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ABSTRACT: Essential oils (EO) are defined  microparticles in a simulated pig gastric fluid
as plant-derived natural bioactive compounds, (SGF) and a simulated pig intestinal fluid (SIF);
which can have positive effects on animal growth  and 3) evaluate in vivo release of thymol from
and health due to their antimicrobial and antiox-  the lipid matrix microparticles along the pig gut.
idative properties. However, EO are volatile, can =~ The results showed that thymol concentration
evaporate quickly, and be rapidly absorbed in the =~ was not significantly different in the mash and
upper gastrointestinal tract. Also, due to theirla-  pelleted feeds (P > 0.05). In the in vitro study,
bile nature, the stability of EO during feed pro-  26.04% thymol was released in SGF, and the rest
cessing is often questionable, leading to variations  of the thymol was progressively released in SIF
in the final concentration in feed. Encapsulation  until completion, which was achieved by 24 h.
has become one of the most popular methods of  The in vivo study showed that 15.5% of thymol
stabilizing EO during feed processing, storage,  was released in the stomach, and 41.85% of
and delivery into the lower gut. The objectives of ~ thymol was delivered in the mid-jejunum section.
the present study were to 1) evaluate the stability =~ Only 2.21% of thymol was recovered in feces. In
of thymol microencapsulated in combination  conclusion, the lipid matrix microparticles were
with organic acids in commercially available lipid  able to maintain the stability of thymol during
matrix microparticles during the feed pelleting  a feed pelleting process and storage and allow a
process and storage; 2) validate and demonstrate  slow and progressive intestinal release of thymol
the slow release of thymol from the lipid matrix  in weaned pigs.
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INTRODUCTION performance and mortality (Yang et al., 2015;
Hassan et al., 2018). Traditionally, antibiotic
growth promoters (AGP) were used to reduce the
complications associated with weaning. However,
there is a concern regarding the transmission and
the proliferation of resistant bacteria via the food

During the weaning phase, piglets frequently
have diarrheic symptoms and other intestinal dis-
turbances, which can result in decreased growth

!Corresponding author: chengbo.yang@umanitoba.ca chain, which has induced regulations and restric-
Received September 21, 2019. tions of the use of AGP in animal feed in many
Accepted November 20, 2019. countries (Zeng et al., 2015b). Various AGP
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alternatives have been developed and practically
used in the swine industry (Cheng et al., 2014).

Essentials oils (EO), natural bioactive com-
pounds obtained from plants, are known to have
antibacterial, antiviral, antifungal, and antioxida-
tive properties and have traditionally been used
as complementary or alternative medicines to im-
prove human health or cure human diseases (Kim
et al., 2008; Brenes and Roura, 2010). With the
identification of active components in plant ex-
tracts and some progress in the mechanistic stud-
ies of these components in animals, there has been
an increase of studies in pursuit of using EO to
substitute AGP in animal diets (Li et al., 2012).
Many studies found that various EO (e.g., thymol,
cinnamaldehyde, and eugenol) could improve
growth performance (Manzanilla et al., 2006;
Nofrarias et al., 2006), gut immune system (Su
et al., 2018), gut morphology (Xu et al., 2018), and
gut microbiota (Zeng et al., 2015a). However, the
lipophilic and volatile properties of EO are obs-
tacles that must be considered when including EO
in pig feed (Omonijo et al., 2018b). Due to their
volatile properties, EO may be absorbed into feed
components or air-dried and evaporated during
feed processing (e.g., pelleting), leading to reduced
potency (Si et al., 2006). Several studies indicated
that EO were mainly or almost entirely absorbed
in the stomach and the proximal small intestine
of piglets after oral intake (Michiels et al., 2008).
Thus, the majority of the EO, without proper pro-
tection, will be lost during feed processing and de-
livery to the pig gut and may not be able to reach
the lower gut of pigs where most pathogens reside
and propagate (Chen et al., 2017), which will re-
duce the profitability of feed mills and become one
of the major barriers for EO application in feed.
Thus, it is crucial to develop an effective and prac-
tically feasible delivery method for the use of EO
in the feed.

Encapsulation, which provides a physical bar-
rier for bioactive compounds and separates the
core material from the environment until release, is
thought to improve the stability of bioactive com-
pounds and enable the slow release of EO in ani-
mals (Vidhyalakshmi et al.,, 2009). Lipid matrix
microencapsulation has been popularly used to de-
liver bioactive compounds (e.g., EO, organic acids,
and vitamins) to the animal’s gut (Liu et al., 2017a;
Gottschalk et al., 2018; Yanget al., 2018; Kaur et al.,
2019; Yang et al., 2019). However, there is a lack of
information on the stability of EO during feed pro-
cessing and storage and the intestinal release of EO
from the lipid matrix microparticles in animals. This

study hypothesized that EO embedded (microen-
capsulated) in a commercially available lipid matrix
microparticles as a blend of EO and organic acids
(OA) will maintain their stability during the pelleting
process and storage and EO may be slowly released
in the pigs’ gut. Therefore, the objectives of this re-
search were to evaluate the stability of thymol in the
lipid matrix microparticles during feed pelleting and
feed storage and to determine the intestinal release
of thymol using in vitro and in vivo approaches.

MATERIALS AND METHODS

Materials

Thymol (298.5%), a-methyl-trans-cinnamal-
dehyde (298%), hexane (high performance liquid
chromatography grade, 95%), and pepsin derived
from porcine gastric mucosa (2250 units/mg), bile
salts, pancreatin originated from porcine pancreas
(>3 United States Pharmacopeia), and titanium
dioxide (299% trace metal basis) were purchased
from Sigma-Aldrich (Oakville, Ontario, Canada).
A blend of EO and OA was embedded in lipid matrix
microparticles (Jefo Nutrition Inc., Saint-Hyacinthe,
Quebec, Canada). The components of the lipid ma-
trix microparticles were hydrogenated vegetable oil
for the matrix material and fumaric acid, sorbic acid,
malic acid, citric acid, soya lecithin, thymol, vanillin,
and eugenol as active ingredients embedded (micro-
encapsulated) within the lipid matrix.

Thymol Stability in the Lipid Matrix
Microparticles During Feed Pelleting Process and
Storage

The stability of thymolin the lipid matrix micropar-
ticles was determined during the pelleting process.
A wheat-soybean meal (SBM) basal diet was formu-
lated as shown in Table 1. The treatments included:
1) a control mash basal diet control mash feed (CM),
2) CM + 0.2% of the lipid matrix microparticles
Essential oil mash feed (EOM), 3) CM pelleted con-
trol pelleted feed (CP), and 4) EOM pelleted Essential
oil pelleted feed (EOP). The lipid matrix microparticles
were premixed with corn (approximately 8 kg) before
being added to the whole diets. The pelleting pro-
cess was conducted with a Master Model California
Pellet Mill (California Pellet Mill Co., San Francisco,
CA, USA) at the Glenlea Swine Research Unit at the
University of Manitoba. The air temperature dur-
ing conditioning and pelleting was measured with a
noncontact infrared thermometer (Fluke 62 mini in-
frared thermometer, Fluke Corporation, Everett, WA,
USA). Conditioning before pelleting was conducted at
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Table 1. The composition of a wheat-SBM basal diet
for the feed pelleting experiment (kg, as-fed basis)

Ingredients kg
Wheat 400
Barley 60
Corn 250
Soybean meal (48% crude protein) 215
Soybean oil 10
Fish meal 40
Limestone 10
Vitamin—minerals premix' 14
L-lysine HCI 1
Total 1,000

Calculated net energy and nutrient content (g/kg)

Net energy (kcal/kg) 2,272
Crude protein, % 22.0

'Supplied the following per kilogram of diet: 2,200 1U vitamin
A, 220 IU D3, 16 IU E, 0.5 mg vitamin K, 1.5 mg vitamin B1, 4 mg
vitamin B2, 12 mg calcium pantothenate, 600 mg choline chloride,
30 mg niacin, 7 mg pyridoxine, 0.02 mg vitamin B12, 0.2 mg biotin,
0.3 mg folic acid, 0.14 mg calcium iodate, 6 mg copper sulphate,
100 mg ferrous sulfate, 4 mg manganese oxide, 0.3 mg sodium selenite,
and 100 mg zinc oxide.

