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Summary Essential oils possessing antioxidant characteristics have acquired broad interest as an alternative to syn-

thetic food antioxidants like butylated hydroxytoluene (BHT). In this study, m�anuka (with 5, 25 and 40%

triketone content) (MO), rosemary (RO) and k�anuka (KO) oils were characterised and screened through

DPPH (2,2-diphenyl-1-picrylhydrazyl) and FRAP (Ferric radical absorbing power) assays for their antiox-

idant efficacies. Different triketone levels were selected to examine their effect on the antioxidant activity

of MO. All MOs showed higher phenolic content and antioxidant activities than KO and RO. Based on

the obtained results, the MO with 25% triketone content and RO were chosen to study their antioxidant

effects in pastes prepared from New Zealand normal (3% fat) and wagyu (12% fat) beef during refriger-

ated storage (7 days). No significant effect of the oils was observed on lipid oxidation in normal pastes

during storage. However, MO and BHT significantly reduced lipid oxidation in wagyu pastes, showing

the potential of m�anuka oil as a natural antioxidant in high-fat meat products.
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Introduction

The reduced particle size and increased surface area
during meat processing operations such as grinding and
comminution expose ground meat products like meat
paste to iron (which behaves as a potent oxidation cata-
lyst), enzymes and water and make them more suscepti-
ble to deteriorative oxidative changes (Lee et al., 2005;
McBride et al., 2007). Chemical antioxidants, such as
butylated hydroxytoluene (BHT), propyl gallate, tert-
butylhydroquinone (TBHQ) and butylated hydroxyani-
sole (BHA) are usually added in meat products to alle-
viate any oxidation reactions (Lee et al., 2005).
However, consumer awareness and interest are growing
toward the use of natural preservatives in foods ( €Unal
et al., 2014; Kaur et al., 2021). Different plant products,
particularly essential oils and their bioactive com-
pounds have been considered as green and safe alterna-
tives to chemical preservatives (Li et al., 2014;
Mehdizadeh et al., 2022). Extensive research studies
have reported the usage of essential oils in food prod-
ucts; however, research on understanding the antioxi-
dant and antimicrobial potential of m�anuka (MO) and

k�anuka oil (KO) from a food applications viewpoint is
scarce. Leptospermum scoparium (m�anuka) and Kunzea
ericoides (k�anuka) are the most widely distributed flow-
ering plants native to New Zealand and some parts of
Australia. These have been utilised in beverages and
medicinal purposes in the M�aori culture since ancient
times (Porter & Wilkins, 1999; Kwon et al., 2013). The
antimicrobial characteristics of the oils obtained from
the leaves of these plants, especially MO, have been
reported widely in the literature (Porter & Wil-
kins, 1999; Kwon et al., 2013). The antioxidant poten-
tial of MO has been attributed to the presence of
sesquiterpene compounds (Kwon et al., 2013). When
individual components in the MO were tested for their
antioxidant potential, only c-terpinene and terpinen-4-
ol exhibited antioxidant activity (Lis-Balchin et al.,
2000; Lis-Balchin, 2006). The higher antioxidant poten-
tial of MO than that of KO has been reported by Lis-
Balchin & Hart (1998). In these studies, the MO exerted
a more consistent antioxidant effect on mice’s skin than
tea tree (Melaleuca alternifolia) or k�anuka oils (Lis-
Balchin, 2006).
However, the antioxidant effects of essential oils can

be unpredictable depending on the concentration used,
the food matrix’s compositional characteristics and the*Correspondent: E-mail: L.Kaur@massey.ac.nz
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tested foods’ fatty acid composition (Est�evez &
Cava, 2006; de Oliveira et al., 2011). The antioxidant
effects of sage and rosemary essential oils (RO) on the
oxidative stability of liver pât�es have been shown by
Est�evez et al. (2007). In their work, both essential oils
(at 1000 ppm concentration) protected lipid and pro-
tein oxidation of liver pât�es made from Iberian pigs,
while the same oils increased the oxidative deteriora-
tion of such constituents in liver pât�es made from
white pigs. The probable reason could be the differ-
ence in the fat composition of meat from both pigs
(Est�evez et al., 2004). The meat products prepared
from wagyu and other beef breeds are considerably
different in terms of their fat content and composition
(Zhang, 2015), which may affect the antioxidant effica-
cies of added essential oils but has never been studied.

