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Abstract
Vitamin D insufficiency is widespread in the northern and partly equatorial hemisphere countries. Fortification of 
vitamin D in commonly consumed vegetable oils can prevent rickets in children, osteoporosis and bone fractures 
in adults. Avoiding the loss of vitamin D3 fortification in oils during cooking is beneficial for consumer’s health. 
The aim of this work was to investigate the stability of cholecalciferol (vitamin D3) fortification in canola oil 
during baking at 80 to 230°C for 10 to 40 min. The natural antioxidants (β-carotene and α-tocopherol) and the 
synthetic ones (butylated hydroxytoluene (BHT) and tert-butylhydroquinone (TBHQ)) were used to prevent 
the degradation of vitamin D3. The kinetic degradation of vitamin D3, oxidative status of canola oil and the  
bioaccessibility in in vitro digestion were assessed. Vitamin D3 was relatively stable at 80 and 130°C for 10 to 
40 min. High temperatures of 180 and 230°C caused the highest loss of vitamin D3 being up to 90%. Reaction 
rate of vitamin D3 degradation ranged from 2.01 to 6.80 × 10–2 sec–1. BHT and TBHQ had the highest antioxidant  
activity (> 50 %) to decrease the degradation of vitamin D3 at 230°C. The oxidative status (peroxide value, 
malondialdehyde content) of canola oil was improved after incorporating antioxidant agents. The vitamin D3 
bioaccessibility was increased 1.5 fold after in vitro digestion. The consumption of 5 g brownie containing 
vitamin D3 100 µg/L and antioxidant agents 180 mg/L in 1 mL of canola oil would cover the daily intake.
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1 Introduction

Vitamin D deficiency is widespread, especially in 
the northern hemisphere countries where the level of 
UVB exposure is limited. The prevalence of vitamin D  
deficiency (< 50 nmol/L) has been reported for 25% of 
the population in Canada, 22–36% in the USA, 45–52% 
in New Zealand, 47–65% in Korea, and 31% in Australia  
[1]. A lack of Vitamin D is also found in equatorial 
countries where people tend to stay indoors, cover their 
skin or using sunscreen. The deficiency of vitamin D is 
crucial for causing rickets in children and can precipitate 
and exacerbate osteopenia, osteoporosis and fractures in 
adults [2]–[6]. The recommended daily allowance (RDA) 
of vitamin D is 600–800 IU, which is equivalent to 10–15 
µg/day [7].Consumption of food rich in vitamin D is 
sometimes insufficient to meet the vitamin D requirement.  
Fortification of commonly consumed vegetable oils 
in which vitamin D can be evenly distributed is an 
efficient way to improve the vitamin D status of  
population in a mass scale [8]. The bioavailability of 
the vitamin D3 was improved when it was co-digested 
with vegetable oil [9]. Among the vegetable oils, 
canola oil is suitable for vitamin D3 fortification since 
it contains omega-3 and omega-6 fatty acids being 
beneficial for health. Although instability of high  
unsaturated fatty acid in canola oil during heat cooking 
is well known. Drastic temperature of cooking provoked  
a degradation of vitamins and change the fatty acid  
profiles of oils caused by chemical degradation reactions  
[10], [11] Canola oil is produced, exported and consumed  
worldwide. However, the research on heat stability and 
bioaccessibility of micronutrient fortified in canola oil are 
needed to ensure a good nutritional status of consumers.  
 Baking is a common method of preparing food 
that uses dry heat in an oven. Different recipes of 
baked food using vegetables oils as an ingredient are 
used worldwide. Unfortunately, the loss of 13–31% of 
vitamin D3 fortified in vegetable oils during different 
time and temperature of cooking methods was reported 
[12]. Heating in presence of air at 150°C showed the 
drastic destroy of almost the whole vitamin D3 amount 
in the pure and dry form [13]. Recently, Zareie et al. 
[14] reported the instability and thermal degradation 
of vitamin D3 in fortified canola oil and relationship 
between the increment of lipid oxidation products and 
the retention of vitamin D3. 
 The addition of antioxidants to food could enhance  