69-74 °C by directly adding steam to a mixer where
feed and steam were thoroughly mixed and, after 4 s,
the first feed particles moved to the pelleting part. The
steam and feed mixture were pressed with a pressor
that has a 4-mm diameter and 10-mm length and the
pelleting temperature reached to 61 °C. The total pel-
leting time of each batch was less than 2 min to pellet
50 kg of feed. Six samples were obtained from mash
feed, and 6 samples after pelleting were collected.
Every batch, the mash feed mixing was followed by
the pelleting procedure. The pelleting process was con-
ducted independently three times. The samples were
kept at —80°C until further analyses.

The stability of thymol in the lipid matrix
microparticles during feed storage was measured for
12 wk at room temperature. The feeds from the third
batch of EOM and EOP were used in the experiment.
Six samples (400 g of feed) were taken from the EOM
and EOP. Each feed sample was placed in an opened
zip bag, and a total of 12 bags were stored in two plastic
containers (45 cm X 30 cm X 40 cm) with the closed lid.
The plastic containers were stored at a temperature of
23-24 °C and a relative humidity of 25%-30%. At the
time points of 0, 1, 3, 6,9, and 12 wk, 25 g of feed were
obtained from each bag and then stored at —80°C to
minimize thymol evaporation until further analyses.

In Vitro Release of Thymol in Simulated Gastric
and Intestinal Fluids

The in vitro release profile of thymol in the
lipid matrix microparticles was determined using

a simulated pig gastric fluid (SGF) and a simu-
lated pig intestinal fluid (SIF). Both SGF and
SIF were prepared according to the methods de-
scribed by Minekus et al. (2014) with some modi-
fications. The SGF contained 47.2 mmol/L NaCl,
25 mmol/LNaHCO,, 6.9 mmol/L KCI, 0.9 mmol/L
KH,PO,, 0.5 mmol/L (NH4)2CO3, 0.1 mmol/L
MgCL(H,0),, 0.15 mmol/L CaCl(H,0),, and
2000 U/mL pepsin originated from porcine gas-
tric mucosa. The SIF contained 85 mmol/L
NaHCO,, 38.4 mmol/L NaCl, 6.8 mmol/L KClI,
0.8 mmol/L KH,PO,, 0.33 mmol/L MgCL(H,0),,
0.6 mmol/L CaCl,(H,0),, 10 mM bile salts, and
1% (by vol.) pancreatin originated from porcine
pancreas (Liu et al., 2017b). The pH of SGF and
SIF was adjusted to 3.0 and 7.0, respectively,
using HCI or NaOH. The mixture of 9.5 mL of
prewarmed SGF (39 °C) and 0.5 g of the lipid ma-
trix microparticles was added into each tube and
then incubated at 200 rpm for 2 h at 39 °C. After
that, 18 mL of prewarmed SIF (39 °C) was added
into the tubes and pH was adjusted to 7.0. Then
the tubes were horizontally incubated at 200 rpm
for 24 h at 39 °C using a forced-convection la-
boratory oven (Heratherm, Thermo Scientific
Inc., Waltham, MA, USA) and a shaker (MaxQ
2508, Thermo Scientific Inc.). At SIF 0 (SGF 2 h
+ SIF 0), 1 (SGF 2 h + SIF 1 h), 2, 3, 4, 6, 8,
12, and 24 h, two samples (i.e. two tubes) were
taken out to represent each time point and the
pH of each sample was adjusted to 5.0 to min-
imize enzyme activities and the samples were then
stored at —20 °C until further analyses (Figure 1).
The two tubes collected for each time point were
considered as the technical replicates and the in
vitro release profile experiment was conducted in
triplicates.

In Vivo Recovery Rate Along the Gut of
Weaned Pigs

The experimental and animal care protocol
(F17-018, AC11280) was reviewed and approved by
the Animal Care Committee of the University of
Manitoba and the pigs were cared for in accord-
ance with the Canadian Council on Animal Care
(CCAC) guidelines (CCAC, 2009). A total of 12
male piglets (TN Tempo X TN70; 9.86 + 0.52 kg;
28 d) were obtained from the Glenlea Swine
Research Unit at the University of Manitoba and
housed individually after 4 d of group adaptation
period (days 1-5) in a temperature-controlled room
in the T.K. Cheung Centre for Animal Science
Research at the University of Manitoba. Room
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9.5 mL of
simulated gastric fluids (39°C)

Incubation
for2 h
0.5g of
lipid matrix microparticles
(18 tubes)

Incubation until SIF 24 h collection

9.5 mL of simulated gastric fluids (39°C)
+ 18 mL of simulated intestinal fluids (39°C)

Sample collection
2 tubes to represent SIF 1

Sample collection
2 tubes to represent SIF 0

il

Incubation for 1 h

Collecting 2 tubes at SIF2h,3h,4h,6 h,8 h, 12 h,24 h

Figure 1. The flow diagram of the in vitro release profile study. The mixture of 9.5 mL of prewarmed simulated gastric fluid (39 °C) and 0.5 g
of the lipid matrix microparticles was added into each tube (total 18 tubes) and then incubated for 2 h at 39 °C. After that, 18 mL of prewarmed
simulated intestinal fluid (39 °C) was added into the tubes. Two tubes were collected to represent SIF 0. After 1 h incubation, two tubes were col-
lected to represent SIF 1. The rest of the tubes were incubated until SIF 24 h collection and two tubes were collected to represent each time point.

temperature was maintained at 29 = 1 °C during
the first week and then reduced by 1.5 °C for the
rest of the experimental period. Piglets were ran-
domly allotted to two treatments in a completely
randomized design (n = 6): 1) a control corn-SBM
basal diet (CF) and 2) a corn-SBM basal diet sup-
plemented with 6 g/kg lipid matrix microparticles
Essential oil feed (EOF). The corn-SBM basal
diets were formulated to meet or exceed National
Research Council (2012) nutrient specifications
for pigs weighing 6-10 kg body weight (BW; Table
2). Zinc oxide was added in the diets to prevent
diarrhea in pigs and titanium dioxide (3 g/kg)
was added as an inert marker to calculate the
thymol recovery rate in the different gastrointes-
tinal sections. All pigs had free access to water and
feed during the whole experimental period and all
experimental diets were provided in a mash form.
On days 8 and 9, feces were collected. On day 9,
final BW and feed intake were measured and,
thereafter, the pigs were anesthetized by an intra-
muscular injection of ketamine:xylazine (20:2 mg/
kg BW) and euthanized by intravenous injection
of sodium pentobarbital (110 mg/kg BW). The
whole organs of the gastrointestinal tract were re-
moved from the carcass and the digesta samples
from the stomach, mid-jejunum (350-450 cm from
the stomach-duodenum junction), ileum (upper

0-80 cm of the ileum-cecum junction), cecum, and
colon (lower 20 cm from the ileum-cecum junc-
tion) were collected into different sterilized con-
tainers (Adeola and King, 2006). The samples of
collected digesta were kept at —20 °C to be freeze-
dried later. The individual pig was considered as the
experimental unit.

