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ARTICLE INFO ABSTRACT
Keywords: This study aimed to investigate the potential use of okra and psyllium mucilage as co-carrier wall
Fenugreek oil materials with whey protein and gum Arabic polymers for encapsulation of fenugreek oil to mask
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its undesirable flavor and promote their health benefits. Particle size, zeta potential, encapsula-
tion efficiency, morphological properties and fatty acid profiles of crude and encapsulated oils
were examined using zeta-sizer, SEM and GC-MS techniques. Crude and encapsulated fenugreek
oils were added as functional ingredients during production of pan bread and biscuits. The quality
characteristics (baking quality, color and organoleptic properties) of bread and biscuits as well as
microbiological properties of bred samples were evaluated. Results showed that the forming
microcapsules had sphere particles with the size of 5.05 and 31.64 pm for okra and pysillium
mucilage, respectively and had smooth continuous surfaces with no holes or fractures. Fatty acids
analysis showed that fenugreek oil is superior functional edible oil, rich in unsaturated fatty acids.
The organoleptic properties of products were improved when fat replaced with encapsulated
fenugreek oil with okra or psyllium mucilage. Likewise, encapsulated fenugreek oil showed
antimicrobial activity in bread samples during storage period. On contrary, Bread and biscuits
incorporated with crude fenugreek oil gained the lowest scores for all organoleptic parameters.
Regarding these results, encapsulated fenugreek oil presents good fat alternatives in dough for-
mulations with acceptable technological, sensory and antimicrobial properties. However, further
investigations still needed regarding the biological activity of encapsulated fenugreek oil and its
utilization as a food supplement in other food products.

1. Introduction

Excess saturated and trans fat intake is the main factor for increasing of triglycerides and LDL-cholesterol which are associated with
the obesity and development of cardiovascular disease [1-3]. Therefore, decreasing such fat consumption has become an immediate
demand for the national health authorities [4,5]. Moreover, saturated fats replacement with unsaturated ones is another healthy
demand in the recent years [6,7]. However, fat reduction in food systems faces several challenges, as beside the nutritional role, fat
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plays an important role in food processing and affects the overall palatability and consumer acceptance [8,9]. Also, unsaturated fats are
very sensitive to moisture, temperature, light and oxygen [10-12]. Furthermore, the undesirable odor and taste of many unsaturated
fats remains one of the challenges facing their incorporation in food products [6,13].

To meet these challenges and to maintain the consumer acceptance, fat mimics and microencapsulation technology could be
employed. Fat replacers that emerged in food production could be subdivided according to their chemical structure and functions to fat
substitutes (lipid-based) and fat mimics (carbohydrate- and protein-based) [14-16]. Most of fat mimics cannot fully replace fat in food
products [17,18], but they have good properties as carrier materials in encapsulation technology [19,20]. Recently, plant biopolymers
have gained high attention as sustainable and cost-effective fat replacers and carrier materials in encapsulation technology [21,22].
Biopolymers, generally recognized as safe (GRAS), are diversely used in food production as coatings, emulsifiers, binders, and gelling
agents [23,24]. Among biopolymers, mucilage exhibits distinctive functional properties not only in food but also in pharmaceutical
formulations [25].

Psyllium (Plantago ovata) and okra (Abelmoschus esculentus L. Moench) are important sources of mucilage. Psyllium mucilage is a
natural anionic polysaccharide, mainly branched arabinoxylan, composed of p—xylose, L-arabinose and D-galactoronic acid [26,27].
While, okra mucilage is a pectic polysaccharide, that composed of L-thamnose, D-galactose and L-galacturonic acid [28,29]. So far,
okra and psyllium mucilage has been studied as natural emulsifier agents, fat replacers and carrier wall materials in the encapsulation
technology [30-35].

Fenugreek oil is a good source of phytonutrients as omega fatty acids (w3, @6 and ®9), sterols, alkaloids and saponins [36-38].
Several studies investigated the fatty acids composition of fenugreek oil and showed that it was dominated by oleic (C18:1), linoleic
(C18:2) and linolenic (C18:2) acids [39-42]. However, the fatty acids of fenugreek oil differ according to the geographic and culti-
vation conditions [43-45]. Due to its unique composition, fenugreek oil has various health promoting benefits. For instance, it reduces
LDL cholesterol and triglycerides of high blood levels [36,46,47], which subsequently minimizes the risk of cardiovascular disease [48,
49]. Also, it acts as a phytoestrogen that involved in lactation and ovulation, regulations [50-52]. Furthermore, it considered as safe
and cheap herbal treatment for men infertility [39,53].

Fenugreek oil showed a potent antimicrobial activity against several bacterial and fungal strains. Regarding the above mentioned
observations, fenugreek oil can be implemented in food and pharmaceutical industries [54-56]. Despite of these advantages of
fenugreek oil, there are many challenges for applying fenugreek oil in food products, such as the bitter taste and strong nasty smelling
of oil [43,57]. Therefore, the present study aimed to study the application of okra or psyllium mucilage in combination with gum
Arabic and whey protein as carrier wall materials for fenugreek oil encapsulation to mask the bitter taste of fenugreek oil and to protect
the unsaturated fatty acids. Also, the produced capsules were used as fat substitute in pan bread and fat mimics in biscuit preparation.
Particle size, encapsulation efficiency, morphology of microcapsules and fatty acid compositions of crude and encapsulated oil, as well
as the physical and sensory properties of bread and biscuits were investigated.

