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A headspace solid—phase microextraction (HS-SPME) combined with gas chromatography-
mass spectrometry (GC/MS) was developed to quantify lemon oil components and their
degradation products in oil-in-water (O/W) emulsions prepared with sodium caseinate-heated-
lactose (NaC-T+Lact) glycoconjugates as wall material at two pH values (3.0 and 6.8). NaC-
T+Lact conjugates had a significantly lower solubility at both pHs. Hydrolysis prior to
glycation enhanced the solubility of the glycoconjugates. Glycation with lactose did not
improve the emulsion activity of NaC, while caseinate glycoconjugates showed much
stronger antioxidant activity than NaC-control sample. This might be due to presence of
melanoidins formed between the sugar and amino acid compounds as supported by the
increase in browning intensity. Among the SPME-fibers tested,
carboxen/polydimethylsiloxane (CAR/PDMS) provided better results in term of sensitivity
and selectivity for oil lemon components and their degradation products. Storage studies of
these emulsions demonstrated that glycated NaC-T+Lact showed protection against
peroxidation compared to control. However, acidic pH conditions altered their stability over
storage time. The major off-flavor components (a-terpineol and carvone) were inhibited in
emulsions stabilized with glycated NaC, particularly at pH 6.8. The use of NaC-T+Lact
conjugate showed improved encapsulation efficiency and stability and could be used as
potential food ingredient-emulsifiers for stabilising citrus oils against oxidative degradation in

foods and beverages application.
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Introduction

Consumers demand for citrus juice of fresh quality is increasing. However these drinks or
concentrates deteriorate rapidly due to the formation of off-flavors and loss of typical flavor
intensity during storage. Essential oil such as lemon oils are rapidly degraded since they are
prone to chemical degradation when exposed to harsh environment." The high level of
unsaturated and oxygen functionalized terpenes render lemon oil very susceptible to
oxidation. Citrus oil is a mixture of volatile compounds and consists mainly of monoterpenes
hydrocarbons, which possess high levels of unsaturation and are generally unstable due to
many factors, such as light, oxygen and heat.’

Citral is one of the key flavor components in lemon citrus fruits. Unfortunately, citral
and other citrus flavor components such as limonene are highly susceptible to acid-catalyzed
and oxidative, leading to a loss of fresh citrus flavors. The schematic diagram of the citral
degradation pathway is shown in Fig. 1A% At low pH, the first reaction is responsible for the
generation of off-flavors such as terpineol and also the loss of desirable lemon impact such as
citral. Due to its unsaturated character, d-limonene can yield by-products such as carvone,
carveol, 2,8-menthadiol and limonene oxide via radical formation by oxidative pathways. The

schematic diagram of the d-limonene degradation pathway is shown in Fig. 1B.*”

Strategies are needed to protect citrus oils from degradation. Several studies have
demonstrated that emulsions prepared with multiple layers of emulsifiers have improved
stability to environmental stresses. Lemon oil can therefore be stabilized efficiently by
encapsulation if appropriate coating materials are well selected. Early products prepared with
single polysaccharides commonly used by the food industry still showed flavor defects, as for
example the gum arabic capsules which are somewhat permeable. A slight amount of the

lemon oil could migrate to the surface of the capsule and become oxidized with subsequent
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formation of carvone, 1,2-limonene epoxide, p-methylacetophenone, 1,2-dihydroxylimonene

6,7
and p-cymene.”

Sodium caseinate (NaC) is widely used in the food industry as functional ingredient
because of its nutritional value and unique functional properties, namely fat-binding, water-
binding, gelation and emulsifying properties.*” To expand its industrial food application,
physical, chemical and/or enzymatic modification of the protein has been recommended to
modify its configuration, flexibility, hydrophilicity and charge. Among the chemical
modification, incubation of various mono, di and polyssacharides (glucose, ribose, lactose,
pectines and dextran) with proteins to form glycoconjugates via the “Maillard reaction” is an
interesting approach to enhance the emulsifying properties of NaC.'' The improved
functional properties of these conjugates are related to the hydrophobic protein being strongly
adsorbed to the interface of oil droplets, whereas the bound hydrophilic sugars are strongly
solvated by the aqueous phase.15 The use of Maillard reaction products for encapsulation of
oil has been found effective for protecting microencapsulated fish oil and other vegetable
0ils'®'® from oxidation, as well as controlling the digestibility of lipids within the human

gastrointestinal tract."

Different analytical techniques have been used to isolate and study lemon oil
components and their degradation/oxidation products in foods and beverages, particularly in
oil-in-water emulsions.*** To study the stability and determine the time dependent
degradation of such compounds, the extraction and analytical techniques should not adulterate
samples. The solid-phase microextraction (SPME) technique fits food industry flavor analysis
criteria, as it is solvent-free, low cost, easy to use and relatively fast, yet sensitive enough for
quality control purposes and does not adulterate samples at suitable extraction temperatures.

Methods have been developed in our laboratory to optimize the analysis of volatile
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compounds by headspace solid-phase microextraction (HS-SPME) combined with gas

2425 that will be adapted to study lemon oil

chromatography-mass spectrometry (GC/MS)
components degradation/oxidation in oil-in-water (O/W) emulsions encapsulated with NaC-
Lact glycoconjugates. The objectives of the present study were to develop a HS—SPME-
GC/MS method for the analysis of lemon oil components and monitor their time dependent

degradation in O/W emulsions prepared with NaC and NaC-Lact glycoconjugates as wall

materials at two pH values (3.0 and 6.8).