Gas Chromatographic Determination of Thymol

Thymol extraction from the feed or digesta
samples was conducted according to the meth-
ods described by Folch et al. (1957) and Ndou
et al. (2018) with some modifications. Samples
were freeze-dried and finely ground with a coffee
grinder (Applica Consumer Products Inc., Miami
Lakes, FL, USA) and 1 g of sample was weighed
and added to a 50-mL glass tube. Twenty milliliters
of a mixture of chloroform/methanol (2:1, by vol.)
and internal standard (a-methyl-trans-cinnamalde-
hyde) were added and shaken for 1 h to break down
the lipid matrix microparticles and absorb thymol
in the mixture. After shaking, 5 mL (25% by vol.)
of water was added to separate the chloroform and
methanol phase and the sample was centrifuged at
750 X g for 15 min at4 °C. The chloroform phase was
obtained with a Pasteur pipette (Fisher Scientific,
Hampton, NH, USA) and was filtered with a filter
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Table 2. The composition of diets used for the in
vivo release experiment (kg, as-fed basis)

Encapsulated
Ingredients Control diet  essential oils diet
Corn 477.62 471.62
Soybean meal (48% crude protein) 160.00 160.00
Whey permeate 124.22 124.22
X-SOY 600! (60% crude protein) 110.00 110.00
Fish meal 65.73 65.73
Soybean oil 15.00 15.00
Calcium (limestone) 14.32 14.32
Biofos 21%? 5.73 5.73
Salt—bulk fine 5.00 5.00
Zinc oxide 72% 3.19 3.19
Vitamin-mineral premix? (1%) 10.00 10.00
L-lysine HCI 78% 2.83 2.83
DL-methionine 99% 1.52 1.52
Threonine 1.32 1.32
L-tryptophan 0.51 0.51
Titanium dioxide (TiO,)* 3.00 3.00
Lipid matrix microparticles>® 0.00 6.00
Total 1,000.00 1,000.00
Calculated net energy and nutrient content (g/kg)
Net energy (kcal/kg) 2,475 2,459
Crude protein (%) 224 223

!Soy protein concentration (CJ Selecta, Goiania, Goias, Brazil).

2Ca, 21%; P, 17% (The Mosaic Co., Plymouth, MN).

3Supplied the following per kilogram of diet: 2,200 IU vitamin
A, 220 IU D3, 16 IU E, 0.5 mg vitamin K, 1.5 mg vitamin Bl, 4 mg
vitamin B2, 12 mg calcium pantothenate, 600 mg choline chloride,
30 mg niacin, 7 mg Pyridoxine, 0.02 mg vitamin B12, 0.2 mg biotin,
0.3 mg folic acid, 0.14 mg calcium iodate, 6 mg copper sulphate,
100 mg ferrous sulfate, 4 mg manganese oxide, 0.3 mg sodium selenite,
and 100 mg zinc oxide.

‘Titanium dioxide (TiO2; Sigma-Aldrich, Oakville, Ontario,
Canada).

SLipid matrix microparticles including hydrogenated vegetable oil,
fumaric acid, sorbic acid, malic acid, citric acid, soya lecithin, thymol,
vanillin, and eugenol (Jefo, Saint-Hyacinthe, Quebec, Canada).

“The lipid matrix microparticles were premixed in corn (approxi-
mately 8 kg) before being added to the whole diet.

paper (P5, Fisher Scientific) and dried under ni-
trogen gas (N,) flux using an N-EVAP 112 evapor-
ator (Organomation Associates Inc., Berlin, MA,
USA) at 37 °C. Methylation was done according to
the method described by Ichihara and Fukubayashi
(2010). Toluene (0.2 mL), methanol (1.5 mL), and
8% HCI (0.3 mL) were added sequentially and the
mixture was vortexed and incubated at 45 °C over-
night. After the overnight incubation, the solution
was evaporated under N, flux using an N-EVAP
112 evaporator (Organomation Associates Inc.).
Hexane (2 mL) was added to dissolve thymol and
water (2 mL) was added to wash hexane and then
the tubes were vortexed and centrifuged at 750 X g
for 15 min at 4 °C. Finally, the 2 mL of the hexane

phase was obtained, and thymol content was ana-
lyzed by gas chromatography-flame ionization de-
tector (GC-FID).

Samples from the in vitro release experiment
were thawed at room temperature and centri-
fuged at 4,700 x g for 20 min at 4 °C and the
supernatant was filtered with a filter paper (PS5,
Fisher Scientific) and the filtered quantity of the
supernatant was recorded. The filtered super-
natant was mixed with 15 mL of hexane with
internal standard using a rotator (Rotator AG,
FINEPCR, Gunpo, Gyeonggi-do, Korea) for
1 h and centrifuged at 750 X g for 10 min at 4 °C
and the hexane phase was obtained by a Pasteur
pipette (Fisher Scientific). The obtained hexane
was methylated as described above (Ichihara and
Fukubayashi, 2010) and the samples were ana-
lyzed by GC-FID.

The amount of thymol was determined by
GC-FID. The samples were separated on a CP
Select Fames column (100-m X 0.25-mm diam-
eter and 0.25-pum film thickness; Varian Canada,
Mississauga, Ontario, Canada) using a Bruker
450 GC with FID (Varian Canada). The tempera-
ture program was 70 °C for 2 min, the temperature
was raised to 175 °C at 25 °C/min, held for 20 min,
raised to 215 °C at 1.5 °C/min, held for 10 min, and
raised to 250 °C at 20 °C/min and held for 3 min
and the total run time was 67.62 min. Samples were
run with a 20:1 split ratio and 0.8 mL/min column
flow. The temperature detector was 290 °C and
hydrogen was used as the carrier gas.

Calculation of Thymol Concentrations and
Recovery Rates

The thymol concentration was calculated based
on the peak area ratio between thymol (specific
compound of interest) and o-methyl-trans-cin-
namaldehyde (internal standard) as follows (FID,
2003):

AMOUNT[S X AREASC X IRFSC

Thymol concentration (mg/kg) = REA
IS

where IS = internal standard, SC = specific com-
pound of interest, and IRF = internal response
ratio between IS and SC.

According to Zhang et al. (2016), the recovery
rate of thymol in the different gastrointestinal seg-
ments was calculated by analyzing thymol and ti-
tanium dioxide contents in feed or digesta. Samples
for titanium analysis were prepared according to
the method proposed by Lomer et al. (2000) and
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the titanium concentration was determined using
an inductively coupled plasma spectrometer (Vista-
MPX; Varian Canada). Thymol recovery rate was
calculated based on the following equation (Zhang
etal., 2016):

(MARKERD[ET X THYMOLDIGESTA)
(THYMOLDIET X MARKERDIGESTA)

RECOVERYtuymor (%) = { } x 100

Statistical Analyses

GraphPad Prism 7 (GraphPad Software, Inc.,
San Diego, CA, USA) was used to perform statis-
tical analyses. In the pelleting experiment, the dif-
ferences in thymol content between the EOM and
EOP were analyzed by an unpaired #-test. In the sta-
bility experiments, total thymol contents were com-
pared by one-way analysis of variance (ANOVA)
followed by a Tukey’s test. For the in vitro release
experiment, a curve fitting program (Padé approxi-
mant) was used. In the in vivo release experiment,
the mean and SEM were calculated. Data in all fig-
ures are shown as means = SEM. For all statistical
analyses, P < 0.05 was considered significant.