the stability of vitamin D3 during heating process. 
Natural antioxidant such as phenolic and vitamin E in 
olive oil were shown to delay the oxidative reaction  
during deep frying [15]. The natural antioxidants 
from Beijing grass extract showed a great potential to 
protect edible oil from lipid oxidation [16]. Synthetic  
antioxidants such as butylated hydroxytoluene 
(BHT), tert-butylhydroquinone (TBHQ), butylated  
hydroxyanisole (BHA) and the mixture of BHT 
and BHA have protective effects in stabilization of  
sunflower oils during storage and in frying process 
[17]. BHT and TBHQ is generally recognized as safe 
for fortification in food with a maximum of 0.02% 
of the fat or oil content [18]. However, incorporating 
the synthetic antioxidants is sometimes considered to 
be harmful for blood, cause circulatory problems and 
lung or liver tumours after long-term consumption for 
a health sensitive consumers [19], [20]. Using natural 
vitamins, such as vitamin A and E in an authorized 
amount; 700–900 µg and 15 mg, respectively can  
ensure more the security [21]. Although the addition of 
vitamin E for preventing lipid oxidation of vitamin D3 
fortified canola oil is useable, vitamin E may impose 
competitions for vitamin D absorption in intestine [22]. 
 To our knowledge, few studies were conducted 
on the effect of natural antioxidants (i.e., vitamin A and 
E) and some synthetic ones (i.e., BHT and TBHQ) on 
the stability of vitamin D3 fortified in canola oil during  
baking and digestion. Therefore, the purpose of this 
work was to study the stability of cholecalciferol  
(vitamin D3) fortification in canola during baking at 80 
to 230°C for 10 to 40 min. The antioxidant capacity 
of natural antioxidants (i.e., β-carotene, α-tocopherol) 
and synthetic ones (i.e., BHT and TBHQ) were used to 
prevent the degradation of vitamin D3. The chemical 
indicators of lipid oxidative status of canola oil, which 
are the peroxide value and malondialdehyde content, 
were assessed. The kinetic degradation of vitamin D3 
through different antioxidants were compared. The 
bioaccessibility of vitamin D3 in in vitro digestion of 
dark chocolate brownie replacing the butter by canola 
oil in which vitamin D3 was fortified was evaluated. 

2 Materials and Methods

2.1  Materials and chemicals

Canola oil was purchased from supermarket (Prachinburi,  
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Thailand). Solvents for high performance liquid 
chromatography (HPLC), standard (β-carotene, 
α-tocopherol, BHT and TBHQ) and enzymes (i.e.,  
porcine gastric mucin, pepsin from porcine gastric 
mucosa (800–2,500 U/mg), pancreatin from porcine 
pancreas, porcine lipase (100–400 U/mg) and porcine 
bile extract B8631)) were obtained from Sigma-
Aldrich Chemie GmbH (Germany). Potassium iodide 
and starch from Ajax Finechem Pty Ltd (Australia),  
acetic acid from ORec SDN BHD (Malaysia), sodium 
thiosulfate from Loba Chemie Pvt.Ltd (India), toluene 
from Mallinckrodt Chemicals (USA), n-hexane from 
Lab-scan Asia Co. Ltd (Thailand), and Dimethyl  
sulfoxide from Finisher scientific (UK). The other 
reagents and solvents were from Sigma-Aldrich  
Chemie GmbH (Germany). The polytetrafluoroethylene  
(PTFE) membranes were received from Sartorius 
(Palaiseau, France).

2.2  Vitamin D3 and antioxidant reagents incorporation  
in canola oil

Vitamin D3 was carefully incorporated in five different  
batches of canola oil (100 mg/L) and gently homogenized  
for 10 min. The authorized amount of antioxidants 
agents were added in canola oil. Natural antioxidants: 
β-carotene and α-tocopherol (5 g/L) were fortified in 
different batches of canola oil. Synthetic antioxidants:  
BHT and TBHQ were incorporated in the same  
concentration (180 mg/L) in canola oil by the same 
way as the natural antioxidants. All samples were 
stored in the dark and kept away from oxygen until 
the analysis of vitamin D3 degradation during baking 
started.

