were quantified using

relative abundances according to the external standard.

Isolation, Purification, and Analysis of Pediocin

Pediocin was isolated and purified as described in previous

methods [22] with some modifications. The obtained cocultured

supernatants were stirred with ammonium sulfate (40% saturation)

for 30 min at room temperature. The precipitated proteins were

obtained by centrifugation (25,000 ×g for 40 min). Purified solutions

were dialyzed against the buffer overnight. The dialyzed proteins

were filtered with a 0.45-µm pore-size filter and purified with a

centrifugal filter (Vivaspin 20, 10,000 Da) at 3,500 ×g for 15 min at

4°C. Proteins were lyophilized and stored at 4°C for further analyses.

The protein concentration was determined by Bradford assay and

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). Pediocin quantification was done using a standard curve

of bovine serum albumin.

Statistical Analysis

The data are presented as the mean plus standard deviation

(SD) from all the replicates. The treatment effects were examined

by one-way of variance for multiple comparisons using SPSS 11.5.

(SPSS for Windows). The LSD test was used to assess the significance

of the treatment means where the effect was significant (p ≤ 0.05).

Results 

Synthesis and Confirmation of Phthalyl Inulin

The reaction scheme of the preparation of phthalyl inulin

(PI) is shown in Fig. 2A. The reaction and degree of

substitution (DS) of the phthalic groups in PI were confirmed

by 1H-NMR spectroscopy measurement. The 1H-NMR

spectrum of PI is shown in Fig. 2B. The results indicated that

the peak assigned to the protons of phthalic acid appeared

at 7.4-7.7 ppm, and the peak assigned to the protons of inulin

appeared at 3.8 ppm, which suggest a successful reaction.

Based on the integration of protons in phthalic acid per the

protons in inulin, it was found that the DS of the phthalic

groups in PI was 25.1 mol.-%, although it is not easy to

increase the DS in the reaction owing to steric hindrance of

the hydrophobic properties of phthalic acids in PI. 

Preparation and Characterization of PINs

PINs were prepared by self-assembly of the phthalyl

groups of PI in the core, as the hydrophobic and hydroxyl

moieties of the PI were exposed to the water in the outer

shell and as the hydrophilic ones were transferred from

DMSO to the aqueous medium during the dialysis of PI

after the reaction. The sizes of PINs measured by DLS were

approximately 203 nm, with a polydispersity index of 0.171

(Fig. 2C). Additionally, the sizes of PINs were approximately

200 nm with spherical shapes when observed by SEM

(Fig. 2D), although the PINs prepared by SEM were more

heterogeneous than seen in the DLS owing to the

aggregation of PINs during freeze drying. 

Encapsulation of PA and PIN-Internalized PA into ACA MCs

PA and PIN-internalized PA were encapsulated into

Fig. 3. Morphologies of PIN-internalized PA-encapsulated ACA MCs.

(A) Before freeze drying and (B) after freeze drying. The loading content of the MCs was 108 CFU/ ml freeze capsule. Scale bar: 1 mm. ACA MCs:

Alginatechitosanalginate microcapsules; ACA(PA) MCs: Pediococcus acidilactici encapsulated into ACA MCs; ACA(PA-I) MCs: Pediococcus

acidilactici and inulin encapsulated into ACA MCs; ACA(PA-PIN) MCs: phthalyl inulin nanoparticle-internalized Pediococcus acidilactici

encapsulated into ACA MCs.
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ACA MCs. Fig. 3 shows the morphologies of ACA MCs

loaded with PA, with PIN-internalized PA, and inulin

itself, observed by a stereo digital microscope. It was found

that the sizes of ACA MCs after the internalization of PINs

were not much changed compared with those of the PA-

encapsulated ACA MCs or inulin-loaded ACA MCs,

having an encapsulation efficiency of almost 100% without

a change in the morphologies of the ACA MCs after

encapsulation of PA, inulin, and PIN-internalized PA,

although the sizes of ACA MCs were increased almost 2

times after encapsulation of PA, inulin, and PIN-

internalized PA (Table 2). Additionally, we confirmed the

encapsulation of FITC-labeled PIN-internalized PA into

ACA MCs by CLSM observation (Fig. 4). Furthermore,

PIN-internalized PA (Fig. 4A) was observed by CLSM after

disruption of the ACA MCs encapsulated with FITC-

labeled PIN-internalized PA. The release of FITC-labeled

PIN-internalized PAs from ACA MCs encapsulated with

PIN-internalized PA was also observed by CLSM (Fig. 4B),

suggesting that the microencapsulation process and

duration of the release of PAs from PA-loaded ACA

MCs did not affect the internalization of PINs into the

probiotics.

