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1  | INTRODUC TION

Lipid oxidation was considered to be the main cause of food deg-
radation and the reduction of some properties like the commercial 
shelf life, sensory properties (undesirable flavors, odors, dark col-
ors,	and	so	on),	and	consumer	acceptability	(Wąsowicz	et	al.,	2004).	
Furthermore,	 cancer,	 coronary	 heart	 disease,	 and	Alzheimer's	 dis-
eases are also reported to be caused in part by oxidation or free 
radical reactions in the body (Liguori et al., 2018).

To prevent foods from undergoing such deterioration and to 
provide protection against serious diseases, it is very important to 
inhibit lipid peroxidation occurring in food stuffs and the living body 
via	utilization	of	antioxidant	molecules.	In	fact,	antioxidant	is	defined	
as any molecule that significantly delays or inhibits oxidation of a 

substance when present at low concentration compared to that of 
an	oxidizable	substrate.	These	molecules	are	used	to	preserve	food	
products by retarding discoloration and deterioration as a result of 
oxidation.

Synthetic phenolic antioxidants, such as Butylated Hydroxyanisole 
(BHA), have been used as effective additives to control lipid oxidation 
in high fat content foods. However, an increasing concern about their 
safety has resulted in a preferential research on natural antioxidants.

To overcome these drawbacks, many natural molecules were 
studied for their antioxidant activities like protein hydrolysates 
from animal, plant, and aquatic products (Hmidet et al., 2011; Nasri 
et al., 2012). Among these biomolecules, biosurfactants were de-
scribed for their antioxidant properties (Ben Ayed et al., 2015; Ben 
Ayed, Hmidet, Béchet, Jacques, & Nasri, 2017; Jemil, Ben Ayed, 

Received:	3	June	2019  |  Revised:	26	September	2019  |  Accepted:	8	November	2019
DOI:	10.1111/jfpp.14337		

O R I  G  I N A L  A R T I  C L E  P r e p r i n t

Antioxidant properties of Enterobacter cloacae C3 lipopeptides 
in vitro and in model food emulsion

Noomen Hmidet1  |   Nawel Jemil1 |   Manel Ouerfelli2,3 |   María Pilar Almajano3 |   
Moncef Nasri1

1Laboratoire	de	Génie	Enzymatique	et	de	
Microbiologie,	Ecole	Nationale	d’Ingénieurs	
de Sfax, Université de Sfax, Sfax, Tunisia
2Research Unit « Nutrition et Métabolisme 
Azotés	et	Protéines	de	Stress	»	(UR/ 
ES-13/29), Biology Department, Faculty of 
Sciences of Tunis, University of Tunis El-
Manar, Tunis, Tunisia
3School	of	Industrial	Engineering	of	
Barcelona	(ETSEIB),	Chemical	Engineering	
Department (DEQ), Technical University of 
Catalonia	(UPC),	Barcelona,	Spain

Correspondence
Noomen Hmidet, Laboratoire de Génie 
Enzymatique	et	de	Microbiologie,	Ecole	
Nationale	d’Ingénieurs	de	Sfax,	Université	
de	Sfax,	B.P.	1173-3038	Sfax,	Tunisia.
Email: hmidet_noomen@yahoo.fr

Funding information
This work was funded by the Ministry of 
Higher Education and Scientific Research, 
Tunisia

Abstract
The present work aims to investigate the in vitro antioxidant activities of Enterobacter 
cloacae	C3	lipopeptides,	as	well	as	the	stability	of	sunflower	oil	in	water	(o/w)	emul-
sion	and	the	conservation	of	raw	beef	patties.	The	C3	lipopeptides	were	assayed	for	
their	antioxidant	activity	through	five	different	tests.	The	C3	lipopeptides	showed	
good	in	vitro	antioxidant	activities.	Lipopeptides	C3	exhibited	important	antioxidant	
properties in 10% sunflower o/w emulsions during prolonged storage (28 days) at 
30°C.	The	effect	of	C3	 lipopeptides	on	 the	oxidative	 stability	of	 raw	beef	patties	
showed effectiveness effect in preventing oxidative degradation of lipids via thiobar-
bituric	acid	reactive	substance	and	peroxide	methods.	Cytotoxicity	test	using	human	
kidney HEK293 cells showed that studied lipopeptides was nontoxic substances. The 
results	of	this	study	indicate	that	lipopeptides	C3	could	be	appropriate	antioxidant	
agent in food models as inhibitors of lipid oxidation.

