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Abstract
Background  This research aimed to investigate bioaccessibility of garlic oil extract (GOE) and riceberry rice bran 
oil extract (RBRBOE) and to enhance the stability and delivery of plant-derived essential oils. Two EOs were used 
to formulate through encapsulation techniques of microencapsulated black soldier fly (BSF) protein with a GOE 
matrix, (mBSF-GOE), and a nanoemulsified RBRBOE, (nRBRBOE). A completely randomized design was used for the 
treatments, with various ratios of feed additives between the mBSF-GOE and nRBRBOE supplementations at 0:0, 6:0, 
4:2, 2:4, and 0:6 mg in diet, with the R: C ratio at 60:40 using in vitro gas study.

Results  The combination of mBSF-GOE and nRBRBOE at 4:2 mg for 12 and 24 h after fermentation had a significant 
impact on several factors (p < 0.01, < 0.05), including gas kinetics, cumulative gas production (96 h), in vitro dry matter 
degradability (IVDMD), and ruminal fermentation products. Specifically, the levels of propionate (C3) and total VFAs 
went up, while ruminal methane (CH4) production decreased by 48.2%. Subsequently, there was no negative effect 
(p > 0.05) on the ruminal pH, ammonia nitrogen (NH3-N) concentration, or the dynamics of the rumen microbiota 
population, while significantly decreasing the methanogen population in terms of Methanobacteriales (up to 3.3% 
after 24 h) (p < 0.01).

Conclusions  Based on this study, it could be concluded that the supplementation of mBSF-GOE combined 
with nRBRBOE-based bioactive components could potentially be used as a ruminant feed enhancer to enhance 
fermentation efficiency and as technological feed additive substances to inhibit the methanogen population while 
mitigating CH4 production.
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Introduction
Due to 2050 the global population is projected to reach 
9.6  billion, resulting in a doubling of purchasing power 
for meat and dairy products. Consequently, there will be 
a corresponding increase in greenhouse gas (GHG) emis-
sions from livestock activities, particularly carbon diox-
ide (CO2), nitrous oxide, and CH4 [1]. Various natural 
herb essential oils (EOs) or tropical plant extracts, par-
ticularly garlic, lemongrass, and mangosteen peels, when 
fed, supply phytochemicals in terms of total polypheno-
lic substances such as condensed tannins (CTs), sapo-
nins (SPs), curcumin, quercetin, and other anthocyanins, 
which have been explored to decrease the production of 
CH4 in the ruminant digestive system [2].

Previous research findings into the use of phytonu-
trients and bioactive components as feed additives, 
which is particularly relevant due to regulations regard-
ing antibiotics and antimicrobial substances as well as 
mitigating CH4 production in rumen fermentation. For 
instance, allicin (50.8 µg/g) from garlic (Allium sativum) 
essential oils [3] and anthocyanin and peonidin (2,316.7 
and 245.7 µg/g) from riceberry rice (Oryza sativa) bran 
essential oils [4, 5]. The widely accepted notion is that 
the presence of feed additives containing phytogenic EOs 
has a substantial influence on the development of CH4 
production [6, 7]. This is primarily due to the actions 
on ruminal microbiota, which includes various species 
of protozoa and methanogenic archaea. These addi-
tives possess several antimicrobial properties, such as 
breaking down cell walls, enhancing membrane perme-
ability, causing cytoplasmic coagulation, and damaging 
cytoplasmic membranes and membrane proteins [8]. 
Furthermore, numerous investigations have shown that 
EOs can be used as a substitute for antibiotics in animal 
feeds. However, their volatile nature, variable chemi-
cal composition, and bioactive compounds content, it is 
essential to achieve the required high-level stability and 
long-term release and act as a release controller during 
the ruminant’s fermentation process [9, 10]. Encapsula-
tion technology was designed to protect bioactive com-
pounds, such as EOs from oxidative deterioration, resist 
high temperatures, enhance a rumen by-pass, and serve 
as an addition to ruminant feeding, aiming to increase 
effectiveness [11].

Microencapsulation and nanoemulsion are mod-
ern technologies using spray drying that are frequently 
employed in both human and animal nutrition to cre-
ate stable products such as vitamins, minerals, polyun-
saturated fatty acids, and other phytonutrients [12]. Both 
microencapsulation and nanoemulsion, are common 
techniques which employ different wall materials, such 
as chemical emulsifiers, isolated protein-based oils, and 
lipid matrix obtained from plants, animals, and insects, 
which have proven to be highly effective in delivering 

the product to the small intestine [12, 13]. According to 
Amin et al. [11], recent evidence suggests that the micro-
encapsulated cinnamaldehyde EOs, namely Oilstat-G, 
significantly decreased in vitro fermentation parameters 
ruminal pH and total protozoa population while increas-
ing the total VFAs content, leading to the conclusion 
that it was effective to ensure rumen by-pass, capable of 
enhanced rumen fermentation, and potentially mitigate 
CH4 emission. Additionally, several studies investigating 
oil-in-water nanoencapsulation regarding three nano-
emulsified EOs, namely olive oil, corn oil, and linseed oil, 
showed an ability to decrease the in vitro ruminal biohy-
drogenation of unsaturated fatty acid to saturated fatty 
acid without affecting the abundance of species of rumen 
microbiota [14]. Consequently, the hypothesis sug-
gests that the micro/nanoparticles present in feed addi-
tives have a significant influence on the effectiveness of 
nutrient preservation, altering rumen fermentation, and 
decreasing CH4 emissions.