Materials and methods

Chemicals and reagents

All standards (d-limonene, B-pinene, cis-citral (neral), trans-citral (geranial), terpineol and
carvone) and reagents used in this study were purchased from Sigma-Aldrich (Oakville, ON,
Canada). Solvents were purchased from Burdick & Jackson and supplied by VWR
International (Toronto, ON, Canada). SPME fibres (carboxen/polydimethylsiloxane
[CAR/PDMS, 85 um], polyacrylate [PA; 85 um] and carbowax/divinylbenzene [CW/DVB;
65 um]) were purchased from Supelco (Oakville, ON, Canada). The commercial ready to use
flavoring/clouding agent for lemon drink consisted of a mixture of Neobee-M5 as clouding
agent, Sucrose acetate isobyturate (SAIB) as weighting agent and a cold pressed 5-Fold
Lemon oil from California as flavoring agents (composition 52.8% of limonene and 15.0% of
citral) was generously donated by Flavorcan International Inc. NaC was purchased from
Fonterra Ltd (Auckland, New Zealand, protein 90.4%, ash 3.8%, fat 1.1%, lactose 0.1%). The
NaC was stored at 4 °C and used without further purification. Cumene hydroperoxide (CH,
80% pure), hydrochloric acid, sodium hydroxide and enzyme were obtained from Sigma-

Aldrich. Double distilled water was used to prepare all the solutions.

Preparation of standards
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For qualitative analysis, standard solutions were prepared by dissolving 1 pL or 1 mg of each
individual standard in 10 mL of methanol. Individually and as a mixture, 10 pL of standard
solution was diluted in 1 mL of NaCl solution (6 M), disposed into 15 mL glass vials
(Supelco, Oakville, ON, Canada), closed using a Teflon/Silicone (TEF/SIL) septum and
analyzed by SPME-HS-GC/MS. A gas tight syringe was used for sample preparation to
minimise loss.

For quantitative analysis of each compound, calibration curves were built for the
CAR/PDMS fibre procedure by analysing, in duplicate, 10-uL of formulation samples
(containing all the ingredients present in the emulsion, except lemon oil) spiked with a
mixture of targeted oil components (d-limonene, B-pinene, cis-citral and trans-citral) and

degradation product (terpineol and carvone) at concentrations ranging from 0.5 to 100 pg mL"

1

Preparation of samples

Maillard conjugates. NaC (120 g) and lactose (44.85 g) were dissolved in distilled
water to give an 8% (w/v) protein solution. The molar ratio of epsilon amino acid to sugar
carbonyl was 1:1.5. Two different conjugates were prepared as follows: For the first conjugate
(NaC-T+Lact = sodium caseinate-heated-lactose), the protein solution was adjusted to pH 7.5
(pH-meter 240 Corning) with diluted HCI or NaOH, stirred, heated at 80 °C for 20 min in a
water-bath, then cooled down at 21 °C prior to the addition of lactose sugar. For the second
conjugate (NaC-T/E+Lact = sodium caseinate-heated/hydrolyzed-lactose), the sodium
caseinate was first heated at 80 °C for 20 min then cooled down at 37.5 °C, the protein
solution was adjusted to pH 7.5 prior to the addition of trypsin enzyme at 0.25% w/w of
protein (Type IX-S, Sigma T0303), for a hydrolysis period of 0 to120 min. The hydrolysis
was monitored using a pH-stat apparatus (TIM 865, Radiometer Analytical SAS,

Villeurbanne, France) under controlled conditions for pH, temperature, and stirring speed.
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Aliquots were collected at 0, 30, 60, 90 and 120 min to determine the degree of hydrolysis.
After 120 min, the hydrolysis reaction was terminated by heating the sample at boiling
temperature for 10 min. The degree of hydrolysis was determined using the o-
phthaldialdehyde (OPA) reagent according to Church er al*® After the completion of the
hydrolysis, the solution was adjusted to 21 °C followed by the addition of lactose sugar. The
treated samples were then submitted to freeze-drying. The freeze-dried samples (approx. 15 g
each) were placed in aluminium dishes, and incubated at 50 °C in sealed desiccators
maintained at 65% relative humidity with saturated aqueous potassium iodide (KI) solution.”’
The samples were incubated for 24 hours (Reach-in incubator Forma Scientific Model 3940)
in separated desiccators and then stored at —20 °C until further analysis. A third control
sample of the NaC without any sugar added (NaC-T-control) was treated similarly.
Physicochemical and functional analysis. Protein solubility at both pH levels was
determined by the method of Betschart ** with some modifications. 100 mg of protein sample
was dispersed in 10 mL of water; the pH was adjusted to the desired level using 1 N HCl or 1
N NaOH. The dispersion was stirred continuously for 30 min and centrifuged at 3000 rpm for
30 min. The supernatant was recovered, and the amount of protein in the supernatant was
determined by the method of Bradford.”” Solubility was calculated as the percent ratio of
protein in the supernatant to that of the total protein in the initial sample. Emulsifying activity
index [EAI] was analyzed using the method of Pearce and Kinsella.*® Color measurements
(L*, a*, b*) of glycoconjugate powders were measured using the Hunterlab (Labscan
tristimulus spectrophotometer VI-A30, Hunter Associates Lab., Inc., Reston, VA, USA)
following the method of Chantrapornchai er al’'. AE (colour difference) values were
calculated using the following formula: AE = [(AL)* + (Aa)® + (Ab)*]"%, where AL, Aa and Ab
are the differences in the specified tristimulus coordinate between the sample and sodium

