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Abstract: The study investigated whether omega-3 fatty acids could promote bacterial growth, acid and bile tolerance, 
and cell adhesion onto Caco-2 cells to develop a multifunctional enteric soft capsule containing probiotics and ome-
ga-3 fatty acids. The probiotic strains used were Enterococcus faecium IDCC 2102 and Bacillus coagulans IDCC 1201. 
Supplementation with omega-3 fatty acids did not significantly affect the growth and viability of either strain at lower 
concentrations (i.e. 0.5–1.0 w/w %). In comparison, the adhesion ability to Caco-2 cells of both strains was significantly 
increased (up to 107.5%). Furthermore, Bacillus coagulans IDCC 1201 [1 × 1010 CFU (colony forming unit) per cap-
sule] contained together with omega-3 fatty acids (600 mg per capsule) in the enteric soft capsules showed a stability 
of over 95% during 12 months of storage at room temperature, which was similar to that of unencapsulated lyophilised 
probiotics. Thus, these results indicate that multifunctional food supplements in  the form of  enteric soft capsules 
are feasible.
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Probiotics are live microorganisms that, when con-
sumed in adequate quantities (FAO/WHO 2001), can 
provide health benefits such as  improved digestive 
function and gut health, enhanced immune system ac-
tivity, and to  prevent pathogenic infection (Kechagia 
et  al.  2013; Suez et  al.  2019; Latif et  al.  2023). To  at-
tain these beneficial effects, probiotics should colo-
nise the intestine and migrate to  the gastrointestinal 
system, where they can be  exposed to  toxic environ-
ments, reducing their viability (Dimidi et al. 2017; Han 
et al. 2021). Consequently, various methods have been 
introduced to overcome the challenges associated with 
probiotics (i.e. the effects of gastric and bile acids and 
digestive enzymes), one of which involves the encap-
sulation of  probiotics using proteins, carbohydrates, 
and chemical compounds with conjugation abilities 

(Rajam and Anandharamakrishnan  2015; Rodrigues 
et al. 2017; Bang et al. 2022).

Omega-3 fatty acids polyunsaturated fatty acids are 
mainly composed of eicosapentaenoic acids (EPAs, C20), 
docosapentaenoic acids (DPAs, C22), and docosahexae-
noic acids (DHAs, C22) (Cholewski et al. 2018). These 
compounds can improve eye and brain health, pre-
vent heart disease, reduce inflammation, and enhance 
bone and joint health (Yashodhara et al. 2009; Swanson 
et al. 2012; Luchtman and Song 2013). The human body 
only synthesises a small amount of omega-3 fatty acids 
(i.e. EPA and DHA); therefore, additional supplemen-
tation is  recommended to  maintain an  optimal level 
(Surette 2008). Generally, enteric soft capsules are used 
to produce commercially obtainable omega-3 fatty ac-
ids because these compounds are chemically unstable 
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(e.g. oxidative), which causes off-flavours or nutritional 
value losses (Kaushik et al. 2015).

To our knowledge, no enteric soft capsules contain-
ing probiotics and omega-3 fatty acids have been com-
mercially developed as  synergistic food supplements. 
This study manufactured enteric soft capsules con-
taining physically and thermally stable probiotics and 
omega-3 fatty acids using the probiotic strains Ente-
rococcus faecium IDCC  2102  and Bacillus coagulans 
IDCC 1201. First, the probiotic strains were mixed with 
a slurry form of omega-3 fatty acids, which was used 
to  produce the enteric soft capsule and their growth 
was measured. Second, the viability of  the probiotic 
strains under acid and bile stress and intestinal adhe-
sion were evaluated. Finally, the shelf stability of  the 
probiotics within the enteric soft capsule containing 
the omega-3 fatty acids was determined at room tem-
perature. The results of this study can contribute to the 
development of  enteric soft capsules for multifunc-
tional synergistic health products.

MATERIAL AND METHODS

Bacterial strains and culture conditions. E.  faeci-
um IDCC 2102 (ATCC BAA-3146™) was isolated from 
the faeces of breast milk-fed infants, and B. coagulans 
IDCC 1201 (ATCC BAA-3143™) was isolated from the 
Green malt, and probiotic strains were cultured in De 
Man-Rogosa-Sharpe medium (MRS; BD  Difco,  USA) 
at 45 °C and 200 revolutions per minute (rpm) for 24 h 
(B. coagulans) or 37 °C  for 24 h anaerobically (E.  fae-
cium). The bacterial strains were manufactured by Il-
dong Bioscience (South Korea).