Considering this, the purpose and aims of this in vitro 
gas study, were to evaluate the effects derived from sup-
plementing with different ratios of mBSFGOE and nRBR-
BOE on improving ruminal fermentation in Thai cattle’s 
rumen fluid. Furthermore, fermentation end-product 
characterization, particularly VFA production, CH4 
production, and the dynamics of the rumen microbiota 
population using real-time PCR techniques, were also 
evaluated.

Results
Nutritive vales and morphological characteristics of micro/
nano-capsules
Table 1 shows the details of the feed ingredients, nutri-
tive values, chemical composition, phytochemicals, and 
antioxidant components in both additives mBSF-GOE 
and nRBRBOE, respectively. In addition, the data in 
Table  1 presented the percentage of encapsulation effi-
ciency (%EE) calculated from the TPC values obtained 
from internal encapsulated particles, which was 84.7% 
obtained from mBSF-GOE capsules and 67.7% in nRBR-
BOE particles, respectively.

As shown in Fig. 1, the morphology of the mBSF-GOE 
capsule is mostly round or irregularly shaped (Fig.  1a). 
It has a smooth surface alternating with the surround-
ing porous surface of the particle, which means that the 
particle sizes range from 12.6 to 19.2  μm. In addition, 
the nRBRBOE capsule (Fig. 1b) was entirely observed in 
spherical form and ranged from 1.1 to 5.0 μm, indicating 
a nanoparticle size.

In vitro gas production kinetics and nutrient degradability 
characteristics
The results of cumulative gas productions and in vitro 
dry matter degradability (IVDMD) of the present study 
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are displayed in Fig.  2; Table  2, these were significantly 
different between treatments (p < 0.01). Gas kinetics, 
encompassing gas production from the insoluble frac-
tion (b), gas production rate constant for the insoluble 
fraction (c), potential extent of gas production (a + b), 
and cumulative gas at 96 h of post-fermentation, exhib-
ited significant differences among treatments (quadratic 

and cubic; p < 0.01) due to the combined effects of mBSF-
GOE and nRBRBOE supplementations. In contrast, the 
immediately soluble fraction (a) was significantly influ-
enced (linear; p < 0.01). Interestingly, the combination 
supplementations increased (p < 0.01) the gas production 
rate constant for the insoluble fraction (c), with the high-
est values obtained from treatment (T3), while signifi-
cantly decreasing (p < 0.01) the gas production from the 
insoluble fraction (b), the potential extent of gas produc-
tion (a + b), and cumulative gas production was lower 
than other treatments (Fig. 2.)

Additionally, the effect of mBSF-GOE mixed with 
nRBRBOE supplementations in different feed treatments 
(T2, T3, T4, and T5) linearly increased (p < 0.01) the 
IVDMD values after 24  h post-fermentation. The treat-
ment (T3) at 4:2 mg of supplementation had the highest 
values of IVDMD at 39.9% DM, as shown in Table 2.

Ruminal pH value and NH3-N concentration
It can be seen from the data in Table 3 that the ruminal 
pH values after incubation at 12 h were affected (p < 0.05) 
by the combined supplementation in all treatments, while 
compared with the ruminal pH values at 24 h, they were 
not affected (p < 0.05). The mean ruminal pH values were 
not different for each treatment and fermentation time.

Moreover, the NH3-N concentration (12 and 24 h) was 
not affected (p < 0.05) by neither levels of both mBSF-
GOE and nRBRBOE supplementations (Table 3).

VFA profiles and CH4 production
Treatment T3, with a supplementation ratio of 4:2  mg 
diet between mBSF-GOE and nRBRBOE, linearly 
increased (p < 0.05) the propionate (C3) content and 
total VFA production. The same also recorded the high-
est total VFA production as T5 in comparison to the 
other treatments (T2 and T4) and the control group 
(T1) (Table 4). Additionally, the acetate (C2) and acetate 
to propionate (C2:C3) contents were linearly decreased 
(p < 0.05). With respect to butyrate (C4) content was not 
affected (p > 0.05) when compared within the treatment 
group of T3 and the control.

Moreover, Table  4, also shows the effect of a combi-
nation of mBSF-GOE and nRBRBOE supplementations 
on CH4 production. The current results of the average 
amount of CH4 production (at 24 h of fermentation) were 
steadily decreased (linear and quadratic; p < 0.05) due to 
increasing the level of feed additives in each treatment 
and fermentation time. Interestingly, the combination of 
both additives (mBSF-GOE and nRBRBOE) supplemen-
tation on the in vitro gas fermentation resulted in a 48.3% 
reduction in CH4 production after 24  h post-fermenta-
tion, obtained from T3 at a ratio of 4:2 mg of diet. Fur-
thermore, the results of this specific treatment at 12 and 

Table 1  Characterization of feed ingredients, chemical 
composition, and phytochemical components of additive
Items Concentrate Rice 

straw
mBFS-GOE nRBR-

BOE
Ingredients (% as fed)
Cassava chip 54.0
Rice bran meal 17.0
Palm kernel meal 13.0
Soybean meal 10.5
Urea 2.5
Sulphur 1.0
Salt 1.0
Mineral mix1 1.0
Chemical 
composition
Dry matter (DM, %) 90.5 89.4 92.6 -

----------------------% dry matter-----------------------
Organic matter 
(OM)