This study evaluated the potential of MO and ROs as
a substitute for chemical antioxidants like butylated
hydroxytoluene (BHT) in low and high-fat meat
products.

Preliminary experiments involved characterisation
and screening of MO (with 5%, 25% and 40% trike-
tone content) and KO using DPPH (2,2-diphenyl-1-
picrylhydrazyl) and FRAP (Ferric radical absorbing
power) assays for their antioxidant efficacies and com-
paring them with a commonly used natural antioxi-
dant, RO (Kaur et al., 2021) and a chemical
antioxidant, BHT (Lee et al., 2005). Based on the
results, the antioxidant effects of selected MO and RO
were determined on lipid oxidation, pH, and colour
changes in meat pastes from New Zealand normal and
wagyu beef during refrigerated storage. The antimicro-
bial effects of these oils were also determined, the
results for which will be presented in another paper.

Materials and methods

Materials

The steam-distilled MO and KO were kindly supplied
by Tairawhiti Pharmaceuticals Ltd. (Te Araroa, New
Zealand). The steam-distilled RO was from “Now
Foods” (Auckland, New Zealand). The vacuum-
packed normal and wagyu beef tenderloins purchased
from the Gourmet Butchery, Napier (New Zealand),
were stored in the freezer at �20 °C and thawed over-
night prior to the analysis. M�anuka oil with triketone
content of 5%, 25% and 40% have been referred to as
MO 1, 2, and 3, respectively.

Characterisation of oils

Fourier transform infrared spectrometer (FTIR) analysis
The infrared spectroscopy analysis of MO, KO and RO
was performed with an iDr 7 ATR-FTIR spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA,

USA), and spectra were obtained from 400 to
4000 cm�1.

Total phenolic content (TPC) determination
The total phenolic content of all the essential oils (MO,
k�anuka and rosemary) was determined by following the
method of Viuda-Martos et al. (2010) with slight modifi-
cations. Briefly, 0.5 mL of sample mixture (0.1 mL
essential oil dissolved in methanol +0.4 mL RO water)
and 1 mL of Folin–Ciocalteu reagent solution (1:10 in
RO water). After thoroughly mixing and incubating at
room temperature for 10 min, 2 mL of 15% sodium
bicarbonate solution was added. The mixture was incu-
bated at room temperature for 1 h in the dark, and
absorbance was read at 740 nm using an Evolution 201
UV–Vis spectrophotometer (Thermo ScientificTM, Madi-
son, WI, USA). Gallic acid was used as a standard to
plot the calibration curve. Each assay was carried out in
triplicate.

Determination of antioxidant potential of oils

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging activity was performed using the method of
Torres-Mart�ınez et al. (2017) with modifications. The
essential oil (100 lL, at different concentrations of 0.1
and 1% in methanol) was mixed with 2 mL of DPPH
solution (0.5 mM). After thorough mixing, the pre-
pared mixture was left in the dark for 20 min for incu-
bation at room temperature, and then absorbance was
measured against blank at 515 nm using an Evolution
201 UV–Vis spectrophotometer (Thermo ScientificTM).
FRAP assay was performed according to the method
of Viuda-Martos et al. (2010). In the FRAP assay, gal-
lic acid was used as standard control, and results were
expressed in terms of lg gallic acid equivalents per mL
of oil. Each assay was carried out in triplicate.

Meat pastes preparation and storage conditions

The normal and wagyu beef tenderloins were cut into
small cubes using a sharp knife and then passed
through a meat mincer (Mainca, PM-98, Barcelona,
Spain) with a plate of 8 mm diameter holes. The
minced samples were transferred into Hobart meat
bowl hopper (Ohio, USA), attached with a knife and
were ground for about 15 min. The paste was divided
into six different lots for treatments with 2.5% MO,
2.5% RO, 300 mg/kg sodium nitrate, and 0.02% BHT,
followed by mixing in a mixer (Kogan, 1600 W, New
Zealand) for about 15 min at room temperature. A
control sample without any preservative/treatment was
also prepared from each meat system. All prepared
samples were packed in zip-lock bags (100 9 155 mm)
and stored at 4 °C in a dark room. Samples were
removed at different time intervals of 0, 1, 4,
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and 7 days and analysed for colour, pH and lipid oxi-
dation. Three replications were performed for each
sample.

