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ABSTRACT In ovo delivery of carvacrol, the primary
active compound in oregano essential oil (OEO) has the
potential to enhance gut development in broilers. This
study aimed to optimize in ovo application of OEO by
investigating day and site of injection and delivery of car-
vacrol to different embryonic tissues. In Experiment 1, 2
d of injection (embryonic day (E) 12 or 17.5) and 3 sites
of injection for OEO (air cell, amniotic fluid, or yolk)
were evaluated based on hatchability and posthatching
performance. Experiment 2 aimed to examine the impact
of combining OEO with the nonionic surfactant polysor-
bate 80 (p80) at ratios to carvacrol of 0:0, 0:1, 0.5:1, and
1:1 on carvacrol concentration in amniotic fluid, blood,
and yolk. The concentration of carvacrol was measured
at 3, 6, and 9 h after OEO injection either without (0:1)
or with (1:1) p80. Injection of OEO on E12 led to a signifi-
cant lower hatchability compared to E17.5 (P ≤ 0.01;
D= 9.2%). Injecting OEO into the air cell, amniotic fluid,
or yolk at E17.5 did not significantly affect hatchability
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and posthatching performance. The highest concentra-
tions of carvacrol found in egg tissues were observed
when injected together with surfactant at the 1:1 ratio
(P ≤ 0.001; 14.45 mM, 16.64 mM, and 124.82 mM, for air
cell, amniotic fluid, and yolk, respectively) compared to
the 0:0, 0:1 or 0.5:1 ratios. Carvacrol was highest in the
amniotic fluid and blood at the first time point (3 h post-
injection) and decreased afterward (P ≤ 0.001), whereas
the concentration in yolk remained elevated up to 9 h
postinjection. In conclusion, the optimization of the in
ovo delivery of carvacrol resulted in that early injection
(E12) had negative effects on hatchability and should be
avoided. The findings also suggest that using a nonionic
surfactant was crucial for an effective delivery of carva-
crol in ovo and the migration from amniotic fluid to yolk
within 3 h. In addition, carvacrol’s persistence in yolk
may serve as a route for delivery into the gastrointestinal
tract via the yolk stalk during the peri-hatching phase,
potentially influencing gut development.
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INTRODUCTION

Enteric diseases can severely affect animal health and
welfare, hence requiring antibiotic treatment. The use of
antibiotics in intensive animal production systems has
been associated with increased antimicrobial resistance
which, in turn, has fueled the research on strategies that
spare their use (Turnidge, 1999). In broilers, meat-type
chickens, essential oil (EO) supplements have been
widely studied and reviewed during the posthatching
period showing positive effects on gut health among
other modes of action (Brenes and Roura, 2010). How-
ever, the efficacy and return on investment of in-feed
EO supplements are controversial, partially because of a
lack of consistent effects on performance, antimicrobial
activity and gut health, explaining the limited adoption
by producers (Applegate et al., 2010).
In fast-growing modern breeds, broiler chickens spend

around one-third of its life during embryonic develop-
ment. Thus, in ovo interventions have a high potential
value which is often ignored (Das et al., 2021). The
structures surrounding the embryo are formed during
the first week of incubation and are structurally com-
pleted by embryonic day (E) 14 (de Oliveira et al.,
2008). The most common in ovo intervention adopted
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by producers is the injection of the herpesvirus Marek’s
disease vaccine in the amniotic fluid at E17.5. This, in
turn, creates an opportunity to inject other compounds
at the same time without adding extra costs, provided
that they do not interact negatively (Wakenell et al.,
2002; Peebles, 2018). For example, in ovo nutrient sup-
plementation (also referred to as in ovo feeding) has
been widely studied, using injection procedures around
E17.5 in the amniotic fluid, which is ingested by the
chicken embryo before hatching (Uni and Ferket, 2004;
Jha et al., 2019; Givisiez et al., 2020; Das et al., 2021).

A second in ovo nutritional delivery route widely stud-
ied includes the delivery of prebiotics and probiotics
through the chorioallantoic membrane by injection in the
air cell on E12. At E12, the air cell is highly vascularized
and seems to facilitate the transport of prebiotics to the
embryo to stimulate gut microbiota development, whereas
probiotics stay in the air cell and are ingested when the
embryo starts pipping through the air cell membrane prior
to hatching (Romanoff and Hayward, 1943; Baggott,
2009; Siwek et al. 2018; Moreira Filho et al., 2019 ). A
third option for in ovo interventions relevant to gut devel-
opment and health relates to the yolk sac contents, which
are internalized into the GIT during late incubation (El-
Moneim et al., 2020; van der Wagt et al., 2020).

One often used EO during the posthatching phase in
broilers is oregano essential oil (OEO) (Basmacio�glu
Malayo�glu et al., 2010; Hashemipour et al., 2013; Peng
et al., 2016). Oregano essential oil has been shown to
positively impact GIT development and gut health
through enhanced digestion and antimicrobial, antioxi-
dant, and immunodulatory functions (Gholami-Ahan-
garan et al., 2022; Jin et al., 2022). It can be speculated
that in ovo application compared to posthatch interven-
tion could achieve an early and potentially more effec-
tive distribution of OEO through developing tissues/
GIT, while reducing the economic impact. However,
little is known about in ovo application of OEO or carva-
crol (the main active compound in OEO) and the tissue
distribution of this lipophilic substance once injected.
Optimizing the in ovo application of OEO and under-
standing the flow dynamics into egg compartments and
dispersion into embryonic structures is missing.

