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Abstract: Tert-butyl curcumin (TBC), demethylated tert-butylated curcumin (1E,6E-1,7-bis(3-tert-
butyl-4,5-dihydroxyphenyl)hepta-1,6-diene-3,5-dione, DMTC), demethylated curcumin (DMC), and
Cur were synthesized from the starting compound, 2-methoxy-4-methylphenol. TBC and DMTC
are two novel lipophilic compounds, and Cur and DMC are polar and hydrophilic. The antioxidant
activities of Cur, TBC, DMC, and DMTC were evaluated by using the methods of 2,2-diphenyl-
1-(2,4,6-trinitro-phenyl)-hydrazinyl (DPPH), deep-frying, and Rancimat. Tert-butylhydroquinone
(TBHQ) and Butylated hydroxytoluene (BHT) were used as comparison compounds. Both Rancimat
and deep-frying tests demonstrated that DMTC was the strongest antioxidant, and TBC also had
stronger antioxidant activity than Cur. In the DPPH assay, DMC showed the highest scavenging
activity, followed by DMTC, TBHQ, Cur, and TBC. DMTC and TBC can be potentially used as
strong antioxidants in food industry, especially for frying, baking, and other high temperature food
processing. DMTC is the strongest antioxidant in oil to our knowledge.

Keywords: curcumin derivatives; antioxidant for high temperature; lipophilic; steric synergy effect

1. Introduction

Oxidation of lipids involves the generation of free radicals and induces food dete-
rioration [1]. Usually, three common methods are used to prevent lipid oxidation: air
isolation, temperature lowering, and addition of antioxidants during processing, transport,
and storage [2]. However, addition of antioxidants is the most convenient, economical, and
operable method in oil and food industry [3]. Free radicals, peroxides, and decomposition
products produced by autoxidation are related to a variety of human diseases, such as
cancers, cataracts, cardiovascular and cerebrovascular diseases [4–6]. Antioxidants are a
class of substances that can retard deterioration caused by autoxidation of fats and oils, and
fatty foods effectively at minute concentrations (< or =0.02%) [7,8]. Although commercial
synthetic antioxidants have been shown to have negligible toxicity at prescribed doses,
natural antioxidants are widely considered safer and non-toxic [9,10]. The application of
natural antioxidants is limited because most of their hydrophilic polyphenol structures
make solubility in lipids difficult [11]. Over the years, a few researchers have modified the
structures of natural antioxidants to improve their solubility in lipids [12].

Cur, a polyphenol, is isolated from the rhizome of turmeric (Curcuma longa) [13,14] and
has numerous biological activities, such as anti-tumor, anti-oxidation, anti-inflammation,
anti-HIV, and so on [15–17]. However, its application is limited in food industry because
of poor fat solubility [18,19]. Therefore, using Cur as a lead compound to transform the
structural properties of it has become a hot research topic, aiming to improve the struc-
tural disadvantages and expand the application scope. In recent years, some researchers
have modified the structure of natural antioxidants to improve their solubility in lipids.
Shi et al. [20] added tert-butyl to the ortho-position of the phenolic hydroxyl group of
caffeic acid, which greatly improved the antioxidant activity of lipids. Olajide et al. [12]
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synthesized a lipophilic derivative of hydroxytyrosol with better steric synergy and stable
structure, which enables it to meet the industrial requirements of food processing and bioac-
tive ingredients under high temperature conditions. Some studies [21] have found that the
hydrogen atoms on the adjacent α-CH3 can be used as functional hydrogen, because the
hydrogen atoms on it can provide functional hydrogen to the adjacent phenolic hydroxyl
group through intramolecular transfer, thereby improving the antioxidant activity of the
compound. Our lab has analyzed the soybean-oil–water partition coefficient of TBHQ,
caffeic acid, methyl caffeate, and butylated caffeic acid, and found that the introduction of
tert-butyl group to the ortho-position of the phenolic hydroxyl group can indeed improve
lipid solubility [22]. In order to improve the lipophilicity and antioxidant activity of Cur,
two bulky apolar groups, tert-butyl groups were substituted at the ortho-position of the
phenolic hydroxyl group (TBC), and the two methyl groups were further removed from
TBC to become DMTC. Their antioxidant activities were evaluated by DPPH, deep frying,
and Rancimat methods. There are few research reports on Cur as one of the antioxidants in
food additives. The purpose of this study is to find an antioxidant with better fat solubility
and strong antioxidant capacity in high-temperature-fried foods.

2. Materials and Methods
2.1. Chemicals and Reagents

2-methoxy-4-methylphenol, Vanillin, demethylvanillin, acetylacetone, tributyl borate,
copper acetate, ethylene glycol, pyridine solution, boric anhydride, and n-butylamine,
deuterium acetone, deuterium chloroform, 1,1-diphenyl-2-trinitrophenylhydrazine (DPPH)
were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Phospho-
ric acid (86%), tert-butyl alcohol, anhydrous Na2SO4, AlCl3, hydrochloric acid (HCl), ethyl
acetate (EtOAc), petroleum ether (PE), ethanol, acetone, chloroform, hydrogen peroxide,
and methanol were all analytical grade and purchased from Sinopharm Shanghai Chemical
Reagent Company.

Lard used in this experiment was rendered in the laboratory and stored at −18 ◦C.
Commercial soybean oil and potatoes were purchased from Wilmar International Limited
(Shanghai, China). Soybean oil was purified using column chromatography (PE as eluent)
to remove antioxidants and other polar components, especially tocopherols and other
phenolic compounds in the oil.