Practical applications
Lipid oxidation is considered to be one of the major causes of quality deterioration 
in natural and processed foods. Lipopeptides produced by E. cloacae	C3	 could	be	
appropriate for use as natural antioxidants and could be considered as alternative to 
synthetic antioxidants for the preservation of o/w emulsions and meat against lipid 
oxidation for a long period.
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Manresa,	Nasri,	&	Hmidet,	2017)	and	emulsions	stabilization	(Bai	&	
McClements,	2016;	Pekdemir,	Çopur,	&	Urum,	2005).

In	 fact,	 biosurfactants	 have	 emerged	 as	 multifunctional	 mol-
ecules due to their structures diversity, as well as diverse proper-
ties and wide range of industrial applications (Marchant & Banat, 
2012).	In	comparison	with	synthetic	surfactants,	they	present	some	
advantages like low toxicity, high biodegradability, environmental 
compatibility, high foaming, wide selectivity, and specific activity at 
extreme temperature, pH, and salinity (Desai & Banat, 1997). These 
properties allow using them in various industries detergents, tex-
tiles, paints, mining, cellulose, pharmaceutics, and nanotechnology 
(Rodrigues,	Banat,	Teixeira,	&	Oliveira,	2006).

On the basis of their chemical structures, biosurfactants are di-
vided into five major classes: lipopeptides, glycolipids, phospholip-
ids, neutral lipids, and polymeric compounds (Desai & Banat, 1997). 
Microbial lipopeptides are amphiphilic secondary metabolites com-
posed of one fatty acid chain linked to a peptide moiety (Jacques, 
2011). These bioactive compounds are produced by a set of micro-
organisms	mainly	present	 in	the	soil	 (Coutte	et	al.,	2017).	Actually,	
lipopeptides are predominantly used in bioremediation of pollut-
ants (Karlapudi et al., 2018), pharmaceutical (Gharaei-Fathabad, 
2011),	and	cosmetic	industries	(Vecino,	Cruz,	Moldes,	&	Rodrigues,	
2017); however, these microbial compounds exhibit a variety of 
useful properties for application in many sectors of food industry 
specially as antioxidant, antimicrobial, antiadhesive agents (Jemil 
et	al.,	2017),	 foaming,	wetting,	 solubilizers,	and	emulsifiers	 (Banat,	
Makkar,	&	Cameotra,	2000).	 In	fact,	emulsifiers	are	used,	as	emul-
sions	stabilizers,	in	different	industries	like	paint,	food,	cosmetic,	and	
pharmaceutical.

In	our	previous	work,	during	a	screening	program	of	novel	bio-
surfactants producing strains, Jemil, Hmidet, Ben Ayed, and Nasri 
(2018) studied the physicochemical properties of biosurfactants 
produced by a newly isolated strain E. cloacae	C3,	as	well	their	ap-
plication	in	diesel	oil	solubilization.	This	strain	produces	a	mixture	
of kurstakin and surfactin isoforms. The produced lipopeptides 
exhibited interesting antimicrobial activity, antiadhesive, and dis-
ruptive properties against biofilm formation by some human patho-
genic bacterial strains (Jemil, Hmidet, Manresa, Rabanal, & Nasri, 
2019).

In	this	work,	the	in	vitro	antioxidant	properties	of	E. cloacae	C3	
lipopeptides were evaluated using different tests. Their effects as 
natural protectors against lipid oxidation reactions in oil in water 
(o/w) emulsions and raw beef patties were also investigated.

2  | MATERIAL S AND METHODS

2.1 | Chemicals and reagents

BHA,	 1,1-diphenyl-2-picrylhydrazyl	 (DPPH),	 ethylenediaminetet-
raacetic	 acid	 (EDTA),	 ascorbic	 acid,	 and	 ferrozine	were	 purchased	
from	Sigma	Chemical	Co	(St.	Louis,	MO,	USA).	All	other	chemicals,	
namely	 Ferric	 Chloride	 (MP	 Biomedicals	 fisher	 scientific,	 France),	

trichloroacetic	 acid	 (TCA)	 (Loba	 chemie,	 India),	 thiobarbituric	 acid	
(SUVCHEM,	India),	and	other	solvents,	were	of	analytical	grade.