The current study aimed to optimize the in ovo appli-
cation of OEO by investigating day and site of injection
and enhancing the flow of carvacrol into embryonic tis-
sues. It was hypothesized that injection in the amniotic
fluid during late incubation (E17.5) would have no
impact on hatchability and that the use of a non-ionic
surfactant (i.e., polysorbate 80) would enhance the flow
of carvacrol from the amniotic fluid into lipophilic tis-
sues (i.e., yolk) within the first hours after injection.
MATERIAL AND METHODS

Two experiments were conducted under approval cer-
tificate number 2019/AE000463 by the Animal Ethics
Committee of the University of Queensland (Animal
Ethics Unit, St Lucia, QLD, Australia) aligned with the
compliance of the Australian code for the use of animals
for scientific purposes.
Experiment 1

Experimental Design This experiment was set up as a
3 £ 2 factorial arrangement with 3 sites of injection (air
cell, amniotic fluid, or yolk) and 2 stages of embryonic
development (E12 and E17.5) (Figure 1). Additionally,
3 control groups were included to establish the baseline
for the efficacy of the procedures; a noninjected control
group (intact eggs), and two 0.9% saline solution
injected controls, one in the air cell at E12 and one in
the amniotic fluid at E17.5, which are the most common
combinations of day and site of injection (Table 1).
Other potential “saline” controls for each day and site
combinations were discarded due to limitations in the
total number of replicates.
Egg Handling, Animals, and Housing Ross 308 fer-
tile eggs (n = 720) weighing between 60 and 68 g
(SD = 4.5 g) from one breeder flock aged 45 wk were
obtained from a commercial hatchery (Darwalla group,
Allora, QLD, Australia) and transferred to the Univer-
sity of Queensland experimental chicken hatchery (St
Lucia, QLD, Australia). The 6 experimental treatments
were assigned 100 eggs each (n = 100). The 3 control
treatments used to establish the baseline for efficacy of
the procedures were assigned 40 eggs each (n = 40) due
to a limited incubation capacity. Eggs were blocked
within 2 trays for each of the 6 levels of 2 setters (Ova-
Easy 580 Advance Series II, Brinsea, FL) making a total
of 24 trays. Treatments were separated into 4 groups
(25 eggs per group for experimental treatments, and 10
eggs per group for control treatments), and these groups
were randomly allocated to one of the trays, with 2 dif-
ferent treatment groups per tray. Eggs were incubated
in the setters for 18 d at a set incubator temperature of
37.8°C, a relative humidity of 57%, and a turning
interval of 60 min over an angle of 90°. At E18, eggs
were candled and infertile eggs removed, all remaining
experimental eggs were transferred to 2 hatchers (Great-
lander 6BH Six Basket Hatcher, Taabinga, QLD, Aus-
tralia), consisting of 6 hatching baskets (levels) with
each basket divided into 3 compartments, making a
total of 36 compartments. Eggs from each control treat-
ment were randomly allocated to 2 compartments and
eggs from each experimental treatment to 5 compart-
ments. Eggs were incubated until hatching at a set
hatcher temperature of 37.8°C and relative humidity of
70%. From E19 onward, hatchers were checked daily at
8 am and 4 pm for hatched chickens and dry hatched
chickens were weighed and transferred to brooders
(5-layer Comfortplast Chick Brooder, Cimuka, Turkey),
where they had access to ad libitum water and feed.
Chickens were housed in 6 brooders with 5 levels per
brooder (a total of 30 levels). Hatchability and BW0
were determined at hatch (n = 100 per experimental
treatment and n = 40 per control treatment). A maxi-
mum of 80 hatched first-grade (chickens with no
observed deformities) per experimental treatment were



Figure 1. Illustration of the 3 sites of injection tested in Experiment 1, (A) air cell, (B) amniotic fluid, and (C) yolk sac. Created with BioRen-
der.com.
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randomly selected from all first-grade chicks and ran-
domly allocated to 4 brooder levels whereas a maximum
of 40 first-grade hatched chickens from the control treat-
ments were allocated to 2 brooder levels (exact numbers
shown in Table 1). Each level contained a maximum of
20 chickens of the same treatment. On d 7, body weight
(BW) and feed intake (FI) were measured as experimen-
tal endpoint using the averages per brooder level (n = 4
per experimental treatment and n = 2 per control treat-
ment). Feed conversion ratio (FCR) was calculated,
using body weight gain (BWG) and FI between d 0 and
d 7. Chickens were euthanized by cervical dislocation.
Table 1. Design of experiment 1 showing the number of eggs (n) and
with 0.9% saline solution (C2 and C3) or oregano essential oil (OEO,
tion (embryonic day 12 [E12]) or late incubation (embryonic day 17.5 [

