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Abstract The objective of the present study was to syn-

thesize x-3 polyunsaturated fatty acid esters of lutein and

to evaluate if esterification can stabilize the both bioactive

molecules. Both x-3 polyunsaturated fatty acid and lutein

are prone towards auto-oxidation in their free form. Free

lutein extracted from the marigold petals was enzymati-

cally esterified using Candida antarctica NS435 Lipase B,

with the x-3 long-chain polyunsaturated fatty acids. The

lutein esters were purified, characterized and finally

assessed for their protective role against oxidative degra-

dation in bulk fish oil matrix. The antioxidative effect of

these esters was compared with commercial antioxidants of

natural origin, i.e., a-tocopherol and a synthetic antioxi-

dant, i.e., tert-butylhydroquinone, at a dosage of 200 mg/L.

Both free lutein and lutein–polyunsaturated fatty acid ester

had significantly promoted the oxidative stability of bulk

fish oil. But based on dose–response relationship, lutein–

polyunsaturated fatty acid ester was found to be more

efficient than free lutein, in protecting fish oil from sec-

ondary oxidation, thereby augmenting their shelf life.

Given the high nutraceutical value, potent antioxidative

potential and organic origin, it is only relevant to incor-

porate lutein esters as natural preservative and stabilizers in

edible oils.

Keywords Lutein ester � Long-chain polyunsaturated fatty

acids � Gas chromatography � Candida antarctica NS435

Lipase B � Fish oil � Antioxidant

Introduction

Antioxidants, both synthetic and naturally occurring, are

used industrially to preserve the quality of the food prod-

ucts and extend their shelf-life. Synthetic antioxidants like

butylated hydroxyanisole (BHA), butylated hydroxy-

toluene (BHT) and tert-butylhydroquinone (TBHQ) were

extensively used in the oil industry. However recent reports

suggest that extensive use of such synthetic antioxidants

can cause carcinogenesis, mutagenesis, allergic contact

dermatitis, etc. (Suja et al. 2004; Eskandani et al. 2014; Li

et al. 2015).

Experimental as well as epidemiological reports provide

tangible evidence that several dietary phytochemicals can

efficiently quench reactive oxygen species both in vitro and

in vivo (Wootton-Beard and Ryan 2011; Sen and Chakra-

borty 2011; Das et al. 2012). Lutein (C40H56O2, b,e-car-
otene-3,30-diol), an oxygenated carotenoid, is an extremely

important nutraceutical with therapeutic effects against

oxidative stress-related physiological maladies. Lutein, one
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of the six major carotenoids commonly found in human

serum (b-carotene, lycopene, lutein, b-cryptoxanthin,
zeaxanthin, and a-carotene) (Fu et al. 2010) serves as an

indispensable component of the primate retinal tissue that

shields it against the chronic oxidative stress (Olson et al.

2011). Marigold flower petals (Tagetes sp.), serve as the

most abundant source where 70–90% of the pigment is

lutein, mostly esterified with fatty acids like lauric, myristic

and palmitic acids (Sowbhagya et al. 2004). Due to the

presence of two hydroxyl groups at both the terminals of

the central polyene chain, lutein has shown strong scav-

enging property against various reactive oxygen species

(ROS) and reactive nitrogen species (RNS). Bhattacharyya

et al. (2010) and Rodrigues et al. (2012) have revealed the

strong protective efficacy of lutein in long-chain polyun-

saturated fatty acids (LCPUFAs) like linolenic acid.

But lutein and lutein-enriched foods are sensitive to the

degradation and isomerization induced by the thermal

treatment beyond 40 �C and extended storage under strong

light intensity (Aman et al. 2005; Provesi et al. 2011).

Subagio et al. (1999) and Subagio and Morita (2003) have

shown that esterification of lutein with fatty acids like

myristic acid, lauric acid, and palmitic acid has stabilized

lutein and promoted its antioxidant activity in bulk oil. The

enhanced thermal stability of these ‘lutein phenolipids’ has

been attributed to the esterification of the terminal hydroxyl

groups. In similar studies, rutin esterified with LC-PUFAs

showed a better antioxidative effect in the bulk phase

sunflower oil than rutin esterified with short-chain fatty

acids (Viskupicova et al. 2010). In addition to antioxidant

activity, LCPUFA conjugated with phenolics have been

reported to show significantly improved anti-inflammatory,

antiviral and even anticancer activities in comparison to the

parent molecules, suggesting that such phenolipids show

synergistic activities (Shahidi and Zhong 2010).