caseinate used as control. Free radical-scavenging activity (DPPH) of glycoconjuagtes was
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estimated according to a modified procedure reported of Cimmerer and Kroh.* Samples
(0.8% w/w) were dissolved in distilled water and shaken vigorously for 30 min and
centrifuged at 3,750 rpm for 10 min. An aliquot of 200 pL of the supernatant was added to a 1
mL solution of DPPH (prepared daily) to give a final absorption of = 1.8 AU, 74 mg/L in
ethanol, put in dark x 1 h, mixing, and then measured at 520 nm using blank ethanol. The
DPPH concentration in the reaction medium was calculated from the following calibration
curve, determined by linear regression; [DPPH], = 0.0296 (Abs-520 nm) - 0.0086 (r’=
0.9999), where [DPPH]; was expressed as mg/L. The antiradical activity of sample was
expressed as percentage disappearance of DPPH; the greater the percentage disappearance of
the initial purple colour, the greater is the antiradical activity. The percentage of remaining
DPPH (%DPPHrem) was calculated as follows; %DPPH,., = ([DPPH]/[DPPH],) x 100,
where [DPPH], is the concentration at time zero.™

Preparation of oil-in-water emulsions. Oil-in-water emulsions were prepared by
mixing 10% oil (98.0% Neobee M5 with sucrose acetate isobyturate (SAIB), 2.0% Lemon oil
(composition 52.8% of limonene and 15.0% of citral)) into an aqueous phase consisting of
distilled water adjusted to pH 3.0 and 6.8 with NaC-T, NaC-T+Lact and NaC-T/E+Lact
(prehydrated overnight at 4 °C), at a final emulsifier-to-oil ratio of 1:10 (1.0 wt% protein for
10 wt% oil). Prior to the homogenisation step, cumene hydroperoxide (100 mmol kg'1 oil),
used as a prooxidant, was dissolved in the oil phase and stirred for 15 min. A coarse emulsion
premix was prepared by homogenizing oil and aqueous phase using a PT 2100 Polytron
homogenizer (Kinematica AG, Littau-Luzern, Switzerland) at setting 8000 r.p.m for 1 min at
room temperature. The coarse emulsion was then passed through a valve homogenizer
(Emulsiflex-C5, Avestin, Ottawa, ON, Canada) at 3000 psi for 3 passes and 1000 psi for 1
pass. All emulsions (10 mL, in triplicates) were stored in the dark in 15 mL amber vials at 55

°C for various period of time (0 to 35 days).
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HS-SPME-GC/MS analyses. A 10-uL of emulsion was sampled and added to a
I mL of NaCl solution (6 M) into a 10-mL screw-top headspace amber vial; the vial was
sealed with a magnetic screw cap containing a polytetrafluoroethylene (PTFE)/silicone
septum (Varian, Mississauga, ON, Canada).

The HS-SPME sampling was carried out using an automated multipurpose sampler
(MPS2; Gerstel, Baltimore, MD, USA). The fibre coating was exposed to the emulsion
headspace for 45 min at 45 °C. Targeted compounds were desorbed during 3 min by directly
inserting the fibre into the injection port of the gas chromatography (GC) unit, which ran in
splitless mode for 3 min at 300 °C. The same fibre was used for all the analyses (around
100 injections).

The analyses were performed using a Varian model 3800 GC system fitted with a
1078/1079 split/splitless injector (Glass insert SPME, 0.8 ID; Varian, Mississauga, ON,
Canada) suitable for HS—SPME analysis, along with a Saturn 2000 mass spectrometry (MS)
system. Helium was used as the carrier gas with a constant flow rate of 1 mL min . The
components were separated on a VF-5ms (5% phenyl/95% dimethylpolysiloxane) capillary
column measuring 30 m x 0.25 mm with a film thickness of 0.25 pm. The oven temperature
program began with 3 min at 35 °C, followed by a 6 °C min " increase to 80 °C, a 20 °C min '
increase to 280 °C, and 2 min at 280 °C. Detection was carried out by MS on the total ion
current obtained by electron impact at 70 eV. The mass range acquisition was m/z 30-200.
The standards were injected and identified by means of their retention times (RTs) as well as
with searches of the 2005 version of the NIST Mass Spectral Library.

Optimization of SPME procedure and fiber selection. To determine the main
parameters influencing the sensitivity of the HP-SPME method, the effects of fiber type
(PDMS-DVB, 85 um; PA, 85 pm; CW-DVB, 65 um0), incubation time (30-60 min),

incubation temperature (30-65 °C), NaCl concentration (0-6 M) and sample volume (10-50
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pl) were studied. The assessment was based on MS responses of selected compounds. An
experimental design with two levels (2* tests, k: number of factors) was set up in duplicate for
each fibre; for each chosen parameter, two values (low, high) were fixed as an experimental
field. The most significant parameters were then selected to generate a central composite
design in order to build a predictive model (response surface model: RSM) of the MS
responses. Then, the factors studied were chosen for each fibre so as to obtain the maximum
sensitivity for all compounds.