Treatment Site of injection Day of injection Inje

C1 - -
C2 Air cell E12
C3 Amniotic fluid E17.5
T1 Air cell E12
T2 Amniotic fluid E12
T3 Yolk E12
T4 Air cell E17.5
T5 Amniotic fluid E17.5
T6 Yolk E17.5
In Ovo Injection At E12 and E17.5, saline or OEO
solutions were injected following the scheme shown in
Table 1. Eggs were sterilized with 70% ethanol and
punched, using an egg puncher at sites as determined by
each treatment. For injection in the air cell and amniotic
fluid, eggs were punched on the broad end of the egg
(Figure 1). For injection in the yolk, eggs were punched
at the pointy side of the egg, at a 45° diagonal angle. At
E12, the following needle sizes were used: for the air cell,
a 25G 5/8 (16 mm) precision needle with the addition of
a needle guard blocking half of the needle to prevent
injection into a lower location whereas for the amniotic
number of first-grade chicks (n) per noninjected (C1) or injected
T1−T6) in the air cell, amniotic fluid, or yolk during mid-incuba-
E17.5]).

cted solution Number of eggs (n) Number of chicks (n)

- 40 34
Saline 40 33
Saline 40 32
OEO 100 74
OEO 100 74
OEO 100 64
OEO 100 74
OEO 100 69
OEO 100 73
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fluid and yolk a 23G 1 1=4 (32 mm) precision needle was
used. At E17.5, for the air cell and amniotic fluid injec-
tion, the same procedure was used as at E12. For the
yolk injection at E17.5, a 25G 5/8 (16 mm) precision
needle was used. After injection, holes were sealed with
commercial nail polish.

Eggs were injected with either 100 mL of 0.9% sterile
saline solution (NaCl 0.9% in water, Baxter, Deerfield,
IL, CAS: 7647-14-5) or 100 mL OEO solution with a con-
centration of 0.5% OEO vol/vol (Origanum Oil,
doTERRA, Pleasant Grove, UT, CAS: 8007-11-2). Gas
Chromatography-Mass Spectrometry (GC-MS) was
used to profile OEO in combination with the NIST17
mass spectral library was used to identify individual
compounds. The OEO solution was prepared by mixing
100 mL of OEO with 100 mL of the non-ionic surfactant
polysorbate 80 (p80) (Tween80, Sigma-Aldrich, St.
Louis, MO, CAS: 9005-65-6) for solubilization. After-
wards, 0.9% saline was slowly added to a final volume of
20 mL and shaken properly.
Experiment 2

Experimental Design Experiment 2 consisted of 2
subexperiments. In subexperiment 2.1, Ross 308 fertile
eggs (n = 32) weighing between 60 and 66 g (SD = 3.4
g) were obtained from one breeder flock aged 46 wk
(Darwalla group) and transferred to the experimental
chicken hatchery (St Lucia, QLD, Australia) to study
the impact of 4 OEO solutions with different ratios of
p80:OEO (0:0, 0:1, 0.5:1, or 1:1, n = 6 per treatment) on
carvacrol transfer to 3 different tissues per egg (amniotic
fluid, blood, and yolk). The OEO solutions were injected
into the amniotic fluid at E17.5 as explained below.
OEO solutions were injected at a concentration of 1.75%
vol/vol, based on safety levels reported in rats (Llana-
Ruiz-Cabello et al., 2017 ). The 0:0 ratio (control group)
was injected with a 0.9% saline solution. To assess the
flow of carvacrol through embryonic tissues, samples of
the amniotic fluid, blood, and yolk were collected at 9 h
after injection.

Subexperiment 2.2 consisted of Ross 308 fertile eggs
(n = 56) weighing between 56 and 62 g (SD = 3.5 g),
obtained from one breeder flock aged 40 wk (Darwalla
group). Based on results from experiment 2.1, subexperi-
ment 2.2 was set up as a 2 £ 3 factorial arrangement, con-
sisting of 2 different OEO solutions (p80:OEO ratios 0:1 or
1:1), and 3 time points (different eggs at 3 h, 6 h, and 9 h
after injection) with n=6per treatment. Carvacrol concen-
trationwasmeasured in 3 different tissues per egg (amniotic
fluid, blood, and yolk). Solutions were injected in the amni-
otic fluid of fertile eggs at E17.5, andOEOwas injected at a
concentration of 1.75% vol/vol. As a quality control to
ensure procedures did not result in carvacrol detection, eggs
were injected with 0.9% saline (0:0) and the same samples
were collected, but only after 3 h.
Egg Handling In both subexperiments, the eggs were
incubated under the same circumstances as described for
Experiment 1. Additionally, spare eggs were incubated to
replace infertile eggs or eggs damaged during incubation
and injection. Eight eggs were assigned per treatment
(n = 8), of which 6 eggs were used for sample collection
(n = 6). One setter with 6 levels and 2 trays per level was
used. Eggs were only allocated to the middle 2 levels (levels
3 and 4), containing 2 trays per level (4 in total). Eggs were
randomly allocated to the right and left sides of the trays,
following a randomized block design.
In Ovo Injection The eggshell was disinfected as
described in Experiment 1. A hole was drilled in the eggshell
at the blunt side of the egg, using a multi-purpose rotary
tool (Ryobi EHT150, Ryobi, Hiroshima, Japan) with an
arrow-shaped insert (Dremel High-Speed Cutter 6.4 mm,
Dremel, Mount Prospect, IL), keeping the membranes
intact. For injection in amniotic fluid, a 23G 1 1=4 (32 mm)
precision needle was used. After injection, holes were sealed
with beeswax and eggs were returned to the setter.
In Experiment 2.1, eggs were injected with 500 mL of a