92.2 85.4 93.9 -

Crude protein (CP) 14.6 2.4 22.1 -
Neutral-detergent 
fiber (NDF)

20.5 78.9 17.4 -

Acid-detergent 
fiber (ADF)

8.2 52.6 23.2 -

Ether extract (%) 2.3 27.7
Phytonutrition 
content
TPC (mg GAE/g 
DM or RO)

- - 955.5 102.3

TFC (mg QUE/g 
DM or RO)

- - 94.8 30.2

Total anthocyanin 
(µg Cy 3-glc/g RO)

- - - 90.1

Antioxidative 
values
DPPH inhibition 
(%)

- - 51.5 17.6

ABTS inhibition (%) - - 15.4 20.8
FRAP capacity (g 
TROE/kg DM)

- - 17.3 11.0

Encapsulation 
efficiency (%)

- - 84.7 67.7

mBSF-GOE, microencapsulated of black soldier fly-based protein extract 
mixed with garlic oil extract; nRBRBOE, nanoemulsified riceberry rice bran oil; 
RO, rice oil extract, TPC, total phenolic content; TFC, total flavonoid content; 
DPPH (2, 2-diphenyl-1-picrylhydrazyl) as DPPH radical scavenging activity; 
ABTS [2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] as ABTS radical 
scavenging activity; FRAP = ferric reducing antioxidant power; GAE, garlic 
acid equivalent; QUE, quercetin equivalent; TROE, Trolox equivalent; Cy 3-glc, 
cyanidin 3-gluciside. 1 Mineral premix (contains per kg): vitamin A 10,000,000 
IU; vitamin D 1,600,000 IU; vitamin E 70,000 IU; Fe 50 g; Mn 40 g; Zn 40 g; Cu 10 g; 
I 0.5 g; Se 0.1 g; Co 0.1 g
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Fig. 2  The effect of mBSF-GOE and nRBRBOE supplementations at various treatment of T1: 0:0; T2: 6:0; T3: 4:2; T4: 2:4; T5: 0:6 based on the cumulative gas 
production curves throughout at 1–96 h incubation period

 

Fig. 1  FE-SEM micrographs showing the external micro and nano structures and surface morphological characteristics of mBSF-GOE (a) and nRBRBOE 
(b) particles as viewed at a scale bar at 50 μm
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24 h showed a lower value of CH4 production than other 
treatments (p < 0.05) (Table 4).

Rumen microbiota population
As shown in Table  5, the effect of the combination of 
mBSF-GOE and nRBRBOE supplementations did not 
change the dynamics of the rumen microbiota popula-
tion, namely cellulolytic bacteria (e.g., F. succinogenes, R. 
albus, and R. flavefaciens), acidobacteria (e.g., M. elsdenii 
and B. fibrisolvens), as well as microbial synthesis pro-
tein and hydrogenation bacteria (e.g., B. fibrisolvens and 
B. proteoclasticus), which were not significantly different 
among treatments (p > 0.05) and fermentation times (12 
and 24 h). Interestingly, the relative abundance of Meth-
anobacteriales of specific species (e.g., M. methylutens, 

M. stadtmanae, and M. furmicicum) was significantly 
decreased (cubic effect; p < 0.01) with the amount of 
gene copy numbers due to the dose of feed additive of 
the combination of mBSF-GOE and nRBRBOE after 
incubation at 24  h. From this result, when comparing 
the amount of gene copy number of Methanobacteriales 
obtained from T3 and control experiments at 12 and 24 h 
after incubation times, it was found that their popula-
tion could be reduced to 1.1% and 3.3%, respectively, as 
similar with T4 in ratio at a 2:4  mg of the mBSF-GOE 
combined with nRBRBOE supplementation (p < 0.01), as 
shown in Table 5.

Discussion
With regards to the in vitro kinetic gas production and 
their degradability characteristics, Molho-Ortiz et al. 
[15], explained that the inhibitory effect on rumen fer-
mentation mediated by plant-essential oils (EOs) can be 
attributed to their chemical makeup. EOs are complex 
mixtures of secondary plant metabolites that exhibit a 
highly varied composition. There is speculation that their 
process includes disrupting the membrane of microbes 
[16]. These findings are consistent with our present study, 
which found that the effect of phytogenic oils: mBSF-
GOE and nBRBROE, used as feed additives that contain 
phytonutrient-based bioactive components, such as TPC 
(e.g., condensed tannins; CTs) and TFC (e.g., saponins; 
STs), is throughout microencapsulation and nanoemul-
sion technologies. The most interesting finding was 
that these small particles of mBSF-GOE combined with 
nBRBROE (T3) at 4:2 mg of substrate supplemented on 
in vitro gas fermentation significantly affected on gas fer-
mentation kinetics from the immediately soluble fraction 
(a, b, c, a + b, cumulative gas production at 96 h) and in 
vitro degradability in terms of IVDMD (%DM). The cur-
rent results are similar to those of Kongmun et al. [17], 