Statistical analysis. Data were statistically analyzed by one-way analysis of variance
(ANOVA) using the PRISM software, version 3.02 (Graph Pad Software, Inc. San Diego,
CA, USA). Significant differences between means were determined by Tukey's Multiple

Comparison Test procedure at the 5% significance level.

Results and discussion

Selection of SPME fibre

The concentration of analytes in the headspace depends in general on several factors: 1) the
concentration in the original sample; 2) the volatility of the compound; 3) the solubility of
that compound in the sample matrix; 4) the temperature of incubation; and 5) a combination
of the sample volume and the time of incubation.’*

Based on their capacities to show broad retention over a wide range of polarity, three
types of fibers had been selected: CAR/PDMS (85 um), PA (85 pm) and CW/DVB (65 um).
Fig. 2 shows comparative response of the three SPME fibers for the selected volatile
compounds under same running conditions. Of the three fibers, our results showed that the
total ion current of all targeted compounds were 205, 90 and 188 for CAR/PDMS, PA and
CW/DVB fibres, respectively. In terms of sensitivity and selectivity, CAR/PDMS provided

better results than the others for oil lemon components and their degradation products, and

10
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was thus selected for subsequent work. The stronger response of the CAR/PDMS matrix,
which is rich in micropores is efficient at adsorbing gases, trace-level volatiles and low
molecular weight compounds.®® The efficiency of the CAR/PDMS fiber was concurred with
other studies on foodstuffs.’® In fact, this fibre showed the greatest capacity to extract

chemical compounds with a broad spectrum of polarities and molar masses.”’

Optimization of HS—SPME—-GC/MS parameters

The temperature and the time of extraction and desorption were reported previously to be the
most significant factors in the HS—SPME-GC/MS analysis of flavor compounds.®™ Factors
modifying the matrix can also influence the sensitivity of the fibre extraction. The addition of
a salt such as NaCl improves the effectiveness of the extraction by decreasing the solubility of
the analytes (phenomenon of salting out) in an aqueous sample.”® The pH can also modify the
matrix; for example, the use of a 0.1 M phosphate buffer, with a pH lower than the pK, of the
acids involved, decreases the solubility of the acids and renders them more volatile.” Finally,
sample agitation reduces the extraction time and generally improves extraction efficiency.”’
Those parameters had all been considered in a previous study *° and were taken into account
in the present one as well. The following extraction time (30 min, 45 min and 60 min) and
temperature (30 °C, 45 °C and 60 °C) values have all been tested in all combinations using
CAR/PDMS fibre. An extraction time of 45 min at 45 °C showed the best sensitivity, in terms
of peak intensity, specifically for lemon oil components.

Matrix preparation and sample volume can also strongly influence the adsorption of
analytes onto the SPME fibre. At higher values for each of these parameters, reverse diffusion
of analytes could occur from the fibre to the sample, resulting in a reduction of the fibre’s
capacity to adsorb the analytes.40 A series of tests were carried out on selected fibre in spiked
formulation with and without the addition of 1 mL of Milli-Q water or NaCl solution (6 M).

These treatments evaluated the influence of the addition of water or salt on the migration of

11
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the analytes from the matrix to the headspace. The addition of NaCl solution (6 M) and
sample agitation were found to be more efficient during extraction, specifically for polar
compounds such as carvone and terpeniol. A 10-puL. volume of emulsion was sufficient to
allow detection of targeted compounds; only a factor of 1.7 fold was observed when using 50
pL of emulsion, this could be due to the fibre saturation. Desorption time was set at 3 min as

lower time was not sufficient to completely desorb some analytes.

Method validation

Calibration curves were prepared by plotting the average peak areas of the standard solutions
against the corresponding concentrations. Then the curve characterized by slope (b), intercept
(a), and correlation coefficient (R?) was used to determine the concentration of the targeted
compound in the analyzed samples. The relationship of peak area and concentrations were

linear for all compounds and the range of linearity for each compound is indicated in Table 1.

Detection limits (DL) and quantification limits (QL). The detection limit (DL) was
assumed to be less or equal three times Signal/Noise (DL<3 S/N; Table 1). The quantification

limit (QL) was assumed to be less or equal ten times Signal/Noise (QL<10 S/N).

Repeatability. The precision was also assessed from calibration curve of each studied
compound for CAR/PDMS fibre by determining the intra-assay coefficients of variation,
which measure the variability of the results for the same sample evaluated repeatedly in the
same assay (run). It is generally agreed that intra-assay variability of less than 10% to 15% is
acceptable.*’ In the present study, the repeatability (precision) of extraction by the
CAR/PDMS fibre was measured with six independent emulsion samples containing lemon oil
and spiked with 1 pg for each degradation product. The relative standard deviations (%RSD)

ranged from 6.3 to 14.8 %, with a mean of 9.1 % across targeted compounds (Table 1). These

12
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values were satisfactory and in agreement with other studies on various matrices and different

volatiles.**

Physicochemical and functional properties.