solution of different ratios of p80:OEO; 0:0, 0:1, 0.5:1,
and 1:1, whereas in Experiment 2.2, only the ratios 0:0
(control), 0:1 and 1:1 were used. OEO was used at a con-
centration of 1.75% vol/vol. Eggs injected with the 0:0
ratio were injected with 500 mL 0.9% saline (NaCl 0.9%
in water, Baxter, CAS: 7647-14-5). The 0:1 solution was
prepared by mixing 350 mL of OEO (Origanum Oil,
doTERRA, CAS: 8007-11-2) with 0.9% saline to a total
volume of 20 mL and shaken properly. The 0.5:1 solution
was prepared by mixing 175 mL of p80 (Tween80,
Sigma-Aldrich, CAS: 9005-65-6) with 350 mL of OEO
for solubilization, followed by slowly adding 0.9% saline
to a total volume of 20 mL and shaken properly. The 1:1
solution was prepared by mixing 350 mL of p80 with 350
mL of OEO for solubilization, followed by slowly adding
0.9% saline to a total volume of 20 mL and shaking
properly. Before loading the syringe, the 0:1 p80:OEO
solution was gently shaken to ensure equal OEO distri-
bution in the absence of a surfactant but preventing the
formation of air bubbles.
Sample Collection Samples were collected at 9 h (Exp
2.1) or 3 h, 6 h, and 9 h (Exp. 2.2, different eggs each
time point) after injection and treatments were sampled
in random order. Screwcap glass storage vials (Agilent
Technologies, Santa Clara, CA, Cat. Nr. 5182-0715)
were used to prevent volatile losses. The egg was opened
on the blunt end, the shell and its membranes were care-
fully peeled and the embryo with its structures was
deposited into a petri dish. Amniotic fluid (0.1−1 mL)
was collected using a 23G 1 1=4 precision needle and
transferred to a storage vial. Afterward, the remaining
amniotic fluid was removed from the embryo using tis-
sue paper. The embryo was euthanized by decapitation,
and blood (0.1-1 mL) was collected in a 4 mL K2 EDTA
vacutainer (BD, Franklin Lakes, NJ, Cat. Nr. 32007-
BD) and properly mixed with EDTA to prevent clotting
before transferring the blood to a storage vial. The yolk
sac was removed, all yolk contents were gently released
initially by gravity into a container and mixed by stir-
ring. After stirring, samples of 1 mL were transferred to
a storage vial. All samples were stored at �80°C until
analysis.
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GC-MS Analysis Amniotic fluid, blood and yolk sam-
ples were thawed on ice for GC-MS analysis. Samples
were analyzed in 2 separate GC-MS runs, both follow-
ing the same procedures. The extraction of carvacrol
for GC-MS was performed on ice as much as possible
to reduce the vaporization of carvacrol. About 500 mL
of dichloromethane and methanol solution (1:1 vol/
vol), containing 10 mM patchouli alcohol as an inter-
nal control was added to 100 mL of amniotic fluid or
blood, or 100 mg of yolk. Samples were vortexed until
homogeneous, whereafter 400 mL demineralized water
was added and mixed. Samples were sonicated in an
ice bath sonicator (Ultrasonic Cleaner, Unisonics,
Brookvale, NSW, Australia) for 5 (amniotic fluid and
blood) or 10 min (yolk). Afterward, samples were cen-
trifuged (Microcentrifuge 5415R, Eppendorf, Ham-
burg, Germany) for 10 min at 16,000 £ g at 4°C.
About 100 mL of the nonpolar phase was transferred
to 2 mL screwcap glass vials (Shimadzu Scientific,
Kyoto, Japan) with a glass insert (Thermo Fisher
Inc., Waltham, MA). One microliter of each sample
was injected for GC-MS analysis. Carvacrol detection
and quantification were performed on a Shimadzu
GC/MS-TQ8050 NX system in Multiple Reaction
Monitoring mode using a carvacrol standard (Sigma-
Aldrich, CAS: 499-75-2) for calibration (carvacrol
retention time was 5.899 min). Carvacrol concentra-
tions were measured in mM.

The extraction efficiency of carvacrol from amniotic
fluid, blood, and yolk was determined by adding carva-
crol to blank samples of amniotic fluid, blood, and yolk,
to achieve concentrations of 2, 11, and 20 mM in all 3 tis-
sues. These initial concentrations were compared to the
GC-MS output (average extraction: amniotic fluid;
20.2%, R2 = 0.999, blood; 8.4% R2 = 0.991, yolk; 22.2%
R2 = 0.997). The linear regression formulas were used to
determine absolute carvacrol concentrations. The lower
limits of detection of carvacrol using GC-MS were estab-
lished at 0.22 mM (amniotic fluid), 0.69 mM (blood), and
0.36 mM (yolk). Lower concentrations were considered 0
for statistical analyses.
Statistical Analyses

All data were analyzed using the statistical software
package SAS 9.4 (SAS Institute Inc., Cary, NC). For
Experiment 1, the experimental design included the fac-
tors day, site, and their interaction.