RESULTS

The wheat-SBM basal diets either not supple-
mented or supplemented with thymol microen-
capsulated in the lipid matrix microparticles were
pelleted at up to 74 °C. Thymol was not detectable
in the nonsupplemented diets (mash feed and pel-
leted feed). As shown in Figure 2, there was no
difference in the thymol content between EOM
and EOP in the three different batches (P > 0.05)
(Figure 2). As shown in Figure 3, the total amount

—
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£ =3 Pelleted feed
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Figure 2. Effect of feed pelleting process on total thymol content
in a diet supplemented with or without thymol microencapsulated
in the lipid matrix microparticles. Total thymol content in the diets
was analyzed by GC-FID. Thymol was not detectable in the diets
not supplemented with thymol microencapsulated in the lipid matrix
microparticles (both mash and pelleted feeds). Each value represents
the mean = SEM, n = 6. Three independent batches were conducted.
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Figure 3. The stability of thymol microencapsulated in the lipid ma-
trix microparticles in the mash feed (A) and pelleted feed (B) during
storage. Mash and pelleted feeds supplemented with thymol micro-
encapsulated in the lipid matrix microparticles were stored at room
temperature (22-24 °C) and 20%-30% humidity for 12 wk. Each value
represents the mean = SEM, n = 6.

of thymol in both EOM and EOP did not change
during the studied periods (12 wk; P > 0.05).

In vitro release profile of thymol from the lipid
matrix microparticles were investigated in SGF and
SIF. As shown in Figure 4, 26.04% thymol was re-
leased in SGF, and the rest of the loaded thymol
was progressively released in SIF until completion,
which was achieved by around 24 h. The recovery
rate of thymol was determined along the gut of
weaned pigs fed a diet either nonsupplemented
or supplemented with 6 g/kg thymol microencap-
sulated in the lipid matrix microparticles. During
the whole experiment period, all pigs were healthy
and consumed the feed at the normal quantity. The
average final BW of all the pigs was 11.5 + 0.99 kg
and daily feed intake (days 6-9) was 0.45 + 0.12 kg.
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Figure 4. In vitro release profile of thymol from the lipid matrix
microparticles in SGF and SIF. Each value represents the mean *
SEM, n = 3.

There was no significant difference between the
CF and EOF in the final BW and daily feed in-
take (P > 0.05). Thymol was not detectable along
the gut of weaned pigs fed a diet nonsupplemented
with thymol microencapsulated in the lipid matrix
microparticles. As shown in Figure 5, 15.5% of
thymol was released in the stomach, and 41.1% of
thymol was delivered to the mid-jejunum section.
The thymol was recovered in the ileum, cecum, and
colon at 14.36%, 14.92%, and 14.35%, respectively.
Only 2.21% of thymol was recovered in feces.

DISCUSSION

Encapsulation, defined as a process in which
microparticles or nanoparticles or droplets are en-
circled by a coating or embedded in a homogeneous
or heterogeneous matrix, is a helpful method to im-
prove the potency of feed additives (Gharsallaoui
et al., 2007). The benefits of encapsulation are to
1) improve the storage stability of feed additives;
2) protect feed additives during feed processing,
including mixing, conditioning, and pelleting;
3) mask unpleasant odor that can decrease feed in-
take; 4) improve the ease of handling of liquid feed
additives (e.g., EO) by changing liquid to solid state;
5) slowly release bioactive compounds along the gut
of animals; and 6) reduce the effective dosage of
bioactive compounds that have high cost and envir-
onmental issues. A broad range of bioactive com-
pounds, such as probiotics (Liu et al., 2016), EO
(Omonijo et al., 2018a), zinc oxide (Xie et al., 2011),
OA (Grilli et al., 2010), bacteriophages (Huff et al.,
2013), and enzymes (Chandrasekar et al., 2017) have
been encapsulated for improving animal health.

100
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Y

Q&
()

Q@

Figure 5. The recovery rate of thymol along the gut of weaned
pigs fed a diet either nonsupplemented or supplemented with thymol
microencapsulated in the lipid matrix microparticles. Thymol was not
detectable along the gut of weaned pigs fed a diet not supplemented
with thymol microencapsulated in the lipid matrix microparticles. Each
value represents the mean = SEM, n = 6.

An ideal encapsulation should not only increase
the stability of EO but also release them specifically in
the target regions of the intestine (Chen et al., 2017).
Wall or matrix materials are one of the most influ-
ential factors in controlling the release of bioactive
compounds (Carneiro et al., 2013). Many wall or
matrix materials, including polysaccharides (alginate
xanthan gum), proteins (whey protein and gelatin),
and lipids (milk fat and hydrogenated fat), have been
used to encapsulate EO for effective delivery to the
gut (Piva et al., 2007; Liu et al., 2016; Zhang et al.,
2016; Chen et al., 2017). The benefits of encapsulated
EO with hydrogenated fat are to facilitate slow release
(Mehnert and Méder, 2012) and to have high stability
(Souto and Miiller, 2010). Furthermore, solid lipid
has been considered as the most cost-effective ma-
terial for encapsulating EO. Solid lipid has also been
used for encapsulating probiotics (Okuro et al., 2013),
zinc oxide (Jang et al., 2014), vitamin A (Jenning
et al., 2000), and OA (Piva et al., 2007). However, the
stability of EO during feed processing and storage
and the intestinal release of EO in animals are still
not clear. Therefore, this study evaluated the stability
of thymol in lipid matrix microparticles during a feed
pelleting process and feed storage and determined the
intestinal release of thymol using in vitro and in vivo
approaches.

In modern farming, pig diets are commonly
provided in a pellet form (Fahrenholz, 2012).
The pelleting process is mainly composed of con-
ditioning and pelleting. Conditioning refers to
adding steam and heat to improve the binding
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property, while the purpose of pelleting is to ag-
glomerate small particles into large particles (Falk,
1985). It has been proven that pelleting pigs’ diets
enhance palatability, growth performance, nu-
trient, and energy digestibility and feed utilization
efficiency compared to mash feeding (Vukmirovic¢
et al., 2017; Lahaye et al., 2008). However, the
side effects of pelleting, including the possibility
of breaking down of nutrients and feed additives,
should be considered (Lewis et al., 2015; Kiarie and
Mills, 2019). The most negative effects of pelleting
are from wet steam, fat addition, and high energy
input, which can decrease the stability of nutrients
and feed additives (Broz et al., 1997). For example,
Jongbloed and Kemme (1990) showed that when
the pelleting temperature reached over 80 °C, the
activity of exogenous phytase was decreased in the
animal feed. In this study, the pelleting process did
not change total thymol in the feed. The melting
point of hydrogenated vegetable oil (matrix mater-
ials of the lipid matrix microparticles) is between
50 and 54 °C and the range of the measured tem-
perature during the conditioning and pelleting pro-
cess in this experiment reached between 61 and
74 °C. However, the pelleting process did not break
down the lipid matrix microparticles and evap-
orate thymol in lipid matrix microparticles. There
are several potential reasons: 1) the conditioning
and pelleting time (less than 2 min for pelleting
50 kg) in this experiment was not long enough to
break down the lipid matrix microparticles and to
evaporate thymol; 2) feed ingredients possibly pro-
tected the lipid matrix microparticles during the
conditioning part of the pelleting process in this
experiment; and 3) after being melted during pel-
leting, lipids might still be with thymol together and
then become solid particles again after pelleting.
However, different pelleting conditions (e.g., higher
temperature and longer time) may be able to break
down the lipid matrix microparticles and evaporate
EO. More studies are required to understand the
effects of the pelleting process on the recovery rate
of EO in lipid matrix microparticles with diverse
pelleting conditions.