The present work endeavored on the hypothesis that

esterification of lutein with LC-PUFA concentrate would

stabilize both lutein and the LC-PUFAs against oxidation.

Lutein, reported in the present study, is extracted from

marigold flowers whereas the PUFAs were concentrated

from fish oil (FO) by urea complexation. The ester products

generated during the conclusion of the experiment were

further characterized and evaluated for their antioxidative

potential in bulk FO systems. The qualitative, as well as the

quantitative impact of the free lutein and the lutein–PUFA

esters (LE) in protecting the bulk FO from oxidation, were

assessed in comparison to the commercial antioxidants.

Materials and methods

Materials

Fish oil (Maxepa�, Merck Limited, Nani Daman, India)

was used as a source for x-3 LC-PUFAs. Lipase acrylic

resin from Candida antarctica (CAS Number: 9001-62-1,

Synonym: Novozyme 435, the activity of C 5000 U/g of

lipase obtained from Sigma-Aldrich, MO, USA). HPLC

grade solvents like acetonitrile and ethyl acetate were

procured from Spectrochem (India) and HPLC grade

methanol was bought from Sigma-Aldrich (MO, USA). All

the other solvents and reagents were of analytical grade and

were bought from Sisco Research Laboratories (India).

Extraction of lutein from marigold flowers

Marigold flower petals were collected from local flower

market in Kolkata, West Bengal, India and air-dried under

shade at 40–45 �C. Air-dried petals were pulverized in a

mixer-grinder, in the presence of anhydrous Na2SO4 (4:1,

w/w) and passed through a fine mesh before extraction. The

extraction was done according to Khalil et al. (2012).

Briefly, 500 mg of powdered marigold petals was soni-

cated with 40 mL solvent (n-hexane/isopropanol, 3:2, v/v)

at 20 kHz frequency and 40 W power (Microclean 101,

Oscar Ultrasonics; Mumbai, India) for 1 min and incubated

for 24 h at room temperature. The sample was then cen-

trifuged at 1500 g for 5 min, and the supernatant was

collected. The extraction step was repeated thrice. The

extracted supernatants were pooled together in a separating

funnel, washed with 20 mL 0.1 M NaCl, and incubating

for 30 min until the aqueous, and the organic layer was

separated. Hexane was removed at 40 �C under reduced

pressure in a rotary evaporator. The remaining solid

(marigold oleoresin) was collected and stored at - 20 �C
until further use. 300 mg of oleoresin was saponified by

refluxing with 5% KOH (50 mL) for 2 h, in the presence of

0.1% BHA to protect the xanthophylls from oxidation. The

progress of the saponification reaction was monitored.

After completion, 50 mL of distilled water was added to

the reaction mix, and the unsaponified matter was extracted

with hexane. The lutein-rich stock solution was stored at

- 20 �C until further use.

The stock solution of the unsaponified fraction of the

oleoresin in hexane was spotted onto silica gel (Silica gel G

with CaSO4 binder, Spectrochem Pvt. Ltd., India) coated

thin layer chromatographic plates. Hydrophobic mobile

phase [Hexane:Diethyl ether (9:1, v/v)] was used for

chromatographic separation and subsequent purification of

lutein.
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Analysis of free lutein by high-pressure liquid

chromatography (HPLC)

The extracted, unsaponified samples were analyzed by

Reversed phase-HPLC (RP-HPLC) to identify lutein. RP-

HPLC analysis was carried out, according to Piccaglia

et al. (1998), using an HPLC system (Waters, MA, USA)

equipped with an Ultrasphere C18 reversed phase column

(4.6 9 250 mm, i.d. 5 lm) (Hichrom, Leicestershire, UK)

and a UV–Vis detector (Waters 2487 Dual k Absorbance

Detector, 190–700 nm; Waters, MA, USA). The mobile

phase was a gradient solvent system composed of ace-

tonitrile:methanol (9:1, v/v) (A) and ethyl acetate (B). The

gradient system was run by linearly increasing solvent B

from 0 to 100% over 30 min, at a flow rate of 1 mL/min.