In Experiment 1, hatchability rates were analyzed
with a generalized linear mixed model (Proc Glimmix)
procedure, using a binary distribution and a logit link
function. A general linear mixed model (Proc Mixed)
was used to analyze BW at d 0 and d 7, BWG, FI, and
FCR. Model assumptions were approved on both the
means and residuals. For hatchability and BW at d 0
eggs or chickens were used as the experimental unit,
whereas for BW at d 7, BWG, FI, and FCR, the brooder
level was used as the experimental unit.
The basic model used for Experiment 1 was

Yij ¼ mþDayi þ Sitej þ Day � Siteij þ eij ; ð1Þ
where Yij = the dependent variable, m = the overall
mean, Dayi = the day of injection (i = E12 or E17.5),
Sitej = the site of injection (j = air cell, amniotic fluid,
or yolk), Day £ Siteij = the interaction between the day
of injection and site of injection, and eij = the residual
error term. For hatchability and BW at d 0, hatcher,
hatcher basket, and hatcher compartment were added
to the model as random factors, whereas for BW at d 7,
BWG, FI and FCR, brooder and brooder level were
added as random factors.
Control treatments (noninjected and saline-injected

at E12 in the air cell, and E17.5 in the amniotic fluid)
have not been included in the factorial analysis, but all
treatments have been compared to the control treat-
ments in a separate analysis without significant out-
comes (using Proc Glimmix and Proc Mixed as
described before). The basic model used for this was:

Yi ¼ mþ Treatmenti þ ei; ð2Þ
where Yij = the dependent variable, m = the overall
mean, Treatmenti = Treatment (i = each of 9 treat-
ments shown in Table 1), and eij = the residual error
term.
Data are expressed as LSmeans § SEM and multiple

comparisons between treatments were corrected follow-
ing the Tukey test. Differences between treatments were
considered significant at P ≤ 0.05.
For Experiment 2, a general linear mixed model (Proc

Mixed) was used to analyze the concentrations of carva-
crol in the amniotic fluid, blood, and yolk. Eggs were
used as experimental units. The basic model used for
Experiment 2.1 was:

Yi ¼ mþ Ratioi þ ei; ð3Þ
where Y = the dependent variable, m = the overall
mean, Ratioi = the ratio of p80:OEO (i = 0:0, 0:1, 0.5:1
or 1:1), and ei = the residual error term.
The basic model used for Experiment 2.2 was:

Yij ¼ mþ Ratioi þ Timej þ Ratio� Timeij þ eij ; ð4Þ
where Yij = the dependent variable, m = the overall
mean, Ratioi = the ratio of p80:OEO (i = 0:1 or 1:1),
Timej = the time point after injection (j = 3 h, 6 h, or
9 h), Ratio £ Timeij = the interaction between the ratio
of p80:OEO and time point after injection, and eij = the
error term.
Because samples could not all be collected at the same

time, there was a variation of 3 h (Experiment 2.1) and 1.5
h (Experiment 2.2) in sampling time. Consequently, the
delay in sampling timewas added to themodel as a covari-
ate. Preliminary analysis showed a lack of significance for
the factors GC-MS run (1 or 2), incubator level (3 or 4)
incubator tray (1 or 2), and side of the tray (left or right)
and consequently, they were omitted from themodel.
Data are expressed as LSmeans § SEM and multiple

comparisons between treatments were corrected for
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using Tukey. Differences between treatments were con-
sidered significant at P ≤ 0.05.
RESULTS

The results of the GC-MS analysis of the OEO showed
that carvacrol was the main compound (69.76%) at a
retention time (RT) of 8.0 min, followed by p-cymene
(6.43%, RT 4.6 min), gamma-terpinene (5.36%, RT 5.0
min), linalool (4.64%, RT 5.3 min), beta-bisabolene
(2.13%, RT 12.0 min), thymol (1.60%, RT 7.9 min), and
caryophyllene (1.56%, RT 10.7 min) and trace amounts
of other compounds.
Day and Site of Injection (Experiment 1)

For the control treatments, hatchability rates of
89.7% (noninjected), 89.5% (saline-injected at E12 in
the air cell) and 84.6% (saline-injected in the amniotic
fluid at E17.5) were found (Table 2).

A significant (P ≤ 0.01) effect of the day of injection
was found indicating that the E12 injected eggs had
lower hatchability (76.3%) compared to the E17.5
(85.5%) injected group (Figure 2A). No other main
effect (day or site of injection) or interactions (P > 0.05)
were found for any of the variables assessed, hatchabil-
ity, BW d 0, BW d 7, BWG d 0 to 7, FI d 0 to 7, or FCR
d 0 to 7 (Figures 2B−2F, Table 2).
Effects of Ratio p80:OEO on Carvacrol
Concentration per Egg Tissue
(Experiment 2.1)

A significant increase in carvacrol concentration was
observed in the amniotic fluid after injection of p80:
OEO ratios 0.5:1 (P ≤ 0.001; D = 2.48 mM) and 1:1 (P ≤
Table 2. Experiment 1. Interaction effects of in ovo injection of oregan
ent sites (air cell, amniotic fluid, yolk) of broiler eggs on hatchability a
and site of injection are shown in Figure 2.