It was expected that there should be free thymol
released from the lipid matrix microparticles but
remained in the pelleted feed because pelleting ag-
gregates the feed ingredients, which may inhibit
the instant evaporation of thymol. The released
thymol in the pelleted feed would be evaporated
as when the pelleted feed was stored for 12 wk.
However, because the amount of thymol in the pel-
leted feed did not change, it can be deduced that
lipid matrix microparticles remained intact during

the commercial pelleting process. In the swine in-
dustry, compound feed is stored for up to 3 mo be-
fore it is used. The free form of EO is vulnerable
to oxidation by air and light (Moghaddam and
Mehdizadeh, 2016). Furthermore, a study from
Luo et al. (2005) showed that there are some min-
eral sources, including copper in the animal feed,
which can accelerate the oxidation of bioactive
compounds. In this experiment, EO encapsulated
with hydrogenated vegetable oil maintained their
stability during the storage and after mixing with
other ingredients and pelleting. A potential reason
is that hydrogenated vegetable oil, used as a ma-
trix material in the experiment, may be resistant to
oxidation and can maintain solid because its melt-
ing point is between 50 and 54 °C (Gupta, 2017).
According to Mavromichalis and Baker (2000),
harsh environmental conditions can be applied to
feed in animal rooms where the temperature in-
creases to more than 39 °C and during storage in
silos and normal storage areas during the summer
months (Alabadan and Oyewo, 2005), indicat-
ing the need for more storage stability studies in
high-temperature environments.

In this study, lipid matrix microparticles could
maintain their stability in SGF (pH 3) and re-
leased most of the EO in SIF. This is because lipids
cannot be digested by pepsin and only digested
by lipase with emulsification by bile salts in intes-
tinal pH (e.g., pH 6-7) (Hussain et al., 2015). The
26.04% of released thymol in SGF may include the
solubilized EO that existed on the surface of the
microparticles and released EO from the physical
pressure of shaking 2 h in SGFE. While lipase in
SIF may have played a critical role to break down
the lipid matrix particles in SIF, bile salts also may
have played an important function by emulsifying
the lipid matrix microparticles, which generated
new surfaces of the lipid matrix microparticles
and facilitated the digestion of the lipid matrix
microparticles (Schonewille et al., 2016). In agree-
ment with the in vitro release study, Hamoudi et al.
(2011) showed that it took approximately 24 h to re-
lease lipophilic drugs (progesterone) from the lipid
beads made of a-cyclodextrin and soybean oil in
SGF and SIF. It is important to note that there was
a difference in the release profile when EO were en-
capsulated with different wall or matrix materials.
A study by Zhang et al. (2016) showed that EO en-
capsulated with alginate-whey protein was released
at approximately 20%-30% in the SGF incubation
after 2 h and completely released at 6 h (SGF 2 h
+ SIF 4 h). Omonijo et al. (2018a) showed that
approximately 50% of thymol encapsulated with
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starch and alginate were released within 2 h of in-
cubation in SGF and 100% release was observed
following incubation in SIF for an additional 2 h.
These differences might be due to using different
wall/matrix materials or differences in in vitro ex-
perimental conditions, such as enzyme concentra-
tions and incubation temperature.

In the present study, 15.5% of thymol was re-
leased in the stomach and 41.85% of thymol was
delivered to the mid-jejunum section and only
2.21% of thymol was recovered in the feces, which
is considered a slow release. A slow release can be
defined as releasing minimal amounts of bioactive
compounds in the stomach and delivering high
amounts of such compounds to the mid-jejunum
section and releasing most of the bioactive com-
pounds before they are excreted. Zhang et al. (2014)
showed that approximately 38%, 19%, and 4% of
the nonencapsulated form of carvacrol (e.g., EO)
was recovered in the stomach, duodenum, and je-
junum of weaned pigs, respectively, which indicated
that significant amount of carvacrol disappeared
in the stomach. Thus, as 84.5% of thymol was re-
covered in the stomach in the study, it can be in-
ferred that only a minimal release occurred, thus,
indicating a slow release.

A nutrient with digestibility of more than 90%
is considered as very digestible for pigs and, thus,
2.21% of remained thymol in the feces indicates
that almost all of the thymol disappeared in the gut
of pigs (Jergensen et al., 2000). In the in vivo study,
15.5% of the released thymol in the stomach may
have included the solubilized thymol from the sur-
face of the lipid matrix microparticles and released
thymol from the physical pressure of the segmen-
tation movement of the stomach. Also, some of
the lipid matrix microparticles may have been di-
gested by gastric lipase, which is secreted from gas-
tric chief cells in the fundic mucosa and plays an
important role in the digestion of lipid, especially
in piglets. The possible reason for the difference
between released thymol in SGF (SIF 0, 26.04%)
and the stomach in pigs (15.5%) would be that SIF
0 represents finished incubation in the SGF 2 h,
but a recovery rate of thymol in the stomach rep-
resents the released thymol during incubation in
the stomach. Therefore, it would be more accurate
to calculate the thymol recovery rate in the duo-
denum, but it was not feasible to collect duodenal
digesta from piglets.

Most of the thymol from the lipid matrix
microparticles was released in the jejunum, which
can be estimated by subtracting the recovery rate
of the ileum (14.36%) from the stomach (85.5%).

Pancreatin enzymes, including lipase and bile
salts, are secreted into the duodenum and most
of the lipid sources are digested before they reach
the ileum (Valette et al., 1992). However, the re-
covery rates of thymol in the ileum (14.36%),
cecum (14.91%), and colon (14.35%) were similar.
The potential explanation could be that 14.36% of
thymol in the ileum existed as released form but
thymol was not absorbed in the ileum, cecum, and
colon and, after digesta were excreted as feces,
most of the thymol was evaporated. There have
been a few in vivo studies that have investigated
the release profile of EO in pigs. In one of those
studies, when EO microparticles encapsulated with
alginate-whey protein were supplemented to pig,
roughly 75%, 68%, 51%, 17%, 5%, and 5% were re-
covered in the stomach, duodenum, jejunum, ileum,
cecum, and colon, respectively (Zhang et al., 2014).
According to Piva et al. (2007), encapsulated OA
and natural identical flavors with hydrogenated
vegetable lipids showed a gradual decrease in the
gastrointestinal tract (stomach, cranial jejunum,
caudal jejunum, ileum, and cecum) of growing pigs
compared with the nonencapsulated form of OA
and natural identical flavors. As the lipid matrix
microparticles were digested, some of the released
thymol possibly showed beneficial properties, such
as antimicrobial, antioxidative, and anti-inflamma-
tory effects in the gastrointestinal tract of weaned
pigs. Furthermore, some of the released thymol
was most likely absorbed as secondary metabolites
(thymol sulfate and thymol glucuronide) through
the intestinal wall and transported by the blood to
the liver (Pisar¢ikova et al., 2017). Therefore, the in
vivo release experiment showed that the lipid ma-
trix microparticles maintained their stability in the
stomach and slowly released most of the thymol in
the small intestine and delivered some thymol to
the large intestine.