2. Materials and methods
2.1. Materials

Fenugreek, psyllium and okra seeds were sown on November at National Research Centre farm and harvested on March, May and
April respectively. Ethanol, methanol, petroleum ether and hexane were of analytical grade and purchased from Fisher Scientific
Chemical (Loughborough, UK). Plate count agar was obtained from Bio-World, USA and Malt extract agar plate was obtained from
HiMedia Limited, India. Tryptic soya agar and sodium methoxide were purchased from Merck, Germany. Other materials used in pan
bread and biscuit production such as wheat flour, dry yeast, sugar, salt, and fats were purchased from the local market, Dokki, Giza,

Egypt.
2.2. Extraction of psyllium and okra mucilage

Mucilage extraction and purification was carried out according to Woolfe et al. [58] with some modifications. Psyllium seeds were
powdered and okra fruits were sliced, boiled in ethanol for 20 min to remove pigments and to deactivate the enzymes. The treated
psyllium seeds and okra fruits were homogenized in distilled water at the ratio of 1:5 (W/V). The mixtures were centrifuged at 5000
rpm for 15 min and the clear supernatants were collected. The mucilage was precipitated with three volumes of ethanol and stored
overnight in a refrigerator. The precipitated mucilage was separated, washed with more ethanol and freeze-dried.

2.3. Extraction fenugreek seeds oil

Fenugreek oil was extracted from milled seeds using petroleum ether (40-60C) with an ultrasonic assessed method (Ultrasonic
UP650, Acculab Inc., the USA) without raising the heat over 35 °C. The collected extract was evaporated by rotary evaporator
(Heidolph, Germany) at 40 °C. The resultant oil was filtered, packed in dark brown bottle and stored at —20 °C until use.

2.4. Preparation of fenugreek seeds oil microcapsules

Fenugreek oil microcapsules were prepared using a mixture of whey protein (WP), gum Arabic (GA) and okra (OM) or psyllium
mucilage (PM) with the ratio of 2:2:1 as wall materials. For emulsions preparation, the wall materials were dispersed in de-ionized
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water at 25 °C + 2 under magnetic stirring overnight to complete hydration of the polymers and then were mixed with fenugreek oil
using a homogenizer Ultra-Turrax T25 Basic (IKA, Wilmington, NC) at 18,000 rpm for 20 min in ice bath. The emulsions were prepared
containing 42 g dry wall material/liter of total emulsion, with emulsifying agents (3g of span 80) and 5 g of fenugreek oil. The
emulsions were spray dried using Mini spray drier (B-290, Buchi, Germany) with inlet air temperature of 160 + 5 °C, and outlet air
temperature of 90 + 5 °C with a feed flow rate of 300 ml/h.

2.5. Particle size and zeta potential properties of encapsulated fenugreek oil

Droplet size (particle size and zeta potential) and polydispersity index (PDI) measurements were performed using Malvern Zeta-
sizer Nano ZS Instrument, Worcestershire, UK with manufacturer’s software.

2.6. Encapsulation efficiency measurement

Encapsulation efficiency (EE) was determined as the ratio of fenugreek oil retained inside the capsules after removal of surface oil
as described by Munshi and Kumar [59]. Briefly, 2 g of microcapsules were washed with 20 ml hexane under magnetic stirrer at 200
rpm for 60 s. After 10 min, the mixture was filtered through Whatman filter paper (No. 41). The powder residue was again washed
twice with 5 ml of hexane. The collected hexane was combined and evaporated and dried at 105 °C to constant weight and the surface
oil was calculated. Encapsulation efficiency was calculated as follow: EE (%) = (Total oil - Surface oil)/(Total oil) x 100.

2.7. Morphological properties of encapsulated fenugreek oil

The surface morphology and elemental analysis were performed with Scanning Electron Microscopy-Energy Dispersive X-ray
(SEM-EDAX) (JEOL JEM-2100, Tokyo, USA) at 5 kV. Twenty microliters of dispersed capsules in ethanol was placed on a film-coated
200-mesh copper specimen grid for 10 min and the fluid excess was eliminated using filter paper. The grid was then stained with one
drop of 3 % phosphotungstic acid and allowed to dry for 3 min. The coated grid was dried and examined under the SEM microscope.

2.8. Determination of fatty acids profile of fenugreek seeds oil

2.8.1. Preparation of fatty acid methyl esters

Aliquot (20 mg) of fenugreek oil into screw-capped tube and 1 ml of 1 % sodium methoxide in methanol was added. Tubes were
homogenized in a vortex for 20 s. Then, 1 mL of hexane was added, which led to separation two layer; the organic layer was collected,
dried over anhydrous NaySO4, and injected in GC-MS.