Table 2  Effect of microencapsulated black soldier fly-based protein extract (BSF) mixed with garlic oil extract (GOE) and 
nanoemulsified riceberry rice bran oil (nRBRBOE) ratio supplementation on kinetic of in vitro gas production and nutrient degradability
T1 mBSF-GOE to nRBRBOE ratios, (mg) Gas kinetics2 Gas (96 h) mL/0.2 g DM IVDMD (% DM)

a b c a + b 12 h 24 h
T1 0:0 -3.3b 96.1a 0.029b 92.8a 89.9a 29.0 34.2b

T2 6:0 0.1b 98.5a 0.029b 98.6a 95.6a 27.2 37.6a

T3 4:2 0.9b 51.0b 0.067a 51.9b 53.4b 26.7 39.9a

T4 2:4 6.4a 96.2a 0.029b 102.6a 99.8a 25.9 39.6a

T5 0:6 7.9a 95.1a 0.029b 103.0a 98.5a 29.6 38.8a

SEM 0.41 1.95 0.08 1.83 1.59 0.79 0.80
Orthogonal polynomials
Linear < 0.01 0.04 0.01 0.37 0.45 0.347 < 0.01
Quadratic 0.28 < 0.01 < 0.01 < 0.01 < 0.01 0.826 0.03
Cubic 0.11 < 0.01 < 0.01 < 0.01 < 0.01 0.883 0.38
1T, each treatment in this experiment; 2 Gas production kinetics; a, the gas production from the immediately soluble fraction (mL); b, the gas production from the 
insoluble fraction (mL); c, the gas production rate constant for the insoluble fraction (mL/h); a + b, the potential extent of gas production (mL); IVDMD, in vitro 
dry matter degradability; SEM, standard error of mean; a−b Means with different superscripts within a column are significantly different (p < 0.05); treatments are 
expressed as mean and values are calculated from a minimum of three replicates

Table 3  Effect of microencapsulated black soldier fly-based 
protein extract (BSF) mixed with garlic oil extract (GOE) 
and nanoemulsified riceberry rice bran oil (nRBRBOE) ratio 
supplementation on in vitro ruminal pH and ammonia nitrogen 
concentration
Treatment mBSF-GOE to

nRBRBOE 
ratios, (mg)

Ruminal pH Ammonia 
nitrogen 
(mg/dL)

12 h 24 h 12 h 24 h
  T1 0:0 6.99a 6.85 17.2 18.8
  T2 6:0 6.93b 6.94 17.3 18.6
  T3 4:2 6.93b 6.84 18.1 18.3
  T4 2:4 6.94ab 6.83 18.0 18.1
  T5 0:6 6.95ab 6.85 18.0 18.2
SEM 0.04 0.01 0.12 0.09
Orthogonal polynomials
  Linear 0.07 0.10 0.06 0.20
  Quadratic 0.04 0.72 1.00 0.91
  Cubic 0.49 0.88 0.34 0.97
a−b Means with different superscripts within a column are significantly different 
(p < 0.05); treatments are expressed as mean and values are calculated from a 
minimum of three replicates
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who discovered that adding different amounts of coconut 
oil and garlic powder had a big effect on different compo-
nents of gas production, such as the amount of insoluble 
matter (b), the possible amount of gas production (a + b), 
the rate constants for gas production in the insoluble 
matter (c), the total amount of gas produced at 72 h, and 
the true digestibility in a laboratory setting. However, the 
intercept value (a) did not show significant differences 
between the different treatments [17]. This also accords 
with our earlier research from Phupaboon et al. [7], 
which found that the feed additive with a combination of 
chitosan-microencapsulated lemongrass oil extract com-
bined with mangosteen peel extract (mLEMANGOS) 
retained the phytonutrient-based antimicrobial in terms 
of CT and SP contents at 2–6% of the total DM substrate. 

T3 resulted in an enhancement of the gas production rate 
constant for the insoluble fraction (c), decreasing cumu-
lative gas at 96  h, and increasing the %DM of IVDMD 
values after 12 and 24  h of post-fermentation. Addi-
tionally, the present study seems to be consistent with 
previous research, which found that the interaction sub-
sequently influences microbial activity by using phyto-
nutrients or phytogenic oils, which possess the ability to 
interact with fiber and protein compounds [18]. Another 
piece of evidence from Phesatcha et al. [19] stated that 
nutritive values such as starch degradation under in vitro 
rumen fermentation may be influenced by its important 
role in regulating energy usage for the growth of rumen 
microbes, increasing the number of rumen microbiome 

Table 4  Effect of microencapsulated black soldier fly-based protein extract (BSF) mixed with garlic oil extract (GOE) and 
nanoemulsified riceberry rice bran oil (nRBRBOE) ratio supplementation on in vitro volatile fatty acid (VFA) profiles, total VFA 
production, and methane (CH4) production
Treatment mBSF-GOE to

nRBRBOE ratios, (mg)
VFA (mol/100 ml) C2:C3

Ratio
Total VFA (mmol/L) Methane produc-

tion (%)
C2 C3 C4 12 h 24 h

  T1 0:0 69.5a 20.4c 10.2 3.4a 104.1c 16.6 19.4a

  T2 6:0 66.5c 22.8b 11.1 2.9ab 121.8b 16.3 7.0b

  T3 4:2 67.2b 27.1a 10.8 2.5c 124.6b 14.0 8.5b

  T4 2:4 66.5c 22.5b 11.0 3.0b 124.2b 12.9 8.3b

  T5 0:6 67.4b 22.3b 10.3 3.0b 131.1a 12.9 7.7b

SEM 0.69 0.64 0.08 0.08 4.12 0.71 0.66
Orthogonal polynomials
  Linear 0.01 0.01 0.09 0.01 0. 03 0.44 < 0.01
  Quadratic 0.32 0.21 0.13 0.34 0.46 0.50 0.02
  Cubic 0.94 0.76 0.12 0.96 0.83 0.57 0.44
VFA, volatile fatty acids; C2, acetate; C3, propionate; C4, butyrate; C2:C3, acetate to propionate ratio; a−c Means with different superscripts within a column are 
significantly different (p < 0.05); treatments are expressed as mean and values are calculated from a minimum of three replicates