2.3  Baking method and heating conditions

Fortified canola oil incorporating antioxidants agents 
were baked in an oven (Binder FD 115, USA). The 
variation of temperature was controlled for ± 2°C. 
When the oven had to reach the desired temperature, 
approximately 20 mL of each batch of samples in  
triplicates were put in an uncovered aluminium cup and 
then subjected to an oven. A thermocouple was used to 
measure the temperature in the middle of the samples 
during baking.The duration of baking to evaluate the 
kinetic of vitamin D3 degradation were 10, 20, 30, and 
40 min for each temperature of baking, which were 80, 

130, 180, and 230°C. After that samples were cooled 
on ice for the vitamin D3 determination. The oxidative  
status of canola oil and antioxidant activity of antioxidant  
agents were then evaluated.

2.4  Food preparation 

The bioaccessibility of vitamin D3 was assessed by 
replacing butter with canola oil fortified in vitamin D3 
and incorporating four different types of antioxidants 
agents (β-carotene, α-tocopherol, BHT and TBHQ) 
in a dark chocolate brownie. Approximately 70 mL of 
fortified canola oil was mixed with an egg, 5 g cocoa 
powder, 175 g sugar and 70 g flour. Four distinguished  
formulas of  brownie containing vitamin D3 and different  
types of antioxidant agents were baked in an oven at 
180°C for 20 min. The samples were cooled down and 
then subjected to in vitro digestion. 

2.5  In vitro digestion protocol

In vitro digestion protocol was carried out according 
to the standardised INFOGEST protocol [23]. The  
solutions for oral (Simulated Saliva Fluid, SSF), gastric 
(Simulated Gastric Fluid, SGF), and small intestinal 
(Simulated Duodenal Fluid, SDF) phase were prepared 
before the vitro digestion. Brownie in triplicates of  
5 g were weighted into an amber screw-capped bottle. 
After that, 5 mL SSF fluid containing mucin was added 
and the sample was then incubated at pH 7.0 ± 0.2 for 
2 min at 37°C in a water bath under constant stirring 
at 100 rpm. In gastric phase, sample from oral phase 
was mixed to 10 mL of SGF containing porcine gastric 
pepsin (2000 U/mL in the final digestion mixture), pH 
adjusted to 3.0 ± 0.2, and the sample was incubated 
again for 2 h. In the final small intestinal step 20 mL 
SDF containing porcine pancreatin and bile salts 
(trypsin activity of 100 U/mL and a lipase activity 
of 2000 U/mL in the final mixture) was added to the 
sample. The pH was adjusted to 7.0 ± 0.2 and samples 
incubated for another 2 h. Digesta were centrifuged at 
4000 × g for 30 min at 10°C (Hettich, Rotana A35R, 
Germany). 

2.6  Vitamin D3 extraction 

The supernatant from digesta after in vitro digestion 
was collected with a needle fitted to a syringe and 
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filtered through a 0.2 µm cellulose acetate membrane 
to recover the micellar fraction. Vitamin D3 was then 
extracted by adding 10 mL of ethanol/hexane (4 : 3, 
v/v). Samples were homogenised and then washed 
with 10 mL of distilled water. After 10 min in the dark, 
the organic phase was re-extracted and washed. The 
organic phase was dried under nitrogen. The residues 
were dissolved in 400 µL of acetone. The extracts 
were immediately filtered through a 0.2 µm PTFE 
membrane and analysed using HPLC. The content of 
bioaccessible vitamin D3 corresponds to the amount 
of compounds transferred to the micellar phase at the 
end of in vitro digestion. The bioaccessibility in % 
corresponds to the amount of compound transferred 
to the micellar phase compared to the initial contents 
in the raw food. 

2.7  Vitamin D3 and α-tocopherol analysis

The method of the quantification of vitamin D3 and 
α-tocopherol was adapted from a previous research 
[24]. Approximately, 100 µL of fortified canola oil 
with vitamin D3 and antioxidant agents or concentrated  
samples after in vitro digestion were dissolved in 
300 µL of acetone and filtrated on a 0.2 µm PTFE 
Minisart SRP4 membrane (Sartorius). Then 20 µL of 
the solution were used for the high performance liquid 
chromatography (HPLC, Knauer, Germany) equipped 
with a UV-visible photodiode array detector (Azura, 
Germany). The column was a polymeric C18 (4.6 mm 
i.d × 250 mm, 5 μm particle size, Vertex Plus Column). 
The mobile phase comprised two mixtures of solvents, 
the first mixture was methanol and Milli-Q water and 
the second one was methanol, methyl tert-butyl ether 
and Milli-Q water. The flow rate of analysis was 1 mL/
min. The applied gradient was transformed from 100 
to 0% at a temperature of 25°C and a period of 31 min. 
The chromatograms were analyzed at the wavelength 
of maximum vitamin D3 and α-tocopherol absorption  
being 265 nm and 292 nm respectively. External  
calibration was used with the range of 0.5 to 100 mg/L. 
The initial α-tocopherol content in canola oil was 
subtracted from the amount of α-tocopherol added in 
sample as antioxidant agent.  