Solubility. It is well established that the solubility of NaC in solution is influenced by
pH; at neutral pH sodium caseinate showed higher % solubility compared to pH 3 which is
near the isoelectric pH of the caseins (pl ~ 4.6). The solubilities of the NaC-T-controls and
NaC-T-Lact conjugates, as a function of pH (3 and 6.8), are shown in Table 2. The NaC-T-
Lact conjugates had a significantly lower solubility of 38.9% and 59.9% at pH 3 and 6.8,
respectively; representing a loss of 36.5% of their original values. This significant decrease in
solubility of conjugated NaC, can be attributed to the polymerization and further cross-linking
of protein molecules. These results were in good agreement with published literature on
protein-saccharide conjugation reactions.**** Enzymatic hydrolysis treatment of caseinate
proteins prior to lactose glycation resulted in lower molecular weight polypeptides with
enhanced solubility. Nac-T/E-Lact glycoconjugates lost only 4.7% and 6.6% in solubility
compared to their unglycated counterparts at pH 3 and 6.8, respectively. The results indicated
that the solubility of the NaC-T-Lact conjugates was pH-dependent, and therefore might have

an effect on their emulsifying properties.

Emulsifying properties. The effectiveness of food proteins as emulsifiers is
commonly measured and expressed as emulsifying activity index (EAI), which is calculated
from the turbidity of an emulsion at a single waveleng‘ch.45 The emulsifying properties of
control and glycated sodium caseinate at pH 6.8 are presented in Table 2. EAI of NaC-T-
control decreased following glycation and slightly re-increased for the combined heating/
146

hydrolysis glycated sample. However, these differences were not significant. Groubet et a

showed that glycation of caseinate under wet conditions does not improve emulsifying

13
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properties in terms of spectroturbidimetric evaluation of the emulsifying activity index. In

47 .
L observed an increased

dry-heated caseinate—carbohydrate blends, Shepherd et a
emulsifying activity of caseinate—maltodextrin blends by turbidimetric analysis at pH 4.8, but

not at pH 6. The authors conclude that the non- improvement in emulsification properties

could be due to steric stabilisation or polysaccharide entanglement (polymerisation).

DPPH-radical scavenging activity. Scavenging of DPPH-radicals is the basis of a
common antioxidant assay. Antioxidants can protect against the damage caused by free
radicals that have been implicated in the etiology of large number of major diseases.*® As
shown in Table 2, the antiradical activity of our samples was expressed as percent remaining
of DPPH; the greater the percentage of remaining DPPH, the lowest antiradical activity.
Therefore, our results indicated that glycation significantly reduced remaining %DPPH from
99.2% to 96.5%, meaning that more DPPH radical was scavenged by glycated sodium
caseinate with lactose showing much stronger antioxidant activity than NaC-control sample. It
has been suggested that the browning compounds formed during the Maillard reaction, which
are primarily composed of melanoidins, are major contributor to the radical-scavenging
capacity.*” Thus the radical scavenging activity is correlated to the browning intensity to some
extent. It can be found that our results were in line with the browning intensity results. These
results were also in agreement with those who reported that the DPPH scavenging activity
correlated with the browning intensity.’®' Recently, Joubran et al.** reported also a marked
increases in antioxidant capacity of Maillard conjugates as a function of reaction time,

protein:monosaccharide mole ratio and moiety type, compared to unglycated protein.

Color development. Color measurements (AE) are presented in Table 3. In general,
the lower the AE, the whiter the color of the sample. Our results indicated that browning was

observed following conjugation indicating the formation of Maillard reaction products.

14
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Hydrolysis prior to glycation resulted in more available free amino groups for lactose
glycation. This resulted in enhancing significantly the color development (higher AE) of Nac-
T/E-Lactose compare to control sample. Color formation is likely due to presence of

melanoidins formed between the sugar and amino acid compounds.

Degradation of lemon oil components in encapsulated emulsions

HS—-SPME-GC/MS method was applied to follow the compositional changes of lemon oil
components in emulsions encapsulated with NaC-Lact conjugates during storage in order to
better quantify the impact of glycation on the key flavor volatiles and their degradation.
Combination of both the heat treatment and hydrolysis of the protein via enzyme addition
promote the lysine, arginine and histidine exposure on the protein structure and consequently
might increase Maillard reaction to develop conjugates with better interfacial properties, thus
resulting in the formation of stronger protein conjugate membranes around fat droplets that
better prevent oil oxidation. In the present study, the results indicated a gradual increase in the
degree of hydrolysis from 5.71% to 8.35%, 9.14% and 9.29% after 30 min, 60 min, 90 min
and 120 min, respectively. Higher the degree of hydrolysis, more g-amino groups of lysine are

accessible for lactose glycation.

It should also be noted, that the degradation of the flavor components in lemon oil
quantified by HS—SPME-GC/MS over storage period would be attributed to the deterioration
of the emulsion as a whole, independently on the origin (either from the emulsion droplet or

from the water phase).

D-Limonene. Limonene is the main component of essential oil present in citrus fruits.
The incorporation of lemon oil in beverage needs to be carefully controlled since the terpene

derivative such as d-limonene can be degraded by acid catalyzed and autooxidation
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reactions.” The oxidation products of d-limonene include the formation of limonene oxide
and carvone.> Limonene oxide was not quantified in this study because of its high instability

in the emulsion.