2.2 | Lipopeptides production and extraction

E. cloacae	C3	strain,	selected	for	 its	 lipopeptides	production	(Jemil
et	 al.,	 2018),	was	used	 in	 this	work.	 Inocula	were	 routinely	grown
in Luria-Bertani (LB) broth medium composed of (g/L) peptone, 10;
yeast	extract,	5;	and	NaCl,	5	 (Miller,	1972).	Landy	medium	(Landy,
Warren,	Rosenman,	&	Colio,	1948)	was	used	 for	 lipopeptides	pro-
duction.	 Incubation	was	carried	out	with	agitation	at	150	rpm	and
30°C	for	72	hr.

Lipopeptides extract was obtained from the cell free superna-
tant	using	acid	precipitation	followed	by	solvent	extraction.	In	fact,	
the	supernatant	was	acidifed	with	HCl	(6N)	to	pH	2.0	and	incubated	
overnight	at	4°C	with	agitation.	The	lipopeptides	were	then	collected	
by	centrifugation	at	8,000	rpm,	for	20	min	at	4°C.	The	obtained	pel-
let was suspended in distilled water and the pH was adjusted to 8.0 
(Abouseoud, Yataghene, Amrane, & Maachi, 2008). The lipopeptides 
solution	 was	 freeze-dried	 and	 used	 for	 solvent	 extraction,	 which	
was performed four times with tetrahydrofuran (THF). The mixture 
was	 stirred	and	 centrifuged	at	8,000	 rpm,	 for	15	min	 at	4°C.	The	
organic phases recuperated were combined and concentrated in a 
rotary vacuum evaporator. The obtained extract was suspended in 
distilled	water,	lyophilized,	and	used	for	antioxidant	activities,	as	well	
as	emulsion	stabilizer.

2.3 | In vitro antioxidant activities

The in vitro antioxidant activity was determined through five tests: 
DPPH	 radical-scavenging	 assay,	 β-carotene bleaching assay, fer-
rous ion-chelating activity, ferric-reducing activity, and inhibition 
of linoleic acid peroxidation. Antioxidant tests were carried out 
in triplicate and the results are mean values. The half maximal in-
hibitory	 concentration	 (IC50 value) obtained at 50% of antioxidant 
activity (inhibition of the β-carotene	 bleaching,	 DPPH	 radical- 
scavenging activity). This value was obtained by linear regression 
analysis of dose-response curve plotting between antioxidant activ-
ity and concentrations.

2.3.1 | DPPH radical-scavenging assay

The	 2,	 2-diphenyl-1-picrylhydrazyl	 (DPPH)	 free	 radical-scavenging	
potential	of	C3	lipopeptides	at	different	concentrations	(0.1–2	mg/ml)	 
was determined as described by Bersuder, Hole, and Smith (1998). A 
mixture of ethanol (375 μl),	 DPPH	 solution	 (125	μl) at a concentra-
tion of 0.02%, wt/vol) and sample (500 μl) was prepared under stir-
ring and incubated in darkness for 30 min at room temperature. Then 
the	absorbance	was	measured	at	517	nm	against	methanol.	The	DPPH	
radical-scavenging activity was calculated by the following equation:
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Acontrol: the absorbance of the control reaction (containing all re-
agents except lipopeptides), Ablank: the absorbance of lipopeptides 
(containing	all	reagents	except	the	DPPH	solution),	and	Asample is the 
absorbance	of	lipopeptides	with	the	DPPH	solution.	BHA	(2.0	mM)	
was used as positive standard.

2.3.2 | β-carotene bleaching assay

The	effect	of	C3	lipopeptides	in	inhibition	of	β-carotene bleaching was 
studied	at	different	concentrations	 (0.025–1	mg/ml)	as	described	by	
Koleva, van Beek, Linssen, de Groot, and Evstatieva (2002).

The emulsion containing 0.5 mg of β-carotene, 25 μl of linoleic 
acid, and 200 μl of Tween 40 was dissolved in 1 ml of chloroform, 
which was completely evaporated in a rotator evaporator. The ob-
tained residue was dissolved in 100 ml of bidistilled water. Aliquots 
(2 ml) of the β-carotene-linoleic acid emulsion were mixed with 0.5 ml 
of	C3	lipopeptides	(0.025–1	mg/ml),	incubated	at	50°C	for	2	hr,	and	
the optical density of each sample was measured at 470 nm. The an-
tioxidant activity was determined in terms of β-carotene bleaching 
inhibition using the following equation:

A0 and A′

0
 are the absorbances of the test sample and the control 

(0.5 ml of distilled water instead of sample), respectively, measured 
at	time	zero;	and	At and A′

t
 are the absorbances of the sample and the 

control, respectively, measured after incubation. BHA (2.0 mM) was 
used as positive control.