2.8  β-carotene analysis

The amount of β-carotene in fortified canola oil 

was determined by spectrophotometry method [25]. 
Briefly, 50 mg of each oil samples were weighted and 
then dissolved in 5 mL cyclohexane. The solution was 
transferred into a quartz cuvette and the maximum  
absorbance wavelength at 445 nm was measured 
against cyclohexane. The β-carotene content of the 
sample was calculated and expressed in mg/L oil  
according to the Equation (1), below. 

β-carotene (mg/L) = 
V × 383 × (As – Ab)

100 × W  (1)

Where, V = volume used for analysis, 383 = extinction  
coefficient for β-carotene, As = absorbance of the 
sample, Ab = absorbance of the blank and W = weight 
of the oil sample.

2.9  BHT and TBHQ analysis

The method for BHT and TBHQ quantification was 
adapted from Espinosa-Mansilla et al. [26]. Firstly 
0.5 mL of canola oil fortified with BHT or TBHQ in  
triplicate was transferred into a 10 mL test tube and 
filled up with DMSO. The control solution was 
made by using pure canola adding the DMSO. The 
absorption spectra of BHT and TBHQ on UV-visible  
spectrophotometer at 279.5 nm for BHT and 297.5 
nm for TBHQ were measured respectively. The  
concentration of BHT and TBHQ was then calculated 
by extrapolation to the standard curve.

2.10 Peroxide value determination

The peroxide value was determined according to 
the standard protocol [27]. Briefly, 0.2 g of sample 
was dissolved in 2 mL of acetic acid followed by the  
addition of 0.2 mL freshly prepared saturated potassium  
iodide solution. The solution was gently mixed,  
incubated for 10 min in the dark and then diluted with 
20 mL distilled water. Finally the mixture was slowly 
titrated with 0.01 N sodium thiosulfate (Na2S2O3) in 
the presence of a starch solution (1%, 80 µL) until 
the dark blue color disappeared. The peroxide value 
was expressed in mmol of peroxide (or active oxygen) 
per kg of oil (meq O2/kg). The peroxide value was  
calculated by the Equation (2), below.

2
( )

(  / ) 1000s bV V N
PV meq O kg

W
− × = ×  

 (2)
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Where Vs is the volume of Na2S2O3 used in the canola 
oil sample (mL), Vb is the volume of Na2S2O3 used in 
the blank sample (mL), N is the normality of Na2S2O3 
used for titration (meq/mL) and W is the weight of 
the canola oil (g) 

2.11 Malondialdehyde (MDA) determination

Fortified canola oils (~1 mL) were mixed with 2 mL 
of distilled water, vortexed for 10 s and stirred for  
5 min [28]. The samples were vortexed for 5 min and 
left for 10 min until phase separation. The upper phase 
was discarded and 750 μL of the aqueous extract were 
mixed with 250 μL of TBA (1% in NaOH 50 mM) 
and 750 μL of H3PO4 (440 mM). The solution was 
mixed then boiled for 60 min. The calibration curve 
was obtained with TEP which is naturally cleaved in 
MDA when dissolved in aqueous medium. A standard 
curve was made (0–10 μm) and the optical density was 
detected at 533 nm. 

2.12 Antioxidant activity 

The antioxidant activity of antioxidant agents in canola 
oil was estimated by using DPPH assay in triplicate  
measurements [29]. A freshly toluenic solution 10–4 mol/L  
of DPPH radicals was prepared for each experiments. 
The sample was transferred to a 10 mL volumetric 
flask for obtaining a concentration of 20 mg/L. After 
that 1 mL of prepared DPPH solution was added to the 
volumetric flask and was filled up with toluene. The 
mixture was well shaken and kept in the dark for 15 
minutes. The control solution was prepared by mixing  
1 mL of DPPH solution with toluene in a 10 mL 
volumetric flask. The absorption of the samples was 
measured at a wavelength of 520 nm by using a UV 
spectrophotometer. The inhibition percentage was 
calculated by the Equation (3) below.