Table 5  Effect of microencapsulated black soldier fly-based protein extract (BSF) mixed with garlic oil extract (GOE) and 
nanoemulsified riceberry rice bran oil (nRBRBOE) ratio supplementation on rumen microbial population
Species Times mBSF-GOE to

nRBRBOE ratios, (mg)
SEM Orthogonal polynomials1

0:0 6:0 4:2 2:4 0:6 L Q C
F. succinogenes
(Log copies/mL)

12 h 7.2 7.8 7.5 8.2 8.7 0.26 0.40 0.95 0.60
24 h 9.6 9.9 9.2 7.7 8.6 0.21 0.05 0.20 0.96

R. albus
(Log copies/mL)

12 h 8.8 8.5 8.9 8.6 9.0 0.06 0.85 0.89 0.10
24 h 9.4 9.5 9.5 9.5 9.4 0.05 0.70 0.53 0.89

R. flavefaciens
(Log copies/mL)

12 h 8.1 8.2 8.7 8.1 7.7 0.25 0.88 0.63 0.65
24 h 8.5 7.8 9.2 10.0 9.6 0.22 0.08 0.25 0.37

M. elsdenii
(Log copies/mL)

12 h 9.0 8.7 9.2 8.8 9.3 0.26 0.70 0.76 0.07
24 h 9.1 9.4 8.8 8.7 8.9 0.09 0.23 0.50 0.31

B.fibrisolvens
(Log copies/mL)

12 h 8.7 8.3 8.6 8.0 8.8 0.07 0.08 0.70 0.14
24 h 8.7 8.9 8.3 8.8 8.8 0.07 0.74 0.50 0.08

B. proteoclasticus
(Log copies/mL)

12 h 9.4 9.0 9.5 9.2 9.2 0.10 0.94 1.00 0.23
24 h 9.3 9.1 9.4 9.4 9.0 0.04 0.47 0.42 0.23

Methanobacteriales
(Log copies/mL)

12 h 9.3 9.2 9.2 9.2 9.2 0.03 0.43 0.55 0.78
24 h 9.2a 9.0b 8.9b 8.9b 9.0b 0.01 1.00 0.25 < 0.01

1 L, linear; Q, quadratic; C, cubic; a−b Means with different superscripts within a column are significantly different (p < 0.05); treatments are expressed as mean and 
values are calculated from a minimum of three replicates
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populations, in particular cellulolytic bacteria, and aiding 
in the digestion of feed.

Under this study, in vitro fermentation characteris-
tics, end-products, and ruminal microbiota consortia 
were investigated. Numerous researches have attempted 
to explain in vitro studies on the supplementation of 
rumen-protected using microencapsulated EOs from 
linseed oil on rumen fermentation characteristics, fer-
mentation end-products, and mitigation of CH4 emission 
[12]. In addition, in a recent study by Amin et al. [11], the 
in vitro ruminal degradability of microencapsulated EOs 
containing cinnamldehyde plus vitamins, namely, Oli-
stat-G was discovered to be highly effective in protecting 
them from degradation in the rumen, therefore ensuring 
rumen by-pass. In the fermentation profile at 0 h, it was 
seen that Olistat-G caused a significant decrease in rumi-
nal pH and the total number of protozoa after 48 h. How-
ever, there was an increase in the total VFAs.

In this study, the combined supplementation of mBSF-
GOE and nBRBROE supplementations, as feed additive, 
improved the ruminal pH with different treatments. This 
result was in agreement with Wanapat et al. [20] and 
Matra et al. [9], who reported that the optimal ruminal 
pH for typical rumen fermentation, rumen microbiome 
growth, particularly cellulolytic bacteria, and their activ-
ity to degrade nutritional composition in feed ranged 
from 6.5 to 7.0.

As a result of the increasing level of the combination 
of mBSF-GOE and nBRBROE supplementation in diet, 
the ruminal NH3-N content was unchanged after 12 and 
24 h of fermentation, and it was not significantly different 
between treatments due to the higher EO components 
like CT and SP in both additives. This is consistent with 
the findings of Makkar [21], who observed that CT or 
phytogenic oils had nutritional benefits by creating a pro-
tein-CT complex or lipid-binding site, thereby decreas-
ing the availability of feed protein for ruminal breakdown 
and limiting the use of the NH3-N for ruminal microbial 
growth. Another finding is in agreement with Viennasay 
et al. [22], who found that rumen protection in the diet 
increases when the level of Flemingia macrophylla sup-
plementation, containing CT increased, which reduces 
ruminal NH3-N concentration. Another possible expla-
nation for this data on NH3-N content was related to 
changes in the abundance of species involved in the 
dynamics of the cellulolytic-ruminal microbial popula-
tion, particularly F. succinogenes, R. albus, R. flavefaciens, 
and M. elsdenii, while hydrogenation bacteria such as B. 
fibrisolvens and B. proteocalsticus did not decrease, simi-
lar to the results of Phupaboon et al. [7].

