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Abstract

Citrus essential oils (EOs) are well-known for their antimicrobial and antioxidant activities, but their direct use in foods is
limited by volatility, instability, and poor water solubility. In this study, nanoemulsions (NEs) were developed using citrus
peel waste as an eco-friendly emulsifier to improve EO stability and functionality. The major component in citrus EOs
was D-limonene, ranging from 57.65% in lemon to 85.11% in bitter orange. The prepared NEs exhibited droplet sizes of
96.81-203.8 nm with low polydispersity (0.450-0.702), indicating uniform and stable dispersions. Nanoencapsulation sig-
nificantly enhanced antioxidant activity, with total antioxidant values of 668—690 ug AAE/g NE compared to 235-309 ug
AAF/g in free EOs. While free EOs showed stronger antimicrobial activity due to higher concentrations of active compounds,
nanoemulsified EOs demonstrated notable bacteriostatic effects that increased with higher oil content. Lemon EO inhibited
bacterial growth at 25 mg/mL, producing zone 32 mm, whereas its NE form yielded smaller zones of 8.5 and 13 mm against
Salmonella Paratyphi A and Pseudomonas putida, respectively. Overall, citrus peel-based nanoemulsions provide a sustain-
able, effective delivery system for natural bioactives, enhancing antioxidant protection and microbial stability in foods, while
also offering a promising strategy for valorizing agro-industrial citrus waste.Graphical abstract is preferred for publication
in this journal. Please provide the graphical abstract.Please find the attachment for graphical abstract.
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Introduction

Citrus fruits are widely cultured and economically signifi-
cant fruit crops globally. According to data from the United
States Department of Agriculture (USDA), global citrus pro-
duction reached approximately 101 million tonnes in the
2022/2023 marketing year. This comprised 48 million tonnes
of oranges, 37 million tonnes of mandarins, 9 million tonnes
of lemons, and 7 million tonnes of grapefruits [1]. Tiirkiye
is an important citrus producer, yielding approximately 4.7
million tonnes annually, predominantly from the Aegean and
Mediterranean regions. Particulary, the main part of the cit-
rus cultivation and production is concentrated at the south-
ern part of the country. In 2022, production included 1.9
million tonnes of mandarins, 1.3 million tonnes of lemons,
1.3 million tonnes of oranges, 198,000 tonnes of grapefruits,
and 2,808 tonnes of bitter oranges [2].

The citrus processing industry generates large volumes
of by-products, primarily peels, pulps, and seeds. Citrus
peels, in particular, are easily accessible raw material
that represent a rich source of macro- and micronutrients,
including water, proteins, carbohydrates, minerals, essen-
tial oils, fibers, carotenoids, vitamin C, and phenolic com-
pounds. These constituents give citrus peels significant
bioactive properites, including antioxidant, antibacterial,
antifungal, and anti-inflammatory properties [3—-6]. As a
result, citrus peels are increasingly valued matrices for
reuse and valorization, contributing to waste reduction and
the development of high-value industrial applications.

Essential oils (EOs), extracted from various plant tis-
sues including citrus peels, involve volatile, aromatic and
lipophilic compounds. These natural products, also known
as volatile oils, essences, aetherolea, or etheric oils, are
typically obtained via steam or hydro-distillation [7].
Plants produce EOs as part of their defense mechanisms
against microbial pathogens such as bacteria, fungi, and
viruses [8]. EOs have a long-standing history of use in
perfumery, traditional medicine, antiseptics, and food
preservation [9-12].

In recent years, citrus-derived EOs have gained attention
as eco-friendly, cost-effective, and natural alternatives to
synthetic preservatives like nitrates, benzoates, and sodium
nitrites. Notably, the extraction of EOs from citrus peels,
typically discarded as agro-industrial waste, offers a dual
benefit: reducing environmental pollution and providing nat-
ural solutions for food preservation. These oils demonstrate
broad-spectrum biological activity, including antimicrobial
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efficacy against both Gram-positive and Gram-negative bac-
teria [13-20].

However, the practical application of EOs in the food
industry is limited by inherent challenges such as poor solu-
bility in water, low bioavailability, rapid volatility, limited
permeability, and inadequate long-term stability. To address
these limitations, nanoencapsulation techniques, particularly
oil-in-water (O/W) nanoemulsions (NE), have emerged as
a promising technique for enhancing the stability, bioavail-
ability, and functional performance of lipophilic bioactive
compounds, such as Eos [21, 22]. These systems are ther-
modynamically unstable colloidal systems consisting of oil
droplets dispersed in an aqueous phase, stabilized by sur-
factants or emulsifiers [23] used to enhance the physical sta-
bility, controlled release, and biological efficacy of encapsu-
lated compounds [24-27]. Advances in high-energy methods
(e.g., ultrasonication, high-pressure homogenization) and
low-energy techniques (e.g., phase inversion, spontaneous
emulsification) have enabled the production of nanoemul-
sions with droplet sizes typically below 200 nm and narrow
polydispersity indices [28, 29]. Recent studies have focused
on optimizing surfactant types, oil-to-water ratios, the use
of natural emulsifiers and processing parameters to improve
physical stability, minimize coalescence, enhance shelf
life and biocompatibility [30-32]. The nanoemulsification
of the EOs improves their antioxidant, antimicrobial, and
anti-inflammatory properties compared to their free forms,
thereby making them suitable for diverse applications in
food conservation, cosmetics and pharmaceuticals [33-35].
The success uses of EOs and their O/W nanoemulsions in
these industries depends on encapsulation efficiency, scaling
up of the manufacturing processes at higher tecnological
level, and their functional performances in complex matrices
such as food systems and biological environments [36, 37].

Therefore, the objective of the present study was to
extract EOs from lemon, grapefruit, orange, and bitter
orange peels and characterize their volatile composition. To
fully assess their potential as natural food preservatives, their
antioxidant capacities were investigated. Furthermore, the
antimicrobial activities of both the free and nanoencapsu-
lated forms of these EOs were evaluated against foodborne
pathogens and spoilage bacteria.