% Inhibition = Ac – As

Ac
 × 100 (3) 

Where the Ac is the volume of control solution and 
whereas As is the one of sample. 

2.13 Kinetic of vitamin D3 degradation parameters

The degradation of vitamin D3 during baking was 
based on the assumption follows first-order kinetics 

as given in the Equation (4). The rate of vitamin D3  
degradation was determined by the Arrhenius  
Equation (5) below.

C
C0

 = exp(–kt) (4)

k = k0 e(Ea/RT) (5)

Where C is the vitamin D3 concentration evaluated 
in time interval (t) and C0 is the initial amount of  
vitamin D3 before baking. k is the reaction rate constant 
(sec–1), k0 is the pre-exponential constant (sec–1), Ea is 
the activation energy (kJ/mol), R is the universal gas 
constant (kJ/mol/K) and T is the absolute temperature 
(K).

2.14 Statistical analysis 

All the experiments were realized in triplicate for each 
fortified canola oil batch. The data was assessed by 
analysis of variance (one-way ANOVA) using SPSS 
statistical software (Virginia, USA). Significance was 
accepted at probability p < 0.05 using the Duncan test. 
Normality of distribution and equality of variance was 
verified by using the Kolmogorow-Smirnov test.

3 Results and Discussion

3.1  Initial state of canola oil fortification in vitamin 
D3 and incorporating antioxidant agents

Canola oil was selected for vitamin D3 fortification 
because it is widespread used among vegetable oils in 
household cooking. Commonly, the level of temperature  
of cooking leads to the degradation of fatty acid and 
results in physical and chemical quality change of oils. 
In this work, natural and synthetic antioxidants were  
added in the fortified canola oil to prevent the degradation  
of the fortified vitamin D3. The initial states of oil 
samples which were the peroxide value, MDA content 
and antioxidant activity of no heat canola oil were 
shown in Table 1. 
 The vitamin D3 amount was the same for all 
initial oil samples (100 mg/L). However, the PV and 
MDA content were significantly decreased when  
antioxidants agents were added to the oil. The lowest 
PV and MDA content were in the oil samples with 
added THBQ and BHT, 1.1 ± 0.2 meq O2/kg and  
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10.2 ± 0.8 mg/kg respectively, being in the same range 
as the previous study [30]. In the contrast, antioxidant  
activity was overall 7 fold higher compared to the control  
oil (i.e., no antioxidants added). The antioxidant 
agents increased the antioxidant activity by inhibiting 
the free radicals being responsible for the vitamin D3 
degradation.

Table 1: Peroxide values, malondialdehyde content and 
antioxidant activity of fortified canola oils (no heat)

Fortified 
Canola Oils  

PV 
(meq O2/kg)

MDA 
(mg/kg)

Antioxidant 
Activity (%)

Control 3.3 ± 0.9a 14.1 ± 2.2 a,b 14.0 ± 0.028d

α-tocopherol 3.5 ± 0.6a 13.1 ± 1.2b 99.3 ± 0.003a

β-carotene 1.2 ± 0.3c 14.3 ± 0.6a 95.6 ± 0.007b

BHT 2.3 ± 0.2b 10.2 ± 0.8c 97.3 ± 0.004b

TBHQ 1.1 ± 0.2c 10.9 ± 0.7c 93.7 ± 0.003c

Notes: Data are presented as the mean ± standard deviation. Values 
with distinct lowercase superscript letters in the same column are 
significantly different (p < 0.05) for n = 3.