2.8.2. Gas chromatography-mass spectrometry analysis (GC-MS) for FAME

The GC-MS system (Agilent Technologies) equipped with gas chromatograph (7890B), mass spectrometer detector (5977A) and
HP-5MS column (30 m x 0.25 mm internal diameter and 0.25 pm film thickness) was used. Analyses were carried out using helium as
the carrier gas at a flow rate of 1.0 ml/min, injection volume of 1 pl and the following temperature program: 50 °C for 1 min; rising at
20 °C/min to 200 °C and held for 5 min; rising at 3 °C/min to 230 °C and held for 23 min. The injector and detector were held at 250 °C.
Mass spectra were obtained by electron ionization (EI) at 70 eV and using a spectral range of m/z 20-550 and solvent delay 1.8 min.
Identification of different constituents was determined by comparing the spectrum fragmentation pattern with those stored in Wiley
and NIST Mass Spectral Library data.

2.9. Preparation of bread samples

The straight dough method for pan bread production was carried out according to the method described in AACC [60]. The in-
gredients consisted of wheat flour (100 g), water (60 g), dry yeast (2 g), salt (1 g), sugar (4 g) and fat (2 g). Sunflower oil was used as the
fat source in the control bread, and it was replaced with fenugreek oil (2 g) or encapsulated oil (20 g). The ingredients were mixed for 4
min at slow speed (30 rpm) and for additional 6 min at fast speed (60 rpm). The resulted dough was left to rest for 20 min at 30 °C (first
proofing) then divided, rolled and molded automatically in a molding machine. Each piece was placed in aluminium pan and left to
ferment for 60 min at 37 °C (final proofing) then baked in an electrical oven at 250 °C for 20 min implementing a steaming step for the
first 7 min of baking. Pan bread samples were separated from the aluminium pan and allowed to cool at room temperature.

2.10. Preparation of biscuit samples

Control biscuit sample was made according to the standard procedure [60] using wheat flour (100 g), sugar powder (15 g),
shortening (20 g), salt (1 g), sodium bicarbonate (1.11 g), 14.66 mL of dextrose solution (5.93 %) and required water. Fat reduced
biscuit samples were prepared by replacing the shortening in the control formula with fenugreek oil (2 g) or encapsulated oil (20 g).
The corresponding biscuit dough therefore contained 2 %, fat in their respective formulations. All dry ingredients were mixed together
in a dough mixer for 3 min, then all liquid ingredients were added to the dry mixture and mixed at low speed for 3 min then water
added as require to obtained suitable smooth dough. The dough was left to rest for 5 min then sheeted to a thickness of 3 mm and cut
into circle pieces using a 50 mm diameter dough cutter template. The biscuits were baked at 180 °C for 12 min, and allowed to cool at
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room temperature for 1 h before sensory evaluation.

2.11. Baking qualities of pan bread and biscuit samples

Volume (cm®) and weight (g) of pan bread samples were estimated according to the method described in AACC [60]. Specific
volume (g/cm®) was calculated by dividing of the volume to weight. Biscuits were evaluated for diameter, thickness and spread ratio.

2.12. Color attributes of pan bread and biscuit samples

The color parameters of pan bread and biscuit samples were evaluated using Hunter, Lab Scan XE, Reston VA., calibrated with a
white standard tile of Hunter Lab color standard (LX No. 16379) x = 77.26, y = 81.94 and z = 88.14 (L* = 92.43, a* = —0.88, b* =
0.21). The results were expressed in accordance with the CIELAB system where: L (L = 0 [black], L = 100 [white]), a (-a = greenness,
+a = redness), b* (-b = blueness, +b = yellowness). Total color differences (AE) were calculated using the following equation:

AE = [(AL)® + (Aa) 2 + (Ab) 1%

2.13. Sensory evaluation pan bread and biscuit samples

The sensory evaluation of produced pan bread was done as described by AACC [60] using ten panelists from the Food Technology
Department staff in National Research Center. The quality score of pan bread included color (20), texture (20), taste (20), flavor (20),
general appearance (20) and overall acceptability was calculated as the sum-scores of the previous parameters for each sample (100).

The biscuit samples were evaluated for color, appearance, texture, taste, flavor and overall acceptability on a 9-point hedonic scale
by ten panelists from the Food Technology Department staff in National Research Center according to the method of Sudha et al. [61].

2.14. Microbiological analysis

Representative sample (10 g) were taken and homogenized in 90 ml of 0.9 % NaCl. Serial 10 fold dilutions were prepared in saline
tubes, and 1 ml of solution was used for microbial counting. Microbial enumeration was performed using pour plate method according
to APHA [62] and FDA [63].

Total viable counting was performed using the plate count agar medium as recommended by Refs. [62,63]. Dilutions were made
which were transferred to sterilized plates (1 ml per plate approximately). At the end of 2 days of aerobic incubation at 35 °C, the plates
were analyzed for total growing population (CFU/g).

Molds and yeasts counts were examined using malt extract agar according to Galloway and Burgess [64]. Dilutions were made
which were transferred to sterilized plates (1 ml per plate approximately). At the end of 3 days incubation period at 30 °C, the plates
were analyzed for yeast and fungal population (CFU/g). Growing colonies morphology on specific agar media, and microscopic ex-
amination for target colonies were performed [62,63].