Measurements of bacterial growth. To evaluate the 
effect of omega-3 fatty acids on the viability and growth 
of E. faecium IDCC 2102 and B. coagulans IDCC 1201, 
1% (v/v) of an overnight culture of each strain was in-
oculated onto a 96-well plate that contained MRS broth 
and 0.5, 1, 2, 8, or 16% (v/v) omega-3 fatty acids. Bacte-
rial cell growth was monitored every 6 h for 42 h using 
a plate reader (BioTek, USA) at 600 nm.

Acid and bile tolerance. The  acid tolerance as-
sessment was performed according to  the method 
of Kim et al. (2018), with minor modifications. Briefly, 
10 mL of E. faecium IDCC 2102 overnight cultures and 
B. coagulans IDCC 1201 (1 × 108 CFU·mL–1; CFU – col-
ony forming unit) were centrifuged at  6 000 rpm for 
5 min. The cell pellets were washed twice with sterile 
phosphate-buffered saline (PBS) buffer (pH  7.4) and 
resuspended in  10 mL  of  PBS  buffer. Subsequently, 
100 μL of each sample (1 × 108 CFU·mL–1) was inoc-

ulated into 10 mL of MRS broth, which was adjusted 
to  a  pH  of  2.5  with 4 mol·L–1  HCl and incubated for 
3 h at  37 °C. After 0  and 3 h, 100 μL  of  each culture 
was spread onto an MRS agar plate with appropriate 
dilutions, and colony counts were performed after 24 h 
of incubation. Cell viabilities (%) were expressed as cell 
densities at 3 h of initial cell density. The bile tolerance 
test used the same experimental procedure as the acid 
tolerance test, except that the MRS  broth contained 
0.3%  (w/v) of  bile salts (MB-B1653; MB  Cell, South 
Korea). Omega-3  fatty acids was treated with con-
centrations of 0, 0.5, 1, and 2% in MRS, and both acid 
tolerance and bile tolerance were examined at  each 
concentration. The omega-3 fatty acids used here, fol-
lowing a specific manufacturing process, exhibits high 
miscibility, easily blending with MRS.

Cell line and culture conditions. The human colon 
epithelial cell line Caco-2  was purchased from Kore-
an Cell Line Bank (Seoul, South Korea) and cultured 
in  low-glucose Dulbecco's modified Eagle's medium 
(DMEM; Thermo Fisher Scientific, USA) supplemented 
with 1% (w/v) penicillin/streptomycin (Sigma-Aldrich, 
USA) and 10%  (v/v) heat-inactivated fetal bovine se-
rum (FBS; Sigma-Aldrich) in a humidified atmosphere 
containing 5% CO2 at 37 °C.

Cell viability. The  viability of  the Caco-2  cells was 
determined using a  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Presti 
et al. 2015). The Caco-2 cells were seeded at a density 
of 1 × 105 per cells well in a 96-well plate and incubated 
for 48 h, after which they were treated with a  probi-
otic strain (1 × 108 CFU·mL–1) and various concentra-
tions of specific manufactured omega-3 fatty acids for 
48 h. Subsequently, MTT solution was added to each 
well and the samples were incubated for 4 h at 37 °C. 
The excess MTT solution was then removed and dime-
thyl sulfoxide (DMSO) was added to each well to dis-
solve the formazan crystals. Finally, the optical density 
was measured at  540 nm using a  microplate reader 
(BioTek, USA).

Adhesion assay. E.  faecium IDCC  2102  and B.  co-
agulans IDCC  1201  were cultured in  MRS  broth 
for 18 h at  37  and 45 °C, respectively. Subsequent-
ly, the cultures were adjusted to  a  concentration 
of 1 × 108 CFU·mL–1 and bacterial cells were obtained 
by  centrifugation at  7 370 ×  g for 15 min. The  bacte-
rial cell pellets were washed in  PBS  twice and resus-
pended in  low-glucose DMEM  without antibiotics. 
Caco-2 cells (1 × 105 per cells well) were seeded onto 
24-well plates and incubated in  5%  CO2  at  37 °C  for 
48 h. The cell monolayers were then rinsed with ster-
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ile PBS  and treated with either a  mixture of  ome-
ga-3 fatty acids and the bacterial strains or the bacterial 
strains only. The  Caco-2  cell monolayers were incu-
bated in 5% CO2 at 37 °C for 3 h, after which the me-
dium was removed, the cell monolayer was washed 
twice with PBS to eliminate unattached bacteria, and 
100 μL of trypsin-EDTA was added to each well to re-
lease adherent bacteria. The  collected bacteria were 
spread onto MRS agar plates and incubated at 37 °C for 
48 h. Finally, adhesion was expressed as  the percent-
age of adherent bacteria (CFU·mL–1) compared to the 
initial inoculum.