Day of injection Site of injection Hatchability, %1 BW d 0, g1

Controls2

Noninjected - 89.7 46.4
E12 Air cell 89.5 45.6
E17.5 Amniotic fluid 84.6 46.3
Treatment
E12 Air cell 79.4 46.2
E12 Amniotic fluid 79.6 46.5
E12 Yolk 70.1 45.9
E17.5 Air cell 86.3 45.9
E17.5 Amniotic fluid 83.9 46.2
E17.5 Yolk 86.0 46.6
SEM 4.0 0.6
P-value

Day 0.009 0.81
Site 0.62 0.74
Day £ Site 0.44 0.37
1Experimental unit for Hatchability and BW d 0: n = 100 eggs per combina

and FCR d 0-7: n = 4 brooder levels per combination of day and site. Average v
2Control treatments (noninjected and saline injected at E12 in the air cell,

means. These have not been included in the factorial analysis, but all treatmen
significant outcomes.

3N/A: Values are missing for BW d 7, BWG d 0-7, FI d 0-7, and FCR d 0-7,
0.001; D = 14.26 mM) compared to the negative control
(p80:OEO ratio 0:0). Furthermore, it was observed that
injecting the ratio 1:1 resulted in a significant increase in
carvacrol concentration compared to the ratio 0.5:1
(P ≤ 0.05; D = 11.77 mM) (Figure 3A).
In blood only after injection of ratio 1:1 (D = 16.64 mM)

carvacrol concentration was significantly increased com-
pared to the negative control (P≤ 0.001) (Figure 3B).
In the yolk, a significantly higher carvacrol concentra-

tion compared to the negative control was observed
irrespective of the level of surfactant, with the ratio 0:1
increasing carvacrol levels by 5.52 mM (P ≤ 0.001), ratio
0.5:1 by 11.45 mM (P ≤ 0.001) and ratio 1:1 by 124.09
mM (P ≤ 0.001). Moreover, the ratio 1:1 resulted in a
significantly higher carvacrol concentration compared
to ratios 0:1 (P ≤ 0.001; D = 118.57 mM) and 0.5:1 (P ≤
0.001; D = 112.64 mM) (Figure 3C).
Distribution of Carvacrol Over Time
(Experiment 2.2)

The analysis of the control treatment with saline injec-
tion (0:0) showed no presence of carvacrol in the 3 tissues
(below the detection threshold of the GC-MS). For the
samples injected with OEO solution, the inclusion of p80
at the 1:1 ratio compared to the absence of p80 (0:1 ratio)
significantly increased the concentration of carvacrol in
amniotic fluid (D = 21.20 mM), blood (D = 57.89 mM)
and yolk (D = 149.75 mM) (all P ≤ 0.001; Table 3).
The concentration of carvacrol significantly decreased

over time from 3 to 6 h in amniotic fluid (P ≤ 0.01;
D = 18.11 mM) and blood (P ≤ 0.05; D = 23.16 mM) but
did not decrease any further between 6 and 9 h after
injection (P > 0.05) (Table 3). In contrast, carvacrol
concentration was maintained across the 3 time points
measured in the yolk (P > 0.05).
o essential oil at d 12 (E12) or 17.5 (E17.5) of incubation at differ-
nd first-week performance (LSmeans § SEM). Main effects of day

BW d 7, g1 BWG d 0−7, g1 FI d 0−7, g1 FCR d 0−7, g:g1

160.8 114.5 136.6 1.19
157.1 111.6 128.0 1.15
156.5 110.0 145.7 1.32

152.3 105.9 123.8 1.15
151.2 104.9 124.3 1.17
155.7 110.0 132.9 1.22
147.4 101.4 116.5 1.19
159.1 112.8 136.4 1.17
N/A3 N/A3 N/A3 N/A3

4.9 4.9 5.8 0.04

0.91 0.73 0.62 0.58
0.28 0.42 0.14 0.45
0.09 0.20 0.09 0.61

tion of day and site; Experimental units for BW d 7, BWG d 0-7, FI d 0-7,
alues per bird are shown.
and E17.5 in the amniotic fluid) are shown on top for reference with their
ts have been compared to the control groups in a separate analysis without

because of malfunctioning brooder cages.



Figure 2. Experiment 1. Showing the main effects of day of injection of oregano essential oil (d 12 [E12] or 17.5 [E17.5] of incubation) and site of
injection (air cell, amniotic fluid, yolk) on hatchability (A) and first-week performance (B−F) of broiler chickens (LSmeans § SEM). For hatchabil-
ity and BW d 0: n = 100 eggs per combination of day and site was used; For BW d 7, BWG, FI, and FCR: n = 4 brooder levels per combination of
day and site was used. Average values per bird are shown. For main effects, replicates were pooled per day and site.