2.3.3 | Ferrous ion-chelating activity

The Fe2+	chelating	activity	of	C3	 lipopeptides	at	different	concen-
trations	(0.5–4	mg/ml)	was	estimated	as	described	by	Carter	(1971).	
A mixture of 50 μl	FeCl2 (2 mM), 100 μl of lipopeptides sample at 
different	concentrations	(0.5–4	mg/ml),	and	450	μl of distilled water 
was prepared and incubated for 3 min at room temperature. Then, 
200 μl	ferrozine	(5	mM)	was	added	and	incubated	at	room	tempera-
ture	 for	 10	min.	 The	 absorbance	was	 determined	 at	 562	 nm.	 The	
percentage	 of	 inhibition	 of	 ferrozine–Fe2+ complex formation was 
calculated using the following equation:

Acontrol is the absorbance of the control reaction (without lipopeptide 
or EDTA), Ablank	 is	the	absorbance	of	the	blank	 (without	ferrozine),	

and Asample is the absorbance of the sample. EDTA was used as pos-
itive control.

2.3.4 | Ferric-reducing activity

The	ability	of	C3	lipopeptides	at	different	concentrations	(0.1–3	mg/ml)	 
to	 reduce	 iron	 III	 was	 determined	 according	 to	 the	 method	 of	
Yildirim, Mavi, and Kara (2001). Lipopeptides sample (0.5 ml) at dif-
ferent concentration was mixed with 1.25 ml distilled water and 
1.25 ml of potassium ferricyanide solution (1%, wt/vol). After incu-
bation	for	20	min	at	50°C,	0.25	ml	of	TCA	(10%,	wt/vol)	was	added	
to the mixture, and then centrifuged at 5,000 rpm for 5 min. The 
supernatant (1.25 ml) was mixed with 1.25 ml of distilled water and 
0.25 ml of ferric chloride (0.1%, wt/vol) and then the optical density 
was measured at 700 nm (OD700nm).

2.3.5 | Inhibition of linoleic acid peroxidation

The inhibition of lipid peroxidation was tested using linoleic acid in 
the	presence	of	C3	lipopeptides	at	a	concentration	of	0.1	mg/ml	as	
described	by	 Jemil	et	al.	 (2017).	A	mixture	containing	C3	 lipopep-
tides (0.1 mg/ml), distilled water (2.5 ml), ethanol (2.5 ml), and lin-
oleic acid (32.5 μl)	was	prepared,	with	a	final	adjusted	to	6.25	ml.	The	
mixture	was	incubated	at	45°C	for	9	days	in	dark.	Lipid	peroxidation	
was estimated via determination of the amount of thiobarbituric acid 
reactive substances (TBARS) like malondialdehyde (MDA). A sample 
(375 μl)	was	homogenized	with	150	μl of TBS buffer (50 mM Tris, 
150	mM	NaCl,	pH	7.4)	and	375	μl	of	TCA	20%	(wt/wt),	and	then	cen-
trifuged	(1,000	g,	10	min,	4°C).	The	supernatant	(400	μl) was mixed 
with 80 μl	of	HCl	(0.6	M)	and	320	μl	of	Tris–TBA	(Tris	26	mM;	TBA	
120	mM),	 and	 heated	 for	 10	min	 at	 80°C.	 The	 absorbance	of	 the	
resulting	solution	was	measured	at	530	nm.	Inhibition	of	linoleic	acid	
peroxidation was estimated by the following equation:

where Asample was the absorbance of the sample and Acontrol was the 
absorbance of the control (replacing the sample by water). Vitamin 
C,	a	natural	antioxidant,	was	used	as	a	positive	control.