Typical spore count tests involve the heating of a reconstituted powder sample to 80 °C for 12 min before cooling, culturing on
tryptic soya agar and incubation at 35 °C for 48hr and enumerating colonies [65,66].

2.15. Statistical analysis

Data were analyzed by standard procedures for analysis of variance and least significant difference test (LSD) to compare the means
and determine the effect of treatments using the Statistical Analysis Software (SAS). The probability value of p<0.05 was used as the
criteria for significant differences. All experiments were performed in triplicate, and data are expressed as means + SE.

Table 1

Particle size and encapsulation efficiency of encapsulated fenugreek oil.
Parameter Encapsulated oil LSD

WP:GA:OM WP:GA:PM

Z-average (pm) 5.05° + 0.59 31.64°+0.79 4.242
Polydispersity index 0.23 + 0.06 0.59 + 0.12 NS
Zeta potential (mV) -3.12°+0.05 —0.613% £0.13 0.599
Encapsulation efficiency (%) 90.90%+2.15 82.76" + 1.51 6.585

- WP = whey protein, GA = gum Arabic, OM = okra mucilage, PM = psyllium mucilage, NS = not significant.
- Data in the same raw followed by different superscript letters are significantly different at p < 0.05.
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3. Results and discussion
3.1. Particle size and encapsulation efficiency measurement

The mean particle size, polydispersity index (PDI), zeta potential and encapsulation efficiency of fenugreek oil microcapsules
prepared with okra and psyllium mucilage are presented in Table 1. Mucilage source significantly influenced (p < 0.05) the particle
size and zeta potentials of the produced capsules. The particle size of microcapsules containing okra and psyllium mucilage was 5.05
and 31.64 pm, respectively and its zeta potentials was —3.12 and —0.613 mV, respectively. These effects could be due to the difference
in the molecular structure, monosaccharide compositions and sequences as well as the configuration of glycoside linkages and their
position in the backbone [67]. Psyllium mucilage is a xylan polymer in which the pyranose ring of B-p-xylose forms a linear backbone
through f 1-3 and p 1-4 glucosidic linkage [68]. Psyllium mucilage is composed of xylose (74.65 %), arabinose (22.6 %) and traces of
other sugars with about 35 % non-reducing terminal residues [69]. Okra mucilage is pectic polysaccharide composed of repeating unit
of (1-4)-galacturonic acid and (1-2)-rhamnose residues with disaccharide side chains, which exhibit a specific degree of acetylation
[70]1.

The structure of okra mucilage provides a large number of surface hydroxyl groups (—OH) [71], which explain the high zeta
potential value of microcapsules containing okra mucilage compared to those containing psyllium mucilage. Zeta potential is one of
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Fig. 1. SEM-EDAX images of whey protein + gum arabic (A, B) and encapsulated fenugreek oil via whey protein + gum arabic + okra mucilage (C,
D) and whey protein + gum arabic + psyllium mucilage (E,F).
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the factors that affect the emulsions stability as it reveals the existence of electrostatic repulsion between the emulsion droplets
preventing its flocculation and aggregation [72]. So, the bigger particles of psyllium mucilage containing capsules may be due to back
to the rapid flocculation of these particles after homogenization process, which lead to higher atomization and larger particles of
spry-dried powders.

This theory was further supported by PDI result, which was 0.23 and 0.59 for okra and psyllium microcapsules, respectively.
Polydispersity index is an indicator for the distribution of particle size; PDI < 0.3 indicates stable and homogeneous particles with
uniform size distribution, while PDI > 0.3 indicates unstable and inhomogeneous particles with wide size distribution [73,74]. Also,
zeta potential is an indicator for the stability of microencapsulated products [75]. The particles with high zeta potential have high
repulsion strength, and consequently high stability [76]. Thus, microcapsules containing okra mucilage were more stable compared to
those containing psyllium mucilage (Table 1).

Encapsulation efficiency of wall materials formulated with okra mucilage were significantly higher (p < 0.05) compared to
psyllium mucilage (Table 1). The small particles are usually consistent with low surface oil, consequently high encapsulation efficiency
and reduced lipid oxidation rate [77,78]. Although the obtained results showed okra mucilage as a promising co-wall material
compared to psyllium mucilage, further investigation regarding the concentration of mucilage and the use of other encapsulation wall
materials.

3.2. Morphological properties of encapsulated fenugreek oil

Morphological characteristics of neat whey protein and gum Arabic and spray-dried fenugreek oil microcapsules produced with the
mixture of WP: GA: OM and WP: GA: PM matrices and their EDAX are presented in Fig. 1. SEM image of the neat Whey protein and gum
Arabic powders showed that whey protein has big microspheres with a smooth surface, while gum Arabic has smaller irregular sphere
particles. Also, SEM image showed many holes, cracks and dents on the surface of some of them (Fig. 1A). Similar results were reported
by Sulaiman [79] and Prieto and Lagaron [80].