Shelf stability of  Bacillus coagulans IDCC  1201 
in  enteric soft capsules containing omega-3  fatty 
acids. Enteric soft capsules containing omega-3  fat-
ty acids and B.  coagulans IDCC 1201 were manufac-
tured following the production process, as  shown 
in  Figure  1. To  manufacture the capsule gel, gelatin 
(Sammi, South Korea), low methoxyl amidated pec-
tin (LMA; DANISCO, USA), plasticisers, and puri-
fied water were prepared. The esterification and amide 
levels in the LMA were 24.5% and 22.8%, respectively. 

As a plasticiser, glycerin (LG H&H, South Korea) and 
polyglycerol syrup (LG  H&H) were used to  increase 
flexibility and mixed in a weight ratio of 1 : 0.3. The pu-
rified water and plasticisers were melted into the tank. 
When the temperature reached 85 °C, gelatin and 
LMA were added to the tank and stirred for 2 h to dis-
solve. After mixing, the solution was cooled to 60 °C and 
used for encapsulation. The  capsule gel consisted 
of 33.6 wt% gelatin, 3 wt% LMA, and 22 wt% plasticis-
ers. To prepare probiotic compounds of B. coagulans 
IDCC  1201, the omega-3  fatty acids (Wiley compa-
nies, USA), which mainly consisted of  eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA), and 
yellow wax (Strahl &  Pitsch INC, USA) were melted 
into the tank at 60 °C. After cooling to 30 °C, soybean 
lecithin (Berg + Schmidt Asia Pte Ltd, Singapore) was 
added for emulsification and mixed with B.  coagu-
lans IDCC 1201. The probiotic compounds were filled 
in  the capsule. The  manufactured capsule consisted 
of 77.5 wt% omega-3 fatty acids (387.5 mg per capsule), 
15 wt% B. coagulans IDCC 1201 (1 × 1010 CFU per cap-
sule), 6.5 wt% yellow wax, and 1 wt% soybean lecithin. 

Figure 1. The manufacturing process of enteric soft capsules containing omega-3 fatty acids and Bacillus coagu-
lans IDCC 1201
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The shelf-stability of B. coagulans IDCC 1201 in cap-
sules with omega-3 fatty acids was investigated by stor-
ing the samples at  room temperature for 12 months. 
The  viability of  the probiotic strains was determined 
at 1, 2, 3, 6, 9, and 12 months of storage. Briefly, sam-
ples (10 g) were serially diluted with sterile saline so-
lution, and 1 mL  of  the diluted solution was added 
to 15 mL of MRS medium in Petri dishes. The proce-
dure was performed in  triplicate. After solidification, 
the plates were anaerobically incubated at  37 °C  for 
72 h. The number of cells (CFU·mL–1) was determined 
by counting the plate's viable bacterial cells.

Statistical analysis. The  experiments were per-
formed in  triplicate, and the results are presented 
as means ± standard deviations. Significant differences 
were determined using an unpaired t-test, and P-val-
ues < 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

The effect of  omega-3  fatty acids on  bacterial 
growth. To examine the effect of omega-3 fatty acids 
on bacterial growth, E. faecium IDCC 2102 and B. co-
agulans IDCC  1201  were incubated in  MRS  broth 
supplemented with one of six concentrations of ome-
ga-3 fatty acids (Figure 2). Overall, bacterial cell growth 
decreased in  an  omega-3  fatty acids concentration-
dependent manner. The  highest specific growth rate 

(μ) occurred in the MRS broth with 0% (w/v) supple-
mentation, while the lowest rate was achieved with 
16% omega-3 fatty acids supplementation. Specifically, 
E.  faecium IDCC  2102  attained 0.78  and 0.32  of  the 
specific growth rate (h–1) in the presence of 0% and 16% 
omega-3 fatty acids, respectively (Figure 2A), while the 
rates for B. coagulans IDCC 1201 were 0.18 and 0.25, 
respectively (Figure 2B). Therefore, the omega-3  fatty 
acids concentration range of 0.5–2% was selected for 
further experiments since these concentrations had 
no  significant effect on  the growth of  the two pro-
biotic strains.