2.4 | Antioxidant properties of lipopeptides in 
model food emulsions

2.4.1 | Preparation of emulsions and 
storage conditions

Sunflower oil, free tocopherols, was used to prepare an o/w emulsion. 
It	contains	sunflower	oil	(10%),	Tween-20	(1%)	as	emulsifier	and	Milli	
Q water (89%). The pH of the emulsion prepared in absence and in 

(1)

DPPH radical−scavenging activity (%)=
Acontrol+Ablank−Asample

Acontrol

×100

(2)β−carotene bleaching inhibition

[

1−

(

A0−At

A�

0
−A�

t

)]

×100

(3)Ferrous ion−chelating activity (%)=
Acontrol+Ablank−Asample

Acontrol

×100

(4)Inhibition of linoleic acid peroxidation =

[

1−
Asample

Acontrol

]

×100
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presence	of	C3	lipopeptides	is	almost	3.5.	Mixture	was	continuously	
sonicated	(UP200S	ultrasonic,	Hielscher	Ultrasonics	GmbH,	Germany)	
five	 times	 to	 ensure	 enough	 volume	 of	 emulsion.	 Lipopeptides	 C3	
were	added,	at	a	final	concentration	of	0.025%	and	0.0016%	(wt/wt	
of emulsion), directly to the emulsion. A negative control (without li-
popeptides) and a positive control (trolox, 0.0022% wt/wt) were pre-
pared using the same procedure as samples. All prepared emulsions 
were incubated in a dark oven with constant elliptical movement and 
allowed	to	oxidize	at	a	temperature	of	30	±	1°C	during	28	days.

2.4.2 | Determination of primary oxidation products 
by peroxide value (PV)

The	 primary	 oxidation	 products	 were	measured	 using	 the	 PV	 ac-
cording to the ferric thiocyanate method (Frankel, 1998). The assay 
was performed with a drop of emulsion in the range from 0.007 to 
0.013 g, diluted with ethanol. From this solution the required amount 
of sample varying according to the degree of oxidation was taken in 
a	cuvette	and	ethanol	 (96%)	was	added.	Ferrous	chloride	and	am-
monium thiocyanate solutions were added each in a proportion of 
1.875% (vol/vol). The optical density was determined at 500 nm. The 
results were expressed as mg hydroperoxides/kg of emulsion.

a = represents the slope of the calibration curve, Abs = absorbance, 
b = the intercept of the calibration curve, dil = the dilution of each 
emulsion, m = weight of the emulsion droplet.

2.4.3 | Determination of secondary oxidation 
products by TBARS method

The TBARS assay was performed as described by Maqsood and 
Benjakul (2010) with slight modifications. A mixture of TBARS rea-
gent and emulsion was prepared with a ratio of 1:10. Then different 
samples	were	placed	immediately	in	an	ultrasonic	bath	(Prolabo	brand	
equipment, Lutterworth, UK) for 10 min followed by heat treatment 
for	 10	min	 at	 100°C.	 The	 absorbance	 of	 the	 supernatant	 obtained	
after mixture centrifugation at 5 min and 4,000 rpm was measured at 
531 nm. The results were expressed as mg of MDA/kg of emulsion 
calculated using 1,1,3,3-tetraethoxypropane as standard.

2.5 | Effect of C3 lipopeptides on lipid oxidation in 
ground beef patties

2.5.1 | Preparation of ground beef patties

The ground meat, containing antioxidants substances 0.5% (wt/wt) 
(lipopeptides or BHA) was mixed with salt (1.5%, wt/wt), divided in 

different parts (100 g), and different patties were formed. Negative 
control without antioxidant was also prepared. Then each beef pat-
tie was over wrapped with gelatin (A gelatin, 2%), placed in plastic 
trays,	 covered	with	 cling	 film,	 and	 stored	 at	 4	 ±	 1°C	 for	 14	 days.	
Samples were evaluated for lipid oxidation after different periods (1, 
3, 5, 7, 10, 12, and 14 days) of storage.

2.5.2 | Lipid oxidation study

The	effect	of	C3	lipopeptides	on	lipid	oxidation	of	different	pre-
pared samples was evaluated using TBARS assay (Gallego, Gordon, 
Segovia, & Almajano, 2015). Each sample (1 g) was mixed with 
0.5 ml EDTA (0.3%) to stop fat oxidation. Then, TBARS reagent 
(5	ml)	was	added,	and	the	content	was	homogenized	for	1	min	at	
32,000 rpm speed using a T 18 digital ULTRA-TURRAX®	 (IKA,	
Staufen,	 Germany).	 After	 homogenization,	 the	 content	 was	 fil-
tered with Whatman filter (0.45 µm), then covered tubes were 
placed in a boiling water bath for exactly 10 min, and then cooled 
for 30 min at room temperature. The absorbance was measured at 
531 nm. The TBARS values were expressed as mg of MDA/kg of 
meat sample calculated using 1,1,3,3-tetraethoxypropane (Sigma-
Aldrich) as standard. TBARS determinations for each sample were 
performed in triplicate.