Survivability of PA Encapsulated into ACA MCs

Generally, it was already reported that the encapsulation

of probiotics into MCs significantly improved survivability

in the SGF condition [23]. Figs. 5A and 5B show the

survivability of PA, PA-encapsulated ACA MCs(ACA(PA)),

and PA-encapsulated ACA MCs after loading of inulin

(ACA(PA-I)), and PA-encapsulated ACA MCs after

internalization of PINs (ACA(PA-PIN)) against time. The

results indicated that the survivability of PAs themselves

was drastically decreased and was almost zero within 1 h

at 37°C regardless of pepsin, whereas the other groups

slowly decreased over time. Interestingly, the survivability

of ACA (PA-PIN) at 2 h was higher than that of ACA (PA)

and ACA (PA-I), although the mechanism is not clear. The

survivability of PA, ACA (PA), ACA (PA-I), and ACA (PA-

PIN) in SIF at 37°C over time is shown in Fig. 5C. The

results indicated that there were not many differences in

the survivability of PA among the groups. 

Table 2. Characterization of ACA MCs.

MCs Size (mm) Encapsulation efficiency (%) Loading content (108 CFU/lyophilized capsule)

Unloaded 0.88 ± 0.02 _ _

ACA (PA) 1.96 ± 0.03 99.99 2.93 ± 0.25

ACA (PA-I) 1.99 ± 0.04 99.99 2.53 ± 0.25

ACA (PA-PIN) 2.00 ± 0.10 99.99 2.96 ± 0.30

Fig. 4. Confirmation of the internalization of FITC-labeled PINs into PA by confocal microscopy.

(A) Image after disrupting the ACA (PA-PIN) MCs and (B) after release from the ACA MCs in simulated small intestinal fluid (mean ± SD, n = 3).

FITC-PINs are shown in green and PA was stained in blue with 4’,6-diamidino-2-phenylindole.
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Release of PA from PA-Encapsulated ACA MCs In Vitro

Fig. 6 shows the release of PA from PA-encapsulated

ACA MCs at pH 7.2 and 37°C over time. The results

indicated that almost 90% of PA was released within 1 h

without differences in release among the groups owing to

the swelling of the hydrophilic ACA MC in SIF after the

loading of inulin into PA or the internalization of PINs into

PA. This suggests that the loading of inulin or the

internalization of PINs does not affect the release of PA

from ACA MCs owing to the very small amounts of inulin

or PINs. 

Antibacterial Activity of PA after Treatment of Inulin

and PINs 

Fig. 7 shows the antibacterial activity of PA after treatment

with ACA (PA), ACA (PA-I), and ACA (PA-PIN) against

gram-negative SG for 9 h by the coculture antibacterial

assay. The antibacterial activity of ACA (PA-PIN) was

significantly higher than that of ACA (PA-I), although

ACA (PA) had some antibacterial activity against SG. The

results indicated that the antibacterial activity of PIN-

internalized PA was the highest among inulin-treated PA

and untreated PA against SG.

Effect of Internalization of PINs into PA on Production of

SCFAs and Pediocin

Figs. 8A-8D show the concentration of acetate, propionate,

butyrate, and total SCFAs in the culture medium after

treatment with PA, ACA (PA), ACA (PA-I), and ACA (PA-

PIN) against SG for 9 h. The results indicated that ACA

(PA-I) showed the highest production of individual SCFAs,

as well as the total ones among the groups, which is

different from the antibacterial activity. Figs. 8E and 8F

show the concentration of pediocin measured by Bradford

assay in the culture medium and the determination of

produced pediocin with SDS-PAGE after treatment with

ACA (PA), ACA (PA-I), and ACA (PA-PIN) against SG

for 9 h. The concentration of pediocin was 7.44, 5.56, and

Fig. 5. Viability of free and encapsulated PA during exposure

to simulated gastric fluid (SGF, pH 2.0) and small intestinal

fluid (SIF, pH 7.2)

SGF with pepsin (A); SGF without pepsin (B), and SIF with bile salts

(C). Viability represents the percentage of cells surviving relative to

the initial population (mean ± SD, n = 3) (*p ≤ 0.05). 

Fig. 6. Release of probiotics from ACA MCs in vitro at pH 7.2

and 37°C. 