2.2. General Synthesis of Compounds

2-Methoxy-4-methyl-6-tert-butyl phenol: 2-methoxy-4-methylphenol (13.8 g; 0.1 mol)
and 30 mL phosphoric acid (86%) were dissolved in 100 mL tert-butyl alcohol under stirring
at 90 ◦C for 10 h and then deionized water was added to quench the reaction and the mixed
solution was extracted with EtOAc, followed by washing with water (50 mL × 3). Then,
the organic phase was collected, dried over anhydrous Na2SO4, and evaporated to obtain
an oily mixture. The oily mixture was purified using column chromatography (PE/EtOAc,
20:1 v/v) and a pure compound (75% yield) was obtained as pale yellowish oily liquid. 1H
NMR were (600 MHz, chloroform-d) δ1.39 (s, 9H), 2.28 (s, 3H), 3.84 (s, 3H), 5.82 (s, 1H),
6.58 (s, 1H), 6.69 (d, J = 0.35 Hz. 2H); 13C NMR (150 MHz, chloroform-d) δ 21.48; 29.48;
34.61; 56.12; 109.35; 119.37; 127.88; 135.17; 141.92; 146.46 (Figure S1).

Tert-butyl vanillin: 2-methoxy-4-methyl-6-tert-butyl phenol (4 g; 0.02 mol) and copper
acetate (2 g; 0.01 mol) were dissolved in 80 mL ethylene glycol and heated to 100 ◦C for
36 h and then the reacted solution was extracted with EtOAc and further washed three
times with water. Then, the organic phase was collected, dried over anhydrous Na2SO4,
and evaporated in vacuum. The compound (70%) was obtained as light yellowish crystals
after purification using flash chromatography (PE/EtOAc, 10:1 v/v). 1H NMR (600 MHz,
chloroform-d) δ 1.44 (s, 9H), 3.97 (s, 3H), 6.59 (s, 1H), 7.33 (d, J = 1.65 Hz, 1H), 7.45 (d,
J = 1.65 Hz, 2H), 9.82 (s, 1H). 13C NMR (150 MHz, chloroform-d) δ 29.15; 34.72; 56.37;
106.72; 125.37; 128.34; 135.65; 147.22; 150.35; 191.53 (Figure S2).
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3-Tert-butyl-4,5-dihydroxybenzaldehyde: 2-methoxy-4-methyl-6-tert-butyl phenol
(1.94 g, 0.01 mol) was dissolved in chloroform (60 mL), followed by the addition of AlCl3
(1.86 g, 0.014 mol) under nitrogen condition at 0 ◦C. After stirring for 5 min, pyridine
solution (3.48 g) was slowly added. The mixture was refluxed at 80 ◦C for 24 h, and then
10% HCl (60 mL × 3) was added at room temperature. The organic phase was collected,
dried over anhydrous Na2SO4, concentrated using rotovap, and the resulting product mix-
ture was purified using column chromatography (PE/EtOAc/ methanol, 4:1:0.025 v/v) to
afford compound (50% yield) as white acicular crystals. 1H NMR (600 MHz, chloroform-d)
δ1.45 (s, 9H), 7.30 (d, J = 0.35 Hz.1H), 7.42 (s, 1H), 8.67 (s, 2H), 9.78 (s, 1H) (Figure S3).

The compounds Cur, TBC, DMC, and DMTC were synthesized by condensation of
vanillin, Tert-butyl vanillin, demethylvanillin and 3-tert-butyl-4,5-dihydroxy-benzaldehyde
separately with acetylacetone based on the available methods [23] with some improve-
ment. The condensation reaction was performed as expressed in Scheme 1: benzaldehyde
(0.04 mol) was dissolved in anhydrous EtOAc (20 mL), heated to complete dissolution,
cooled to 30 ◦C, and then tributyl borate (0.08 mol), boric anhydride (0.15 mol), and acety-
lacetone (0.02 mol) were added to the mixture. After stirring for 5 min, 1 mL n-butylamine
(4 mL in total) was slowly added to the mixed solution system every 10 min. Then, the
mixture was stirred for 4 h and left to stand overnight at 20 ◦C in the dark. In total, 30 mL
of 0.4 N hydrochloric acid solution (60 ◦C) was added and stirred for 60 min. The mixed
solution was extracted with EtOAc and then washed three times with water. The organic
phase was collected, dried over anhydrous Na2SO4, and evaporated to obtain the reacted
mixture, which was separated using column chromatography and the individual crude
products were recrystallized from methanol at 4 ◦C.
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Scheme 1. Synthetic route leading to Cur, TBC, DMC, and DMTC.

Cur: 53% yield from vanillin using column chromatography (PE/EtOAc, 4:1 v/v),
1H NMR (600 MHz, acetone-d6) δ3.94 (s, 6H), 5.99 (s, 1H), 6.73 (s, 2H), 6.91 (s, 2H), 7.20
(d, J = 0.35 Hz.2H), 7.35 (s, 2H), 7.63 (s, 2H), 8.18 (s, 2H). 13C NMR (150 MHz, acetone-d6)
δ5.43, 100.76, 110.66, 115.27, 115.35, 121.43, 122.95, 127.30, 140.52, 147.90, 183.65 (Figure S4).

TBC: 42% yield from tert-butylvanillin using column chromatography (PE/EtOAc, 8:1
v/v), 1H NMR (600 MHz, acetone-d6) δ 1.42 (s, 18H), 3.94 (s, 6H), 5.84 (s, 1H), 6.28 (s, 1H),
6.46 (s, 1H), 6.48 (s, 1H), 6.98 (s, 1H), 7.13 (s, 1H), 7.58 (s, 1H), 7.62(d, J = 0.35 Hz. 1H). 13C
NMR (150 MHz, acetone-d6) δ 56.23, 100.85, 107.08, 121.19, 121.29, 126.06, 135.84, 141.27,
146.63, 146.97, 183.32. (Figure S5) ESIMS, m/z 480 [M]+ (Figure S6).