The sample injection volume was 10 lL, and the detection

wavelength was set at 447 nm.

Preparation of PUFA enriched free fatty acid

concentrate from FO

Commercially available FO (MaxepaTM, Merck, India) was

hydrolyzed to free fatty acids according to the method

reported by Mbatia et al. (2011). Briefly, 10 mL of FO was

mixed with 25 mL of 90% ethanol containing 1.5 g of

NaOH with stirring and refluxed for 2 h. FFAs were

recovered by lowering the pH to 2 using 2 N HCl neu-

tralized and dried over anhydrous Na2SO4.

PUFA enrichment of the recovered FFA mixture was

done according to the urea-inclusion method described by

Chakraborty and Raj (2007). Urea was added to methanol

at a ratio of 1:3 (w/v) under constant stirring and heated at

65–70 �C to prepare a transparent homogeneous solution.

The fatty acids recovered from saponification of FOwere

slowly added to the warm solution at a urea/fatty acid ratio

of 4:1 (w/w). After complete dissolution, the suspension

was cooled to room temperature and subsequently crys-

tallized at 4 �C and - 20 �C for 24 h each. The urea-fatty

acid complex crystals were separated from other fatty acids

by vacuum filtration. The filtrate containing the unsaturated

fatty acids was evaporated in a rotary vacuum evaporator at

a temperature of 40–45 �C to remove the residual metha-

nol, and the concentrated PUFAs were recovered using n-

hexane. The PUFA concentrate (1 mL) was converted to

fatty acid methyl esters (FAME) and analyzed by gas

chromatography (Agilent 6890 N Gas chromatograph

equipped with a DB-Wax capillary column; 30 m long 9

0.25 mm 9 i.d. 0.25 mm and a flame ionization detector).

The GC inlet temperature and FID detector temperature

were maintained at 250 �C, and the oven temperature was

maintained at 250 �C for 2 min, then temp was increased at

10 �C/min, up to 280 �C, held at 280 �C for 20 min. The

gas flow rate was maintained at 1 mL/min, 300 mL/min

and 30 mL/min for N2, H2 and air respectively (Dey et al.

2012).

Lipase-catalyzed esterification of PUFA with Lutein

Lipophilic derivatives of lutein was synthesized by enzy-

matic esterification method (Mbatia et al. 2011). Briefly,

lutein (1 g) and PUFA concentrate (1.9 g) [1:5; Lutein:-

PUFA molar ratio] were solubilized in moisture-free ace-

tone (100 mL). The enzymatic synthesis was initiated by

the addition of immobilized Novozyme 435 lipase (20 g/L)

and activated molecular sieves (60 g/L) were used for

maintaining the proper water activity (aw\ 0.01) to drive

the forward reaction toward product formation. Reactions

were continued at 40–45 �C with agitation (200 rpm) for

up to 8 h and were continually monitored by thin layer

chromatography, with a hydrophobic solvent [Hexane:Di-

ethyl ether (9:1, v/v)]. To terminate the reaction, enzyme

and molecular sieves were filtered off, and acetone was

evaporated at 40 �C under reduced pressure.

Isolation of ester products

The ester products were successfully extracted into the

organic phase (Mbatia et al. 2011), using 1 part of water

and 4 parts of hexane (v/v). The lutein–PUFA ester was

separated using a hydrophobic mobile phase containing

Hexane:Diethyl ether (9:1) v/v. The solvent was evapo-

rated under reduced pressure, and the yield of the product

was estimated gravimetrically.

Characterization of the ester

Quantitative estimation of PUFA incorporation in the ester

A known amount of ester product was again saponified by

refluxing for 1–2 h, with 5% methanolic KOH soln. The

unsaponifiable part was extracted in n-hexane, washed with

0.1 M NaCl until the pH becomes neutral and finally col-

lected as a moisture-free solution, by passing through a

layer of anhydrous Na2SO4. The separated soap was treated

with 2 N HCl, and the free fatty acids were extracted in

hexane. The fatty acid part was converted to FAMEs and

analyzed by GC, to assess the efficiency and specificity of

the fatty acids towards the ester formation (Dey et al.