**P ≤ 0.01.
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DISCUSSION

The current study aimed to optimize in ovo applica-
tion of OEO investigating day and site of injection as
well as the distribution of carvacrol into embryonic tis-
sues (Figure 4). For day and site of injection, the results
Figure 3. Experiment 2.1: GC-MS results showing carvacrol concentra
ovo injection of oregano essential oil (OEO) in combination with polysorba
n = 6 per ratio), injected into the amniotic fluid on incubation d 17.5 (LSmea

a-cLSmeans within a tissue lacking a common letter differ (P ≤ 0.001).
obtained confirmed that interventions in late embryonic
stages (i.e., E17.5) in the amniotic fluid were the most
effective treatments. OEO decreased hatchability when
injected on E12, but not on E17.5. The embryo is struc-
turally completed around E17.5, but it is still in the
middle of development at E12 (de Oliveira et al., 2008).
tions (mM) in amniotic fluid (A), blood (B), and yolk (C) at 9 h after in
te 80 (p80) at 4 different ratios (ratio p80:OEO 0:0, 0:1, 0.5:1, and 1:1,
ns § SEM).



Table 3. Experiment 2.2. GC-MS results showing carvacrol concentrations (mM) in amniotic fluid, blood, and yolk at 3, 6, or 9 h after in
ovo injection of oregano essential oil (OEO) without (0:0) or with (1:1) polysorbate 80 (p80) in amniotic fluid at d 17.5 of incubation
(LSmeans § SEM).

Ratio p80:OEO Time after injection (h) Amniotic fluid (mM)1 Blood (mM)1 Yolk (mM)1

0:0 (Control)2 3 0 0 0
0:1 0.98b 0.51b 11.32b

1:1 22.19a 58.40a 161.10a

SEM 2.33 4.14 17.39
3 24.63a 49.64a 78.20
6 6.52b 26.47b 70.34
9 3.61b 12.27b 110.04

SEM 2.85 5.07 21.27
0:1 3 1.61 1.18 13.29
0:1 6 0.53 0.27 9.26
0:1 9 0.81 0.08 11.41
1:1 3 47.66 98.09 143.12
1:1 6 12.50 52.68 131.43
1:1 9 6.40 24.43 208.66
SEM 4.04 7.19 30.13
P-value

Ratio ≤0.001 ≤0.001 ≤0.001
Time ≤0.001 ≤0.001 0.37
Ratio £ Time 0.29 0.44 0.64
1For carvacrol concentration in amniotic fluid, blood, and yolk n = 6 eggs per combination of ratio polysorbate 80 and oregano essential oil and time

after injection.
2The control treatment with saline injection (0:0) showed no presence of carvacrol (below the detection threshold of the GC-MS for all 3 tissues).
a,bLSmeans within a column and treatment lacking a common superscript differ (P ≤ 0.05).
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The E12 stage is characterized by rapid development,
expressed by a swift increase in embryonic heat produc-
tion between E10 and E15 (Nangsuay et al., 2017). It
can be speculated that OEO injection during early
stages of development is more detrimental due to the
higher rate of cell division and cell differentiation com-
pared to the later stages of embryonic development.
Injecting into the yolk is challenging as it requires turn-
ing the eggs upside down and injecting at a 45° angle,
and the location of the yolk can differ in each embryo,
making it a suboptimal injection site. The air cell may
also not facilitate proper transport, as injection of
Marek’s disease vaccine at E18 into the amniotic fluid
Figure 4. Schematic overview highlighting key results of carvacrol dyna
the amniotic fluid at d 17.5 of incubation, the concentration of carvacrol dec
tently elevated in the yolk until at least 9 h after injection. Based on the mai
resulted in higher protection rates (90%) than injection
into the air cell (<50%) (Wakenell et al., 2002). Injection
of OEO into the air cell might limit transport of active
compounds towards the embryo. Consequently, in ovo
injection in the amniotic fluid at E17.5 appeared to have
advantages over other sites/days
This research also addressed the question of the fate of

carvacrol once injected into the amniotic fluid. It was
anticipated that the hydrophobicity of most of the
active compounds in OEO would pose a challenge for an
effective distribution inside the egg, particularly in
reaching some of the target tissues (i.e., yolk). Nonionic
surfactants are used as emulsifiers to improve the
mics from 3 to 9 h after in ovo injection of oregano essential oil (EO) in
reased from 3 to 6 h in the amniotic fluid and blood but remained consis-
n effects shown in Table 3. Created with BioRender.com.
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dispersion of essential oils in water-based solutions, facil-
itating diffusion through tissues such as piglet skin (Liu,
2018; Laothaweerungsawat et al. 2020). This study
showed that the optimal combination of the nonionic
surfactant p80 with OEO was the ratio of 1:1. The
results observed with lower ratios did not fully emulsify
the OEO based on visual inspection and functional
application. The ratio of 1:1 resulted in the highest
carvacrol concentration found in the 3 tissues studied
(i.e., amniotic fluid, blood, and yolk). The solution
injected containing less p80 combined with OEO (0.5:1)
increased carvacrol concentration in amniotic fluid and
yolk compared to their saline control, whereas injection
of OEO without surfactant (0:1) increased carvacrol
concentration only in the yolk and to a very limited
extent compared to the 1:1 surfactant mix. This indi-
cates that without p80, carvacrol does not distribute
well through egg compartments and may not reach
embryonic tissues in sufficient amounts. It can be specu-
lated that a p80 to OEO ratio higher than 1:1 could
further enhance carvacrol transport, but in this experi-
ment, higher concentrations of p80 were not used due to
concerns about potential toxicity (Chassaing et al.,
2015). The low carvacrol detection in amniotic fluid and
blood samples when administered without or with a
lower concentration of surfactant might be related to
their water-based environment (Romanoff and Hay-
ward, 1943). Without surfactant, carvacrol is insoluble
in water-based environments and may stay in the lipo-
philic membranes surrounding the amniotic fluid and
diffuse only to the lipid-rich yolk but not blood, which,
in turn, would explain that carvacrol was identified in
yolk when injected without surfactant. Importantly, the
current study indicates that carvacrol is less likely to be
ingested by the embryo and transported to the circula-
tory system without p80.