Meat pastes analysis

The 2-Thiobarbituric acid (TBA) values were deter-
mined as per the method of Botsoglou et al. (1994).
The changes in the pH of meat paste samples during
the 0- and 7-day storage period were estimated by fol-
lowing the AOAC method (AOAC, 2005). The colour
of the meat paste samples was checked by using the
Minolta colourimeter (Chroma meter, CR 400, Hong
Kong, China). Briefly, equipment was calibrated first
by using a white tile, and then each meat sample was
scanned for colour values (L*, a* and b*). Each analy-
sis was performed in triplicates.

Statistical analysis

All tests in this study were performed in triplicate. Sta-
tistical evaluation was performed using a general linear
model in Minitab Version 19.2020.2.0 (Minitab Inc.,
State College, PA, USA) to compare the effects of dif-
ferent treatments in normal and wagyu meat. The
comparison was made between different meats, storage
periods, and treatments. When at least one treatment
was statistically different, a one-way analysis of vari-
ance (ANOVA), followed by the Tukey method analy-
sis at a 95% confidence interval, was done to
determine the significant effects into treatments.

Results and discussion

FTIR analysis of essential oils

As shown in the FTIR spectrum of the MO (1, 2 and
3), KO and RO (Fig. 1a), three intense peaks between
2800–3000 cm�1 in the spectrum of all essential oil
was observed, which could be due to the C-H stretch-
ing vibration of aliphatic CH2 bonds. However, due to
H-bonded O-H group stretching, an intense peak
between 3640 and 3720 cm�1 was displayed in the
spectra of KO and RO. It shows the presence of alco-
holic compounds, like 1,8 cineole, linalool and terpi-
nol, which are higher in k�anuka and RO than all
MOs. In the KO spectra, an intense peak was
observed at 885 cm�1 due to the carbonyl (CH and
CH2) groups bending, as presented in Fig. 1a, which
could be attributed to the presence of a-pinene, the
major compound present in the oil. M�anuka and RO
also exhibited this peak but were sustainably lower
than the KO because alpha-pinene is present in lower
quantities in the former oils. The presence of these
chemical compounds was also confirmed by gas
chromatography–mass spectrometry (GCMS) (data
not shown).
Observing Fig. 1a, an absorption peak between

1690 cm�1 and 1720 cm�1 in the infrared spectrum of
MOs is due to strong C = O stretching and attributed
to the presence of b-triketones, including leptosper-
mone, isoleptospermone, flavesone and grandiflorone
(Liu, Tao, and Huang 2021). Characteristics peak of

Figure 1 Fourier-transform infrared (FTIR) spectrum and total phenolic content of m�anuka 1 (5% triketones), 2 (25% triketones), 3 (40% tri-

ketones), k�anuka and rosemary oils. In (a), the arrows correspond to the ketonic group (C=O) peaks in m�anuka oil 1, 2 and 3, confirming the

presence of b-triketones in these oils. An alcoholic group (–OH) peaks in kanuka and rosemary oil attributed to the alcoholic compounds like

1,8 cineole, linalool and terpinol in both oils. Mean values with different lowercase letters indicate a significant difference (P ≤ 0.05) between

the samples in (b). Data are presented as Mean � SD.
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the keto group of camphor in RO displayed at
1746 cm�1, whereas peaks around 1375 cm�1 and
1450 cm�1 could be due to the ether group from the
epoxy region of 1,8 cineole.

Total phenolic content of the essential oils

The total phenolic contents (TPC) of MO (with differ-
ent triketone contents- 5%, 25% and 40%), KO and
RO are illustrated in Fig. 1b. Among all the tested
oils, MO containing the lowest triketone content (5%)
showed the highest TPC. The phenolic content
decreased as the triketone content of the MOs
increased. The MO having the highest triketone con-
tent (25%), exhibited the lowest total phenolic content
but was not lower than the RO. The phenolic content
and composition of RO have been widely studied
(Viuda-Martos et al., 2010; Kaur et al., 2021). The
values for total phenolic content for RO reported in
the current study are similar to those reported previ-
ously (Viuda-Martos et al., 2010).