2012).

Analysis of lutein–PUFA esters by HPLC

Purified lutein–PUFA esters were extracted from the thin

layer chromatography plate for analysis by RP-HPLC

according to Piccaglia et al. (1998), as described earlier.
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FT-IR analysis

Lutein esters and the free lutein that used as the substrate

for the esterification were assessed for their IR absorption

spectra. 100 lL from each of n-hexane solution of Lutein

esters and the free lutein were separately absorbed in

between two transparent of anhydrous KBr (4 mg for each

pellet) and was analyzed across wavenumbers ranging from

4000 to 400 cm-1, in a Jasco FT/IR-6300 Fourier Trans-

form Infrared spectrometer (Easton, MD, USA), using 64

scans to reach a spectral resolution of 4 cm-1. The suc-

cessful esterification of the terminal hydroxyl groups of

lutein were determined by the absorption bands corre-

sponding to the functional groups like ester, carboxyl, and

hydroxyl groups (Silverstein et al. 2005).

Calculation of partition coefficient (log P values)

The lipophilicity of the theoretically synthesized deriva-

tives was determined using the Molinspiration online ser-

ver (http://www.molinspiration.com/cgi-bin/properties;

Molinspiration Cheminformatics, Bratislava, Slovak

Republic).

Comparison of lutein and lutein–PUFA esters

on oxidative stability of FO

Stabilization of FO against oxidation employing

synthesized antioxidants

The antioxidative potential of the synthesized lutein–PUFA

conjugate to protect commercial FO from oxidative ran-

cidity was investigated. The FO was fortified with lutein

and lutein–PUFA esters to a final concentration of 100 to

1000 mg/L. The results were compared to the antioxidative

performance of a natural anti-oxidant, i.e., a-tocopherol
and a synthetic antioxidant, i.e., TBHQ, at a standard

dosage of 200 mg/L. A control FO sample with no added

antioxidant was included. The samples were maintained for

15 days in a temperature controlled oven set at 37 �C. The
formation of primary and secondary oxidation products

was measured by assessing acid value, peroxide value and

p-anisidine value according to AOCS Official Methods of

Analysis, at different time points. The extent of lipoper-

oxidation was also determined by the Thiobarbituric Acid

Reactive Substances assay (TBARS) (Harlina et al. 2015)

at various time points. Briefly, 5 mg of oil sample was

mixed with 2 mL of 0.67% TBA and 1 mL of 20% TCA,

incubated in boiling water bath for 10 min. Thus, the for-

mation of malondialdehyde (MDA) was measured spec-

trophotometrically at 532 nm, using reagent blank. The

standard curve of malondialdehyde was used to calculate

the concentration of MDA and expressed as mg of MDA/g

sample.

Statistical analysis

All the experiments were done in triplicate, and the data

were expressed as mean ± SD. One-way ANOVA was

computed using Origin Pro 8 SR0 (v8.0724) software

package (Northampton, MA, USA). The differences

between means were accepted significant at P\ 0.05.

Results and discussion

Extraction of de-esterified Lutein from marigold

The present report deals with the extraction of lutein from

marigold flower (Tagetes patula L.) petals of mixed cul-

tivars. Micellar extraction of dried and ground marigold

flower petals had an oleoresin yield of 8.69 ± 0.67% (w/

w), rich in lutein esters of fatty acids from C10:0 to C18:3

(Table 1). KOH mediated saponification of this oleoresin

had yielded free lutein from these esters. 31.43 ± 0.83%

(w/w) of unsaponifiable carotenoid fraction was recovered

from the oleoresin, of which, the free lutein concentration

was found to be 71.7%, corresponding to the area under the

curve (AUC) covered by Peak 1, in Fig. 1. Sowbhagya

et al. (2004) had shown that lutein comprised 70% to 73%

of the unsaponified carotenoids extracted from petals of

Tagetes erecta L. which corroborates our observation. The

overall yield of lutein from T. patula L. (Natchigal et al.