Material and Methods
Citrus Materials

Citrus fruits were harvested during the natural growing
season (December-March) in Kozan/Adana/Turkey. Lemon
(Citrus limon "Enter"), grapefruit (Citrus paradisi ‘Rio-
let"), orange (Citrus sinensis "Washington Navel') and bitter
orange (Citrus aurantium L.) were used. They were washed
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thoroughly to remove any dirt. After that, a knife was used
carefully to remove the outer layer of citrus fruits. The peels
were sun dried.

Essential Oils

The dry citrus peels of lemon, grapefruit, orange and bitter
orange were hydrodistilled in a Clavenger apparatus for 4 h.
The isplated EOs were stored at —18 °C until the analyses.

GC-MS Analyses of Volatile Compounds of Circus Peels

The Agilent Brand 7890B GC, 7010B MS equipment was
used to determine the volatile component analysis. A DB-
Wax capillary column (60 mx0.25 mm i.dx 0.25 pm, J&W
Scientific-Folsom, USA) was filled with 1 pL of the DCM-
diluted samples for the analysis. After four minutes at 40 °C,
the temperature of the column was raised by 3 °C per minute
to 90 °C, then by 4 °C per minute to 130 °C, and finally,
after four minutes by 5 °C per minute to 240 °C, where it
stayed for eight minutes. The temperature of the injection
was 250 °C. Helium was the carrier gas used. The mass
range was 30-600 m/z, while the electron energy was 70 eV.
The split was 1:20. NIST14 database was used as the library
(standard reference data).

Nanoemulsion Preparation

Nanoemulsions of citrus peel EOs were prepared using a
high-energy ultrasonication technique. The method was
adapted from the procedure described by Joe et al. [38],
with minor modifications, based on the original protocol
developed by Hamouda et al. [39]. The oil phase of the
oil-in-water (O/W) nanoemulsion consisted of essential oil
(4%, vIv), Tween 80 (3%, v/v) as a non-ionic surfactant, and
ethanol (3%, v/v) as a co-solvent (all reagents were obtained
from Sigma-Aldrich, Lyon, France). This mixture was incu-
bated at 86 °C for 1 h to ensure complete homogenization.
Subsequently, the oil phase was emulsified with distilled
water to reach a final concentration of 90% (v/v) aqueous
phase.

The resulting pre-emulsion was subjected to ultrasonic
homogenization using a probe-type ultrasonic processor
(Sonics, Newtown, CT, USA) operating at 500 W power
and a frequency of 20 kHz. Sonication was carried out for
15 min at 90% amplitude. To prevent overheating and main-
tain emulsion stability, the beaker containing the mixture
was surrounded by an ice bath, maintaining a constant tem-
perature of approximately 15 °C. A total volume of 200 mL
of nanoemulsion was prepared for each batch.

Physicochemical Analysis of the Nanoemulsions

The METU Central Laboratory at the Middle East Technical
University in Ankara, Turkey, examined the physicochemical
characteristics of nanoemulsions. The dynamic light scat-
tering method (Zetasizer Nano ZS90, Malvern Instruments,
Malvern, UK) was employed to determine the droplet size
and polydispersity index (PDI) of the nanoemulsions. To
prevent additional scattering impacts, nanoemulsions were
diluted ten times with pure water before testing. A goniom-
eter (Attension Theta, Biolin Scientific, Espoo, Finland) was
used to measure surface tension.

Antioxidant Activity Assay of EOs and NEs
Total Antioxidant Activity

In vitro total antioxidant activity (TAA) of citrus essential
oils (EOs) and their nanoemulsions (NE) was measured by
the phosphomolybdenum method according to Prieto et al.
[40]. TAA was defined as pg of ascorbic acid equivalents
(AAE) per g of EO and NE.

DPPH Radical Scavenging Activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scaveng-
ing activity of citrus essential oils and their nanoemulsions
was assessed using the method described by Wu et al. [41],
with slight modifications.

A solution of DPPH (0.1 mM) was prepared in 95% etha-
nol. For the assay, 1.5 mL of the DPPH solution was mixed
with various concentrations of the test samples. The mix-
tures were incubated in the dark at room temperature for
60 min to allow the reaction to occur. Following incubation,
the absorbance of the resulting solutions was measured at
517 nm using a UV-Vis spectrophotometer.

A decrease in absorbance indicated an increase in free
radical scavenging activity. The percentage of DPPH radi-
cal scavenging was calculated using the following formula:

A control — A sample

DPPH Scavenging Activity(%) = x 100

A control

where A control is the absorbance of the control (DPPH
solution without sample), and A sample is the absorbance
in the presence of the test sample. The IC50 value, which is
the concentration of antioxidant required to scavenge 50%
DPPH, was calculated from the inhibition curve.

Total Phenolic Content (TPC)

The TPC of EOs and NEs were measured by using the Folin-
Ciocalteu method [42]. Results were reported as mg gallic
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acid equivalents (GAE)/g oil, and the gallic acid standard
had a concentration range of 20 to 1,000 pL. To achieve
maximum solubilization, 20 pL of each EO was dissolved
in DMSO (dimethylsulfoxide). The samples were then left at
room temperature for complete reaction with the Folin—Cio-
calteu reagent. After two hours in the dark absorbance of the
sample was measured using a Shimadzu UV 1800 spectro-
photometer (Kyoto, Japan) at 760 nm.

Antimicrobial Activity of Extracts
Bacterial Strains

Food-borne pathogenic Gram-positive (Staphylococcus
aureus ATCC 33591, Enterococcus faecalis) and Gram-
negative (Salmonella Paratyphi A NCTC13, Camplylobacter
Jjejuni ATCC 33560, and Pseudomonas aeruginosa) bacteria
were used provided by the National Collection of Type Cul-
tures in London, United Kingdom, and the American Type
Culture Collection in Rockville, Maryland, USA.