The concentration of carvacrol in amniotic fluid,
blood, and yolk was influenced by the time point after
injection. The highest concentration of carvacrol in
amniotic fluid and blood was observed at the first time
point assessed (3 h after injection) and decreased over
time. In contrast, carvacrol concentration in yolk did
not change throughout the duration of the experiment
from 3 to 9 h after injection. These findings suggest that
carvacrol diffused to blood and yolk within 3 h after
OEO was injected into the amniotic fluid and to a large
extent remained in the yolk. If carvacrol was ingested
steadily together with the amniotic fluid, the concentra-
tion in the amniotic fluid would remain the same. How-
ever, the concentration of carvacrol in the amniotic fluid
decreased over time, indicating its removal from the
fluid through other mechanisms, such as diffusion to
other compartments (i.e., yolk). This could be due to the
rapid binding of carvacrol to the amniotic membrane or
the formation of oil droplets in the amniotic fluid in the
absence of a surfactant. With surfactant, carvacrol
seemed to persist long enough (3 h) in the amniotic fluid,
resulting in partial ingestion and absorption (Zhang
et al., 2016). The decline in amniotic fluid after the first
3 h may indicate the diffusion to other compartments.
Carvacrol found in the blood may result from absorption
after ingestion by the embryo or direct diffusion. The
concentration decreased from 3 to 6 h, indicating that
carvacrol might be excreted by the kidneys as shown in
a postnatal pig model (Michiels et al., 2008).
The high concentration of carvacrol observed in the

yolk after injection in the amniotic fluid might be due to
2 possible pathways. One pathway for carvacrol transport
to the yolk is diffusion through membranes, facilitated by
p80 and the lipophilic nature of carvacrol. However, the
molecular weight of carvacrol (150.217 g/mol) is rela-
tively high, which might limit its ability to diffuse
through membranes. In a study by Siwek et al. (2018), a
water-soluble blue dye with a molecular weight of
504.44 g/mol (E132; indigotin) was injected into the air
cell at E12 and transported through the chorioallantoic
membrane to the circulatory system within 3 d. Carvacrol
has a lower molecular weight and high permeability due
to its high lipophilicity, which suggests that it can diffuse
through membranes better than blue dye. The formation
of micellar complexes by the surfactant and essential oil
droplets may also contribute to the improved transfer of
carvacrol to the yolk. The use of a surfactant was found
to enhance carvacrol transport through membranes, likely
by facilitating its dispersion in the amniotic fluid. Micellar
complexes have an amphiphilic structure, with hydro-
philic heads exposed to the aqueous amniotic fluid and
hydrophobic tails surrounding the carvacrol molecules
(Perinelli et al., 2020). When micellar complexes encoun-
ter phospholipid membranes, such as the amniotic mem-
brane, they fuse with the phospholipid bilayer, thereby
facilitating the transport of the emulsified compound to
the yolk sac membrane and yolk (Otzen, 2017).
A second potential pathway for carvacrol transport to

the yolk is through the yolk stalk. Carvacrol in the amni-
otic fluid can be ingested by the embryo entering the
GIT, which could result in subsequent transport to the
yolk via the yolk stalk connection (van der Wagt et al.,
2020). However, the yolk stalk connection only opens at
approximately E19, which means that it would still be
closed within 9 h of injection at E17.5 tested in the cur-
rent experimental design. Additionally, the yolk stalk
appears to facilitate only one-way transfer (from the
yolk to the GIT), which suggests that this second route
is unlikely (Peebles et al., 1998 ).
Disregarding any practical constraints (i.e., yolk injec-

tion compared to other tissues being particularly challeng-
ing), the yolk seems to be the best target site for injection
of a fat-soluble compound such as carvacrol. However,
the current study shows that through injection in the
amniotic fluid, carvacrol still ends up primarily in the
yolk. Considering that the yolk is absorbed into the
embryonic GIT towards the end of incubation and given
the sustained presence of carvacrol in the yolk, it can be
hypothesized that OEO may gradually reach the GIT
through the yolk stalk during the peri-hatching period,
thereby having the potential to locally affect gut health.
Based on our findings, it can be concluded that in ovo

injection of OEO was more effective at the latest embry-
onic stage of E17.5. In addition, the use of a nonionic
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surfactant enhances the transportation of carvacrol to
the embryonic structures, following in ovo injection of
OEO.
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