2012) was found to be 0.06 to 1.23 wt%. FTIR spectrum of

the extracted lutein stock solution in hexane was depicted

in Fig. 2. The corresponding –[OH] stretching vibration

Table 1 Fatty acid content in lutein esters present in marigold ole-

oresin extract

Fatty acids Concentration (%)

Capric acid (10:0) 2.05 ± 0.02

Lauric acid (12:0) 2.65 ± 0.01

Myristic acid (14:0) 9.82 ± 0.01

Palmitic acid (16:0) 38.42 ± 0.04

Palmitoleic acid (16:1) 0

Stearic acid (18:0) 11.72 ± 0.03

Oleic acid (18:1) 4.54 ± 0.02

Linoleic acid (18:2) 21.9 ± 0.05

Linolenic acid (18:3) 8.91 ± 0.02

Eicosapentaenoic acid (20:5) 0

Docosahexaenoic acid (22:6) 0

Data presented as mean ± SD, n = 3
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band between 3200 and 3600 cm-1 was represented by a

broad peak. The bands corresponding to the symmetrical

stretching vibration of the CH2 groups were represented by

the peaks between 2862 and 3000 cm-1. The band

assigned to the stretching vibrations of the –[C=C]– groups

was at 1650 cm-1. The bands corresponding to bending

vibrations in the –CH3 groups were found at 1449 cm-1

and 1386 cm-1 (Boonnoun et al. 2013).

Preparation of PUFA concentrate

The fatty acid composition FO and the PUFA concentrate

were shown in Table 2. The yield ofPUFA concentrate was

17.56 ± 0.45% (w/w), in term of the initial oil content.

The concentration of a-linolenic acid (ALA, C18:3, x-3),
eicosapentaenoic acid (EPA, C20:5, x-3) and

docosahexaenoic acid (DHA, C22:6, x-3) have accounted

for 93.29 ± 0.14% of all fatty acids in the PUFA

concentrate.

Enzyme-catalyzed synthesis of lutein–PUFA esters

The TLC based separation yielded of 46.4 ± 5.38% of

resultant esters. Comparing IR spectrum of free lutein and

synthesized lutein esters (Fig. 2), peaks at 1740 cm-1

(represents the –[C=O] vibrations in carbonyl groups) and

1258 cm-1 were identified as unique to the lutein–PUFA

esters. It confirmed the presence of acyl groups, a promi-

nent characteristic of esters (Silverstein et al. 2005). The

second peak at 1256 cm-1 represented asymmetric –C–O–

C– stretch. Besides, noticeable reduction in the intensity of

–[OH] stretching vibration band between 3200 and

3600 cm-1, which corresponds to the formation of ester

Fig. 1 HPLC profile of a

carotenoids fraction extracted

from marigold petals (red) and

the lutein–PUFA ester (black).

Peak-1 was identified as lutein

(retention time 4.841 min; area

% = 71.7%). Peaks 2, 3 and 4

represent the lutein–PUFA

esters (retention time 6.102 min

for peak 2) (color figure online)

Fig. 2 FTIR spectrum of

extracted lutein and synthesized

lutein–PUFA ester. Hexane

soln. of both the analytes was

sandwiched between two KBr

pellets and the analyzed along a

wavenumbers range of

4000–400 cm-1 with pure

hexane acting as a background
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bond with the terminal –[OH] groups of lutein (Silverstein

et al. 2005).

Theoretical lipophilicity of free lutein and lutein ester

was expressed by the miLog P value, as calculated by the

Molinspiration online server. The synthesized lutein esters

with PUFAs like ALA (18:3), EPA (20:5), DHA (22:6) had

increased hydrophobicity of the esters than free lutein, as

described by their miLog P value (9.31 for free lutein,

compared to 10.22–10.76 for lutein mono or diesters with

x-3 PUFA, Table 3). It was evident from the fact that the

retention time of the PUFA enriched lutein esters in RP-

HPLC chromatogram have increased (6.102 min, Fig. 1),

as compared to the free lutein (4.841 min), extracted from

the marigold petals.