Agar Well Diffusion Method

Hwanhlem et al. [43] used the well diffusion technique to
investigate the in vitro bactericidal ability of EO and NE
forms on Mueller—Hinton Agar (MHA, Darmstadt, Ger-
many). The cell density was arranged to 0.5 McFarland
(108 cfu/ml) after the fish spoilage bacteria were grown for
24 h at 37 °C in nutrient broth. One hundred pL of bacterial
cell culture was poured to a petri dish with Muller Hilton
agar. Solid media was used to create four 5 mm wells. As a
control, the wells were filled with distilled water and Mul-
ler Hinton Broth (MHB, Merck, Germany). The other wells
received an inoculum of 50 pl of nanoemulsions. Callipers
were used to quantify the zones of inhibition in millimeters
following a 24-h incubation period at 37 °C in the petri
dishes.

Minimum Inhibitory (MIC) and Bactericidal Concentration
(MBC)

The microdilution technique developed by the Clinical
and Laboratory Standards Institute (CLSI) was utilized to
ascertain the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC). After being
cultured for 24 h at 37 °C, the test microorganisms were
standardized to a McFarland cell density of 0.5. MHB,
Oxoid, CM0405 Mueller—Hinton Broth was used as the
medium. Sterile tubes were used to dilute a stock solution
of 100 mg/mL made from NE samples to 0.19 pg/mL. A
tube containing MHB and bacterial suspension without sam-
ples was tested as a positive control, while a tube without
MHB was analysed as a negative control. The other tubes
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containing MHB included test bacteria and diluted stock
solutions. Following a number of preparations, the test tubes
were incubated at 37 °C for 24 h. The test tubes' bacterial
growth was contrasted with that of the control tubes. The
tubes with no bacterial growth were inoculated into the
MHA surface based on the MIC findings. In order to record
the MBC values, the petri dishes were then incubated for
24 hat 37 °C.

Statistical Analysis

The statistical analysis was done by Duncan's Multiple Com-
parison Test (SPSS 22, Chicago, IL, USA) and one-way
analysis of variance (ANOVA). A P <0.05 value indicated
a significant difference between the groups.

Results and Discussion
The Composition of Essential Oils of Citrus Peels

It is well-documented that the chemical properties of EOs
is affected by a range of factors, including the plant's devel-
opmental stage, environmental conditions, genetic variabil-
ity, and extraction methods [44—46]. In the present study,
the volatile constituents of citrus peel essential oils were
identified using gas chromatography—mass spectrometry
(GC-MYS), and the results are shown in Table 1.

Twenty-seven volatile compounds were identified in
lemon peel EO, with D-limonene being the predominant
component (57.65%), followed by y-terpinene (13.38%),
B-pinene (5.28%), p-cymene (4.52%), p-myrcene (4.37%),
and o-pinene (2.88%). These results confirm the charac-
teristic dominance of D-limonene in lemon EO, consist-
ent with previous reports. For instance, Yeddes et al. [47]
and Benoudjit et al. [48] reported D-limonene contents of
71.81% and 65%, respectively, in lemon peel oils. Simi-
larly, Yazgan et al. [16] identified D-limonene (52.85%),
p-cymene (14.36%), and B-pinene (13.69%) as major con-
stituents. Akarca and Sevik [50] also observed D-limonene
(68.65%) and y-terpinene (10.8%) as dominant components.
The abundance of D-limonene and other monoterpenes,
which possess known antibacterial and antioxidant proper-
ties, underpins the widespread use of lemon EO as a food
additive [51].

Grapefruit EO exhibited a high D-limonene content
(77.65%), along with f-myrcene (5.90%), sabinene (2.94%),
a-pinene (1.82%), and p-phellandrene (1.12%). These find-
ings align with those of Ozogul et al. [18] who reported
D-limonene as the major compound (82.86%) in grapefruit
EO. Similarly, Tran et al. [52] found D-limonene (71.21%)
and y-terpinene (17.68%) as principal constituents. Miya
et al. [53] analyzed grapefruit peels from three South
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Table 1 The volatile compounds of essential oils of citrus peels

Chemical compounds (%)

Lemon Grapefruit Orange Bitter orange RT LRI

a-pinene 2.88 1.82 1.83 1.79 11.168 1120
Bicyclo[3.1.0]hex-2-ene, 2-methyl-5-(1-methylethyl)- (synonym: alpha-thujene) 1.36 11.352 1025
f- pinene 5.28 0.78 14.947 1127
Sabinene 1.04 294 1.77 0.40 15.573 1142
3-Carene 0.30 0.78 17.001 1177
f-myrcene 4.37 5.90 6.19 6.27 17.698 1194
4-Carene 0.58 18.526 1214
D-Limonene 57.65 77.64 83.49 85.11 19.889 1247
B-Phellandrene 0.77 1.12 1.01 1.01 20.129 1253
Eucalyptol 0.27 20.233 1255
y-Terpinene 13.38 1.12 21.912 1296
1,3,6-Octatriene, 3,7-dimethyl-, (Z)- (synonym: cis-p-Ocimene) 0.89 0.80 22.039 1299
p-Cymene 4.52 22.836 1318
Cyclohexene, 1-methyl-4-(1-methylethylidene)- (synonym: Terpinolene) 1.35 23.594 1337
Octanal 2.68 0.95 0.81 23.635 1338
Nonanal 0.36 28.310 1451
Benzene, 1-methyl-4-(1-methylethenyl)- (synonym: p-Cymenene) 0.75 29.917 1470
2-Furanmethanol, 5-ethenyltetrahydro-.alpha.,.alpha.,5-trimethyl-, cis- (synonym: 0.69 30.204 1477
(Z)-Linalool oxide (furan))
6-Octenal, 3,7-dimethyl-, (R)- 034 057 31.677 1514
Decanal 1.39 0.72 0.60 32.681 1539
Copaene 0.39 33.240 1549
Linalool 0.55 0.74 1.30 1.53 34415 1576
Linalyl acetate 0.38 35.122 1593
Tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl- (synonym:Teresantalol) 0.20 35.416 1600
Benzene, 2-methoxy-4-methyl-1-(1-methylethyl)- 0.75 0.60 36.712 1630
Terpinen-4-ol 37.206 1642
Caryophyllene 0.34 0.86 37.814 1656
2,6-Octadienal, 3,7-dimethyl-, (Z)- (synonym:p-Citral) 0.19 40.205 1713
a-Terpineol 0.52 0.55 0.52 40.779 1732
2,6-Octadien-1-ol, 3,7-dimethyl-, acetate, (Z)- (synonym: Geranyl acetate) 0.42 41.835 1762
5,9-Undecadien-1-yne, 6,10-dimethyl- (synonym: cis-.beta.-Farnesene) 0.45 0.39 41.985 1766
B-Bisabolene (synonym: (+)-Valencene/p-Bisabolene) 0.58 42.400 1778
4-Hexen-1-ol, 5-methyl-2-(1-methylethenyl)-, acetate (synonym: (—)-Lavandulyl 0.25 42.851 1791
acetate)
§-Cadinene 0.47 43.505 1809
Benzeneacetamide,.alpha.-hydroxy-N,.alpha.-dimethyl- 0.18 51.507 2037