The current study shows that the lipid matrix
microparticles can maintain stability during the pel-
leting process and storage. In vitro and in vivo re-
lease experiments demonstrated that the lipid matrix
microparticles allowed for a slow release in simu-
lated digestive fluids and along the gut of weaned
pigs. The efficacy of lipid matrix microparticles in
vivo has recently been validated by Xu et al. (2019)
in weaned pigs challenged with enterotoxigenic
Escherichia coli F4 (K88) by measuring growth per-
formance and gut barrier function. However, more
research is needed to investigate the effects of lipid
matrix microparticles on nutrient absorption, im-
mune responses, and microbiota in weaned pigs ex-
perimentally infected with E. coli F4 (K88).

Translate basic science to industry innovation



420 Choi et al.

ACKNOWLEDGMENTS

We appreciate Dennis Joseph, Shari Rey, and
Dennis Labossiere at Food and Human Nutritional
Sciences, University of Manitoba, for their help
on the use of a gas chromatography-flame ioniza-
tion detector. This work was financially supported
by the Natural Sciences and Engineering Council
of Canada CRD Grant (C.Y., CRDPJ 503580-
16), Manitoba Pork Council (C.Y., 47370), Jefo
Nutrition Inc. (C.Y., 47369), the Start-Up Grant
(C.Y., 46561) from the University of Manitoba and
Manitoba Graduate Scholarship.

Conflict of interest statement. None declared.

LITERATURE CITED

Adeola, O., and D. E. King. 2006. Developmental changes in
morphometry of the small intestine and jejunal sucrase
activity during the first nine weeks of postnatal growth in
pigs. J. Anim. Sci. 84:112-118. doi:10.2527/2006.841112x

Alabadan, B., and O. Oyewo. 2005. Temperature variations
within wooden and metal grain silos in the tropics
during storage of maize (Zea mays). Leonardo J. Sci.
6(1):59-67.

Brenes, A., and E. Roura. 2010. Essential oils in poultry
nutrition: main effects and modes of action. Anim.
Feed Sci. Technol. 158(1-2):1-14. doi:10.1016/j.
anifeedsci.2010.03.007

Broz, J., E. Schai, and M. Gadient. 1997. Micronutrient sta-
bility in feed processing. ASA Tech. Bull. FT42-1997.

Canadian Council on Animal Care (CCAC). 2009. CCAC
guidelines on: the care and use of farm animals in re-
search, teaching and testing.

Carneiro, H. C.,R. V. Tonon, C.R. Grosso,and M. D. Hubinger.
2013. Encapsulation efficiency and oxidative stability
of flaxseed oil microencapsulated by spray drying using
different combinations of wall materials. J. Food Eng.
115(4):443-451. doi:10.1016/j.foodeng.2012.03.033

Chandrasekar, S., P. Das, Y. Bashir, M. Karthigan, and
S. Saravanan. 2017. Comparative effects of coated com-
pound and mono-component proteases on growth per-
formance and nutritional efficiency in broiler diets. J. Agr.
Sci. Tech. 7:432-439. doi:10.17265/2161-6256/2017.06.009

Chen, J., Q. Wang, C. M. Liu, and J. Gong. 2017. Issues de-
serve attention in encapsulating probiotics: critical review
of existing literature. Crit. Rev. Food Sci. Nutr. 57:1228—
1238. doi:10.1080/10408398.2014.977991

Cheng, G., H. Hao, S. Xie, X. Wang, M. Dai, L. Huang, and
Z. Yuan. 2014. Antibiotic alternatives: the substitution of
antibiotics in animal husbandry? Front. Microbiol. 5:217.
doi:10.3389/fmicb.2014.00217

Fahrenholz, A. C. 2012. Evaluating factors affecting pellet
durability and energy consumption in a pilot feed mill
and comparing methods for evaluating pellet durability.
Manhattan, Kansas: Kansas State University .

Falk, D. 1985. Pelleting cost center. In: McEllhiney, RR,
editor. Feed manufacturing technology III. p. 167-190.
Arlington, VA: American Feed manufacturers Association

FID. 2003. Method 8000C determinative chromatographic
separation. Bellefonte, PA.

Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A simple
method for the isolation and purification of total lipides
from animal tissues. J. Biol. Chem. 226:497-509.

Gharsallaoui, A., G. Roudaut, O. Chambin, A. Voilley, and
R. Saurel. 2007. Applications of spray-drying in micro-
encapsulation of food ingredients: an overview. Food Res.
Int. 40(9):1107-1121. doi:10.1016/j.foodres.2007.07.004

Gottschalk, P, B. Brodesser, D. Poncelet, H. Jaeger,
H. Rennhofer, and S. Cole. 2018. Formation of essen-
tial oil containing microparticles comprising a hydrogen-
ated vegetable oil matrix and characterisation thereof. J.
Microencapsul. 35:513-521. doi:10.1080/02652048.2018.
1515998

Grilli, E., M. Messina, M. Tedeschi, and A. Piva. 2010.
Feeding a microencapsulated blend of organic acids and
nature identical compounds to weaning pigs improved
growth performance and intestinal metabolism. Livest.
Sci. 133(1-3):173-175. doi:10.1016/j.1ivsci.2010.06.056

Gupta, M. 2017. Practical guide to vegetable oil processing.
Elsevier Lynnwood, TX: Elsevier. MG Edible Oil
Consulting Int’t Inc.

Hamoudi, M., E. Fattal, C. Gueutin, V. Nicolas, and
A. Bochot. 2011. Beads made of cyclodextrin and oil for
the oral delivery of lipophilic drugs: in vitro studies in
simulated gastro-intestinal fluids. Int. J. Pharm. 416:507—
514. doi:10.1016/j.ijpharm.2011.01.062

Hassan, Y. I., L. Lahaye, M. M. Gong, J. Peng, J. Gong, S. Liu,
C. G. Gay, and C. Yang. 2018. Innovative drugs, chem-
icals, and enzymes within the animal production chain.
Vet. Res. 49:71. doi:10.1186/s13567-018-0559-1

Huff, W. E., G. R. Huff, N. C. Rath, and A. M. Donoghue.
2013. Method of administration affects the ability of
bacteriophage to prevent colibacillosis in 1-day-old
broiler chickens. Poult. Sci. 92:930-934. doi:10.3382/
ps.2012-02916

Hussain, A., A. Samad, M. Usman Mohd Siddique, and
S. Beg. 2015. Lipid Microparticles for Oral Bioavailability
Enhancement. Recent Pat Nanomed. 5(2):104-110. doi:1
0.2174/187791230566615061622004 1

Ichihara, K., and Y. Fukubayashi. 2010. Preparation of fatty
acid methyl esters for gas-liquid chromatography. J. Lipid
Res. 51:635-640. doi:10.1194/j1r.D001065