In the present study, natural sources of lutein ester

(Table 2) were restructured, by incorporating x-3 PUFAs

(C18:3 to C22:6, * 83%) (Table 2). DHA was quite high

in the PUFA concentrate (52.37%) that was esterified with

the lutein. Interestingly, the formation of lutein di-do-

cosahexaenoate was sterically hindered due to large ali-

phatic side-chain of DHA that formed esters with lutein at

lesser efficiency compared to other PUFAs. Viskupicova

et al. (2010) have previously reported that the conversion

yield of fatty acid esters gradually diminished with the

increase in the chain length of the PUFAs. C. antarctica

lipase B catalyzed the esterification of rutin with fatty acids

of C4–C12 chain lengths gave a conversion yield of[
50%. Whereas with the same reaction protocol, signifi-

cantly lower yields were obtained with longer fatty acids

(C12–C18) (Ardhaoui et al. 2004; Viskupicova et al. 2010).

In addition to the chain lengths, some unsaturations also

influence the lipase specificity to a great extent. C.

antarctica lipase B, unlike the other lipases, does not show

any restraining effect (Mbatia et al. 2011).

Antioxidant activity of lutein esters

Carotenoids like b-carotene, lutein, zeaxanthin, etc. exert
their antioxidant potential by quenching the high energy

singlet oxygen or other highly reactive radicals and diffuse

the energy through the delocalization of p-electrons over

the extended conjugated double bonded polyene chain

(Sparrow and Kim 2009; Widomska and Subczynski 2014).

Nakagawa et al. (2009) illustrated the antioxidative effect

of lutein (as food-grade lutein capsule, 9�67 mg lutein per

capsule) on erythrocyte membrane phospholipid and sub-

sequent cytotoxicity. In vitro antioxidative activity of

lutein, extracted from marigold flowers was shown to

safeguard against multiple reactive oxygen species, nitric

oxide and lipid peroxidation in a concentration-dependent

manner (Bhattacharyya et al. 2010). Interestingly UV-il-

lumination and high temperature can inflict substantial loss

of active lutein, whereas esterification of any one or both

the terminal hydroxyl groups has shown to stabilize the

lutein molecule against light and temperature-mediated

degradation (Subagio et al. 1999).

Due to high lipophilicity of the synthesized lutein ester,

the antioxidative activity of the PUFA enriched lutein

derivative was assessed based on its capacity to prevent the

formation of various oxidation products in FO in a con-

centration range of 100–1000 mg/L and compared to free

lutein. Commercial synthetic antioxidant TBHQ and a-

Table 2 Fatty acid content of

commercial FO, PUFA

concentrate and the lutein–

PUFA ester

Fatty acids Concentration (%)

Fish oil PUFA concentrate Lutein–PUFA ester

Myristic acid (14:0) 9.13 ± 0.02 0 0.32 ± 0.009

Palmitic acid (16:0) 19.47 ± 0.04 2.47 ± 0.02 3.01 ± 0.016

Palmitoleic acid (16:1) 12.11 ± 0.02 2.72 ± 0.06 3.71 ± 0.043

Stearic acid (18:0) 3.14 ± 0.01 0 0.85 ± 0.007

Oleic acid (18:1) 15.43 ± 0.01 2.87 ± 0.03 4.46 ± 0.029

Linoleic acid (18:2) 1.36 ± 0.04 1.37 ± 0.02 3.86 ± 0.012

Linolenic acid (18:3) 3.89 ± 0.05 9.05 ± 0.02 14.02 ± 0.24

Eicosapentaenoic acid (20:5) 22.44 ± 0.02 29.14 ± 0.07 41.83 ± 0.47

Docosahexaenoic acid (22:6) 13.04 ± 0.05 52.37 ± 0.05 27.68 ± 0.38

Data presented as mean ± SD, n = 3

Table 3 miLog P values of lutein and lutein–PUFA esters

Molecule miLog P value

Lutein 9.31

Lutein–EPA monoester 10.22

Lutein–DHA monoester 10.25

Lutein–EPA diester 10.72

Lutein–DHA diester 10.76

Lutein–EPA–DHA diester 10.74
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tocopherol at 200 mg/L were used as industry standards.