RT retention time, LRI linear retention index

African cultivars and reported D-limonene levels ranging
from 87 to 90%. The predominance of D-limonene is signifi-
cant due to its demonstrated anti-inflammatory, antioxidant,
antimicrobial, and potential anticancer properties [54, 55].

The major components identified in orange EO were
D-limonene (83.49%), p-myrcene (6.19%), a-pinene
(1.83%), sabinene (1.77%), linalool (1.30%), y-terpinene
(1.12%), and B-phellandrene (1.01%). This compositional
profile is comparable to that reported by Akarca and Sevik
[50], who found limonene (95.51%) to be the primary

constituent, followed by f-myrcene (1.98%) and a-pinene
(0.76%). Duman et al. [56] similarly characterized Turk-
ish Thomson orange peel EO and identified limonene
(71.80%) and B-myrcene (4.55%) as the main constituents.
Farahmandfar et al. [57] analyzed essential oil composition
across different drying methods for Thomson navel oranges
and observed limonene (71.54%), p-myrcene (7.20%), and
linalool (4.11%) as dominant compounds, concluding that
freeze-drying best preserved EO composition.

@ Springer
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Fig. 1 Total antioxidant con-
tents of citrus essential oils (ug
AA/g EO) 400

TAA (ng AA/g EO)

Orange

Bitter orange EO contained D-limonene (85.11%),
B-myrcene (6.27%), a-pinene (1.79%), and linalool (1.53%).
This is consistent with the findings of Farahmandfar et al.
[57], who reported limonene (85.49%), linalool (2.74%),
and B-myrcene (0.97%) in bitter orange EO. Similarly, Hey-
dari et al. [58] found limonene (60%), linalool (11%), and
myrcene (6%) in EO derived from bitter orange peel waste.
Bitter orange EO is commonly utilized in the fragrance,
pharmaceutical, and food industries due to its aromatic and
bioactive properties, including notable antibacterial and anti-
oxidant effects [59, 60].
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While the primary chemical constituents identified in this
study—particularly D-limonene, f-myrcene, and a-pinene—
are consistent with previous reports, the relative proportions
varied. Such differences may be attributed to both intrin-
sic and extrinsic factors. Intrinsic variables include spe-
cies, genetic background, and physiological maturity, while
extrinsic factors encompass environmental conditions (e.g.,
climate, soil type), geographic origin, and extraction meth-
odology [60-62]. These variations highlight the importance
of standardized protocols and source traceability in EO
research and industrial applications.
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Antioxidant Activity of Citrus EOs

The total antioxidant activity (TAA) of EOs extracted from
citrus peels is shown in Fig. 1. Among the tested samples,
lemon peel EO exhibited the highest TAA with a value of
309.42 g ascorbic acid equivalents per gram (mg AA/g);
however, the differences among all tested groups were not
statistically significant (P> 0.05). These findings are par-
tially supported by Giizel and Akpinar [63]. who reported
higher ascorbic acid content in lemon peel compared to
orange, mandarin, and other citrus species. Similarly, Asin-
ruth et al. [64] reported 218 pg AAE/g and 276 ng AAE/g
TAA in essential oils obtained from Citrus limon (lemon)
and Citrus limetta (mosambi) peels, respectively.

Figure 2 shows the DPPH radical scavenging activity of
citrus peel EOs, expressed as IC5, values. The IC5, val-
ues, representing the concentration required to inhibit 50%
of the DPPH radicals, were determined to be 49.01 pg/mL
for lemon, 222.08 pg/mL for orange, 363.24 ug/mL for
grapefruit, and 397.21 pg/mL for bitter orange EOs. Lower
IC5, values indicate greater antioxidant efficacy; thus,
lemon EO demonstrated the highest radical scavenging
activity. These results align with those of El Aboubi et al.
[65], who reported IC5q values for lemon peel EO rang-
ing from 40.57 to 100.22 pg/mL. In contrast, Coban [66]
reported higher IC5, values of 20.13 mg/mL for lemon
and 37.66 mg/mL for orange peels, suggesting differences
possibly due to plant origin or extraction conditions.

A dose-dependent increase in DPPH radical scavenging
activity was observed for all citrus peel EOs. Lemon EO
consistently exhibited the highest inhibitory effect across
all tested concentrations. Similar results were presented
by Li et al. [67], who indicated an increase in DPPH inhi-
bition from 20 to 80% for lemon EO in the concentration
range of 16—144 mg/mL, and up to 30% for sweet orange
EO. Haraoui et al. [68] also reported that citrus extracts
showed high anti-radical activity, with inhibition values

ranging from 57.58 to 95.41% for fruit juices and 50.21 to
84.69% for leaf extracts.