The effect of omega-3 fatty acids on bacterial tol-
erance to acid and bile. The survivability of probiotics 
in acid or bile conditions is an important consideration 
due to the acidic gastrointestinal environments to which 
these probiotics are exposed (Han et al. 2021). This study 
evaluated the viability of  E.  faecium IDCC  2102  and 
B. coagulans IDCC 1201 at a pH of 2.5 and 0.3% (w/v) 
of bile acid. The results for E. faecium IDCC 2102 in-
dicated an approximately 80% viability with increased 
omega-3 fatty acids concentrations under acidic stress, 
whereas that of  B.  coagulans IDCC  1201  decreased 
with increased omega-3  fatty acids concentrations 
from 100% to 80% when compared to the control (0%) 
(Figure 3). The viability of B. coagulans IDCC 1201 was 
superior to that of E. faecium IDCC 2102, possibly due 
to spore formation observed in the B. coagulans strain 

Figure 2. Changes in the optical density (OD600) of (A) Enterococcus faecium IDCC 2102 and (B) Bacillus coagulans 
IDCC 1201 in Man-Rogosa-Sharpe medium (MRS) medium with sublethal concentrations (wt%) of omega-3 fatty acids

The number of repeats for each treatment n = 3; the experimental data are represented as three independent experi-
ments' means ± standard deviations
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Figure 3. Viability of (A) Enterococcus faecium IDCC 2102 and (B) Bacillus coagulans IDCC 1201 in gastrointestinal 
tract related acid stresses

*, ** The values are represented as the means ± standard deviations at significance levels P < 0.05 and 0.01, respectively; 
(A) E. faecium IDCC 2102 (1 × 108 CFU·mL–1) and (B) B. coagulans IDCC 1201 (1 × 108 CFU·mL–1) were inoculated in acidic 
medium at 37 °C at 3 h; the acidic medium adjusted pH 2.5 and treated omega-3 fatty acids with concentrations of 0, 0.5, 
1, and 2%; the standard error (n = 3 independent experiments) is indicated in the error bar; CFU – colony forming unit

(Bader et  al.  2012). The  bile tolerance test showed 
that omega-3  fatty acids supplementation did not af-
fect viability at  0.3%  (w/v) bile acid when compared 
to  the control (0%) (Figure  4). In  conclusion, supple-
mentation with omega-3 fatty acids had no significant 
effect on  bacterial viability (comparatively 80–100%) 
under acid and bile stress at the tested concentrations 
of 0.5% to 2%.

The effect of omega-3 fatty acids on bacteria ad-
hesion to  Caco-2  cells. Before the adhesion assay, 
the viability of Caco-2 cells treated with omega-3 fatty 
acids and the probiotic strains was investigated us-
ing an MTT assay (Figure 5). The omega-3 fatty acids 

did not statistically affect the viability of Caco-2 cells 
up  to  2%  (w/v) (Figure  5A). However, omega-3  fatty 
acids significantly decreased the viability of E. faecium 
IDCC 2102 at > 1% and decreased the viability of B. co-
agulans IDCC 1201 at > 2% (Figure 5B and C). Thus, 
the omega-3 fatty acids concentrations of  0.5% and 
1% (w/v), which had no significant effects on Caco-2 cell 
viability, were used for the E. faecium IDCC 2102 and 
B. coagulans IDCC 1201 adhesion assays.

The Caco-2 cells were then treated with the E.  fae-
cium IDCC 2102 and B. coagulans IDCC 1201 strains 
at  a  concentration of  1  ×  107  CFU·mL–1, and the ad-
hesion of both strains significantly increased with the 

Figure 4. Viability of (A) Enterococcus faecium IDCC 2102 and (B) Bacillus coagulans IDCC 1201 in gastrointestinal 
tract related bile stresses

*, ** The values are represented as the means ± standard deviations at significance levels P < 0.05 and 0.01, respectively; 
(A) E. faecium IDCC 2102 (1 × 108 CFU·mL–1) and (B) B. coagulans IDCC 1201 (1 × 108 CFU·mL–1) in MRS containing 
0.3% (w/v) of bile salts; omega-3 fatty acids were treated with concentrations of 0, 0.5, 1, and 2% in bile medium contain-
ing 0.3% (w/v) of bile salts; the standard error (n = 3 independent experiments) is indicated in the error bar; CFU – colony 
forming unit
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Figure 5. Effect of (A) omega-3 fatty acids only, (B) Enterococcus faecium IDCC 2102 (1 × 108 CFU·mL–1), and 
(C) Bacillus coagulans IDCC 1201 (1 × 108 CFU·mL–1) on proliferation of Caco-2 cells

a–e – different letters indicate significant differences at P < 0.05 by Duncan's multiple range test; the experimental data 
are represented as the means ± standard deviations of three independent experiments; CFU – colony forming unit