As shown in Fig. 3, for both the control samples (NaC-T) at pH 3.0 and 6.8, the d-
limonene content decreased by 32 and 50% over the 35 days storage period. pH could
therefore be considered as a critical variable in emulsion stabilization. In addition, at pH 3.0,
the results also indicated that for emulsions stabilized with glycoconjugates NaC-T+Lact and
NaC-T/E+Lact, d-limonene degradation was slightly inhibited resulting in 29% and 26% lost
respectively, over the storage period. These data may indicate that NaC-Lact glycoconjugates
were more effective at retarding d-limonene degradation due to the ability of protein-sugar
emulsifier system to form a bulkier polymeric layer than the non conjugated protein on the
droplet surface, a kind of antioxidant barrier, thus decreasing prooxidant-lipid interactions. At
low pH, emulsion droplets were expected to carry a positive surface charge and thereby repel
the transition metal ions present in the aqueous phase and this is most likely a major factor
contributing to the increased oxidative stability at low pH.

At pH 6.8, limonene degradation was significantly higher (more than 76% loss) in
emulsion stabilized with NaC-Lact sample. While, emulsion prepared with NaC proteins
subjected to enzymatic hydrolysis prior to lactose glycation offered more efficient protection
against d-limonene degradation over the control and non-hydrolyzed glycated samples. In
fact, Jahaniaval er al.” reported that near the pI (pH 3.75 to 4) where the caseins have
minimum solubility, the soluble protein fraction exhibited greater hydrophobicity and
enhanced emulsifying activity and capacity when compared to higher pHs. Similarly,
Ventureira e al.>® reported that the combined effect of the pH of the aqueous phase and
enzymatic hydrolysis are determinant factors on the emulsion stability. At acidic pH (pH 2.0)

the unfolding and charge of polypeptides and the capacity to form a viscoelastic film at the
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interface were essential while at alkaline pH (pH 8.0) the balance among high and low

molecular mass protein species and flexibility are essential for emulsions properties.

Cis and trans-citral. Both isomers are the major contributors to the flavor and aroma
of lemon oil and represent approx. 15% of the lemon oil constituents.”’ In Fig. 4, the
degradation trends of both isomers demonstrated a severe decline at pH 3.0 during the first 2
weeks confirming that the acid-catalyzed cyclization exerts a major impact on the
deterioration of these two isomers. The use of glycated proteins to ensure protection of these 2
isomers had no influence in reducing this rapid decrease of citral under acidic conditions in
the emulsion. Similarly, at pH 6.8, the decline for both isomers (cis and trans-citral) was
about 60% for both the control and glycated caseinate samples after 35 days accelerated
storage conditions. The inhibition of citral degradation was mainly related to the pH of the
emulsion solution rather than the effect of glycation. Indeed, as shown by our results (Table
2) NaC-control at pH 6.8 showed higher percent solubility than control sample at pH 3.0. Lee
et al.¥ previously reported a high solubility of sodium caseinated at pH range 6.5-8.0, and
minimum solubility around pH 3.5 to 4, which is near the isoelectric points of the casein
molecules. Between pH 6.5 and 8, sodium caseinate exists as a polydispersed mixture of four
major casein molecules, asl-CN, as2-CN (22,000-25,000 kDa), B-CN (24,000 kDa) and -
CN (19,000 kDa). Heating of NaC combined to enzymatic hydrolysis did not improve the
encapsulation efficiency of cis and trans-citral compared to their respective unglycated control

samples.

3-Pinéne. B3-Pinéne, a compound found at approx. 1.5% in fresh lemon oil decreased
very rapidly at pH 3.0, and lost 85% of its original content during storage. NaC-T-control
sample at pH 6.8 showed higher emulsion stability than pH 3.0 due to its high protein

solubility (Fig. 5). The use of both conjugated materials to reduce pinene degradation did not
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modify the degradation trend since the emulsion made with the Maillard derivatives still
yielded a very pronounced decline in the order of 90% and 70% at pH 3 and 6.8, respectively.
Although combined heating and enzyme treatments did improve the stability of the emulsion
compared to glycation alone, however, values obtained were below their respective control
samples. The degradation of B-pinene present in the lemon oil over storage period could favor
the formation of peroxides. It is known that highly bonded compound such as terpinene and
pinene can be oxidized to peroxides and lead to the formation of compounds that produce

undesirable off-flavors.>®

Carvone. Carvone is often referred as the degradation product of terpenic compounds
such as d-limonene under aerobic condition.”” Therefore, the impact of emulsifier type on

limonene oxidation was also followed by monitoring the formation of carvone and terpineol.