3.2  Degradation of vitamin D3 during baking 

The degradation of vitamin D3 was monitored in canola 
oil at 80, 130, 180, and 230°C as a function of baking  
time recorded at 10, 20, 30, and 40 min. The total  
baking period was 40 min for all baking temperatures. 
The dimensionless vitamin D3 concentrations in canola 
oil with or without antioxidant agents incorporation are 
presented in Figure 1. For all baking temperatures, the 
dimensionless concentration of vitamin D3 decreased 
as a function of the baking time. In all treatments,  
vitamin D3 was found to decrease markedly and 
quickly in the first 10 minutes of baking. The vitamin 
D3 was 50% less degraded at 80 and 130°C compared 
to 180 and 230°C after 40 min of baking.
 In contrast, the drastic temperature of 230°C for  
10 min caused the highest dimensionless vitamin D3  
concentration drop, being up to 90%. The results were in a 
good accordance to the study on the vitamin D3 retention  
in sunflower oil in an oven with low temperature and a 
long heating time and with high temperature and short 
heating time. The retention of vitamin D3 was 85% at 
low temperature while the high temperature process 
caused a lower vitamin D3 retention of 76% [31].  
A lower heating temperature combined with longer 
heating time, instead of a high temperature combined 
with a short heating time had been founded out to cause 
a less loss of vitamin D3 [12]. 

 Anyway, in this study, all antioxidant agents 
could inhibit the degradation of vitamin D3 compare 
to the control sample (no antioxidant adding). The 
corresponding degradation rates (r) of vitamin D3 
were used to compare the effect of antioxidants agents 
against degradation reaction, in Table 2. 

Table 2: Degradation rate (r) of vitamin D3 in canola 
oil with or without antioxidants adding at 80, 130, 
180 and 230°C

Fortified 
Canola Oils

Degradation Rate : r × 10–2 (s–1)
80°C 130°C 180°C 230°C

Control 2.7 ± 0.5b,c 3.0 ± 0.9a,b 5.4 ± 0.3b 7.5 ± 0.2a,b

α-tocopherol 3.4 ± 0.6a,b 2.7 ± 0.3b 5.4 ± 0.1b 7.5 ± 0.3a,b

β-carotene 2.2 ± 0.2c 3.0 ± 0.7a,b 5.5 ± 0.2a,b 7.2 ± 0.1b

BHT 2.3 ± 0.7c 1.9 ± 0.2c 4.7 ± 0.1c 7.2 ± 0.2b

TBHQ 2.0 ± 0.5d 2.7 ± 0.4b 4.0 ± 0.5d 6.7 ± 0.5c

Notes: r : Degradation rate. Data are presented as the mean ± standard  
deviation. Values with distinct lowercase superscript letters in the 
same column are significantly different (p < 0.05) for n = 3.

 The degradation rates of the vitamin D3 in canola 
oil with and without antioxidants adding increased as 
time and temperature increased. The highest value was 
reached at 230°C with a 2.7 fold higher value than 
at 80°C. Canola oil with added α-tocopherol had the  
degradation rate value in the same range for each treatment  
with and without antioxidant adding. In contrast, oil 
with β-carotene incorporation delayed the degradation 
reaction, thus has the lower degradation rate. Natural  
antioxidants (i.e., α-tocopherol and β-carotene) may self-
degraded at high temperature of baking at 180 and 230°C 
and could not protect the degradation of vitamin D3.  
However, the synthetic antioxidants (i.e., BHT and 
TBHQ) were both retarded greatly the degradation 
reaction of vitamin D3. These antioxidants were more 
stable than the natural antioxidants. Their degradation 
rates were 0.5 to 1.4 fold lower at the low, moderate 
and high temperature of baking compare to sample 
with no antioxidants adding.
 Generally, the chemical reactions require some 
activation energy to go forward. The activation energy  
(Ea) represents the minimum amount of energy  
required to activate a chemical degradation reaction. In 
the present study, the Ea of vitamin D3 degradation was 
calculated when the temperatures of baking changed 
from 80 to 230°C. The Ea of vitamin D3 degradation of 
canola oil without antioxidant adding and incorporated  
α-tocopherol, β-carotene, BHT and TBHQ were 
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10.2, 7.7, 11.9, 11.2, and 11.9 kJ/mol, respectively.  
Obviously, the oils with the highest Ea value had the 
lowest degradation rates; consequently vitamin D3 was 
more retained. The results were in a good accordance 
with the previous kinetic study of β-carotene and lutein 
degradation in oils during heat treatment [30].