Antioxidant potential of the essential oils

The antioxidant potential of the oil samples was evalu-
ated through the DPPH and FRAP radical scavenging
assays. The results of the DPPH test exhibited that
essential oils had a potent concentration-dependent
DPPH radical scavenging activity (Table 1). RO had the
lowest DPPH radical scavenging activity at both tested
concentrations than the KO and BHT. At all the other
tested concentrations, MOs, particularly MO containing
40% triketones, showed better DPPH radical scaveng-
ing activity than all other tested samples. No significant
effect of the triketone content was observed on the
DPPH radical scavenging activity at the lowest tested
concentration (0.1%) of MOs. The reason might be that
the antioxidant activity of MO is due to sesquiterpene
compounds, as Kwon et al. (2013) reported. In their

study, when individual components in the MO were
tested for their antioxidant potential, only c-terpinene
and terpinen-4-ol showed antioxidant activity (Lis-
Balchin et al., 2000; Lis-Balchin, 2006).
Like the DPPH results, rosemary, KO and BHT

showed lower antiradical activity than all MOs. Among
MOs, the oil with the lowest triketone content had the
highest FRAP values across all concentrations, as
shown in Table 1. The possible reason could be the pres-
ence of higher amounts of phenols and flavonoids in
that oil, which could have contributed to an enhanced
FRAP activity. The higher antioxidant potential of MO
than that of KO has been reported previously (Lis-
Balchin & Hart, 1998). In these studies, the MO exerted
a more consistent antioxidant effect on mice’s skin than
tea tree (Melaleuca alternifolia) or k�anuka oils (Lis-
Balchin et al., 2000; Lis-Balchin, 2006).

Essential oil selection for adding in meat systems

Among the three MOs, only MO 2 with 25% triketone
content was chosen to examine its effects against lipid
oxidation, pH and colour changes in the meat systems.
This selection was based on its enough antioxidant
effect, antimicrobial activity (data not shown) and sim-
ilarity of composition (triketones levels from 25% to
30%) to natural MO from East cape, New Zealand.
The detailed data related to the antimicrobial and
chemical composition will be published as part of
another paper.
In the chemical composition of meat pastes, normal

beef’s initial fat, protein, and moisture contents were
found to be 72.2%, 20.5% and 3.4%. However, the
wagyu beef paste had lower moisture content (64.8%)
and higher fat content (12.3%). The protein content of
wagyu beef (19.4%) was almost similar to normal beef.
Comparing the fat and moisture content of both beef
pastes, it can be noted that fat content increased pro-
portionally with a decrease in moisture content.

Table 1 Antioxidant activities of essential oils determined by DPPH (2,2-diphenyl-1-picrylhydrazyl) and FRAP (Ferric radical
absorbing power) assays

Concentration ➔

DPPH radical scavenging activity Fe2+ radical scavenging activity

0.1% 1% 0.1% 1%

MO 1 30.3 � 0.7c 54.8 � 1.1d 183.2 � 2.9e 209.5 � 1.4f

MO 2 35.7 � 1.0c 70.4 � 0.1f 164.5 � 3.7d 201.4 � 0.4e

MO 3 26.7 � 1.4c 67.9 � 0.3e 142.5 � 0.4c 183.5 � 5.6d

KO 6.9 � 0.0a 24.7 � 0.7b 23.5 � 4.2b 96.6 � 5.2c

RO 2.5 � 1.1a 13.0 � 0.3a 8.9 � 0.7a 24.2 � 4.7a

BHT 8.3 � 0.4b 42.7 � 0.9c 10.8 � 0.1a 45.3 � 5.1b

BHT- Butylated Hydroxytoluene; KO- K�anuka oil; MO 1- M�anuka oil with 5% triketone content; MO 2- M�anuka oil with 25% triketone content; MO 3-

M�anuka oil with 40% triketone content’ RO- Rosemary oil.

� 2023 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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Effects of the essential oils against lipid oxidation in meat
systems
In this study, the lipid oxidation (TBARS) values of
both meat pastes were significantly (P ≤ 0.05) influ-
enced by the essential oil addition and storage time, as
presented in Table 2.