The most striking results of the combined mBSF-GOE 
and nBRBROE supplementations were the impact on 
ruminal microbial consortia, in vitro nutrient degrada-
tion, and release of the fermentation end-products in 

terms of VFA profiles, total VFA concentration, and 
CH4 production. Especially, the proportion of C3 and 
total VFA content which increased with the feed diet 
in a 4:2 ratio of mBSF-GOE and nBRBROE supplemen-
tation, whereas the proportion of C2 decreased in the 
same treatment. Consequently, there was a reduction 
in the anticipated change in VFA profiles from C2 to C3, 
accompanied by a shift in H2 away from CH4 production 
following the methanogenic archaea (e.g., Methanobac-
teriales) population decrease due to antimicrobial activ-
ity obtained from the phytogenic oil retained in micro/
nano-capsules, which agrees with Patra and Sexena [23] 
and also Phupaboon et al. [7]. This shift is advantageous 
for ruminants in terms of their nutritional needs by using 
phytonutrients to serve as modifiers, following four 
mechanisms for CT to effectively suppress CH4 produc-
tion; (i): methanogens are directly affected by these chem-
icals [24]; (ii): the protozoal group is influenced by CT 
[25]; (iii): CT serves as a hydrogen sink [26, 27]; and (iv): 
they have an impact on reducing fiber degradation [28]. 
Accordingly, Kongmun et al. [17], who recorded that the 
supplementation of coconut oil and garlic powder in the 
ratios at 8:4, 4:8, and 0:16 mg of total DM substrate, par-
ticularly at 8:4 and 0:16 mg, could decrease CH4 produc-
tion and protozoal population (log copy gene numbers) 
by using qPCR. Additionally, the findings of this study 
are consistent with those of Molho-Ortiz et al. [15], who 
evaluated phytochemical-based antimicrobials from EOs 
from garlic oil, cinnamon oil, and rosemary oil supple-
mented in vitro gas production techniques. Those sup-
plementations resulted in a decrease in VFA in terms of 
C2 and C2 to C3 production, microbial mass production, 
CH4 production, IVDMD, and total gas production at 24 
and 72  h post-fermentation. Furthermore, this corrobo-
rates the findings of da Silva et al. [29], who suggested 
that the microencapsulation and nanoencapsulation 
techniques supplemented in vitro gas production tech-
nique effectively released bioactive compounds derived 
from plant-phytogenic EOs. These compounds interacted 
with methanogenic archaea, leading to the mitigation 
of CH4 emission through various mechanisms: (I) diffu-
sion, which occurs when the wall structure is intact and 
is influenced by the physicochemical properties of the 
wall materials; (II) degradation, which is initiated by the 
addition of enzymes such as protease and amylase to 
break down the wall materials; (III) dissolution, which is 
facilitated by the use of solvents to expand the wall mate-
rials and enhance release; (IV) changes in pH and ionic 
strength, which affect the solubility of the wall materials; 
and (V) high temperature, which can cause the collapse 
or melting of the wall materials, promoting release.

Recently, in vitro studies have shown that the encap-
sulated black soldier fly larvae oil (BSFLO) is a promis-
ing feed additive that enhances digestibility and reduces 
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methane emissions, contributing to sustainable animal 
nutrition. This study evaluated the effects of encapsulated 
BSFLO on rumen fermentation, gas production kinetics, 
methane estimation, and digestibility using an in vitro 
approach. The results showed that encapsulated BSFLO 
significantly increased gas production, enhanced rumen 
digestibility, and reduced methane production. However, 
it had no significant effect on total ammonia-nitrogen, 
pH, protozoal population, or total volatile fatty acid val-
ues as well as the encapsulated BSFLO supports efficient 
feeding strategies for improved livestock productivity [6].

Conclusions
In summary, the study utilized microencapsulation and 
nanoemulsion techniques to protect plant phytogenic 
essential oils (EOs) made from garlic and riceberry rice 
bran. These EOs contain bioactive substances such as 
total phenolic content (TPC) and total flavonoid con-
tent (TFC). The study evaluated the effectiveness of these 
EOs using an in vitro gas technique. The supplementa-
tion with mBSF-GOE (955.5 mg GAE/g DM and 94.8 mg 
QUE/g DM in terms of TPC and TFC) and nRBRBOE 
(102.3 mg GAE/g RO, 30.2 mg QUE/g RO, and 90.1 total 
anthocyanin (µg Cy 3-glc/g RO) in the ratio at 4:2  mg 
of the diet demonstrated superior efficiency compared 
to other treatments in terms of gas production kinetics, 
cumulative gas production, in vitro dry matter digest-
ibility (IVDMD), proportion of propionate, total vola-
tile fatty acid (VFA) concentration, and reduction of the 
methanogen population, leading to decreased methane 
(CH4) production. Therefore, according to this study, 
these supplementation mixtures could serve as alterna-
tive feed enhancers to enhance ruminal fluid fermen-
tation and end-products. This includes underline the 
effectiveness of “manipulating” methanogens and the rel-
ative decrease in CH4 production without affecting other 
parameters (total VFA production or the relative abun-
dance of ruminal microbiome species).