Jang, 1., C. H. Kwon, D. M. Ha, D. Y. Jung, S. Y. Kang,
M. J. Park, J. H. Han, B. C. Park, and C. Y. Lee. 2014.
Effects of a lipid-encapsulated zinc oxide supplement on
growth performance and intestinal morphology and di-
gestive enzyme activities in weanling pigs. J. Anim. Sci.
Technol. 56:29. doi:10.1186/2055-0391-56-29

Jenning, V., M. Schifer-Korting, and S. Gohla. 2000. Vitamin
A-loaded solid lipid nanoparticles for topical use:
drug release properties. J. Control Release. 66:115-126.
doi:10.1016/s0168-3659(99)00223-0

Jongbloed, A., and P. Kemme. 1990. Effect of pelleting mixed
feeds on phytase activity and the apparent absorbability
of phosphorus and calcium in pigs. Anim. Feed. Sci.
Technol. 28(3-4):233-242. doi:0377-8401/90/$03.50

Jorgensen, H., V. M. Gabert, M. S. Hedemann, and S. K. Jensen.
2000. Digestion of fat does not differ in growing pigs fed
diets containing fish oil, rapeseed oil or coconut oil. J.
Nutr. 130:852-857. d0i:10.1093/jn/130.4.852

Kaur, M., I. Hartling, T. A. Burnett, L. B. Polsky, C. R. Donnan,
H. Leclerc, D. Veira, and R. L. A. Cerri. 2019. Rumen-
protected B vitamin complex supplementation during

Translate basic science to industry innovation



Microencapsulated essential oils in weaned pigs 421

the transition period and early lactation alters endomet-
rium mRNA expression on day 14 of gestation in lactat-
ing dairy cows. J. Dairy Sci. 102:1642-1657. doi:10.3168/
jds.2018-14622

Kiarie, E. G., and A. Mills. 2019. Role of feed processing
on gut health and function in pigs and poultry: conun-
drum of optimal particle size and hydrothermal regimens.
Front. Vet. Sci. 6:19. doi:10.3389/fvets.2019.00019

Kim, S. W., M. Z. Fan, and T. J. Applegate. 2008. Nonruminant
nutrition symposium on natural phytobiotics for health
of young animals and poultry: mechanisms and applica-
tion. J. Anim. Sci. 86(14 Suppl):E138-E139. doi:10.2527/
jas.2007-0769

Lahaye, L., P. Ganier, J. N. Thibault, Y. Riou, and B. S’eve.
2008. Impact of wheat grinding and pelleting in a wheat—
rapeseed meal diet on amino acid ileal digestibility and
endogenous losses in pigs. Anim. Feed. Sci. Technol. 141:
287-305. doi:10.1016/j.anifeedsci.2007.06.016

Lewis, L. L., C. R. Stark, A. C. Fahrenholz, J. R. Bergstrom,
and C. K. Jones. 2015. Evaluation of conditioning time
and temperature on gelatinized starch and vitamin re-
tention in a pelleted swine diet. J. Anim. Sci. 93:615-619.
doi:10.2527/jas.2014-8074

Li, S., Y. Ru, M. Liu, B. Xu, A. Péron, and X. Shi. 2012. The
effect of essential oils on performance, immunity and gut
microbial population in weaner pigs. Livest. Sci. 145(1—
3):119-123. doi:10.1016/j.1ivsci.2012.01.005

Liu, H., J. Gong, D. Chabot, S. S. Miller, S. W. Cui, J. Ma,
F. Zhong, and Q. Wang. 2016. Incorporation of poly-
saccharides into sodium caseinate-low melting point
fat microparticles improves probiotic bacterial sur-
vival during simulated gastrointestinal digestion and
storage. Food Hydrocoll. 54:328-337. doi:10.1016/j.
foodhyd.2015.10.016

Liu, Y., X. Yang, H. Xin, S. Chen, C. Yang, Y. Duan, and
X. Yang. 2017a. Effects of a protected inclusion of organic
acids and essential oils as antibiotic growth promoter al-
ternative on growth performance, intestinal morphology
and gut microflora in broilers. Anim. Sci. J. 88:1414-1424.
doi:10.1111/asj.12782

Liu, L. J., J. Zhu, B. Wang, C. Cheng, Y. J. Du, and M. Q. Wang.
2017b. In vitro stability evaluation of coated lipase.
Asian-Australas. J. Anim. Sci. 30:192-197. doi:10.5713/
ajas.16.0370

Lomer, M. C., R. P. Thompson, J. Commisso, C. L. Keen, and
J.J. Powell. 2000. Determination of titanium dioxide in foods
using inductively coupled plasma optical emission spectrom-
etry. Analyst 125:2339-2343. doi:10.1039/b006285p

Luo, X. G, F. Ii, Y. X. Lin, F. A. Steward, L. Lu, B. Liu, and
S. X. Yu. 2005. Effects of dietary supplementation with
copper sulfate or tribasic copper chloride on broiler per-
formance, relative copper bioavailability, and oxidation
stability of vitamin E in feed. Poult. Sci. 84:888-893.
doi:10.1093/ps/84.6.888

Manzanilla, E., M. Nofrarias, M. Anguita, M. Castillo, J. Perez,
S. Martin-Orue, C. Kamel, and J. Gasa. 2006. Effects of
butyrate, avilamycin, and a plant extract combination on
the intestinal equilibrium of early-weaned pigs. J. Anim.
Sci. 84(10):2743-2751. doi:10.2527/jas.2005-509

Mavromichalis, 1., and D. H. Baker. 2000. Effects of pelleting
and storage of a complex nursery pig diet on lysine bioavail-
ability. J. Anim. Sci. 78:341-347. doi:10.2527/2000.782341x

Mehnert, W., and K. Méder. 2012. Solid lipid nanoparticles:

production, characterization and applications. Adv. Drug
Deliv. Rev. 64:83-101. doi:10.1016/j.addr.2012.09.021

Michiels, J., J. Missotten, N. Dierick, D. Fremaut, P. Maene,
and S. De Smet. 2008. In vitro degradation and in vivo
passage kinetics of carvacrol, thymol, eugenol and
trans-cinnamaldehyde along the gastrointestinal tract of
piglets. J. Sci. Food Agric. 88(13):2371-2381. doi:10.1002/
jsfa.3358

Minekus, M., M. Alminger, P. Alvito, S. Ballance, T. Bohn,
C. Bourlieu, F. Carriere, R. Boutrou, M. Corredig,
D. Dupont, et al. 2014. A standardised static in vitro di-
gestion method suitable for food—an international con-
sensus. Food Funct. 5:1113-1124. doi:10.1039/c¢3f060702j

Moghaddam, M., and L. Mehdizadeh. 2016. Essential oil and
antifungal therapy. In: Basak, A., et al., editor. Recent
trends in antifungal agents and antifungal therapy. p. 29—
74 India: Springer .

National Research Council. 2012. Nutrient requirements of
swine, 11th rev. ed. Washington, DC: National Academy
Press.