All normal paste samples experienced an increase in
TBARS values during the storage period, especially
control samples, which showed the highest increase.
However, in wagyu beef pastes, antioxidants treated
pastes had significantly lower TBARS values than the
control. The normal and wagyu beef meat pastes trea-
ted with BHT experienced no significant change in
TBARS values throughout the storage, indicating the
antioxidant effect of BHT against lipid oxidation.
Interestingly, the MO and BHT treatments in wagyu
pastes showed lower lipid oxidation than the control
and therefore were the most effective in controlling
lipid oxidation during storage.

During the storage, control wagyu pastes appeared
more vulnerable to lipid oxidation than normal beef
pastes, possibly due to their higher fat content. The
higher unsaturated fatty acid and neutral lipid content
in cooked wagyu beef have already been reported by
Boylston et al. (1996). The lower TBARS values in
essential oil-treated samples than controls could be
attributed to the presence of bioactive constituents,
which are responsible for the antioxidant activity, due

to their free-radical quenching ability through electron
or proton donation mechanisms ( €Unal et al., 2014;
Pabast et al., 2018). Kaur et al. (2021) reported that the
presence of phenolic compounds in RO could be linked
to its antioxidant activity. Regarding MO, Kwon
et al. (2013) reported that c-terpinene and terpinen-4-ol
have antioxidant activity (Lis-Balchin, 2006).
Differences in the antioxidant activity of MO in two

different types of meat pastes could be due to the differ-
ence in the fat content of meat pastes. Consistent with
our results, Est�evez et al. (2004) showed an unpredict-
able antioxidant effect of sage and rosemary oils in liver
pât�es made from Iberian and white pigs, which may be
due to the difference in the fatty acid composition of
meat from both pigs (Est�evez et al., 2004). The differ-
ence in the fatty acid compositions could affect the phys-
ical state of lipids and, thereby texture of the prepared
product. Thus, there may be changes in the dispersion
of the essential oils in both meat systems, resulting in
their different antioxidant activities (Est�evez & Cava,
2006). Likewise, a recent study by Tomovi�c et al. (2020)
also showed a difference in the antioxidant potential of
Juniperus communis essential oil, which was higher in
25%-fat containing dry-fermented sausages than the
15% fat sausages (Tomovi�c et al., 2020). Est�evez et al.
(2007) reported a higher antioxidant effect of sage and
rosemary oils than the chemical antioxidant (BHT) in
liver pât�e samples.

Table 2 The changes in TBARS and pH values for wagyu and normal beef pastes with or without any added antioxidant agent
during storage at 4 °C for 7 days

Parameters Meat system

Treatments

SEM

P-value

MO RO SN BHT C MO 3 RO MO 3 SN MO 3 BHT MO 3 C

0th day

TBARS Wagyu 0.10Bx 0.14Ax 0.14Ay 0.13ABy 0.13ABy 0.04 * * ns ns

Normal 0.11Cx 0.07Dy 0.22Bx 0.29Ax 0.24Bx 0.01 ** ** ** **

pH Wagyu 5.75Bx 5.95Ax 5.87ABy 5.96A 5.95Ax 0.02 * * * *

Normal 5.42Cy 5.63By 5.67Ax 5.78B 5.72ABy 0.01 ** ** ** **

7th day

TBARS Wagyu 0.20By 0.30BCx 0.39Bx 0.20Bx 0.59Ax 0.02 ** ** ns **

Normal 0.49Ax 0.30Bx 0.47Ax 0.33Bx 0.51Ay 0.19 ** ns * ns

pH Wagyu 5.95Dx 6.16Bx 5.90Dx 6.03Cx 6.34Ax 0.01 ** ns ns **

Normal 5.41By 5.63Ay 5.26Cy 5.39By 5.43By 0.01 ** ** ns ns

Storage effect (0th 9 7th day)

TBARS Wagyu ** ** ** ns **

Normal ** ** ** ns **

pH Wagyu * ** ns ** **

Normal ns ns ** ** **

Treatments- MO-M�anuka oil, RO- Rosemary oil, SN- Sodium Nitrate, BHT- Butylated Hydroxytoluene, C- Control. MO9RO = comparison between

m�anuka oil and rosemary oil, MO9SN = comparison between m�anuka oil and sodium nitrate, MO9BHT = comparison between m�anuka oil and

butylated hydroxytoluene, MO9C = comparison between m�anuka oil and control, Storage effect (0th 9 7th day) = comparison between 0th and 7th

day. ns = P > 0.05, *P < 0.05, **P < 0.01. SEM- Standard error mean.
A–EMeans within a row with the same superscript letters are not significantly different (P < 0.05) between the treatments on the same storage day.
xyMeans within a column with the same superscript letters are not significantly different (P < 0.05) between the meat systems.