Capsules produced by different matrices showed different morphological properties. Generally, most of the produced microcap-
sules had spherical structure with concavities on the surface. The occurrence of these concavities is common in spray-drying technique
due to the rapid evaporation of liquid droplets at the beginning of the drying process [81]. Similar results were previously reported by
Suetal. [82] and Rocha et al. [83]. In general, microspheres produced by combination of whey proteins, gum Arabic and both okra and
psyllium mucilage matrices showed smaller spherical particles, free of holes, cracks, dents, fissures, or collapsing, which indicate b
better protection for the unsaturated fatty acids in the encapsulated oils (Fig. 1C-E). The absence of fissures and holes is an interesting
feature to ensure better protection and complete coverage of the core material.

In EDAX data, whey protein and gum Arabic consisted of carbon (46.86 %), oxygen (48.23 %), nitrogen (4.53 %), potassium (0.22
%) and calcium (0.16 %) (Fig. 1B). Fenugreek oil microcapsules containing okra or psyllium mucilage showed somewhat different
composition. The carbon, potassium and calcium present in higher quantities (56.57 and 56.11 %; 0.53 and 0.81 % and 0.49 and 0.83
%, respectively), while the oxygen and nitrogen present in lower quantities (38.39 and 38.26 % and 4.02 and 4.0 %, respectively)
(Fig. 1D-F). The variation of these constituents could play a role in the development of particles during emulsion preparation and
spray-drying steps of encapsulation process, but this point still need further investigation. The obtained results are close to those
previously reported by Singh et al. [47] for okra and psyllium mucilage.

Table 2

Fatty acid profiles of crude and encapsulated fenugreek oil.
Fatty acids Crude oil Encapsulated oil LSD

WP:GA:OM WP:GA:PM

Saturated fatty acids — SFAs (%)
Capric acid (C10:0) 0.22 £+ 0.012 0.25 + 0.014 0.23 + 0.015 NS
Lauric acid (C12:0) 0.42 £ 0.023 0.51 £+ 0.028 0.48 + 0.031 NS
Myristic acid (C14:0) 0.39° + 0.022 0.55%+0.031 0.44% + 0.029 0.124
Methyl myristic acid 0.42%4+0.023 0.14° + 0.008 0.13° + 0.009 0.068
Pentadecylic acid (C15:0) 0.70°+0.039 0.41" + 0.023 0.42" + 0.028 0.138
Palmitic acid (C16:0) 11.69 + 0.415 12.16 + 0.553 11.33 + 0.402 NS
Margaric acid (C17:0) 0.56 + 0.031 0.54 + 0.030 0.62 + 0.041 NS
Stearic acid (C18:0) 4.33 £+ 0.240 4.37 + 0.243 4.89 + 0.320 NS
Arachidic acid (C20:0) 1.37° + 0.076 2.08%+0.115 2.35%4+0.154 0.5371
Behenic acid (22:0) 0.51%40.028 0.46%° + 0.026 0.38° + 0.025 0.119
Monounsaturated fatty acids — MUFAs (%)
Palmitoleic acid (C16:1) 0.42" + 0.023 0.78%+0.043 0.81%+0.053 0.187
Oleic acid (C18:1) 16.94 + 0.432 17.05 + 0.435 17.72 + 0.629 NS
Gondoic acid (C20:1) 0.65 £ 0.036 0.50 + 0.028 0.57 + 0.037 NS
Polyunsaturated fatty acids — PUFAs (%)
Linoleic acid (C18:2) 36.17 + 0.922 37.06 + 0.945 36.49 £ 0.930 NS
Linolenic acid (C18:3) 25.17 + 0.894 23.11 + 0.820 23.12 £ 0.821 NS

- WP = whey protein, GA = gum Arabic, OM = okra mucilage, PM = psyllium mucilage, NS = not significant.
- Data in the same raw followed by different superscript letters are significantly different at p < 0.05.
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3.3. Fatty acid profiles of crude and encapsulated fenugreek oil

Fatty acid profiles of crude fenugreek oil and those encapsulated using psyllium and okra mucilage are presented in Table 2.
Fenugreek oil was rich in polyunsaturated fatty acids (PUFAs), including linoleic acid (C18:2) and linolenic acid (C18:3), representing
36.17 % and 25.17 % of total fatty acids, respectively. Oleic acid (C18:1) was the dominant monounsaturated fatty acid (MUFAs)
making up 16.94 % of total fatty acids. Among the saturated fatty acids (SFAs), palmitic acid (C16:0) was the predominant followed by
stearic acid (C18:0), representing 11.69 and 4.33 % of total fatty acids, respectively. Capric (C10:0), lauric (C12:0), myristic (C14:0),
pentadecylic (C15:0), margaric (C17:0), arachidic (C20:0) and behenic (C22:0) contribute lower amounts (0.22-1.37 %) to the
fenugreek fatty acids profile. Similar results were reported by Sulieman et al. [43] and Al Jasass and Al Jasser [36] for fenugreek seeds
oil cultivated under Sudan and Saudi Arabia conditions. Furthermore, Gu et al. [40] found that fatty acid profiles of fenugreek oil
extracted by subcritical butane and accelerated solvent extraction showed higher linoleic content (42.71-42.80 %) and lower linolenic
and oleic contents (26.03-26.15 % and 14.24-14.40 %, respectively).