DMC: 30% yield from 3,4-dihydroxybenzaldehyde using column chromatography
(PE/EtOAc, 1:1 v/v), 1H NMR (600 MHz, acetone-d6) δ5.98 (s, 1H), 6.62 (s, 2H), 6.89 (s, 2H),
7.08 (s, 2H), 7.19 (s, 2H), 7.54 (d, J = 0.35 Hz., 2H), 8.34 (s, 4H) (Figure S7).

DMTC: 14% yield from 3-tert-butyl-4,5-dihydroxybenzaldehyde using column chro-
matography (PE/EtOAc, 3:1 v/v), 1H NMR (600 MHz, acetone-d6) δ1.45 (s, 18H), 5.78 (d,
J = 0.35 Hz, 1H), 6.43 (s, 1H), 7.09 (s, 1H), 7.10 (s, 1H), 7.30 (s, 2H), 7.42 (s, 2H), 7.52 (s, 1H),
9.78 (s, 2H) (Figure S8).
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2.3. DPPH Test

The DPPH radical scavenging activities of BHT, TBHQ, Cur, TBC, DMC, and DMTC
were evaluated according to a previous method reported by Shi et al. [20] with some
modification. The concentrations of compounds in the reaction mixtures in ethanol were 1,
2.5, 5, 10, 20, 40, 50, 80, 100, 200, and 500 mg/L. A total of 0.5 mL of varying concentrations
of compounds was mixed with 2.5 mL ethanolic solution of DPPH (0.1 × 10−3 mol/L). The
mixtures were shaken vigorously and stored in a dark chamber to react for 30 min, and then
the reducing absorbance (Ai) of DPPH was read at 517 nm on a UV-2450 spectrophotometer
(Shimadzu Corp, Kyoto, Japan). The radical scavenging activities, expressed as EC50, are
the effective concentrations of the compounds required to obtain 50% antioxidant capacity.
DPPH free radical scavenging activities of the compounds were calculated as below:

EC50 or Scavenging activity (%) =

(
1 − Ai − Aj

A0

)
× 100% (1)

where Ai represents the absorbance of the mixture of 0.5 mL varying concentrations of
compound solution and 2.5 mL DPPH free radical ethanol solution; Aj represents the
absorbance of the mixture of 0.5 mL ethanol solution and 2.5 mL DPPH free radical ethanol
solution; A0 represents the absorbance of 0.5 mL of varying concentrations of compound
mixed with 2.5 mL ethanol solution.

2.4. Rancimat Test

The antioxidant activities of BHT, TBHQ, Cur, TBC, DMC, and DMTC in lard were
examined based on the previously described method by Shi et al. [20] on Rancimat 743 ap-
paratus (Metrohm, Herisau, Switzerland). Three-gram lard samples containing 0.01% and
0.02% of the compounds mentioned above were, respectively, added into the Rancimat
sample tubes. Rancimat test conditions of acceleration oxidation were: air flow rate fixed at
20 L/h and temperatures fixed at 100, 110, 120, 130, and 140 ◦C.

The results of Rancimat tests are expressed as induction period (IP) and protection
factor (Pf), which was determined based on the method reported by Olajide et al. [12]:

Pf =
IPsample

IPcontrol
(2)

where IPsample and IPcontrol represent the induction period of oxidation in lard containing
antioxidant and without antioxidant, respectively. Pf < 1 means that the compound has
pro-oxidant activity. Pf = 1 means the compound has neither antioxidant activity nor
pro-oxidant activity [24]. The 1 < Pf < 3 indicates that the compound has antioxidant
activity and Pf > 3 indicates that the compound has strong antioxidant activity. Pf > 6, the
compound is defined here to have very strong antioxidant activity.

2.5. Deep Frying Test

The 0.02% compounds were added to 800 g of purified soybean oil, respectively. There
were six experimental samples (BHT, TBHQ, Cur, TBC, DMC, and DMTC) and a control
sample. All seven samples were heated to 180 ± 5 ◦C, then 30 ± 3 g potatoes were fried
every hour for 10 min (10 h/day for 3 days) under atmospheric pressure. During the
experiment, there was no new oil added. Oil samples (30 g) were taken every 3 h and
stored in a −18 ◦C refrigerator. Finally, the conjugated dienes (CD) and acid values (AV) of
the oil sample were determined following the IUPAC method [25].

CD: Oil sample (1 mg) was dissolved in n-hexane (100 mL), then the absorbance was
measured at 233 nm using a V-1600PC UV-Vis spectrophotometer. The CD was calculated
based on its absorbance value as below:

CD = (A/C)× P (3)
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Among them, A represents the absorbance value, C represents the concentration of
oil sample (g/100 mL), and P represents the thickness of the quartz glass dish used for
measurement (1 cm).

AV: Oil sample (10 g), diethyl ether-isopropanol mixture solution (v/v: 1:1; 80 mL)
and 3 drops of phenolphthalein indicator (1 g phenolphthalein dissolved in 95% ethanol
solution (100 mL)) were added into the conical flask, then shaken thoroughly to dissolve.
Then, 0.01 mol/L KOH standard titrated aqueous solution was used to manually titrate
the sample solution until the sample solution was slightly red at first. When there was no
obvious fading within 15 s, it was the end point of the titration. The titration was stopped
immediately and the number of milliliters of standard titration solution consumed by the
titration was recorded. The method for the control is as above without the oil sample. The
AV was calculated as below:

AV (mg/g) =
(V − V0)× c × 56.1

m
(4)

Among them, V represents the volume of the standard titration solution consumed
by the sample measurement (mL); V0 represents volume of standard titration solution
consumed by the corresponding control determination (mL); c represents molarity of stan-
dard titration solutions (0.01 mol/L); 56.1 represents molar mass of potassium hydroxide
(g/mol); m represents oil sample weight (g).