Overall, the data obtained in this study confirm that cit-
rus peel essential oils contain bioactive compounds capable
of effectively donating protons to neutralize free radicals,
demonstrating substantial antioxidant capacity. Lemon EO,
in particular, showed the most potent antioxidant activity,
making it a good candidate for applications in food preserva-
tion and functional product development.

The total phenolic content analysis can be used as an
important indicator of antioxidant potential, which can be
used as an initial screening for essential oils when used
as natural sources of antioxidants in foods [33]. Lemon
essential oil (20.94 mg GAE/g) had the greatest TPC in
this study, followed by grapefruit essential oil (15.32 mg
GAE/g), bitter orange essential oil (15.19 mg GAE/g), and
orange essential oil (12.19 mg GAE/g). It was shown that
grapefruit EO exhibited the highest total phenolic content
(77.3 mg GAE/g), followed by orange EO (49.8 mg GAE/g)
and lemon EO (35.6 mg GAE/g) [69]. Similarly, Grapefruit
EO had the greatest TPC (44.32 mg GAE/g), followed by
lemon EO (35.52 mg GAE/g), bitter orange EO (32.44 mg
GAE/g), and orange EO (31.99 mg GAE/g), according to
Durmus et al. [70]. Abeysinghe et al. [71] found that the
TPC of C. unshiu (Satsuma mandarins), C. sinensis (orange)
and C. reticulata (mandarin), varied from 18.5 to 38.5%.
Additionally, they revealed that the major phenolic compo-
nent was hesperidin.

Antimicrobial Activity of Citrus EOs

Inhibition Zone of EO Against Test Bacteria

The antimicrobial activity of citrus peel essential oils was
evaluated using the agar well diffusion method, and the inhi-

bition zone diameters are presented in Table 2. Statistically
significant differences were observed among the inhibition

Table 2 Inhibition zone of

¢ e ~ Orange Lemon Grapefruit Bitter orange

citrus essential oils against test

bacteria (mm) Food-borne bacteria
Methicillin-resistant Staphylo- - 41.00+3.16% 38.25+2.36* 6.50+£0.63°

coccus aureus

Salmonella Paratyphi A - 36.50+1.73* 29.75+1.71° 10.25+0.96°
Klebsiella pneumoniae - 38.50+3.51% 30.00+1.41° 6.75+0.50°
Enterococcus faecalis - 31.00+3.16* 33.50+2.38% 9.75+0.50°
Fish spoilage bacteria
Vibrio vulnificus - 3225+1.71* 30.75+£2.99* 21.50+3.00°
Pseudomonas putida - 39.00+1.83* 33.50+1.29° 22.25+1.50°
Photobacterium damselae - 45.25 +3.40% 32.50+2.65" 12.75+0.96°

“Mean (n=3) + Standard deviation
umn.—No inhibition zones

. ““Display significant differences (P <0.05) between groupS in a col-
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zones of the essential oils tested (P <0.05). Lemon and
grapefruit EOs demonstrated the most potent antibacterial
effects, while orange EO showed negligible activity against
all tested bacterial strains, exhibiting no measurable inhibi-
tion zones.

Lemon EO exhibited inhibition zones ranging from
31 mm against E. faecalis to 41 mm against S. aureus. Sim-
ilarly, grapefruit EO produced inhibition zones between
29 mm (Salmonella Paratyphi A) and 38 mm (S. aureus).
These findings align with Saleem and Saeed (2020) also
observed superior antibacterial activity of lemon peel extract
compared to orange, particularly against Gram-negative bac-
teria. Klebsiella pneumoniae, for instance, showed 28 mm
inhibition zones in response to lemon EO.

In contrast, although Dubey et al. [72] reported antibac-
terial activity of orange peel EO against various pathogens
such as Pseudomonas aeruginosa, Bacillus subtilis, E. coli,
and S. aureus, no such activity was observed in the present
study. The discrepancy could be due to differences in extrac-
tion methods, peel maturity, or cultivar origin. Supporting
the current findings, Han et al. [73] demonstrated broad-
spectrum antimicrobial activity of grape peel EO extract
against both bacterial and fungal strains.

Bitter orange EO exhibited limited antibacterial effect,
with the maximum inhibition zone of 10 mm observed
against Salmonella Paratyphi A. The inhibitory effect of bit-
ter orange extract against fish spoilage bacteria was higher
than that against food-pathogens. Photobacterium damselae
and Pseudomonas putida were the most sensitive bacterium
against lemon extract with an inhibition zone of 45.25 and
39.00 mm, respectively. Lemon and grapefruit EOs showed

statistically comparable antimicrobial effects against Vibrio
vulnificus. In contrast, bitter orange EO exhibited the weak-
est activity against P. damselae (12.75 mm), with inhibition
zones exceeding 20 mm for other spoilage bacteria.

Previously, Shehata et al. [74] demonstrated that sweet
orange peel extract had the strongest antimicrobial activity
against every microorganism tested, with the exception of
Aspergillus carbonarious ITEM 5010. Lemon peel showed
less antimicrobial activity against the same pathogens than
sweet orange peel. With the exception of Yersinia enterocol-
itica ATCC 23715, grapefruit peel extract shown remarkable
antibacterial activity against both Gram-positive and Gram-
negative bacteria.