Data are shown as the mean ± SD, n = 3.
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10.98 µg/ml in ACA (PA), ACA (PA-I), and ACA (PA-PIN),

respectively. The apparent molecular mass of pediocin was

confirmed to be approximately 3.5 kDa by the SDS-PAGE

method, and the ACA (PA-PIN) group showed the highest

production of pediocin.

Discussion

In this study, we developed ACA MCs encapsulated

with IN-internalized PA to enhance the antimicrobial

properties of microencapsulated probiotics. INs can be

prepared by the self-assembly of phthalyl inulin

conjugated with phthalic acid as a hydrophobic group. The

reaction occurred between primary hydroxyl groups of

carbohydrates in inulin and carboxylic acids of phthalic

acid after the ring opening of phthalic anhydride through

ester bonds between inulin and phthalic acid, because the

primary alcohols in inulin are more reactive than the

secondary ones.

By far, the study of the internalization of prebiotic

nanoparticles into probiotics is at the early stage and most

studies have focused on the fermentation of prebiotics by

probiotics to produce SCFAs. From previous experiments,

the fluorescence intensity was the strongest at the center of

PA, indicating that PINs are internalized into the PA

although inulin itself enters into PA through passive

diffusion [24]. As was already reported, we confirmed that

FITC-PINs were internalized into the PA after the

disruption of encapsulated ACA MCs (Fig. 4). Surprisingly,

the polymeric nanoparticles were not reported as

prebiotics and were internalized into the probiotics,

although metal ones were internalized into the probiotics

through electrostatic interactions [25]. However, unlike

metal nanoparticles, PINs themselves did not induce

cytotoxicity towards probiotics and mammalian cells,

based on the used concentration of PINs [24]. 

The antibacterial activity of ACA (PA-PIN) was the highest

among the treated groups. Interestingly, PIN-internalized

PA had the highest antibacterial activity compared with

inulin-treated PA or PA alone, where PINs themselves did

not have any antibacterial activity. Inulin acts as a “prebiotic,”

promoting the selective development of beneficial microbial

“probiotics” [26]. Our results demonstrated that the

synergistic inhibitory effect of synbiotic ACA(PA-PIN) MCs

(PA as a probiotic and PINs as a prebiotic) and synbiotic

ACA (PA-I) MCs on pathogenic bacteria was higher than

the inhibitory effect of ACA MCs (PA) alone. Additionally,

the antibacterial activity of ACA (PA-PIN) MCs against SG

was 7.0 times higher than ACA (PA) MCs. 

On the other hand, ACA (PA-I) MCs showed the highest

production of individual SCFAs as well as total ones

among the groups, which is different than the results of the

antibacterial activity. It has already been reported that the

SCFAs are the primary end products of fermentation of

non-digestible carbohydrates, such as inulin and starch [27,

28], and they are key players in the ability of probiotics to

inhibit pathogens [29]. Therefore, it should be noted that

the antibacterial activity of ACA (PA-PIN) MCs must be

different from that of the ACA (PA-I) MCs. The exact

mechanism should be clarified in the near future. 

Moreover, it was found that pediocin production was the

highest for the ACA (PA-PIN) group and the produced

polypeptide was confirmed to be pediocin by SDS-PAGE.

It can be said that the highest antibacterial activity of ACA

(PA-PIN) is closely related with the highest pediocin

production, because pediocin produced by various strains

of PA inhibited the growth of Listeria and Leuconostoc

species associated with food products [30-32].

In conclusion, PINs were prepared by the self-assembly

of the phthalyl groups of PI in the core as the hydrophobic

and hydroxyl moieties of PI were exposed to water in the

outer shell, as well as the hydrophilic moieties, when

transferred from DMSO to aqueous medium during the

dialysis of PI. The sizes of PINs measured by DLS were

approximately 203 nm, with a polydispersity index of

0.171. The INs were internalized into PA. PIN-internalized

PA was well protected in SGF and SIF after encapsulation

into the ACA MCs. PIN-internalized PA in ACA MCs

enhanced the antibacterial activity of the probiotics owing

to the production of pediocin, probably through the

stimulation of PA by PINs. To the best of our knowledge,

this is the first report of the improved antimicrobial activity

of probiotic bacteria against enteric pathogens by prebiotic

nanoparticles compared with the prebiotic itself. Our

Fig. 7. Viable cell numbers of SG at 9 h after cocultivation with

ACA(PIN) MCs, ACA(PA) MCs, ACA (PA-I) MCs, and ACA

(PA-PIN) MCs obtained by a pathogen-PA cocultivation assay.