From the nutritional point of view, the obtained data showed that fenugreek oil has a unique fatty acids profile, rich in USFAs,
especially PUSFAs. Linoleic and linolenic acids have many biological functions and play an important role in the growth reproduction
of body systems [84,85]. Also, the role of oleic acid in cardiovascular disease prevention and treatment was stated [86]. Furthermore,
it is worth to mention that fatty acids from plants possess antimicrobial activity as reported by Ref. [87]. Linoleic and oleic acids
inhibited the growth of Gram-positive B. subtilis, S. aureus and Micrococcus kristinae and linoleic acid also showed activity against B. cereus
and B. pumilis [88]. Also, Lee et al. [89] reported the MIC of lineolenic acid on B. cereus and S. aureus was 20 and 50 ppm respectively.

However, PUFAs are sensitive to oxygen and temperature, and thus limits their industrial applications [90]. In this concern, the
baking process at 180-240 °C can initiate the thermal decomposition and formation of trans polyunsaturated fatty acid [91]. So, the
encapsulation technique could be used to protect poly-unsaturated rich oil and increase its stability during thermal treatment [92,93].
Except pentadecylic, behenic and Methyl myristic acids, which significantly (p < 0.05) decreased in encapsulated oil, the fatty acid
profiles of encapsulated oil, were closed to the fatty acid profile of crude oil. Furthermore, palmitoleic and arachidic acids significantly
increased in fenugreek oil encapsulated via psyllium and okra mucilage.

3.4. Baking quality of pan bread and biscuits

Baking quality was measured in terms of weight, volume and specific volume for pan bread, and thickness, diameter and spread
ratio for biscuits as presented in Table 3. Utilization of both crude and encapsulated fenugreek oil as fat substitutes had no significant
effect (p < 0.05) on the weight pan bread loaves. While, both oils significantly affected the volume and specific volume parameters of
bread samples. This could be due to the fact that the addition of encapsulated oil to bread formulations dilutes their gluten content and
affects the structure of gluten matrix. These effects lead to reduced gas retention ability of the dough during fermentation and reduced
oven spring during baking process [94-96]. Furthermore, Beikzadeh et al. [97] studied the effect of psyllium husk on the quality
characteristics of sponge cakes and found a decrease in the volume and an increase in cake density. They attributed this result to the
high water absorption of psyllium husk through hydrogen bonding interaction between the hydroxyl groups of water and those of
polysaccharide molecules.

On the other hand, baking quality parameters of the fat reduced biscuit samples (Table 3) showed different trends. The control
biscuit sample had a diameter of 4.75 cm, which significantly reduced to 4.20 cm for biscuit sample containing 2 % crude oil. On
contrary, a significant increase in the thickness of this biscuit sample from 0.71 to 0.81 cm was observed. Replacement of fat with
encapsulated fenugreek oil via whey protein and mucilage as fat mimics showed significant improvements on these parameters. Also,
spread ratio increased with the incorporation of encapsulated oil via okra and psyllium to 7.56 and 7.24 compared to 6.69 and 5.18 for
the control biscuit and those containing 2 % crude fenugreek oil, respectively. Similar results were reported by Sudha et al. [61] for fat
reduced biscuits with maltodextrin and polydextrose. Since fats are utilized in biscuit production as lubricants to coat the starch and
gluten granules for softening the dough and decrease its elastic nature, which is the main responsible for the low thickness and spread
ratio of biscuits [98]. The emulsifying activity of encapsulated oil was able to restore the baking quality parameters of fat-reduced
biscuits.

Table 3

Baking quality of pan bread and biscuit samples.
Parameters Control Crude oil Encapsulated oil LSD

WP:GA:OM WP:GA:PM

Pan bread rowhead
Weight (g) 143.00 + 3.00 135.75 £ 0.25 144.50 £ 0.50 143.25 £+ 0.25 NS
Volume (cm®) 476.00°+£1.00 452.50° + 2.50 324.00°+1.00 347.50% + 2.50 7.476
Specific volume (Cms/g) 3.33°+0.06 3.33°+0.03 2.24°40.02 2.43° +0.23 0.140
Biscuit rowhead
Thickness (cm) 0.71° + 0.01 0.81740.01 0.66°+0.05 0.67¢+£0.01 0.049
Diameter (cm) 4.75%40.05 4.20° + 0.05 4.95%+0.05 4.85%+0.05 0.259
Spread ratio 6.69" + 0.02 5.19°£0.25 7.56°+0.14 7.24°4+0.03 0.417

- WP = whey protein, GA = gum Arabic, OM = okra mucilage, PM = psyllium mucilage, NS = not significant.
- Data in the same raw followed by different superscript letters are significantly different at p < 0.05.
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3.5. Color attributes of pan bread and biscuits

Color parameters (Lightness (L*), redness (a*), yellowness (b*) and total color differences (AE)) of pan bread and biscuit samples
are shown in Table 4. Addition of crude fenugreek oil to bread formula significantly increased a*, b* and AE parameters, while L*
parameter showed insignificant effect compared to the control sample. Yellowness value increased to 31.72 compared to 29.71 for the
control sample. This could be due to the presence of yellow pigment in fenugreek oil. Bread samples incorporated with encapsulated oil
via okra mucilage showed the highest L* value (67.92) and the lowest a* value (11.20) compared to 48.97 and 17.36 for the control
sample, respectively. While, the highest b* (39.25) and a* (20.06) values were recorded for bread sample incorporated with encap-
sulated oil via psyllium mucilage. On the other hand, fat-reduced biscuits showed significant (p< 0.05) lower L* value and higher a*
and b* values, in comparison to the control sample.