Minimum Inhibitory (MIC) and Bactericidal Concentration
(MBC)

MIC and MBC values of citrus peel EOs against foodborne
pathogens and spoilage bacteria are shown in Table 3.
Lemon EO exhibited the lowest MIC values, followed by
grapefruit EO, indicating strong bacteriostatic effects. In
contrast, orange EO showed minimal antimicrobial efficacy,
with MIC and MBC values exceeding 100 mg/mL across
all tested strains. Lemon EO inhibited MRSA (methicillin-
resistant Staphylococcus aureus) and Salmonella Paratyphi
A at a concentration of 25 mg/mL, while the MIC values for
K. pneumoniae and E. faecalis were 50 mg/mL. Previously,
Saleem and Saeed [75] reported a MIC value of 130 mg/
mL for lemon extract against Klebsiella pneumoniae, indi-
cating that antibacterial activity may vary depending on
the extract’s composition, particularly the concentrations

Table 3 Minimum Inhibitory

L Orange Lemon Grapefruit Bitter orange
(MIC) and Bactericidal
Concentration (MBC) (mg/mL) MIC MBC MIC MBC MIC MBC MIC MBC
Food-borne pathogens
Methicillin-resistant Staphy- > 100 > 100 25 100 50 100 100 > 100
lococcus aureus
Salmonella Paratyphi A >100 > 100 25 100 50 > 100 100 >100
Klebsiella pneumoniae >100 >100 50 >100 50 >100 100 >100
Enterococcus faecalis >100 >100 50 100 50 100 100 >100
Fish spoilage bacteria
Vibrio vulnificus >100 >100 25 100 50 100 100 >100
Pseudomonas putida >100 > 100 25 > 100 50 100 100 > 100
Photobacterium damselae > 100 >100 25 100 50 > 100 100 > 100
Table 4 Propertif.ss of oil-in- Orange Lemon Grapefruit Bitter Orange
water nanoemulsions based on
essential oils Mean droplet size (nm) 96.81 203.8 149.3 187.9
Polydispersity index 0.512 0.450 0.702 0.695
Surface tension (N/m) 42.46 +0.06 41.08+0.18 42.76+0.33 41.73+0.19
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of zinc, magnesium, and phenolic compounds. According
to Ozogul et al. [18], grape fruit peel EO demonstrated a
strong bacteriostatic impact against Salmonella Parathypi A
and Pseudomonas luteola, whereas it had a moderate effect
against Vibrio vulnificus, Seratia liquefaciens, S. aureus, and
E. faecalis.

Regarding spoilage bacteria, lemon EO showed MIC
values of 25 mg/mL against V. vulnificus, P. putida, and P.
damselae. Grapefruit and bitter orange EOs exhibited MIC
values of 50 mg/mL and 100 mg/mL, respectively, against
all tested bacteria. The orange and bitter orange extracts'
bactericidal dosages exceeded 100 mg/mL. These results are
consistent with findings by Ozogul et al. [18], who observed
bacteriostatic effects of grapefruit EO against S. Paratyphi
A and Pseudomonas luteola. According to Uysal et al. [76],
grape fruit peel oil has also been shown to inhibit S. typh-
imurium ATCC 14028, Proteus vulgaris ATCC 13315, E.
faecalis ATCC 29212, S. aureus ATCC 25923, and Serratia
marcescens ATCC 8100, with the exception of P. aeruginosa
ATCC 27853. Kamel et al. [77] found that orange fruit peel
extract (petroleum ether and methanol extract) had strong
activity against Gram-positive S. aureus, but little activity
against Gram-negative E. coli and P. aeruginosa, and no
activity against Candida albicans. In the current study, apart
from K. pneumonia and P. putida, lemon EO showed bac-
tericidal effect against all bacteria at dose of 100 mg/mL.
Similarly, the MBC value of grapefruit extract was found as
100 mg/mL, with the exception of S. Paratyphi A, K. pneu-
monia, and P. damselae.

710

700

TAA (ug AA/g NE)

Orange

Lemon

Encapsulation of Citrus Essential Oils
by Nanoemulsion

Physicochemical Analysis of the Nanoemulsions

The physicochemical properties of nanoemulsions for-
mulated with citrus peel essential oils are presented in
Table 4, including droplet size, polydispersity index (PDI),
and surface tension.

The droplet size of the nanoemulsions ranged from
96.81 nm (orange EO) to 203.08 nm (lemon EO). These
sizes fall within the typical nanoemulsion range of
20-200 nm [78], although slightly higher values observed
may be attributed to differences in oil type, surfactant
concentration, and emulsification technique. Durmus
[79] reported smaller droplet sizes (47.40-94.66 nm) for
nanoemulsions prepared from citrus EOs, suggesting that
high-pressure homogenization may yield finer emulsions.
Similarly, Ozogul et al. [80] reported droplet diameters of
63.02 nm for rosemary EO and 112.82 nm for thyme EO.

PDI values ranged from 0.450 to 0.702, indicating mod-
erately polydisperse systems. Higher PDI values reflect a
broader distribution of droplet sizes, which may reduce
the long-term stability of nanoemulsions. In contrast,
Charnvanich et al. [29] observed PDI values near 0.1 for
emulsions prepared using high-pressure homogenization,
indicating more uniform droplet size distribution. Factors
such as emulsification technique, surfactant-to-oil ratio,
and homogenization speed significantly affect droplet uni-
formity [28, 30].

b
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Fig. 3 Total antioxidant activity of citrus essential oil nanoemulsions (ug AA/g nanoemulsion)
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Fig. 4 DPPH radical scavenging capacity of citrus essential oil nanoemulsions (% inhibition). Data are presented as mean+SD (n=3). Different

letters (a—c) indicate statistically significant differences (P <0.05)

Surface tension values varied among the samples, with
the lowest value recorded for lemon EO nanoemulsion
(41.08 N/m) and the highest for grapefruit EO nanoe-
mulsion (42.76 N/m). These values are higher than those
reported by Durmus [79], who found surface tension val-
ues between 35.15 and 39.18 N/m for citrus-based nanoe-
mulsions. Differences in surface tension are largely influ-
enced by the chemical composition of the oils, surfactant
properties, and processing parameters [32, 81].

Antioxidant Activity of Citrus Essential Oil Nanoemulsions

The antioxidant potential of the nanoemulsified forms of
citrus essential oils (EOs) was evaluated using total antioxi-
dant activity (TAA), DPPH radical scavenging capacity, and
total phenolic content (TPC) assays. These analyses aimed
to assess whether nanoencapsulation could enhance the bio-
activity of citrus EOs.