2.6. Statistical Analysis

The statistical analysis was conducted using IBM SPSS 22.0 and Excel. All experiments
were performed in duplicate, and values were expressed as mean ± standard deviation
(SD). One-way analysis of variance (ANOVA) with a Tukey’s HSD posthoc test were applied
to BHT, TBHQ, Cur, TBC, DMC, and DMTC evaluations to determine significant differences
(p < 0.05) between samples.

3. Results
3.1. DPPH Test

Antioxidants can provide hydrogen atoms to the DPPH free radicals to become non-
free radicals [26]. This is observed in real time as the violet DPPH alcoholic solution fades
into light yellow or colorless. EC50 can represent the antioxidant strength of the compounds
and the stronger the antioxidant activities, the lower the EC50 value.

TBC, DMC, and DMTC compared to BHT and TBHQ were determined and calculated
(Table 1). The scavenging DPPH free radical ability of antioxidants mainly depends on their
number of functional hydroxyl groups and speed to provide hydrogen atoms to DPPH free
radicals. The EC50 of DMC (10.0) was the lowest and meant the highest scavenging activity
because of the highest functional hydroxyl group weight per 100 g of compound. DMTC
(12.3) exhibits higher than TBHQ (19.5) but weaker activity than DMC (10.0). BHT (81.0) is
the least active one.

Table 1. The EC50 values and the weight of phenolic or functional hydroxyl groups per 100 g of the
antioxidant compounds.

Compounds EC50 (mg/L) PHW/100 g A * (g/100 g) FHW/100 g A # (g/100 g)

BHT 81.0 ± 0.37 a 7.7 7.7
TBHQ 19.5 ± 0.30 d 20.5 20.5

Cur 40.5 ± 0.18 c 9.2 13.8
TBC 73.0 ± 0.09 b 7.1 10.6
DMC 10.0 ± 0.01 e 20.0 30.0

DMTC 12.3 ± 0.10 e 15.0 22.5

PHW/100 g A *: phenolic hydroxyl group weight (g)/100 g antioxidant compounds; FHW/100 g A #: functional
hydroxyl group weight (g)/100 g antioxidant compounds. Values are expressed as mean ± standard deviation
(S.D.). Statistical analyses included a one-way ANOVA with Tukey’s HSD posthoc test. Different superscript
letters indicate that differences are significant at p < 0.05.
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The EC50 values of DMC (10.0) are higher than DMTC (12.3) which is in turn higher
than TBHQ (19.5), whereas that of TBC (73.1) was much lower than Cur (40.5). TBC differs
from Cur in that a tert-butyl substituent is inserted at the o-position of the phenolic hydroxyl
group, which increased the steric hindered effect of the compound and delayed the release
rate of hydrogen greatly, resulting in its slow rate of free radical capturing and also reduced
functional hydroxyl group ratio of the compounds. Although phenolic hydroxyl group
weight per 100 g of antioxidants (PHW/100 g A) of TBHQ (20.5) is very close to that of
DMC (20.0), its diketone structure can easily tautomerize to enol structure. Here, all Cur
and its derivatives have enolic hydroxyl groups, but BHT and TBHQ do not; therefore,
Cur and its derivatives scavenge one more DPPH free radical as seen in Scheme 2 and
Table 1. The FHW/100 g A (phenolic hydroxyl group + enolic hydroxyl group) of DMC
(30.0) is much larger than that of TBHQ (20.5) although their PHW/100 g A values are very
close. The scavenging DPPH free radical power decreased as follows: DMC (EC50 = 10.0,
FHW/100 g A = 30.0) > DMTC (12.3, 22.5) > TBHQ (19.5, 20.5) > Cur (40.5, 13.8) > TBC
(73.0,10.6) > BHT (81.0, 7.7). The order of scavenging DPPH free radical powers of the
antioxidants agrees with that of their FHW/100 g A completely (Table 1).
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3.2. Rancimat Test

The antioxidant effects of Cur, TBC, DMC, and DMTC were compared to BHT and
TBHQ at various temperatures (100, 110, 120, 130, and 140 ◦C) and concentrations of 0.01
and 0.02% by the Rancimat method separately. The results are expressed as Pfs of samples
relative to the stability of lard without antioxidants added [24].

At concentrations of 0.01 and 0.02%, the Pfs of Cur and its derivatives rose with
the increase in concentrations. Statistical analysis of these results reveals a significant
effect (p < 0.05) for Cur, TBC, DMC, and DMTC under different concentrations (0.01%
and 0.02%). Pfs and IPs were determined to evaluate the antioxidant activities of the
different compounds directly and accurately. All Pfs of the lard samples containing the
compounds (Table 2) were larger than 1, indicating that all compounds have antioxidant
activity, and higher values correspond to stronger antioxidant activity. Generally, the
amounts of antioxidants added to food should be less than or equal to 0.02% in the edible
oil industry according to the regulation. Pf of DMTC was 22.0 (>> 6) which shows that
DMTC is a very strong antioxidant, and much higher than that of TBHQ. DMTC is the
strongest antioxidant in lard, to our knowledge, when 0.02% of it was added.

Table 2. Protection factors (Pf) of Cur and its derivatives at various concentrations (0.01 and 0.02%)
at 100 ◦C.