As seen in Fig. 6, the carvone increase is more pronounced with the two NaC-T-
controls (unglycated material) used as protective membrane around the dispersed oil phase of
lemon oil at both pH values. On the other hand, sodium caseinate-lactose conjugates reduced
the release of carvone probably by slowing down the oxidative degradation of terpenic
compounds. Glycation has been reported to enhanced emulsifying activity because covalent
linking of polysaccharides rendered proteins more amphiphilic, therefore, more surface active
and adsorbable at the O/W interface.’’ Thus, these data suggest that NaC-Lact
glycoconjugates were able to inhibit the oxidative deterioration of limonene in oil-in-water
emulsions and formation of terpenic compounds. Samples that have been subjected to
enzymatic hydrolysis followed by glycation showed higher inhibit of the oxidative
deterioration of carvone than their unhydrolyzed counterparts. In addition, at neutral pH (pH
6.8), the results indicated higher stability of the emulsion to peroxidation compared to pH 3.0.

Schieberle and Grosch ® reported that carvone contributes significantly to the off-flavor of
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the peroxidized lemon oil, therefore, the use of glycated sodium caseinate could be a useful

approach for preventing the deterioration of lemon oil and extending its storage.

o-Terpineol. a-Terpineol (0.4% in fresh lemon oil) has been recognized as a major
objectionable flavor in orange juice and other citrus juices as it imparts a stale, musty and
piney odor.®! Its formation is related to the degradation of limonene and linalool.* As shown
in Fig. 6, the formation of a-terpineol increased during storage period, particularly at pH 3.0.
However, a-terpineol concentration did not change during the storage for pH 6.8 emulsions.
This difference related to the pH is relevant to citrus juice, since the pH of lemon juice is
generally around 2.8. Under acidic conditions, and depending on the oxygen content,
limonene is easily converted during storage, in part, to o-terpineol and carvone,
respectively.62'64 Interestingly, the results clearly indicated that glycation of NaC with lactose
exert a major inhibition on the generation of terpineol compared to the control unglycated
material at low pH. These results confirm that limonene degradation and carvone and
terpineol formation were less in glycated sodium caseinate-stabilized emulsions than in NaC-
control-stabilized emulsions. The increase stability of limonene in glycated stabilized
emulsions could be attributed to possible conformational and hydrophobicity changes, where
the hydrophobic protein being firmly absorbed to the surface of the oil droplet, while the
bound hydrophilic polysaccharide is highly solvated by the aqueous phase °, resulting in
higher encapsulation efficiency and stability. Additionally, Maillard reaction products have
been reported to exhibit significant antioxidant properties in food, inhibit the oxidative
degradation of natural organic compounds.és'68 Thus, NaC-T-Lact glycoconjugates, as
antioxidants, could have contributed to improve the oxidative stability of lemon oil in
emulsion systems.

It is also important to note that there was no established stoichiometric correlation

between the degradation of limonene and the generation of the degradation products, terpineol
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and carvone. Both of these by-product compounds can undergo chemical degradation leading

to a decrease in their content and the formation of numerous other undesirable off-flavors.

Conclusion

This study led to development of the HS-SPME conditions for the detection and
quantification of four oil components (d-limonene, B-pinene, cis-citral and trans-citral), and
two degradation products (terpineol and carvone) present in O/W emulsions prepared with
NaC and NaC-Lact glycoconjugates. The proposed method is simple to use and could prove
useful for the time degradation studies of targeted flavor compounds in beverage emulsions.
The compositional changes in a commercial lemon essential oil demonstrated that the use of
Maillard conjugates have the potential to improve the protection of the oxygen sensitive
flavor oil. The results indicated that glycated sodium caseinate improved the chemical
stability of different lemon oil components in O/W emulsions compared to unglycated
samples. In addition, pH of the medium had significant effect on the citral and limonene
stability. Both compounds degraded slowly at low pH. This might be due to the ability of
protein-sugar emulsifier system to form a bulkier polymeric layer and positively charged
interfacial membrane that stabilizes the emulsion droplet through steric and electrostatic
interactions. In conclusions, sodium caseinate alone was not effective at preventing the acid-
promoted degradation reactions but did help protect against oxidation reactions at neutral
conditions. Emulsions stabilized with NaC-Lact conjugates was more effective in preventing
the degradation of lemon oil in oil-water emulsions as compared to NaC alone; however, the
formation of citral and limonene degradation products was higher under acidic NaC-Lact
stabilized emulsions. Nevertless, the use of glycated proteins to emulsify citrus oils
commonly added to foods and beverages could provide a novel technique to stabilize citral

and limonene against oxidative degradation.
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Figures Captions

Fig. 1 Schematic diagram of (A) citral and (B) d-limonene degradation pathway

Fig. 2 Mass spectrometer detector response (peak area) of extracted volatile compounds

using the three different SPME fibers.

Fig. 3 Time dependent degradation of d-limonene in lemon oil emulsions stabilized with
NaC-T-Lactose glycoconjugates at pH 3.0 and 6.8. Data markers represent average (n=3) +

standard deviations.

Fig. 4 Time dependent degradation of cis- and trans-citral in lemon oil emulsions stabilized
with NaC-T-Lactose glycoconjugates at pH 3.0 and 6.8. Data markers represent average (n=3)

+ standard deviations.

Fig. 5 Time dependent degradation of B-pinene in emulsions stabilized with NaC-T-Lactose
glycoconjugates at pH 3.0 and 6.8. Data markers represent average (n=3) =+ standard

deviations.

Fig. 6 Time dependent generation of carvone and a-terpineol in emulsions stabilized with

NaC-T-Lacose glycoconjugates at pH 3.0 and 6.8. Data markers represent average (n=3) +

standard deviations.