Materials and methods
Animal ethics approval
The ethics committee of Khon Kaen University, Thailand, 
granted approval for all procedures related to the main-
tenance, feeding, and collection of rumen fluid from the 
animals. This approval was obtained in accordance with 
the guidelines set forth by the Institutional Animal Care 
and Use Committee of Khon Kaen University and the 
Institute of Animals for Scientific Purpose Development 
(IAD) in Thailand. The relevant records for these proce-
dures are IACUC-KKU-110/66, IACUC-KKU-86/66, and 
U1-10937-2566. In addition, our study confirmed that 
all methods were performed in accordance with the rel-
evant guidelines and regulations in compliance with the 
ARRIVE guidelines.

Essential oils, microencapsulation/nanoemulsion process, 
and phytonutrients analysis
The essential oils of garlic and riceberry rice bran 
extracts, using a cool extraction technique, were used as 
plant phytogenic-based bioactive components through 
the formulation by encapsulating and emulsifiying tech-
niques and purchased from a local market in Khon Kaen 
province, Thailand.

The microencapsulation process was modified from 
the procedure used by Phupaboon et al. [10]. A com-
mercial black soldier fly (BSF)-based protein extract was 
used as an encapsulant or wall material and formulated 
with garlic oil extract (GOE) at 1:1 ratio consisting of 20% 
(w/v) BSF-based protein extract suspension mixed with 
10% (v/v) GOE containing 1% (v/v) Tween 80 solution. 
Afterward, homogeneously media processed through 
the spray-drying technique at the processing conditions; 
operation speed (10 mL/min), drying airflow (600  L/h), 
pressure drop (0.75 bar), inlet temp. (160 °C), and outlet 
temp. (90 °C). After spray drying, the products of mBSF-
GOE powders were kept in a vacuum bag and stored at 
-20 °C until use in the in vitro gas fermentation.

Subsequently, the nanoemulsion process was prepared 
according to the procedure of oil-in-water nanoemulsion 
used by El-Sherbiny et al. [14], with some modifications. 
Briefly, riceberry rice bran oil extract (RBRBOE) was pre-
mixed at 1500 rpm for 1 min with DI water at a 15:79.4% 
(v/v) ratio using a digital high-speed HG-15D homoge-
nizer (Daihan Scientific, South Korea) for homogeneous 
dissolving and a smaller droplet size. Following that, the 
homogeneous media of an oil-in-water emulsion was 
remixed with 5.6% (v/v) of Tween 80 at the same condi-
tions. Next step, nanoemulsion particles were formulated 
by utilizing an ultrasonic bath-precision GP 10 (Thermo 
Scientific, USA) with a nominal power of 750 W at room 
temperature for 20 min and a frequency of 20 kHz. Later, 
the product of the nanoemulsified RBRBOE (nRBRBOE) 
solution was kept at 4  °C and directly weighed into in 
vitro gas bottles.

Table 1 shows the formulation of the dietary treatment 
concentrate, which was composed of a combination of 
ingredients and mineral premix. The dried materials 
underwent chemical analysis using the approach out-
lined by AOAC [30] protocol to determine their chemi-
cal compositions: dry matter (DM; no. 967.03), ash (no. 
942.05), CP (no. 948.13). The fiber fractions in terms of 
the neutral detergent fiber (NDF) and acid detergent 
fiber (ADF) were analyzed by using Ankom fiber ana-
lyzer (Ankom Technology, USA) according to the proce-
dure of Van Soest et al. [31]. Furthermore, the bioactive 
components of the additives mBSF-GOE and nRBRBOE 
were examined using a modification of the methodology 
outlined by Phupaboon et al. [10] in terms of total poly-
phenolic content (TPC), total flavonoid content (TFC), 
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and antioxidative values: 2,2-diphenyl-1-picrylhydrazyl 
(DPPH assay), 2,2′-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid (ABTS assay), radical scavenging inhi-
bition, and ferric reducing antioxidant power (FRAP 
assay), as shown in Table 1. Moreover, the calculation of 
encapsulation efficacy (EE) was described by Phupaboon 
et al. [7] using the equation: EE (%) = (Amount of TPC 
extracted)/(Amount of TPC entrapped) x 100.

Experimental design and treatment details
The experimental design in this study was a completely 
randomized design (CRD). Subsequently, the treatment 
details were supplemental mixing with mBSF-GOE 
and nRBRBOE at varying ratios of 0:0, 6:0, 4:2, 2:4, and 
0:6  mg in 500  mg of diets, respectively. Rice straw as a 
roughage to concentrate (R: C) ratio at 60:40 was used as 
a diet substrate.

The details of this study’s experimental design (ED) 
were separated to investigate the different parameters 
consisting of (ED-I): determination of gas production 
parameter (total of 15 bottles from 3 bottles/treatments, 
for 96  h of incubation times); (ED-II): analysis of nutri-
ent degradability and CH4 production parameters (total 
of 20 bottles from 2 bottles/treatments, for assay at 12 
and 24 h); and (ED-III): analysis of VFA and NH3-N con-
centrations along with microbiota population parameters 
(total of 20 bottles from 2 bottles/treatments, for assay at 
12 and 24 h) according to the procedure of Phupaboon et 
al. [7].

Donor rumen fluid collection, preparation, and in vitro 
fermentation trials
The animals, utilized as a rumen supply, were sourced 
from the Faculty of Animal Science farm at Khon Kaen 
University, Khon Kaen, Thailand. The collection took 
place 3 h after the morning feeding following the proto-
col of National Research Council (NRC) [32], with fed a 
diet of the same composition as the basal diet and water 
ad libitum. Approximately 1200 mL of total rumen fluid 
were obtained from three donor Thai native cattle by 
using suction pump equipment, and they had an aver-
age body weight of 300 ± 10 kg. The rumen fluid that was 
gathered was passed through four layers of cloth sheets 
and deposited into a preheated thermos flask at a tem-
perature of 39 °C. The flask was promptly transported to 
the laboratory within a time frame of 15 min.