Conc
(%)

Pf

BHT TBHQ Cur TBC DMC DMTC

0.01 1.82 ± 0.18 gh 7.92 ± 0.45 d 1.41 ± 0.05 h 2.08 ± 0.11 gh 6.87 ± 0.43 e 13.36 ± 0.23 b

0.02 2.22 ± 0.05 gh 9.16 ± 0.32 d 2.72 ± 0.02 fg 3.36 ± 0.18 f 11.35 ± 0.21 c 22.04 ± 0.27 a

A total of 3.00 g of lard was used; IP of lard: 4.28 ± 0.12. Values are expressed as mean ± standard deviation
(S.D.). Statistical analyses included a one-way ANOVA with Tukey’s HSD posthoc test. Different superscript
letters indicate that differences are significant at p < 0.05.
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DMTC is tert-butylated DMC, so its fat solubility is greatly improved. DMTC also
has a perfect steric synergic effect so that the hydroxyl group at the 5-position can easily
and quickly provide hydrogen to active free radicals. Then, the antioxidant free radical
itself changes to more stable 4-phenoxy free radical by tautomerization as seen in Scheme 3
which explains the steric synergy very well. The antioxidant activities of compounds
increased in the following order: Control < BHT < Cur < TBC < TBHQ << DMC << DMTC.
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Table 3 shows that Pfs of 0.02% of BHT, TBHQ, Cur, TBC, DMC, and DMTC decreased
as the heating temperature increased from 100 to 140 ◦C. One-way ANOVA followed by
Tukey’s HSD poshoc test indicated significant differences (p < 0.05) for TBHQ, DMC, and
DMTC under different temperatures (100, 110, 120, 130, and 140 ◦C). The Pfs of BHA, Cur,
and TBC showed no significant difference (p > 0.05) by temperature. The Pfs of 0.02% of
BHT and TBHQ, which are widely used lipid antioxidants commercially, decreased from
2.2 and 9.2 to 1.4 and 4.6, respectively, when the temperature increased from 100 to 140 ◦C.
The Pfs of Cur, TBC, DMC, and DMTC decreased from 2.7, 3.4, 11.4, and 22.0 to 1.5, 1.9,
6.0, and 12.0, respectively. DMTC still has high Pfs (12.0) even at 140 ◦C, much higher than
the others. The antioxidant capacities of each compound decreased when the temperature
increased from 100 to 140 ◦C. However, the antioxidant activities of the compounds at same
temperature were ranked in the following order: Control < BHT < Cur < TBC < TBHQ <<
DMC << DMTC. The antioxidant activity of DMTC is the strongest in oil to our knowledge.

Table 3. Protection factors (Pfs) of Cur and its derivatives (0.02%), and comparison of antioxidants at
various temperatures (100, 110, 120, 130, and 140 ◦C).

Tem (◦C) BHT TBHQ Cur TBC DMC DMTC

100 2.2 ± 0.05 op 9.2 ± 0.32 gh 2.7 ± 0.02 op 3.4 ± 0.18 no 11.4 ± 0.21 ef 22.0 ± 0.27 a

110 2.0 ± 0.07 op 7.8 ± 0.21 hij 2.3 ± 0.10 op 2.8 ± 0.12 op 9.9 ± 0.14 fg 19.0 ± 0.79 b

120 1.8 ± 0.09 p 6.4 ± 0.20 jkl 1.9 ± 0.13 op 2.2 ± 0.10 op 8.2 ± 0.02 hi 15.6 ± 0.52 c

130 1.6 ± 0.18 p 5.4 ± 0.14 lm 1.7 ± 0.21 p 1.9 ± 0.06 op 7.1 ± 0.21 ijk 13.4 ± 0.33 d

140 1.4 ± 0.46 p 4.6 ± 0.49 mn 1.5 ± 0.21 p 1.9 ± 0.14 op 6.0 ± 0.26 klm 12.0 ± 0.29 de

Values are expressed as mean ± standard deviation (S.D.). Statistical analysis included a one-way ANOVA with
Tukey’s HSD posthoc test. Different superscript letters indicate differences are significant at p < 0.05.

3.3. Deep Frying Test

Fried foods are quickly and conveniently prepared by deep frying. People love fried
foods due to their crispy texture and unique flavor. However, high temperature leads to
oxidation and hydrolysis of oils, and other reactions, resulting in harmful substances for
human health. Antioxidants can effectively slow down the oxidation rate of oils. In this
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study, the antioxidant activities of Cur, TBC, DMC, and DMTC were compared with TBHQ
which is used very often in commercial frying oils.

Autoxidation of unsaturated fatty acids is a free radical chain reaction and poly double
bonds will be conjugated to form conjugated dienes (CD) as oxidized [27]. When frying at
high temperature (>180 ◦C), peroxides are decomposed quickly, and free fatty acids are
also formed. Therefore, the peroxide value (PV) cannot indicate the stabilities of frying oil
at high temperatures (>180 ◦C) well. The CD value and acid value (AV) are usually used to
determine the degree of oxidation of frying oil under high temperature. As can be seen
from Figure 1a, the content of CD increased continuously as the frying time lengthened.
The CD value of the control group was clearly higher than those antioxidants added and
indicated that the addition of antioxidants could effectively inhibit lipid oxidation. During
the first 9 h of frying, the CD values of samples changed slowly, because the antioxidant
played a vital role. After more than 12 h frying, however, differences in antioxidant activity
began to appear as antioxidants were consumed. DMTC (CD = 15.6%) exhibited the best
antioxidant activity when the frying time reached 30 h, and Cur and its derivatives were
obviously better than TBHQ (33.5%) at high temperature due their higher molecular weight.
TBHQ is unstable and volatile at high temperatures, which reduces its antioxidant activity
during frying [28,29]. The antioxidant activities of DMC and DMTC in Rancimat tests were
much higher than that of Cur and TBC, but in the high temperature frying experiment,
DMC does not suppress CD generation efficiently and this result may be related to its
low solubility in oil and more DMC was absorbed by potato chips which are mainly
carbohydrates, moisture, and proteins. TBC has better solubility in oils than DMC, so
shows better antioxidant activity.
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Acid value (AV), as an important index to measure the quality of oil, reflects the
content of free fatty acids in oil [30,31]. The AV is generally used as one of the quality
parameters. Large AV means that the oil is hydrolyzed and/or oxidized significantly
to release fatty acids. The standard of commercial edible oils limits the AV; therefore,
smaller AV is required for edible oils. The main methods of increasing AV in oils contain:
(1) unsaturated fatty acids undergo oxidation reactions to form hydroperoxides and further
decomposed to aldehydes and some of them eventually oxidize to small free fatty acids;
(2) fatty acids which are hydrolyzed from acylglycerides. According to Figure 1b, inhibition
of free fatty acids produced by rancidity by different antioxidants is shown as follows:
Control < TBHQ ≈ DMC < Cur < TBC < DMTC.