3.3  Antioxidant content during baking 

Different concentrations of antioxidants were added 
in canola oil according to the Recommended Dietary 
Allowances (RDAs). A concentration of 5 g/L for 
α-tocopherol and β-carotene as well as 180 mg/L BHT 
and TBHQ were used in this study. The amount of 
antioxidants were examined during four coupled times 
and temperatures being 80°C for 40 min, 130°C for 30 
min, 180°C for 20 min and 230°C for 10 min, which 
can be seen in Figure 2(a) and (b). The significant loss 

of α-tocopherol and β-carotene content (1.9–5 fold) 
were observed at 80°C for 40 min compared to the 
initial concentration Figure 2(a).
 The α-tocopherol was stable when the temperature  
increased. It was greatly retained at high temperature 
and short time of baking. However, the rate of vitamin 
D3 degradation with added α-tocopherol was high, 
which means it may not be suitable to add α-tocopherol 
for delaying the vitamin D3 degradation due to the 
heating condition in this study. In contrast, the other 
antioxidant contents were decreased progressively as 
temperature increased. The β-carotene and BHT were 
almost completely destroyed at 230°C for 10 min. 
Nonetheless, the TBHQ content was apparently the best 
retaining antioxidant after the highest temperature and 
lowest time of baking (230°C for 10 min). Literately,  
the TBHQ had been shown to be more effective in 
vegetable oils than BHA and BHT due to its diphenolic  

Figure 1: Evolution of the dimensionless concentrations (C/C0) of vitamin D3 at baking temperature at (a) 80, 
(b) 130, (c) 180, and (d) 230°C for n = 3. Error bars represent the standard deviation.

(a)

(c)

(b)

(d)
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chemical structure. It is stable to heat treatments 
and recognized as the most effective antioxidant in 
preventing the oxidation of frying oils [32]. Despite 
of the different antioxidant activities, the content of 
antioxidants confirmed that the more antioxidant was 
retained the better the vitamin D3 was preserved and 
the rate of degradation were inversely low.  

3.4  Antioxidants activity and oxidation status of 
canola oil 

A  previous study had demonstrated an inverse relationship  
between lipid oxidation products and vitamin D3  
retention at high heating temperatures [14]. Therefore, 
the antioxidant activity and oxidative status of canola 
oil were monitored during baking in order to find out 
whether the degradation of vitamin D3 was influenced by 
the latter factors. The antioxidant activity of antioxidant  
agents and the primary and secondary oxidation  
products (i.e., PV and MDA content) of canola oil were 
evaluated and illustrated in Figure 3.

 The PV of baked oils increased as temperature 
increased for all treatments which varied from 2.0 to 
7.9 meq O2/kg oil. It was 2 to 8 fold higher than the 
initial ones. Canola oil fortified with α-tocopherol had 
the highest PV with 0.5 to 2 fold higher than the other 

Figure 2: Antioxidant contents at different coupled 
temperatures and times: 80°C for 40 min, 130°C for 
30 min, 180°C for 20 min and 230°C for 10 min.  
(a) α-tocopherol and β-carotene, (b) BHT and TBHQ 
for n = 3. Error bars represent the standard deviation.

Figure 3: Peroxide value (a), malondialdehyde content 
(b) of canola oil and antioxidant activity (c) for n = 3. 
Different letters above each bars indicate significant 
difference (p < 0.05). Error bars represent the standard 
deviation.

(a)

(b)

(a)

(b)

(c)
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samples. Contrariwise, all canola oils incorporated in 
TBHQ had the lowest PV and their PV was quite stable 
for all treatments (PV < 4.5 meq O2/ kg oil). However, 
the PV was still not perceived as rancid since the value 
was less than 20 meq O2/kg, which can be considered 
as fresh oil. 
 The MDA content of samples was lower  
compared to the no heated ones. The antioxidants may 
inhibit the lipid peroxidation of polyunsaturated fatty 
acids of canola oil, thus decrease the secondary product 
of lipid peroxidation during baking. The MDA content 
ranged from 7.9 to 14.5 mg/kg and the lowest one was 
in canola oil incorporated in TBHQ. In this research, 
the samples with added BHT and TBHQ showed 
the highest antioxidant activity for all treatments,  
up to 85%. The antioxidant activity decreased as 
temperature increased because antioxidant contents 
were lost; hence the vitamin D3 was more degraded. 
It had been demonstrated in the previous researches 
that α-tocopherol is more effective at high oxygen 
pressure than β-carotene. Moreover, the chain breaking  
antioxidant α-tocopherol is able to prohibit lipid  
peroxidation by scavenging peroxyl radicals faster 
than polyunsaturated fatty acid [33]. A higher dosage  
of vitamin A can cause instead of the antioxidant  
effect, oxidative stress and additionally an excess 
intake of vitamin A can cause vitamin D deficiency 
since it interferes with absorption of vitamin D [34].
 In addition, oil samples lost their color and  
intensity when the temperature increased. However a 
low amount of TBHQ (180 mg/L) seems to be more 
effective in term of antioxidant activity against the 
vitamin D3 degradation compared to the natural  
antioxidants (5 g/L). TBHQ was recognized as 
the most effective antioxidant against oxidation in  
polyunsaturated vegetal oils and often fortified in  
soybean oil. It was the most active antioxidant at 45°C in 
soybean oil and was more stable against heat treatment  
compared to ascorbic acid, ascorbyl palmitate, BHA, 
BHT and propyl gallate (PG) [35]. 