It is well known that the favorable golden brown color of the baked product crusts is mainly due to Maillard and caramelization
reactions that take place during baking process [99,100]. The previous results mean that the addition of okra mucilage decreased the
favorable color of pan bread. These trends were further indicated through the AE values. The color parameters of bread sample
containing crude oil (AE = 2.11) were close to those of the control sample, followed by psyllium mucilage bread (AE = 11.92). While,
bread samples incorporated with encapsulated oil via okra mucilage showed the highest AE value (20.60). Similar trends were
observed when the color parameters of biscuit sample were considered.

3.6. Sensory evaluation of pan bread and biscuits

Overall sensory scores (color, texture, taste, flavor, appearance, and overall acceptability) of pan bread samples are illustrated in
Table 5. Pan bread characters, except texture and appearance, were significantly affected by crude and encapsulated fenugreek oil
incorporation. Among the tested samples, pan bread containing crude oil gained the lowest scores for taste and flavor parameters. This
could be due the effect of bitter taste and flavor of fenugreek oil. The obtained results showed that encapsulated fenugreek oil via both
okra and psyllium mucilage could be an alternative for reducing these problems. Taste and flavor parameters significantly improved
for bread samples incorporated with encapsulated oil. This finding was previously stated by Favaro-Trindade et al. [81] and Sihombing
and Ananingsih [101] during encapsulation of casein hydrolysate and Curcuma aeruginosavia to attenuate its bitter taste. Also, Munshi
and kumar [59] stated that the bitter taste of the fenugreek seed oil would be masked through its encapsulation via maltodextrin and
fenugreek mucilage.

Also, Sensory evaluation of fat-reduced biscuit samples containing crude and encapsulated fenugreek oil is presented in Table 5.
Results showed that fat-reduced biscuits containing 2 % crude fenugreek oil gained significant (p< 0.05) lower scores for all organ-
oleptic parameters compared to the other samples. This is mainly due to the lack of fat that holds the incorporated air during the
creaming process and contributes the crisp or crunchy structure and aroma development of the biscuits [102,103]. On the other hand,
there were no significant differences between the organoleptic parameters biscuit samples containing encapsulated fenugreek oil and
those of the control biscuits. Regarding these results, encapsulated fenugreek oil presents good fat mimic in the soft dough formulations
for biscuits production.

3.7. Microbiological analysis of pan bread during storage period

Table 6 shows the result of microbiological analysis of bread samples during storage period (7d). The results indicated that the
control bread samples had the highest significant bacterial and fungal counts during storage period. Crude fenugreek oil showed
antibacterial and antifungal activity and significantly (p < 0.05) inhibits the growth of bacteria and fungi. Bread samples incorporated
crude fenugreek oil had lower microbial count than the control samples by about one log cycle during storage period. The antimi-
crobial activity of fenugreek oil may be attributed to their chemical constituents especially their content of fatty acids [104].

Encapsulated fenugreek oil also showed antibacterial and antifungal activity more than the activity of crude oil as the bread

Table 4

Color attributes of pan bread and biscuit samples.
Parameters Control Crude oil Encapsulated oil LSD

WP:GA:OM WP:GA:PM

Pan bread rowhead
Lightness (L*) 48.97°+0.29 48.52°+0.39 67.92°+£0.29 55.58" + 0.38 1.332
Redness (a*) 17.36°+0.11 18.43% + 0.11 11.20¢ + 0.37 20.06%+0.23 0.898
Yellowness (b*) 20.719 + 0.18 31.72°+0.12 33.75" + 0.39 39.25%+0.16 0.930
Total color differences (AE) 0.004 2.11°40.13 20.60°+0.32 11.92° + 0.30 1.130
Biscuits rowhead
Lightness (L*) 78.267+0.39 68.93" + 1.47 64.49°+0.61 69.09" + 0.83 3.596
Redness (a*) 4.49° +0.25 10.16%+0.61 12.39%+0.84 10.78%+0.40 2.229
Yellowness (b*) 29.25°4+0.24 33.41° £ 0.30 36.27%+0.28 35.69°+0.32 1.115
Total color differences (AE) 0.00°¢ 11.51° + 1.38 17.16°+0.97 12.61° + 0.95 3.78

- WP = whey protein, GA = gum Arabic, OM = okra mucilage, PM = psyllium mucilage.
- Data in the same raw followed by different superscript letters are significantly different at p < 0.05.
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Table 5

Organoleptic properties of pan bread and biscuit samples.
Parameters Control Crude oil Encapsulated oil LSD