Ndou, S. P, H. M. Tun, E. Kiarie, M. C. Walsh, E. Khafipour,
and C. M. Nyachoti. 2018. Dietary supplementation with
flaxseed meal and oat hulls modulates intestinal histo-
morphometric characteristics, digesta- and mucosa-asso-
ciated microbiota in pigs. Sci. Rep. 8:5880. doi:10.1038/
s41598-018-24043-5

Nofrarias, M., E. G. Manzanilla, J. Pujols, X. Gibert, N. Majo,
J. Segalés, and J. Gasa. 2006. Effects of spray-dried por-
cine plasma and plant extracts on intestinal morphology
and on leukocyte cell subsets of weaned pigs. J. Anim. Sci.
84:2735-2742. doi:10.2527/jas.2005-414

Okuro, P. K., M. Thomazini, J. C. Balieiro, R. D. Liberal,
and C. S. Favaro-Trindade. 2013. Co-encapsulation of
Lactobacillus acidophilus with inulin or polydextrose in
solid lipid microparticles provides protection and im-
proves stability. Food Res. Int. 53(1):96-103. doi:10.1016/].
foodres.2013.03.042

Omonijo, F. A., S. Kim, T. Guo, Q. Wang, J. Gong, L. Lahaye,
J. C. Bodin, M. Nyachoti, S. Liu, and C. Yang. 2018a.
Development of novel microparticles for effective delivery
of thymol and lauric acid to pig intestinal tract. J. Agric.
Food Chem. 66:9608-9615. doi:10.1021/acs.jafc.8b02808

Omonijo, F. A., L. Ni, J. Gong, Q. Wang, L. Lahaye, and
C. Yang. 2018b. Essential oils as alternatives to anti-
biotics in swine production. Anim. Nutr. 4:126-136.
doi:10.1016/j.aninu.2017.09.001

Pisardikova, J, V. Ocelova, S. Faix, I. Plach4a, and
A. 1. Calderdn. 2017. Identification and quantification of
thymol metabolites in plasma, liver and duodenal wall of
broiler chickens using UHPLC-ESI-QTOF-MS. Biomed.
Chromatogr. 31(5):e3881. doi:10.1002/bmc.3881

Piva, A., V. Pizzamiglio, M. Morlacchini, M. Tedeschi, and
G. Piva. 2007. Lipid microencapsulation allows slow release
of organic acids and natural identical flavors along the swine
intestine. J. Anim. Sci. 85:486-493. doi:10.2527/jas.2006-323

Schonewille, M., J. F. de Boer, and A. K. Groen. 2016. Bile
salts in control of lipid metabolism. Curr. Opin. Lipidol.
27:295-301. doi:10.1097/MOL.0000000000000303

Si, W., J. Gong, C. Chanas, S. Cui, H. Yu, C. Caballero, and
R. M. Friendship. 2006. In vitro assessment of antimicrobial
activity of carvacrol, thymol and cinnamaldehyde towards
Salmonella serotype Typhimurium DT104: effects of pig
diets and emulsification in hydrocolloids. J. Appl. Microbiol.

Translate basic science to industry innovation



422 Choi et al.

101:1282-1291. doi:10.1111/j.1365-2672.2006.03045.x

Souto, E. B., and R. H. Miiller. 2010. Lipid nanoparticles:
effect on bioavailability and pharmacokinetic changes.
In: Schifer-Korting, M. editor. Drug delivery. Springer;
p. 115-141.

Su, G., X. Zhou, Y. Wang, D. Chen, G. Chen, Y. Li, and J. He.
2018. Effects of plant essential oil supplementation on
growth performance, immune function and antioxidant
activities in weaned pigs. Lipids Health Dis. 17:139.
doi:10.1186/s12944-018-0788-3

Valette, P, H. Malouin, T. Corring, L. Savoie, A. M. Gueugneau,
and S. Berot. 1992. Effects of diets containing casein and
rapeseed on enzyme secretion from the exocrine pancreas in
the pig. Br. J. Nutr. 67:215-222. d0i:10.1079/bjn19920025

Vidhyalakshmi, R., R. Bhakyaraj, and R. Subhasree. 2009.
Encapsulation “the future of probiotics”—a review. Adv.
Biol. Res. 3(3-4):96-103.

Vukmirovi¢, B., R. Colovié, S. Rakita, T. Brlek, O. Puragic,
and D. Sola-Oriol. 2017. Importance of feed struc-
ture (particle size) and feed form (mash vs. pellets) in
pig nutrition—a review. Anim. Feed Sci. and Technol.
233:133-144. doi:10.1016/j.anifeedsci.2017.06.016

Xie, Y., Y. He, P. L. Irwin, T. Jin, and X. Shi. 2011. Antibacterial
activity and mechanism of action of zinc oxide nano-
particles against Campylobacter jejuni. Appl. Environ.
Microbiol. 77:2325-2331. doi:10.1128/AEM.02149-10

Xu, Y., L. Lahaye, Z. He, J. Zhang, C. Yang, X. Piao, and J-
C. Bodin. 2019. 137 Effects of micro-encapsulated for-
mula of organic acids and essential oils on performance
and gut integrity of weaned piglets challenged with ETEC
K&88. J. Anim. Sci. 97(Suppl. 2):77-78. doi:10.1093/jas/
skz122.142

Xu, Y., L. Liu, S. Long, L. Pan, and X. Piao. 2018. Effect of
organic acids and essential oils on performance, intestinal
health and digestive enzyme activities of weaned pigs.

Anim. Feed. Sci. Technol. 235:110-119.

Yang, C., M. A. Chowdhury, Y. Huo, and J. Gong. 2015.
Phytogenic compounds as alternatives to in-feed anti-
biotics: potentials and challenges in application. Pathogens
4:137-156. doi:10.3390/pathogens4010137

Yang, X., Y. Liu, F. Yan, C. Yang, and X. Yang. 2019. Effects
of encapsulated organic acids and essential oils on intes-
tinal barrier, microbial count, and bacterial metabolites in
broiler chickens. Poult. Sci. 98:2858-2865. doi:10.3382/ps/
pez031

Yang, X., H. Xin, C. Yang, and X. Yang. 2018. Impact
of essential oils and organic acids on the growth per-
formance, digestive functions and immunity of broiler
chickens. Anim. Nutr. 4:388-393. doi:10.1016/j.aninu.
2018.04.005

Zeng, Z., X. Xu, Q. Zhang, P. Li, P. Zhao, Q. Li, J. Liu, and
X. Piao. 2015a. Effects of essential oil supplementation of
a low-energy diet on performance, intestinal morphology
and microflora, immune properties and antioxidant activ-
ities in weaned pigs. Anim. Sci. J. 86:279-285. doi:10.1111/
asj. 12277

Zeng, 7., S. Zhang, H. Wang, and X. Piao. 2015b. Essential oil
and aromatic plants as feed additives in non-ruminant nu-
trition: a review. J. Anim. Sci. Biotechnol. 6:7. doi:10.1186/
s40104-015-0004-5

Zhang, Y., J. Gong, H. Yu, Q. Guo, C. Defelice, M. Hernandez,
Y. Yin, and Q. Wang. 2014. Alginate-whey protein dry
powder optimized for target delivery of essential oils
to the intestine of chickens. Poult. Sci. 93:2514-2525.
doi:10.3382/ps.2013-03843

Zhang, Y., Q. C. Wang, H. Yu, J. Zhu, K. de Lange, Y. Yin,
Q. Wang, and J. Gong. 2016. Evaluation of alginate-whey
protein microcapsules for intestinal delivery of lipophilic
compounds in pigs. J. Sci. Food Agric. 96:2674-2681.
doi:10.1002/jsfa.7385

Translate basic science to industry innovation