� 2023 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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Effects of the essential oils on changes in pH values of meat
systems
In this study, the pH values of both meat pastes were
significantly (P ≤ 0.05) influenced by the essential oil
addition and storage time (Table 2).

The normal and wagyu paste samples added with essen-
tial oils had lower changes in pH values than the control
samples during storage. Although all normal paste sam-
ples showed a decrease in pH value as a function of the
storage period, the essential oil-treated pastes had no sig-
nificant changes in pH values. In the wagyu samples, an
increase in pH values of control samples was observed
during the storage period, while this increase was less sig-
nificant in essential oils treated samples. The probable rea-
son could be the microbial growth and meat enzyme
inhibition activity of essential oils, thus preventing meat
protein breakdown and consequent pH increase (Pabast
et al., 2018). The antimicrobial activity of MO and RO
could be attributed to their naturally occurring bioactive
compounds, b-triketones and 1, 8-cineole, respectively
(Porter & Wilkins, 1999; Kaur et al., 2021). Similar to our
results, no significant difference in pH values of meat
coated with chitosan coating containing free and

encapsulated essential oils was reported by Pabast
et al. (2018). €Unal et al. (2014) also reported a lower
increase in pH values of minced beef treated with oregano,
sage and rosemary essential oils than controls.
Interestingly, differences in pH values of control

normal and wagyu beef pastes could be due to the dif-
ference in chemical composition between the two
meats, especially fat and moisture content, which may
affect the water activity and subsequent microbial
growth in both meats (Barmpalia-Davis et al., 2009).

Effect of the essential oils on the colour of meat systems
Depending on the addition of the antioxidants, both
meat pastes exhibited different colour characteristics,
as represented in Table 3.
Comparing redness values (a*) of control normal

beef and wagyu beef paste on the 0th day, the former
was less red than the latter. At the end of the storage
period, no significant difference in redness value (a*)
of wagyu beef treated with MO was observed (between
the 0th and 7th day). As expected, the addition of
sodium nitrate increased the * values of both meat
samples, which could be linked to their antioxidant

Table 3 The changes in colour (L*, a* and b*) values for wagyu beef and normal beef paste with or without any added antioxi-
dant agent during storage at 4 °C for 7 days

Parameters Meat system

Treatments

SEM

p-value

MO RO SN BHT C MO3RO MO3SN MO3BHT MO3C

0th day

L* Wagyu 43.61By 42.88By 44.82Ax 44.56Ax 44.10Ax 0.24 ns ns ns ns

Normal 48.36Ax 43.96Bx 44.27Bx 42.70Cy 42.08Cy 0.18 ** ** ** **

a* Wagyu 12.30Ax 12.41Ax 10.49Cx 11.69ABx 11.23Bx 0.19 ns ** ns *

Normal 6.17Cy 7.34By 9.74Ax 7.27By 7.59By 0.15 ** * * *

b* Wagyu 10.72Ay 9.76Ay 10.21Axy 10.32Ax 10.56Ax 0.21 ns ns * ns

Normal 12.28Ax 10.19Bx 8.83BC 8.68Cy 8.87BCy 0.24 ** ** ** **

7th day

L* Wagyu 43.82Ay 44.32Aay 43.77Ay 43.76Ay 43.77Ax 0.29 ns ns ns ns

Normal 45.20Ax 46.47Ax 45.57Ax 45.43Ax 45.10Ax 0.27 * ns ns ns

a* Wagyu 12.24ABx 10.48Bx 17.45Ax 13.01ABx 11.43ABx 1.16 * * ns ns

Normal 6.85Ay 6.83Ay 5.90By 3.68By 6.15Ay 0.57 ns ** ns **

b* Wagyu 8.72ABy 9.54Ay 9.71Ax 7.16Cy 7.97BCy 0.25 ns ns ** ns

Normal 12.47Ax 11.67ABx 9.84Cx 8.32Dx 10.16BCx 0.26 ns ** ** **

Storage effect (0th 9 7th day)