WP:GA:OM WP:GA:PM

Pan bread rowhead
Color (20) 18.25% + 0.63 18.50°+0.65 18.00%" + 0.41 16.50° + 0.65 1.820
Texture (20) 17.75 + 1.03 18.25 + 0.85 17.00 + 0.82 16.75 + 0.85 NS
Taste (20) 19.007+0.41 15.75°40.48 17.75" + 0.25 18.00° £ 0.11 1.043
Flavor (20) 18.75%+0.49 15.25°4+0.49 17.25" + 0.48 18.00% + 0.41 1.424
Appearance (20) 18.50 + 0.65 18.25 + 0.85 17.25 + 1.03 17.25 + 0.63 NS
OAC (100) 92.25%+1.93 87.00% + 1.58 85.75" + 1.93 88.00%" + 2.48 6.187
Biscuits rowhead
Color (9) 9.00°+0.40 6.50°+0.50 7.50°°£0.50 8.00%" + 0.41 1.406
Texture (9) 8.25%4+0.25 6.50° + 0.29 7.50%° + 0.65 7.50%° + 0.50 1.338
Taste (9) 8.50%+0.29 6.25° + 0.25 7.75%+0.63 8.50%+0.29 1.218
Flavor (9) 8.25%40.48 6.50° + 0.500 7.75%° + 0.63 8.25°+0.500 1352
Appearance (9) 8.25%+0.25 6.00° £ 0.421 7.25%+0.48 7.50%+0.28 1.134
0AC (9) 8.50%+0.29 6.25° + 0 7.00° + 0.58 8.25%+0.22 1.133

- WP = whey protein, GA = gum Arabic, OM = okra mucilage, PM = psyllium mucilage, OAC = overall acceptability, NS = not significant.
- Data in the same raw followed by different superscript letters are significantly different at p < 0.05.

Table 6

Microbiological analysis of pan bread during storage (log CFU/g).
Storage time (d) Control Crude oil Encapsulated oil LSD

WP:GA:OM WP:GA:PM

Total bacterial count rowhead
0 3.13 £ 0.03 3.32 £ 0.06 2.93 £0.23 2.95+0.17 NS
3 5.17°+0.01 4.38° + 0.04 4.11°+0.07 3.88% + 0.03 0.162
7 6.39°+0.01 5.54° + 0.02 4.89°40.01 4.84°+0.02 0.062
Total fungal count rowhead
0 ND ND ND ND -
3 5.11%40.02 4.26" + 0.01 4.15°4+0.02 4.11°40.15 0.066
7 6.48°+0.15 5.59° + 0.09 5.44°+£0.05 5.379 + 0.51 0.044

- WP = whey protein, GA = gum Arabic, OM = okra mucilage, P M = psyllium mucilage, NS = not significant, ND = not detected.
- Data in the same raw followed by different superscript letters are significantly different at p < 0.05.

samples incorporated with encapsulated fenugreek oil had the lowest bacterial and fungal counts with more than one log cycle less
than the control samples. It was noteworthy that psyllium microcapsule showed higher antimicrobial activity compared to okra
microcapsule. The higher antimicrobial activity of encapsulated oil may be related to the small particle size, high stability and sus-
tained release [26].

Regarding the spore forming count, the encapsulated fenugreek oil either via okra or psyllium mucilage showed strong activity
against spore forming bacteria as it prevent the growth of spore forming bacteria along the storage period (Fig. 2). Mansuri et al. [56]
stated the antibacterial activity of fenugreek oil nanoemulsion against Bacillus subtilis, Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa. The members of Bacillus genus (B. subtilis, B. cereus, and B. licheniformis) are the causative organisms for the
ropeness phenomenon, which is a bacterial decomposition of the bread making it unsafe and improper for consumption [105]. Also,
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Fig. 2. Spore forming bacterial analysis of pan bread during storage.
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Nampuak and Tongkhao [106] showed that okra mucilage exerted strong inhibitory effects against Bacillus cereus, Staphylococcus
aureus and Listeria monocytogenes. The antibacterial activity of okra mucilage was attributed to its ability to destroy the cell membranes
and cell walls, denature cytoplasmic proteins and cell lysis. However, literatures related to the activity of psyllium mucilage against
spore forming bacteria are very scarce.

4. Conclusion

Fenugreek seed oil is functional edible oil rich in polyunsaturated fatty acids and associated with several health benefits, however
its bitter taste and low stability are the main drawbacks of it industrial application. Masking the bitter taste through encapsulation via
okra or psyllium mucilage as copolymers is an effective way to include these health promoters not only in human nutrition, but also in
pharmaceutics. Combination of whey proteins, gum Arabic and okra or psyllium mucilage matrices offer the possibility for high
encapsulation efficiency (90.90 and 82.76 %, respectively). Morphological analysis showed integrated microspheres free of holes,
cracks, dents, fissures, or collapsing, which indicate better protection for the unsaturated fatty acids in the encapsulated oils. Fenu-
greek oil encapsulated with mucilage as a copolymer presented novel functional fat replacers. It represents good fat mimics suitable for
production of low fat biscuit with acceptable quality. Also, it can be used as natural preservative to improve their nutritional value and
increase the shelf-life of bread. Although okra mucilage showed superior properties as co-wall material, bread and biscuit containing
psyllium mucilage had more acceptable organoleptic properties and lower microbial count.
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