Atmospheric moisture mediated hydrolysis rendered ran-

cidity to the FO when incubated at 37 �C. Interestingly,

compared to the industry standards, lutein–PUFA esters

have shown a significantly higher protective effect against

the rise in acid value (Fig. 3a). Evidently, dosage variation

Fig. 3 Oxidation stability of FO during storage at 37 �C for 15 days

in presence of the commercial antioxidants, free lutein (Lut) and

synthesized lutein–PUFA ester (LE), in terms of a acid value,

b peroxide value, c p-anisidine value, d TBARS value. Data presented

as mean ± SD, n = 3. The differences between means were accepted

significant at P\ 0.05. FLO = fish oil in absence of any antioxidants,

TBHQ = tert-butylhydroquinone (200 mg/L), standard synthetic

antioxidant for commercial use, Toc = a-tocopherol (200 mg/L),

standard natural-origin antioxidant for commercial usage, Lut1–

Lut6 = free lutein, extracted from marigold petals, at concentrations

100, 200, 300, 400, 500, 1000 mg/L respectively, LE1–LE6 = enzy-

matically synthesized lutein–PUFA ester, at concentrations 100, 200,

300, 400, 500, 1000 mg/L respectively
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from 100 to 1000 mg/L had only incrementally affected the

antioxidative efficiency of the ester. Free lutein was found

to be efficient against free fatty acid build-up at higher

concentration (C 400 mg/L).

Primary oxidation of results in the formation of

hydroperoxides that further lead to the creation of car-

bonyls (in particular, aldehydes) that give the oil a rancid

smell (Shahidi 1994). The concentration of primary

oxidation products was measured by peroxide value,

whereas secondary peroxidation products were assessed by

p-anisidine value. Both lutein and lutein–PUFA ester have

shown equivalent efficiency in protecting FO from primary

oxidation (Fig. 3b). Antioxidative activity of both free

lutein and lutein-LC-PUFA ester were found to be com-

parable with the commercial standards, at concentra-

tions C 400 mg/L. But results depict lutein–PUFA ester

Fig. 3 continued
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was more proficient in protecting FO from secondary

oxidation than free lutein (Fig. 3c). At even 200 mg/L

concentration, the antioxidative activity of lutein–PUFA

ester was found to be comparable to TBHQ and a-toco-
pherol. The antioxidative activity of these esters was found

to be positively correlated with the increase in concentra-

tion and significantly improved than the standards at high

concentrations. Similar trends were also observed against

the lipoperoxidation of FO, as evinced by TBARS assay

(Fig. 3d). Lutein–PUFA ester was found to be more effi-

cient than both the commercial standards; at a concentra-

tion[ 500 mg/L. Free lutein had shown comparable

antioxidant activity to a-tocopherol, at the concentration of

1000 mg/L, whereas among the standards, TBHQ was

found to be more efficient than its natural alternative, i.e. a-
tocopherol. Previously, Rupasinghe and Yasmin (2010)

had shown the activity of natural antioxidants like a-to-
copherol to be comparatively less efficient than synthetic

antioxidants like BHT in protecting FO against

lipoperoxidation.

As lutein esters have significantly improved lipophilicity

compared to free lutein, at the same concentration, more

lutein ester molecules exist in the oil phase, that explained

the better antioxidative activity compared to free lutein.

Murata et al. (2004) had described the significance of

hydrophobicity of the natural flavonoids and their antiox-

idative potential. Recent reports have evinced that

hydrophobicity had a positive impact on the antioxidative

potential of a compound in lipophilic food systems. The

long-chain fatty acid derivatives of rutin and vanillyl

alcohol provide enhanced protection against oxidation of

sunflower oil and PUFA enriched oils, both in bulk and oil

in water emulsion systems (Viskupicova et al. 2010;

Mbatia et al. 2011).

Conclusion

Bioorganic synthesis of novel ‘‘phenolipids’’ from natural

components, for utilization in edible matrices, is the

modern trend in health and nutrition research. The phar-

macophore that resulted from the combination of both the

PUFA and the bioactive natural phenolic, allowed for

enhanced and efficient health benefits. Its pronounced

activity at both in vitro and in vivo speaks of its popularity.

In the present work, a novel lutein-ester, enriched in x-3
PUFAs was synthesized using Candida antarctica NS435

Lipase B. Esterification with PUFAs has increased the

lipophilicity of lutein, which in turn amplified its antiox-

idative potential in a lipophilic edible medium like FO, to

an extent comparable to the antioxidants used in current

commercial food products.
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