Figure 6. Adhesion of either (A) Enterococcus faecium IDCC 2102 or (B) Bacillus coagulans IDCC 1201 mixed with 
omega-3 fatty acids onto Caco-2 cells

*, ** The values are represented as the means ± standard deviations of three independent experiments at significance 
levels P < 0.05 and 0.01, respectively; CFU – colony forming unit

1% omega-3  fatty acids concentration [(by 48.9% and 
107.5% compared to  control (0%), respectively; Fig-
ure 6]. These results indicate that omega-3 fatty acids 
could benefit probiotic strain adhesion to the intestinal 

wall. Polyunsaturated fatty acids (PUFAs) have been re-
ported to promote the settlement of lactic acid bacteria 
in the digestive tract of the arctic charr, Salvelinus al-
pinus (L.), and it has been suggested that PUFAs, such 
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Figure 7. (A) Production of enteric soft capsule containing Bacillus coagulans IDCC 1201 (15 wt%, 1 × 1010 CFU per 
capsule) and omega-3 fatty acids (77.5 wt%, 387.5 mg per capsule) and (B) viability of B. coagulans IDCC 1201 within 
the capsule over a storage period of 12 months

*, ** The values are represented as the means ± standard deviations of three independent experiments at significance 
levels P < 0.05 and 0.01, respectively; CFU – colony forming unit

as  omega-3  fatty acids, could modify the membrane 
fatty acid composition of  intestinal epithelial cells for 
bacterial adhesion (Ringø et  al.  1998). Furthermore, 
low concentrations of  PUFAs significantly enhanced 
the growth and adhesion of probiotic strains (e.g. LGG, 
Lactobacillus casei Shirota, and Lactobacillus bulgari-
cus). In  contrast, high concentrations of  PUFAs had 
no effect (Kankaanpää et al. 2001). Thus, supplementa-
tion with PUFAs, such as omega-3 fatty acids, can ben-
efit the intestinal adhesion of probiotics.

Shelf stability of  probiotics in  enteric soft cap-
sules containing omega-3  fatty acids. Probiotic 
products should meet suitable viable microorganism 
counts at the end of their shelf life to ensure that the 
appropriate health benefits are provided to consumers 
(Hill et  al. 2014). In  this study, the shelf life of B.  co-
agulans IDCC  1201  encapsulated with omega-3  fatty 
acids (Figure  7A) was investigated during 12  months 
of storage, and the survival rates of the bacteria were 
maintained above 95% compared to the initial control 
at  all checkpoints (Figure  7B). The  number of  viable 
cells was greater than 1  billion  CFU, considered the 
minimal effective level for health benefits (Settanni and 
Moschetti  2010). After the 12-month storage period, 
the survival rate was approximately 96.05% (Figure 7B), 
while the survival rate of  unencapsulated lyophilised 

cells was approximately 98.81% (Figure 7B). These re-
sults showed that ingredients in enteric soft capsules 
containing omega-3  fatty acids affected the cells' vi-
ability. The  hydrogels, comprising gelatin and pectin, 
increase the stability of probiotics due to their capac-
ity to  absorb water within their structure (Ishwarya 
et al. 2022). Furthermore, they protect cells against gas-
tric acid and are easily digested in the intestine by lipas-
es (Ishwarya et al. 2022). In addition, the lipid matrix, 
such as omega-3 fatty acids, contributes to the stabil-
ity by protecting bacterial cells from exposure to water 
and stressors such as  H+  ions (Lahtinen et  al.  2007). 
Thus, these results suggest that probiotic B. coagulans 
IDCC 1201 encapsulated with omega-3 fatty acids can 
be stored for a minimum of one year under the condi-
tions of this study.

CONCLUSION

Probiotic strains and omega-3 fatty acids are function-
al ingredients that boost their hosts' immune systems 
by producing beneficial metabolites such as short-chain 
fatty acids and modifying the gut barrier composition. 
In  this study, supplementation with lower concentra-
tions of omega-3 fatty acids (i.e. 0.5–1.0 wt%) increased 
the intestinal adhesion of the two probiotic strains test-
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ed, E. faecium IDCC 2102 and B. coagulans IDCC 1201. 
Based on these results, enteric soft capsules containing 
B. coagulans IDCC 1201 (15 wt%, 1 × 1010 CFU per cap-
sule) and omega-3 fatty acids (77.5 wt%, 387.5 mg per 
capsule) were manufactured, and the viability of the pro-
biotic strains during long-term storage was determined 
using a shelf-stability test. Thus, the results of this study 
can provide fundamental data for the future develop-
ment of multi-functional enteric soft capsules.
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