2.6 | Cytotoxicity assay

HEK293 cells (Human embryonic kidney 293 cells) were grown in 
DMEM	 (Dulbecco's	 Modified	 Eagle	 Medium)	 supplemented	 with	
fetal	 bovine	 serum	 (10%),	 penicillin	 (50	 IU/ml)	 and	 streptomycin	
(50	mg/ml)	at	37°C	in	a	humidified	atmosphere	(5%	CO2).	Cell	sur-
vival was assessed using the MTT assay as previously described by 
Mosmann	 (1983).	 Lipopeptides	 C3	 were	 added	 at	 concentrations	
ranging from 0.03 to 0.25 mg/ml with a volume of 100 µl in wells of 
96	well-plate	containing	cells	seeded	at	80,000	cells/ml	of	medium.

Control	cells	were	supplemented	with	100	μl distilled water. HEK 
cells were exposed to the treatment for 48 hr. After treatment, the 
medium was removed and replaced with 100 μl of fresh medium sup-
plemented with 10 μl	of	MTT	solution	(5	mg/ml	in	PBS).	After	4	hr,	
SDS	solution	(10%)	was	added.	Subsequent	to	formazan	dissolution,	
the optical density was evaluated at 570 nm using a multidetection 
microplate reader. The growth inhibition was expressed as follows:

A0: control absorbance, A1: absorbance of the treated cells.

2.7 | Methods of analysis

All data presented are the average of at least three measurements 
which deviated by not more than 5%.

(5)
PV =

(

Abs×dil

m

)

+b

a

(6)Cell survival (%)=
(

A1∕A0

)

×100
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3  | RESULTS AND DISCUSSION

In	 our	 previous	 work,	 Jemil	 et	 al.	 (2018)	 selected	 a	 new	 Gram-
negative strain, identified as E. cloacae	 C3,	 as	 biosurfactants	 pro-
ducer.	 Structural	 identification	 and	 characterization	 showed	 the	
presence of lipopeptides mixture composed of kurstakin, surfactin, 
and pumilacidin isoforms (Jemil et al., 2019). Gram-positive bacteria, 
mainly the genus Bacillus, are well known as lipopeptides produc-
ers, while Gram-negative bacteria are known as glycolipid producers 
(Jemil et al., 2019).

The presence of lipopeptides mixture acts in a synergic manner 
and could improve the biological properties of produced lipopep-
tides.	In	this	study,	lipopeptides	are	produced	after	72	hr	of	growth	
in	Landy	medium	with	a	yield	of	1.02	±	0.13	g/L	and	named	crude	
lipopeptides. Lipopeptides was then extracted with THF and a final 
yield	 reached	 0.28	 ±	 0.03	 g/L.	 The	 obtained	 lipopeptides	 extract	
was used for further studies as antioxidant substance.

3.1 | In vitro antioxidant activities

The determinaton of antioxidant activities of mixture molecules 
should be evaluated using different test due to the complexity and 
multifunctionality of antioxidants molecules. So several methods 
should	 be	 used	 to	 evaluate	 antioxidant	 activity.	 In	 this	 study,	 five	
tests	were	used:	DPPH	free	radical-scavenging	method,	β-Carotene	
bleaching assay, ferrous ion-chelating activity, ferric reducing anti-
oxidant	power	(FRAP),	and	inhibition	of	linoleic	acid	peroxidation.

3.1.1 | DPPH free radical-scavenging method

Many methods are used to determine the radical-scavenging effects 
of	antioxidants	molecules.	Among	them,	the	DPPH	method	can	be	
considered as the method of choice because it is fast, easy and reli-
able and does not require a special reaction and device.