Data are the mean ± SD, n = 3 (*p ≤ 0.05). 
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results indicate that the encapsulation of PIN-internalized

PA into ACA MCs will be a new, promising method for the

development of biological antibacterial polypeptides for

application in the animal industry.

Acknowledgments 

This study was funded by the Jilin Science and Technology

Development Plan Project, China (Grant Nos. 20150306001NY

and 20160309002NY) and the Basic Science Research Program

through the National Research Foundation of Korea (NRF)

and the Ministry of Education (Grant No. 2016936920).

Conflict of Interest 

The authors have no financial conflicts of interest to declare.

References

1. Allen HK, Levine UY, Looft T, Bandrick M, Casey TA. 2013.

Treatment, promotion, commotion: antibiotic alternatives in

food-producing animals. Trends Microbiol. 21: 114-119.

Fig. 8. Analysis of short-chain fatty acids (SCFAs) and pediocin production of PA in pathogen-PA coculture.

(A) Acetate, (B) propionate, (C) butyrate, and (D) total SCFAs (mean ± SD, a,b,cp ≤ 0.05). Detection of antimicrobial activity of the purified pediocin

(E) and Tricine-SDS-PAGE (F). The pediocin concentration was measured by Bradford assay and the molecular mass determination of pediocin

produced by PA was confirmed with SDS-PAGE (mean ± SD, n = 3, *p ≤ 0.05).



Encapsulated Probiotics Internalized with INs 519

April 2018⎪Vol. 28⎪No. 4

2. Stanton TB. 2013. A call for antibiotic alternatives research.

Trends Microbiol. 21: 111-113.

3. Jiang T, Li HS, Han GG, Singh B, Kang SK, Bok JD, et al.

2017. Oral delivery of probiotics in poultry using pH-

sensitive tablets. J. Microbiol. Biotechnol. 27: 739-746.

4. Lee SH, Lillehoj HS, Dalloul RA, Park DW, Hong YH, Lin JJ.

2007. Influence of Pediococcus-based probiotic on coccidiosis

in broiler chickens. Poult. Sci. 86: 63-66.

5. Jin LZ, Ho YW, Abdullah N, Jalaludin S. 2000. Digestive

and bacterial enzyme activities in broilers fed diets

supplemented with Lactobacillus cultures. Poult. Sci. 79: 886-891.

6. Cunningham-Rundles S, Ahrne S, Bengmark S, Johann-Liang R,

Marshall F, Metakis L, et al. 2000. Probiotics and immune

response. Am. J. Gastroenterol. 95: S22-S25.

7. Gibson GR, Roberfroid MB. 1995. Dietary modulation of the

human colonic microbiota - introducing the concept of

prebiotics. J. Nutr. 125: 1401-1412.

8. Gourbeyre P, Denery S, Bodinier M. 2011. Probiotics,

prebiotics, and synbiotics: impact on the gut immune

system and allergic reactions. J. Leukoc. Biol. 89: 685-695.

9. Farthing MJG. 2004. Microbial-gut interactions in health and

disease - preface. Best Pract. Res. Clin. Gastroenterol 18: 231.

10. Schwiertz A. 2016. Microbiota of the human body implications

in health and disease. Preface. Adv. Exp. Med. Biol. 902: V.

11. Scott KP, Martin JC, Duncan SH, Flint HJ. 2014. Prebiotic

stimulation of human colonic butyrate-producing bacteria

and bifidobacteria, in vitro. FEMS Microbiol. Ecol. 87: 30-40.

12. Petros RA, DeSimone JM. 2010. Strategies in the design of

nanoparticles for therapeutic applications. Nat. Rev. Drug

Discov. 9: 615-627.

13. Elsabahy M, Wooley KL. 2012. Design of polymeric

nanoparticles for biomedical delivery applications. Chem.

Soc. Rev. 41: 2545-2561.

14. Bajracharya P, Islam MA, Jiang T, Kang SK, Choi YJ, Cho CS.

2012. Effect of microencapsulation of Lactobacillus salivarus

29 into alginate/chitosan/alginate microcapsules on viability

and cytokine induction. J. Microencapsul. 29: 429-436.

15. Islam MA, Yun CH, Choi YJ, Cho CS. 2010. Microencapsulation

of live probiotic bacteria. J. Microbiol. Biotechnol. 20: 1367-1377.