Part of the rumen inoculum medium was prepared 
by mixing together with the filtered rumen fluid sample 
and the generated artificial saliva solution (containing 
micro-mineral solution, resazurine, reduction solution, 
and macro-mineral solution) in a 2:1 (v/v) ratio, and then 
incubated at a temperature of 39 °C while being continu-
ously flushed with CO2 [33].

To begin in vitro gas fermentation, 500  mg of all the 
dietary substrates were prepared by weighing the R: C 
ratio at 60:40 added into 60 mL in vitro glass bottles and 
adding both of the additives (mBSF-GOE and nRBRBOE) 
in the order specified in the treatment details (at ratios 
0:0, 6:0, 4:2, 2:4, and 0:6 mg in diet). Then, all bottles were 
hermetically sealed with rubber stopper and aluminium 
caps. Subsequently, 40 mL of rumen inoculum medium 
were added and continuously flushed with CO2 to main-
tain anaerobic conditions and then incubated at 39°C7.

Sample collection and their chemical analysis
Following ED-I, -II, and -III of post-fermentation, the 
total gas production in the headspace of the glass bottles 
was directly measured by syringe with a needle obtained 
from ED-I. Under this experiment, kinetic gas produc-
tion during incubation was measured at 1, 2, 4, 6, 8, 12, 
24, 48, 72, and 96 h, and the data was fitted to the cumu-
lative gas production model of Ørskov and McDonald 
[34] as follows: Y = a + b (1– e− ct), where Y = gas produced 
at time “t” (mL), a = the gas production from the immedi-
ately soluble fraction (mL), b = the gas production from 
the insoluble fraction (mL), and c = the gas production 
rate constant for the insoluble fraction (mL/h).

Based on the ED-II after 12 and 24  h of post-incuba-
tion, to characterize the in vitro rumen fermentation and 
to establish the in vitro DM degradability (IVDMD; % 
DM) as following Van Soest et al. [31], directly ruminal 
pH and content of CH4 production using a GC instru-
ment (GC-2014, Shimazu Co., Kyoto, Japan), it was cal-
culated as following the equation: CH4 production = 
(peak area/slope)/(volume of 0.3 mL of gas sampling col-
lected from the headspace of the glass bottles) [7]. Other 
the ED-III of the rumen fluid samples at 12 and 24 h-post 
fermentation was separated into two portions; the first 
supernatant portion containing 10% (w/v) H2SO4 was 
previously provided insoluble fiber by filtration followed 
by centrifugation and kept at -20  °C for analysis of the 
VFA (mol/100 mL) profiles utilizing a GC instrument 
(Nexis GC-2030 equipped with SH-Rt Q-BOND Col-
umn, 30  m, 0.53-mm ID, 20  μm, Shimadzu Co., Kyoto, 
Japan) [7] and NH3-N (mg/dL) content using an NH3-N 
kit (FUJIFILM Wako Pure Chemical Corp, Japan) [35]. 
Additionally, the second supernatant portion was mixed 
with a smaller insoluble fiber fraction and used for DNA 
extraction according to the procedure of Phupaboon 
et al. [36] by using the GF-1 bacterial DNA extraction 
kit (Vivantis, Malaysia) to determine the rumen micro-
biota using the real-time PCR (RT-PCR) technique. The 
reaction of the RT-PCR assay using the Chromo 4™ sys-
tem (Bio-Rad, USA) was conducted with purified DNA 
(OD260/280 = 1.8 to 2.0) as a DNA template at a final 
quantity of 0.05 µg/µL mixed together with SYBR green 
master mix reagent (Luna® Universal qPCR Master Mix, 
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New England Biolabs GmbH, Germany), the specify Fw 
and Rw primers, and adjusted to a final volume of 10 µL 
with free-Ranse water, followed by the optimal anneal-
ing condition at 55 ℃ [37]. The species-specific PCR 
primer used to determine the rumen microbial popu-
lation includes the species Fibrobacter succinogenes, 
Ruminococcus albus, Ruminococcus flavefaciens [38], 
Megasphaera elsdenii [39], Butyribrio fibrisolvens [40], 
and Methanobacteriales [41]. The data of the microbial 
population was counted in duplicate from each sample 
to calibrate with the absolute abundance group of each 
specific species and expressed as log 10 gene copies per 
mL of DNA template obtained from rumen fluid samples 
[42].

Statistical analysis
The collected data were analyzed using the General 
Linear Model (GLM) approaches of SAS Software ver-
sion 9.0 (SAS Inst. Inc., Cary, NC, USA) run on a com-
pletely randomized design (CRD) platform by model: 
Yij = µ + αi + εij, where Yij = the observation, µ = the overall 
mean, αi = the treatment effect, and εij = the residual error. 
We used Duncan’s New Multiple Range Test (DMRT) to 
compare the mean values of the experimental treatments. 
Treatment means were considered significantly different 
if their P-values were < 0.05 and < 0.01, respectively. The 
reactions to mBSF-GOE and nRBRBOE supplementation 
were evaluated using orthogonal polynomials to identify 
trends.
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