Figure 3 shows the TAA values of citrus EO nanoemul-
sions. Among the samples, the lemon EO nanoemulsion
exhibited the highest antioxidant activity, and no statisti-
cally significant difference was observed between orange
and grapefruit nanoemulsions (P >0.05). Bitter orange EO
nanoemulsion had the lowest TAA value. Also, nanoemulsi-
fied citrus EOs displayed at least double the TAA compared
to their non-encapsulated forms. These findings suggest that
nanoencapsulation significantly improves the antioxidant

@ Springer

potential of citrus EOs, likely by enhancing their solubility
and dispersion in aqueous environments.

The DPPH radical scavenging capacity of the nanoemul-
sified EOs is shown in Fig. 4. A concentration-dependent
increase in scavenging activity was observed for all tested
nanoemulsions (orange, lemon, grapefruit, and bitter
orange), mirroring the trend seen in their free EO counter-
parts. The IC5, values of the nanoemulsions were deter-
mined as 34.37 pg/mL for lemon, 62.11 ug/mL for orange,
104.43 pg/mL for grapefruit, and 136.60 pug/mL for bitter
orange. Lemon EO nanoemulsion demonstrated the strong-
est radical scavenging activity, as indicated by its lowest
IC5, value, consistent with results obtained from the free
EO forms.

Overall, the nanoemulsion forms exhibited lower IC5
values and therefore higher antioxidant capacities compared
to their free forms. These results are in agreement with prior
studies. Liu et al. [33] reported that nanoencapsulation sig-
nificantly enhanced the DPPH scavenging ability of lemon
EO. Similarly, Alam et al. [82] demonstrated greater anti-
oxidant activity in nanoemulsified cinnamon EO than in
its free form. The enhanced antioxidant effect observed in
nanoemulsions is often attributed to increased surface area
and improved dispersion of EO droplets, which facilitates
more efficient interaction with free radicals [83].

Phenolic compounds are widely recognized for their anti-
oxidant properties. In this study, the TPC values of citrus
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Table 5 Inhibition zone of

. . Orange NE Lemon NE Grapefruit NE Bitter orange NE

nanoemulsions (NE) against test

bacteria (mm) Food-borne bacteria
Methicillin-resistant Staphy- - - -

lococcus aureus

Salmonella Paratyphi A 8.50+0.71% 6.75+0.35° -
Klebsiella pneumoniae - 10.50+0.71* 7.50+0.71°
Enterococcus faecalis - - -
Fish spoilage bacteria
Vibrio vulnificus 11.50+0.58* - - 8.33+0.58°
Pseudomonas putida - 13.00+0.71* 7.75+0.35° -
Photobacterium damselae 8.75+0.50* - 8.50+0.41% 8.13+0.63%®

“Mean (n=3)+ Standard deviation. *“Display significant differences (P <0.05) between groups in a col-

umn.—No inhibition zones

EO nanoemulsions were determined as follows: 2.54 mg
GAE/g for lemon, 2.31 mg GAE/g for orange, 2.05 mg
GAE/g for grapefruit, and 3.03 mg GAE/g for bitter orange.
These results are substantially lower than the TPC values
reported for free EOs in other studies. For example, Sir
Elkhatim et al. [69] reported TPC levels in citrus peels as
77.3 mg GAE/g for grapefruit, 49.8 mg GAE/g for orange,
and 35.6 mg GAE/g for lemon. Durmus et al. [70] similarly
observed higher TPC in free EO forms, 44.32, 35.52, 32.44,
and 31.99 mg GAE/g for orange, bitter orange, lemon, and
grapefruit, respectively. The reduced phenolic content in the
nanoemulsion formulations may be attributed to the lower
quantity of essential oil incorporated during the emulsifica-
tion process. Comparable findings were reported by Sabry
et al. [84], who measured TPC values of 2.89 mg GAE/g and
0.74 mg GAE/g in nanoemulsions derived from orange and
tangerine oils, respectively.

Antimicrobial Activity of Nanoemulsions

The antimicrobial activity of citrus EO nanoemulsions
against foodborne pathogens and fish spoilage bacteria is
shown in Table 5. The effectiveness of nanoemulsions var-
ied according to both the type of citrus oil and the bacte-
rial strain. There were no inhibition zones observed for S.
aureus (MRSA) or E. faecalis, indicating resistance to these
formulations. These findings are consistent with Kara et al.
[85], who reported no antibacterial activity of hemp seed oil
and aloe vera nanoemulsions against tested bacterial strains
like Listeria monocytogenes, E. coli, Staphylococcus aureus,
Salmonella enterica and Vibrio parahaemolyticus. However,
contrasting results have been reported elsewhere. Wang et al.
[36] found that grapefruit seed extract and its nanoemulsified
form significantly inhibited biofilm formation by Escheri-
chia coli and S. aureus. Similarly, Kang et al. [86] observed
that citrus EO nanoemulsions exhibited high antimicrobial

activity against S. aureus, E. coli, Saccharomyces cerevisiae
and Bacillus subtilis.

In the present study, Salmonella Paratyphi A was resist-
ant to orange and bitter orange nanoemulsions but exhib-
ited modest inhibition zones of 8.5 mm and 6.75 mm when
treated with lemon and grapefruit nanoemulsions, respec-
tively. Klebsiella pneumoniae showed sensitivity only to
grapefruit and bitter orange nanoemulsions, with inhibition
zones of 10.50 mm and 7.50 mm, respectively.

These results differ from some literature findings that
report greater susceptibility of Gram-positive bacteria to
EO nanoemulsions compared to Gram-negative strains
[82]. The enhanced sensitivity of Gram-positive bacteria is
generally attributed to the disruption of their phospholipid-
rich membrane by EO constituents. In Gram-negative bac-
teria, hydrophilic nanoemulsion droplets may pass through
porin channels in the outer membrane, but are less likely
to cause membrane destabilization [37]. Encapsulation of
D-limonene in an organogel-based nanoemulsion has been
reported to enhance antibacterial activity by damaging cyto-
plasmic membranes, resulting in structural degradation of
microbial cells [87].