16. Islam MA, Bajracharya P, Kang SK, Yun CH, Kim EM,

Jeong HJ, et al. 2011. Mucoadhesive alginate/poly (L-lysine)/

thiolated alginate microcapsules for oral delivery of

Lactobacillus salivarius 29. J. Nanosci. Nanotechnol. 11: 7091-7095.

17. Kumar S, Kesharwani SS, Kuppast B, Rajput M, Bakkari MA,

Tummala H. 2016. Discovery of inulin acetate as a novel

immune-active polymer and vaccine adjuvant: synthesis,

material characterization, and biological evaluation as a

Toll-like receptor-4 agonist. J. Mater. Chem. B 4: 7950-7960.

18. Jiang T, Singh B, Maharjan S, Li HS, Kang SK, Bok JD, et al.

2014. Oral delivery of probiotic expressing M cell homing

peptide conjugated BmpB vaccine encapsulated into alginate/

chitosan/alginate microcapsules. Eur. J. Pharm. Biopharm. 88:

768-777.

19. Jiang T, Kim YK, Singh B, Kang SK, Choi YJ, Cho CS. 2013.

Effect of microencapsulation of Lactobacillus plantarum 25

into alginate/chitosan/alginate microcapsules on viability and

cytokine induction. J. Nanosci. Nanotechnol. 13: 5291-5295.

20. Li XY, Chen XG, Cha DS, Park HJ, Liu CS. 2009.

Microencapsulation of a probiotic bacteria with alginate-

gelatin and its properties. J. Microencapsul. 26: 315-324.

21. Ditu LM, Chifiriuc MC, Bezirtzoglou E, Voltsi C, Bleotu C,

Pelinescu D, et al. 2011. Modulation of virulence and

antibiotic susceptibility of enteropathogenic Escherichia coli

strains by Enterococcus faecium probiotic strain culture

fractions. Anaerobe 17: 448-451.

22. Altuntas EG, Ayhan K, Peker S, Ayhan B, Demiralp DO. 2014.

Purification and mass spectrometry based characterization

of a pediocin produced by Pediococcus acidilactici 13. Mol.

Biol. Rep. 41: 6879-6885.

23. Chiba Y, Shida K, Nagata S, Wada M, Bian L, Wang CX, et al.

2010. Well-controlled proinflammatory cytokine responses

of Peyer’s patch cells to probiotic Lactobacillus casei.

Immunology 130: 352-362.

24. Kim WS, Lee JY, Singh B, Maharjan S, Hong L, Lee SM, et

al. 2017. A new way of producing pediocin in Pediococcus

acidilactici through intracellular stimulation by internalized

inulin nanoparticles. Scientific Reports In press

25. Sanyasi S, Majhi RK, Kumar S, Mishra M, Ghosh A, Suar M,

et al. 2016. Polysaccharide-capped silver Nanoparticles

inhibit biofilm formation and eliminate multi-drug-resistant

bacteria by disrupting bacterial cytoskeleton with reduced

cytotoxicity towards mammalian cells. Sci. Rep. 6: 24929.

26. Hamilton-Miller JM. 2004. Probiotics and prebiotics in the

elderly. Postgrad. Med. J. 80: 447-451.

27. Hanson RW, Ballard FJ. 1967. The relative significance of

acetate and glucose as precursors for lipid synthesis in liver

and adipose tissue from ruminants. Biochem. J. 105: 529-536.

28. Zambell KL, Fitch MD, Fleming SE. 2003. Acetate and

butyrate are the major substrates for de novo lipogenesis in

rat colonic epithelial cells. J. Nutr. 133: 3509-3515.

29. Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y,

Yoshimura K, et al. 2011. Bifidobacteria can protect from

enteropathogenic infection through production of acetate.

Nature 469: 543-547.

30. Foegeding PM, Thomas AB, Pilkington DH, Klaenhammer TR.

1992. Enhanced control of Listeria monocytogenes by in situ-

produced pediocin during dry fermented sausage production.

Appl. Environ. Microbiol. 58: 884-890.

31. Nielsen JW, Dickson JS, Crouse JD. 1990. Use of a

bacteriocin produced by Pediococcus acidilactici to inhibit

Listeria monocytogenes associated with fresh meat. Appl.

Environ. Microbiol. 56: 2142-2145.

32. Pucci MJ, Vedamuthu ER, Kunka BS, Vandenbergh PA. 1988.

Inhibition of Listeria monocytogenes by using bacteriocin Pa-1

produced by Pediococcus acidilactici Pac 1.0. Appl. Environ.

Microbiol. 54: 2349-2353.