26

Page 26 of 36



Page 27 of 36

656

657

658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678

Food & Function

Table 1 Calibration curve characteristics for CAR/PDMS fibre (n = 3)
Component Retention time Repeatability R’ Detection limit
(min) (RSD) (ng/g oil)

D-Limonene 12.00 14.8 0.972 0.08

Cis-citral 14.45 7.1 0.997 0.02
Trans-citral 14.67 7.5 0.997 0.02

B-Pinene 10.94 11.5 0.988 0.92

Carvone 14.55 6.3 0.999 0.05

Terpineol 14.09 7.2 0.996 0.05
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Table 2 Functional properties and antioxidant capacity of lactose glycated sodium
caseinate
Sample Solubility (%) E.AI(m°g")  %DPPHn
pH 3 pH 6.8

NaC-T-control 61.3+1.3a 94.5+1.9a 13.8+1.7a 99.2+0.4a
NaC-T+Lactose 38.942.4b 59.9£3.1c 12.6+0.7a 97.3+£0.7b
NaC-T/E+Lactose  58.4+2.4a 88.3%1.3b 13.7+0.4a 96.5+0.2b

Different letters within the same column indicate statistically significant differences among samples (P<0.05).

Data are means+standard deviation of triplicates.

NaC-T: Sodium caseinate heated at 80 °C for 30 min.

E.A.I: Emulsion activity index.

%DPPH,,,,: express the percentage of remaining DPPH-radical scavenging activity.
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Table 3 Hunterlab colour values of control and lactose glycated sodium caseinate
Sample L a b AE (color)
NaC-T-control 91.67 -1.36 10.82 0.81b
NaC-T+Lactose 91.82 - 1.08 10.97 1.07b
NaC-T/E+Lactose 92.81 -0.85 11.01 1.82a

Different letters within the same column indicate statistically significant differences among samples (P<0.05).
Data are means+standard deviation of triplicates.

AE: color difference; values were calculated using the following formula: AE = [(AL)2 + (Aa)2 + (Ab)z]m, where
AL, Aa and Ab are the differences in the specified tristimulus coordinate between the sample and sodium
caseinate used as control. The ‘L’ scale denotes lightness-to-darkness in 100—0 units. The ‘a’ scale

represents redness (+a) vs. greenness (-a) and the ‘b’ scale represents yellowness (+b) vs. blueness (-b).
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NaC-Lact
Glycoconjugate
Tdry state’” 24 h

Lemon oil

Functional and physicochemical properties
-Solubility

-DPPH,

-Emulsifying properties

-Color

O/W- Emulsion

pH 3.0 and 6.8

Homo-3000 psi (3x)+1000 psi (1x)

Degradation products Flavoring compounds
Carvone, Terpineol Citral (Cis-Trans)
d-Limonene

B-pinene
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CHj CH3
\
) Acid-catalyzed cycl|zat|on
H,C” CHy OH
2) (3)
oxidation
CHs / H3C
oxidation (5)
OH 1. Citral; 2 and 3. Cyclic alcohols
4. Cymen-8-ol; 5. p-a-dimethylstyrene A
™ 6. p-methylacetophenone; 7. p-cresol
CHy B
Hye ™ Lo
ACHD 8

CH3 (2)

4 H,C o H;C_ OH
H,C CH, H*/H,0 oH

1)
oxidation HaC CH, H3C \CHz
1. d-Limonene ®) )
2. o-terpineol
CH

3. Limonene oxide (e ° o
4. Limonene glycol OH + 7
5. Carveol
6. Carvone A
ACHD: Acid-catalyzed HC CH, HoC CHs
hydration-dehydration B (®) (6) |

Fig. 1
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d-Limonene Cis-citral

Trans-citral

Components

Fig. 2

B-Pinene

|
Carvone Terpineol
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pH3
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Fig. 3




Food & Function

PH 3 =(=NaC-T-control pH 3 pH 6.8 ==NaC-T-control pH 6.8
=& NaC-T+Lactose pH 3 == NaC-T+Lactose pH 6.8
——NaC-T/E+Lactose pH 3 —a—NaC-T/E+Lactose pH 6.8
500 500
__ 400 K = 400
= 3
M °
™ i -
3 o ¥
= 2
® -
5 200 £ 200
S )
100 S 100
0 T T T " 0 T T
0 3 7 10 14 21 28 35 0 3 7 10 14 21 28 35
Storage time (days) Storage time (days)
pH 3 =0=NaC-T-control pH 3.0 pH 6.8 =0==NaC-T-control pH 6.8
~@=NaC-T+Lactose pH 3.0 —#—NaC-T+Lact pH 6.8
= NaC-T/E+Lactose pH 3.0 ——NaC-T/E+Lact pH 6.8
180 180
160 160 P~
= 140 = 140 / : AN
S0\ g L7 N\
w 120 120
ER in &
2 100 2 100 NS
T ©
g 80 \ £ 80 SN
g \ 9 N
2 60 2 60 ‘\.
©
S 40 £ 40
20 20
0 — 4 0
0 3 7 10 14 21 28 35 0 3 7 10 14 21 28 35
Storage time (days) Storage time (days)

Fig. 4
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pH 3 === NaC-T-control pH 3.0
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