L* Wagyu ns * ns * ns

Normal ** ** * ** **

a* Wagyu ns * ** * ns

Normal * ns ** ns **

b* Wagyu ** ns ns ** **

Normal ns ** ns ns **

Treatments- MO-M�anuka oil, RO- Rosemary oil, SN- Sodium Nitrate, BHT- Butylated Hydroxytoluene, C- Control. MO9RO = comparison between

m�anuka oil and rosemary oil, MO9SN = comparison between m�anuka oil and sodium nitrate, MO9BHT = comparison between m�anuka oil and

butylated hydroxytoluene, MO9C = comparison between m�anuka oil and control, Storage effect (0th 9 7th day) = comparison between 0th and 7th

day. ns = P > 0.05; *P < 0.05; **P < 0.01. SEM- Standard error mean.
A–EMeans within a row with the same superscript letters are not significantly different (P < 0.05) between the treatments on the same storage day.
xyMeans within a column with the same superscript letters are not significantly different (P < 0.05) between the meat systems.

� 2023 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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effect and formation of stable red/pink colour pigment
in sodium nitrate-added samples.

Interestingly, different values of yellowness and
blueness (b*) for control normal and wagyu beef
pastes were observed in the initial phase of the stor-
age period. It could be related to the concentration of
b-carotene deposited in the fat of normal beef car-
casses relative to other beef or breeds of cattle,
including wagyu (Jaborek et al., 2019). With MO
treatment, differences in b* values of wagyu beef
pastes were observed during the storage, but this
effect was not statistically significantly different from
RO, and sodium nitrate-treated samples and their
control counterparts. The sodium nitrate did not
show any effect against the b* values of both types of
meat, while BHT decreased these values during the
storage of wagyu beef paste (between the 0th and 7th
day). Similar to b* values, the effect of MO against
the lightness (L*) values of wagyu beef paste were
not significantly different from all other treatments.
However, in normal beef, MO treatment resulted in
significantly different lightness values than the other
treated samples, on the 0th day and during the stor-
age period (between the 0th and 7th day). The results
of this study on colour changes agree with the previ-
ously reported study by €Unal et al. (2014). They
reported higher L* values in beef treated with RO
than in control. Additionally, the initial difference in
redness values of both meat could be linked to their
pH, as it has been reported that meat colour gets dar-
ker with an increase in pH (Dixit et al., 2021). The
difference in b* values of control normal and wagyu
beef pastes in the initial phase of the storage period
could be related to the concentration of b-carotene
deposited in the fat of normal beef carcasses relative
to other beef or breeds of cattle, including wagyu
(Jaborek et al., 2019). Similarly, a recent study by
Tomovi�c et al. (2020) also observed a significant effect
of fat, Juniperus communis essential oil treatment and
storage period on instrumental colour values of 25%-
fat-containing dry-fermented sausages and 15% fat
sausages.

Conclusions

In conclusion, the results of the present study exhibit
that MOs possessed higher antioxidant activity than
RO or KO in all the antioxidant assays performed. In
these free radical scavenging assays, a concentration-
dependent increase in the antioxidant efficacy of essen-
tial oils and BHT was observed.

Further, when selected MO and RO were com-
pared against BHT and sodium nitrate in wagyu and
normal beef pastes, all treated meat systems showed
a significant increase in lipid oxidation values during
the 7-day refrigerated storage, except for BHT. The

MO addition, however, led to significant reduction of
lipid oxidation in wagyu beef, possibly due to the
lipo-solubility of bioactive compounds of essential
oils. The results point toward the potential of MO as
a green and natural preservative for the complete
replacement of synthetic antioxidant agents such as
BHT, mainly in high-fat meat systems. Although MO
showed promising antioxidant characteristics in high-
fat meat systems, future studies on its toxicity and
consumer acceptability are required for its use in
foods. Future research on the encapsulation and
emulsification of MO is underway to overcome the
challenges around its stability, solubility, taste and
odour to facilitate a wide range of food applications.
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