3.5  Bioaccessibility of vitamin D3

The total vitamin D3 content, the bioaccessible content 
and bioaccessibility were determined before and after 
the in vitro digestion of 5 g brownie with the four added  
antioxidants in canola oil as presented in Figure 4(a) and (b).  

The highest total vitamin D3 content of 40.9 mg/L  
oil was found in BHT after baking at 180°C for 20 min.  
The bioaccessible content of vitamin D3 and its  
bioaccessibility ranged from 22.3 to 33.0 mg/L oil 
and 65.2 to 98.7% respectively. The brownie with  
incorporated TBHQ in oil had the highest bioaccessibility  
with 98 %. The bioaccessibility of vitamin D3 in four 
formulas were 5–10 fold higher than the other lipid 
soluble vitamins such as provitamin A and vitamin 
K [36], [37]. The chemical structure and polarity of 
vitamins may play an important role to incorporation 
into the micelles during in vitro digestion. In case food 
is co-digested with antioxidant agents, the degradation 
of micronutrients may be protected during digestion 
condition (pH and digestive enzymes) [22]. 
 As mentioned previously the RDA for vitamin D is 
10–15 µg/day, for vitamin A 900 µg for men and 700 µg  

Figure 4: The contents in bioaccessible of vitamin D3  
(mg/L oil) (a) and its relative bioaccessibility (%) 
(b). Different big and small letters above each bars  
indicate, respectively, significant difference (p < 0.05) 
of vitamin D3 content and their bioaccessible content 
of each antioxidants for n = 3. Error bars represent the 
standard deviation.

(a)

(b)
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for woman and for vitamin E 15 mg for men and 
women. According to the results, the consumption of 
5 g brownie containing approximately 1 mL of canola 
oil fortified with vitamin D3 (100 mg/L), in which 
the most powerful antioxidant TBHQ (180 mg/L) is 
incorporated, followed by baking at 180°C for 20 min, 
would cover the daily intake of vitamin D. However 
the bioavailability vary depending on the health status 
of each consumer to meet their vitamin D requirement. 
Therefore, the bioavailability and bioefficiency of  
vitamin D in oily food with added antioxidant agents 
have to be further carried on to ensure vitamin D  
content in the human body.

4 Conclusions

This research demonstrated the effect of four antioxidant  
agents on the heat stability of vitamin D3 fortified in 
canola oil during baking method. TBHQ (180 mg/L) 
oil was demonstrated to be the most effective to  
retard the vitamin D3 in canola oil degradation. TBHQ 
was also identified to increase the bioaccessibility  
of vitamin D3 compared to the other antioxidant agents. 
Using an appropriate antioxidant agents allows to 
delay the chemical change and may extend the shelf 
life of vegetable oils. The carefulness of food additives 
has to be considered by the food industries in term of  
using the antioxidant agents as oil stabilizer. They have 
to pay attention, importantly on the amount suitable 
for food regulation to be safe for the consumers. The 
consumption of canola oil fortification in vitamin D3 
in which an appropriate amount of antioxidant were 
added could avoid the toxic effects after long-term 
consumption and solve the problem of vitamin D  
deficiency. As a matter of fact, this research can help 
to estimate the amount of vitamin D3 available for 
gut absorption. The result could help many countries  
to achieve the goal of decreasing the number of  
population suffering the vitamin D deficiency by using 
food fortification method.
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