4. Discussion

In the present research, Cur always attracted wide attention due to its uniquely rare
diketone colored symmetric molecular structure, containing one central methylene, one
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β-diketone, two unsaturated double bonds, and two phenolic hydroxyl groups [14]. With
the improvement in Cur structure, there are more and more studies on the structure–
activity relationship between Cur structure and antioxidant activity [32]. Studies have
found that the phenolic hydroxyl group of Cur plays an important role in antioxidant
activity, and the strength of antioxidant activity is related to the number of phenolic
hydroxyl groups [33]. Moreover, the position of the phenolic hydroxyl group on the
benzene ring also affects the antioxidant activity of Cur to a certain extent [34]. Rukkumain
found that phenolic hydroxyl groups at the 2-position had higher antioxidant activity than
hydroxyl groups at the 4-position, and catechol structure had higher antioxidant activity
than hydroquinone [35]. Other studies have found that the introduction of a methyl group
in the o-position of the phenolic hydroxyl group can also improve the antioxidant activity of
Cur [36]. The results were consistent with those of Cur, TBC, DMC, and DMTC in the DPPH
experiment, Rancimat and deep-frying tests. In the DPPH experiment, it was obvious
that more phenolic hydroxyl groups in the unit molecular weight of the compound would
lead to stronger DPPH radical scavenging, and DMC and DMTC with catechol structure
had more obvious scavenging effects. DMTC is tert-butylated DMC, so its fat solubility
is greatly improved. DMTC also has a perfect steric synergic effect where the hydroxyl
group at 5-position can easily and quickly provide hydrogen to active free radicals and
then the antioxidant free radical itself changes to a more stable 4-phenoxy free radical by
tautomerization as seen in Scheme 3, which explains the steric synergy very well. That is
the main reason why DMTC and BTC have stronger antioxidant activity than others in oils.

5. Conclusions

In this work, two novel lipophilic derivatives of Cur, TBC and DMTC, were synthe-
sized and their antioxidant activity was evaluated using the methods of DPPH, Rancimat,
and deep-frying. Results revealed that the antioxidant activities of the two novel Cur deriva-
tives were better than Cur. DMTC showed the strongest antioxidant activity in oil due to
the presence of more phenolic hydroxyls and a bulky tert-butyl group on the o-position
of hydroxyl group, both of which play important roles when it acts as an antioxidant in
oil. Moreover, DMTC is by far the strongest antioxidant in lard tested by the Rancimat
method to date. TBC and DMTC could be potentially used as powerful antioxidants in
food industry. Previously, we only studied the antioxidant activity of TBC and DMTC in
oil, and their toxicity and effects on oil quality need further study.
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of curcumin; Figure S5. 1H and 13C NMR spectrum of tert-butyl curcumin; Figure S6. The high
resolution mass spectrometry of tert-butyl curcumin; Figure S7. 1H and 13C NMR spectrum of
demethylated curcumin; Figure S8. 1H and 13C NMR spectrum of 1E,6E-1,7-bis(3-tert-butyl-4,5-
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Author Contributions: Conceptualization, X.W. and T.L.; methodology, T.L.; software, T.L.; valida-
tion, T.M.O., X.L. and X.W.; formal analysis, T.L.; investigation, T.L.; resources, X.W.; data curation,
T.L.; writing—original draft preparation, T.L.; writing—review and editing, Olajide. T.M.O., X.L.; J.X.
and X.W.; supervision, X.W.; project administration, X.W.; funding acquisition, X.W. All authors have
read and agreed to the published version of the manuscript.

Funding: The fund was supporting from doctoral training fund of Shanghai University, Shanghai.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

https://www.mdpi.com/article/10.3390/antiox11040796/s1
https://www.mdpi.com/article/10.3390/antiox11040796/s1


Antioxidants 2022, 11, 796 10 of 11

Acknowledgments: The authors thank Yan-Hong Song and Hong-Mei Deng at the Instrumental
Analysis and Research Center of Shanghai University for NMR spectra recording and techni-
cal assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Suzuki, Y.; Sudo, J.I. Lipid peroxidation and generations of oxygen radicals induced by cephaloridine in renal cortical microsomes

of rats. Jpn. J. Pharmacol. 1990, 52, 233–243. [CrossRef]
2. Alamed, J.; Chaiyasit, W.; Mcclements, D.J.; Decker, E.A. Relationships between free radical scavenging and antioxidant activity

in foods. J. Agric. Food Chem. 2009, 57, 2969–2976. [CrossRef] [PubMed]
3. Yao, Q. Advances in the detection and analysis of synthetic antioxidants in edible oils and fats. J. Food Saf. Qual. 2019, 10,

5104–5110.
4. Zuijdgeest-van Leeuwen, S.D.; van den Berg, J.W.O.; Wattimena, J.L.D.; van der Gaast, A.; Swart, G.R.; Wilson, J.H.P.; Dagnelie, P.C.