Among the spoilage bacteria tested, lemon EO nanoemul-
sion exhibited a measurable zone of inhibition (13 mm) only
against P. putida. Yazgan et al. [16] previously reported inhi-
bition zones ranging from 14.75-19.25 mm for fish spoil-
age bacteria and 14.38-24.25 mm for foodborne pathogens
when treated with lemon EO nanoemulsions. In our study,
orange and bitter orange nanoemulsions showed inhibition
zones of 11.50 mm and 8.33 mm, respectively, against V.
vulnificus. Photobacterium damselae showed resistance to
lemon nanoemulsion but exhibited moderate sensitivity to
other formulations, with inhibition zones exceeding 8 mm.

Durmus [79] found that mandarin and grapefruit nanoe-
mulsions were more effective than orange and lemon in
reducing bacterial loads in rainbow trout fillets. Con-
sistent with this, our results showed that grapefruit EO
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Table 6 Minimum Inhibitory

L Orange Lemon Grapefruit Bitter orange
(MIC) and Bactericidal
Concentration (MBC) of MIC MBC MIC MBC MIC MBC MIC MBC
nanoemulsions (NE) (mg/mL)
Food-borne pathogens
Methicillin-resistant Staphy- 100 > 100 100 > 100 100 > 100 25 > 100
lococcus aureus
Salmonella Paratyphi A 50 100 25 100 25 100 100 100
Klebsiella pneumoniae 100 >100 100 > 100 100 > 100 100 >100
Enterococcus faecalis 100 >100 100 > 100 100 > 100 100 > 100
Fish spoilage bacteria
Vibrio vulnificus 100 > 100 100 > 100 100 > 100 100 > 100
Pseudomonas putida 50 >100 100 >100 100 > 100 100 > 100
Photobacterium damselae 100 > 100 100 > 100 100 >100 100 >100
nanoemulsion formed inhibition zones of 7.75 mm and Conclusions

8.50 mm against P. putida and P. damselae, respectively.

Overall, the antimicrobial efficacy of nanoemulsified
citrus EOs was lower than that of their pure forms. This
finding is consistent with earlier studies [18, 49], although
other reports suggest that nanoencapsulation can enhance
EO antimicrobial activity [35, 36, 88]. In the present study,
nanoemulsions contained only 4% EO, which may explain
their reduced effectiveness, as lower concentrations of active
antimicrobial compounds were present.

The MIC and MBC values of citrus EO nanoemulsions
against various bacterial strains are presented in Table 6.
Orange nanoemulsion showed MIC values of 50 mg/mL
against S. Paratyphi A and P. putida, and 100 mg/mL for
all other tested strains. The lowest MIC values (25 mg/mL)
were recorded for lemon and grapefruit nanoemulsions
against S. Paratyphi A.

Listeria innocua and S. aureus exhibited the greatest
sensitivity, being inhibited at 25 mg/mL, whereas S. typhi,
E. coli, and P. aeruginosa required higher concentrations
[89]. Although grapefruit EO nanoemulsion did not exhibit
bactericidal effects, it did show bacteriostatic activity against
S. Paratyphi A, P. luteola, Serratia liquefaciens, and P. dam-
selae, as also observed by Ozogul et al. [18]. Yazgan et al.
[16] found that both nanoemulsified and pure lemon EO
at concentrations > 25 mg/mL showed considerable bac-
tericidal activity against spoilage and pathogenic bacteria.
In the present study, bitter orange nanoemulsion generally
demonstrated bacteriostatic activity at 100 mg/mL, except
for MRSA, which showed susceptibility at 25 mg/mL. The
bactericidal concentration for most strains was > 100 mg/
mL, with the exception of S. Paratyphi A, where an MBC of
100 mg/mL was recorded.

These results further support the notion that while
nanoencapsulation offers formulation advantages, the reduc-
tion in EO concentration may limit its antimicrobial potency
unless optimized for higher loading or targeted delivery.

@ Springer

This study demonstrated that nanoemulsification is an
effective approach to enhance the stability and functional
properties of citrus essential oils (EOs) derived from cit-
rus peel waste. The predominant compound identified
in citrus EOs was D-limonene, ranging from 57.65% in
lemon to 85.11% in bitter orange. The prepared nanoemul-
sions exhibited favorable physicochemical characteristics,
including droplet sizes of 96.81-203.8 nm and low poly-
dispersity indices (0.450-0.702), confirming their stability
and uniformity. Nanoencapsulation significantly improved
the antioxidant potential of citrus EOs, with total anti-
oxidant activity values (668—-690 ug AAE/g NE) nearly
twice those of their free counterparts (235-309 ug AAE/g
EO), indicating enhanced bioavailability and radical scav-
enging efficiency. Lemon EO exhibited strong bacterio-
static activity, with a minimum inhibitory concentration
of 25 mg/mL and inhibition zones up to 32 mm against
all tested bacterial strains. In contrast, its nanoemulsion
form produced smaller inhibition zones of 8.5 mm and
13 mm against Salmonella Paratyphi A and Pseudomonas
putida, respectively. Although free EOs displayed stronger
antimicrobial effects, likely due to higher concentrations
of active components, nanoemulsified EOs maintained
notable bacteriostatic activity that increased proportion-
ally with oil content.

Overall, citrus peel-based nanoemulsions present a
cost-effective, environmentally sustainable, and efficient
delivery system for natural bioactives, aligning with circu-
lar bioeconomy principles. These formulations have strong
potential as natural preservatives to extend the shelf life
and microbial stability of perishable foods. Future studies
should aim to optimize formulation parameters, increase
EO loading capacity, and assess performance in real food
matrices to support their broader industrial application.
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