Lipolysis and lipid oxidation in weight-losing cancer patients and healthy subjects. Metabolism 2000, 49, 931–936. [CrossRef]
[PubMed]

5. Faria, A.; Pestana, D.; Teixeira, D.; Azevedo, J.; De Freitas, V.; Mateus, N.; Calhau, C. Flavonoid transport across RBE4 cells: A
blood-brain barrier model. Cell Mol. Biol. Lett. 2010, 15, 234–241. [CrossRef] [PubMed]

6. Nohmi, T.; Kim, S.R.; Yamada, M. Modulation of oxidative mutagenesis and carcinogenesis by polymorphic forms of human
DNA repair enzymes. Mutat. Res.-Fund. Mol. Mech. Mutagen. 2005, 591, 60–73. [CrossRef] [PubMed]

7. Giese, J. Antioxidants: Tools for Preventing Lipid Oxidation. Food Technol. 1996, 50, 73–74, 76, 78, 80–81.
8. Gramza-Michałowska, A.; Kmiecik, D. Functional Aspects of Antioxidants in Traditional Food. In Functional Properties of

Traditional Foods; Springer: Boston, MA, USA, 2016; Volume 1, pp. 1–7.
9. Pokorný, J. Are natural antioxidants better–and safer–than synthetic antioxidants? Eur. J. Lipid Sci. Technol. 2010, 109, 629–642.

[CrossRef]
10. Khan, M.K.; Paniwnyk, L.; Hassan, S. Polyphenols as Natural Antioxidants: Sources, Extraction and Applications in Food,

Cosmetics and Drugs. Green Chem. Sustain. Technol. 2019, 8, 197–235.
11. Mateos, R.; Madrona, A.; Pereira-Caro, G.; Dominguez, V.; Ma Cert, R.; Parrado, J.; Sarria, B.; Bravo, L.; Luis Espartero, J. Synthesis

and antioxidant evaluation of isochroman-derivatives of hydroxytyrosol: Structure–activity relationship. Food Chem. 2015, 173,
313–320. [CrossRef]

12. Olajide, T.M.; Liu, T.; Liu, H.A.; Weng, X.C. Antioxidant properties of two novel lipophilic derivatives of hydroxytyrosol. Food
Chem. 2020, 315, 1–8. [CrossRef] [PubMed]

13. Khalafalla, R.E.; Müller, U.; Shahiduzzaman, M.; Dyachenko, V.; Desouky, A.Y.; Alber, G.; Daugschies, A. Effects of curcumin
(diferuloylmethane) on Eimeria tenella sporozoites in vitro. Parasitol. Res. 2011, 108, 879. [CrossRef] [PubMed]

14. Reinke, A.A.; Gestwicki, J.E. Structure-activity relationships of amyloid beta-aggregation inhibitors based on curcumin: Influence
of linker length and flexibility. Chem. Biol. Drug Des. 2010, 70, 206–215. [CrossRef] [PubMed]

15. Yang, H.; Du, Z.; Wang, W.; Song, M.; Sanidad, K.Z.; Sukamtoh, E.; Zheng, J.; Tian, L.; Xiao, H.; Liu, Z. Structure–Activity
Relationship of Curcumin: Role of the Methoxy Group in Anti-inflammatory and Anticolitis Effects of Curcumin. J. Agric. Food
Chem. 2017, 65, 4509–4515. [CrossRef] [PubMed]

16. Adams, B.K.; Ferstl, E.M.; Davis, M.C.; Herold, M.; Shoji, M. Synthesis and biological evaluation of novel curcumin analogs as
anti-cancer and anti-angiogenesis agents. Bioorg. Med. Chem. 2004, 12, 3871–3883. [CrossRef]

17. Dong, W.; Liu, H. Research progress in new formulation of curcumin for anti-tumor. Acad. J. Second Mil. Med. Univ. 2015, 36,
771–775. [CrossRef]

18. Oglah, M.K.; Mustafa, Y.F. Curcumin Analogues: Synthesis and Biological Activities. Med. Chem. Res. 2020, 29, 479–486.
[CrossRef]

19. Salle, A.D.; Viscusi, G.; Cristo, F.D.; Valentino, A.; Peluso, G. Antimicrobial and Antibiofilm Activity of Curcumin-Loaded
Electrospun Nanofibers for the Prevention of the Biofilm-Associated Infections. Molecules 2021, 26, 4866. [CrossRef]

20. Shi, G.L.; Olajide, T.M.; Liu, J.J.; Jiang, X.Y.; Weng, X.C. Butylated caffeic acid: An efficient novel antioxidant. Grasas Aceites 2017,
68, 1–8. [CrossRef]

21. Ohkatsu, Y.; Matsuura, T.; Yamato, M. A phenolic antioxidant trapping both alkyl and peroxy radicals. Polym. Degrad. Stab. 2003,
81, 151–156. [CrossRef]

22. Chen, Q.Q.; Pasdar, H.; Weng, X.C. Butylated methyl caffeate: A novel antioxidant. Grasas Y Aceites 2020, 71, 352. [CrossRef]
23. Mazumder, A.; Neamati, N.; Sunder, S.; Schulz, J.; Pertz, H.; Eich, E.; Pommier, Y. Curcumin analogs with altered potencies

against HIV-1 integrase as probes for biochemical mechanisms of drug action. J. Med. Chem. 1997, 40, 3057–3063. [CrossRef]
[PubMed]

24. Farhoosh, R. Shelf-life prediction of edible fats and oils using Rancimat. Lipid Technol. 2007, 71, 1692–1698. [CrossRef]
25. Paquot, C.; Hautfenne, A. Standard methods for the analysis of oils, fats and derivatives, 7th edn. Anal. Chim. Acta 1979, 201,

2503–2526. [CrossRef]

http://doi.org/10.1016/S0021-5198(19)40058-9
http://doi.org/10.1021/jf803436c
http://www.ncbi.nlm.nih.gov/pubmed/19265447
http://doi.org/10.1053/meta.2000.6740
http://www.ncbi.nlm.nih.gov/pubmed/10910006
http://doi.org/10.2478/s11658-010-0006-4
http://www.ncbi.nlm.nih.gov/pubmed/20140760
http://doi.org/10.1016/j.mrfmmm.2005.03.033
http://www.ncbi.nlm.nih.gov/pubmed/16081110
http://doi.org/10.1002/ejlt.200700064
http://doi.org/10.1016/j.foodchem.2014.10.036
http://doi.org/10.1016/j.foodchem.2020.126197
http://www.ncbi.nlm.nih.gov/pubmed/32018079
http://doi.org/10.1007/s00436-010-2129-y
http://www.ncbi.nlm.nih.gov/pubmed/21057813
http://doi.org/10.1111/j.1747-0285.2007.00557.x
http://www.ncbi.nlm.nih.gov/pubmed/17718715
http://doi.org/10.1021/acs.jafc.7b01792
http://www.ncbi.nlm.nih.gov/pubmed/28513174
http://doi.org/10.1016/j.bmc.2004.05.006
http://doi.org/10.3724/SP.J.1008.2015.00771
http://doi.org/10.1007/s00044-019-02497-0
http://doi.org/10.3390/molecules26164866
http://doi.org/10.3989/gya.1278162
http://doi.org/10.1016/S0141-3910(03)00084-3
http://doi.org/10.3989/gya.0226191
http://doi.org/10.1021/jm970190x
http://www.ncbi.nlm.nih.gov/pubmed/9301668
http://doi.org/10.1002/lite.200700073
http://doi.org/10.1016/S0003-2670(00)85376-3


Antioxidants 2022, 11, 796 11 of 11

26. Otohinoyi, D.A.; Ekpo, O.; Ibraheem, O. Effect of ambient temperature storage on 2,2-diphenyl-1-picrylhydrazyl (DPPH) as a free
radical for the evaluation of antioxidant activity. Int. J. Biol. Chem. Sci. 2014, 8, 1262–1268. [CrossRef]

27. Zhang, W.H.; Shi, B.; Shi, J. A theoretical study on autoxidation of unsaturated fatty acids and antioxidant activity of phenolic
compounds. J. Am. Leather Chem. 2007, 102, 99–105.

28. Asap, T.; Augustin, M.A. Effect of TBHQ on quality characteristics of RBD olein during frying. J. Am. Chem. Soc. 1986, 63,
1169–1172. [CrossRef]

29. Buck, D.F. Antioxidants in Soya Oil. J. Am. Chem. Soc. 1981, 58, 275–278. [CrossRef]
30. Gao, H.; Yu, J.; Chen, N.; Zeng, W. Effects and mechanism of tea polyphenols on the quality of oil during frying process. J. Food

Sci. 2020, 85, 3786–3796. [CrossRef]
31. Jung-Min, P.; Jin-Man, K. Monitoring of Used Frying Oils and Frying Times for Frying Chicken Nuggets Using Peroxide Value

and Acid Value. Korean J. Food Sci. Anim. Resour. 2016, 36, 612–616.
32. Weber, W.M.; Hunsaker, L.A.; Abcouwer, S.F. Anti-oxidant activities of curcumin and related enones. Bioorg. Med. Chem. 2005, 13,

3811–3820. [CrossRef] [PubMed]
33. Srinivasan, M.; Sudheer, A.R.; Menon, V.P. Ferulic acid: Therapeutic potential through its antioxidant property. J. Clin. Biochem.

Nutr. 2007, 40, 92–100. [CrossRef] [PubMed]
34. Lee, K.H.; Ab Aziz, F.H.; Syahida, A. Synthesis and biological evaluation of curcumin-like diarylpentanoid analogues for

anti-inflammatory, antioxidant and anti-tyrosinase activities. Eur. J. Med. Chem. 2009, 44, 3195–3200. [CrossRef] [PubMed]
35. Rukkumani, R.; Balasubashini, M.S.; Vishwanathan, P. Comparative effects of curcumin and photo-irradiated curcumin on

alcohol- and poly-unsaturated fatty acid-inducedhyperlipidemia. Pharmacol. Res. 2002, 46, 257–264. [CrossRef]
36. Khairia, M.; Youssef, M.A.E. Synthesis and antitumor activity of some curcumin analogs. Archiv Der Pharmazie 2005, 338, 181–189.

http://doi.org/10.4314/ijbcs.v8i3.39
http://doi.org/10.1007/BF02663944
http://doi.org/10.1007/BF02582356
http://doi.org/10.1111/1750-3841.15470
http://doi.org/10.1016/j.bmc.2005.03.035
http://www.ncbi.nlm.nih.gov/pubmed/15863007
http://doi.org/10.3164/jcbn.40.92
http://www.ncbi.nlm.nih.gov/pubmed/18188410
http://doi.org/10.1016/j.ejmech.2009.03.020
http://www.ncbi.nlm.nih.gov/pubmed/19359068
http://doi.org/10.1016/S1043-6618(02)00149-4

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	General Synthesis of Compounds 
	DPPH Test 
	Rancimat Test 
	Deep Frying Test 
	Statistical Analysis 

	Results 
	DPPH Test 
	Rancimat Test 
	Deep Frying Test 

	Discussion 
	Conclusions 
	References