The	 C3	 lipopeptides	 exhibited	 effective	 antioxidant	 activity	
against	DPPH	(Figure	1)	in	a	dose	dependent	manner	and	highest	
activity (80%) was obtained at 1 mg/ml, which was higher than the 
scavenging activity recorded for Pseudozyma hubeiensis showing 
50.3% at a concentration of 10 mg/ml of the surface active com-
pounds mannosylerythritol lipids (Takahashi, Morita, Fukuoka, 
Imura,	&	Kitamoto,	2012).	Ben	Ayed	et	al.	(2015)	studied	the	po-
tential of lipopeptides mixture produced by Bacillus mojavensis 
A21	 strain,	 these	 lipopeptides	 showed	 a	DPPH	 radical-scaveng-
ing	 activity	 of	 65%	 at	 1	mg/ml.	 Kiran	 et	 al.	 (2017)	 showed	 that	
the scavenging activity of Nesterenkonia sp. MSA31 lipopeptide at 
6	mg/ml	was	65%.	The	DPPH	scavenging	activity	of	Bacillus cereus 
lipopeptides	was	found	in	the	range	of	27%–63%	with	a	concen-
tration	of	0.5–2.0	mg/ml	(Basit,	Rasool,	Naqvi,	Waseem,	&	Aslam,	
2018).

The amino acid composition contributes greatly to the antioxidant 
properties (Malomo, He, & Aluko, 2014). Amino acids composition 

of	C3	 lipopeptides	showed	the	presence	of	Leu,	Glx,	Asx	Gly,	Ala,	
Val	 and	 Ile	 with	 percentages	 of	 13.54%,	 12.47%,	 11.39%,	 9.0%,	
8.0%,	6.6%,	and	5.5%,	respectively	(Jemil	et	al.,	2019).	These	results	
showed	clearly	that	C3	lipopeptides	are	rich	on	hydrophobic	amino	
acids (glycine, alanine, valine, leucine, and isoleucine) and the neg-
atively	charged	amino	acids	 like	glutamic	acid	and	aspartic	acid.	 In	
fact, the amino acids Glu or Gln are present with one residue in the 
structure of surfactin isoforms and two residues in kurstakin iso-
forms. Asp is present in the composition of surfactin and pumilacidin 
with one residue. His with 2.0% molar ratio is present with one res-
idue at position 5 in the peptide moiety of kurstakin isoforms. High 
radical-scavenging activities of peptides are related to the high hy-
drophobicity (Rajapakse, Mendis, Byun, & Kim, 2005). Nam, You, & 
Kim (2008) showed that aromatic amino acids with a large side group 
like	His	 (imidazole	group)	contribute	 to	 the	antioxidant	potency	of	
peptides because they act as hydrogen donors.

3.1.2 | β-carotene bleaching assay

The antioxidant assay using the discoloration of β-carotene is widely 
used to measure the antioxidant activity of bioactive compounds. 
The β-carotene bleaching inhibition was tested at different concen-
trations	and	compared	with	BHA	(Figure	2).	C3	lipopeptides	inhib-
ited significantly the discoloration of β-carotene and its antioxidant 
activity increased with increasing sample concentration (Figure 2). 
The	 inhibition	 ability	 of	 C3	 lipopeptides	was	 59.2%	 at	 0.3	mg/ml.	
However, lipopeptides of Bacillus amyloliquefaciens	An6	showed	an	
inhibition value of 53% and 17.15% at 5 and 1 mg/ml, respectively 
(Ben Ayed et al., 2017).

The	 inhibitor	 concentration	 IC50	 of	 C3	 lipopeptides	 was	 esti-
mated to be 37.5 μg/ml, which are more effective than lipopeptides 
produced by B. mojavensis A21 (Ben Ayed et al., 2015) and B. methy-
lotrophicus	DCS1	(Jemil	et	al.,	2017),	showing	a	IC50 value of 3.7 mg/ml  
and 42 μg/ml, respectively.

3.1.3 | Ferrous ion-chelating activity

Hydrogen peroxide and ferrous ion (Fe2+) interaction leads to the 
production of the reactive oxygen species and hydroxyl free radi-
cal (OH•), which contribute to the initiation and/or acceleration of 
lipid oxidation. However, this oxidation can be inhibited by many 
chelating agents. The Fe2+	 chelating	 potential	 of	 C3	 lipopeptides	
against Fe2+	was	evaluated	by	measuring	the	iron	ferrozine	complex	
(Figure	3).	C3	lipopeptides	exhibited	strong	ferrous-chelating	activ-
ity and chelated almost 57% of ferrous ions at 4 mg/ml.

Metal chelation is an important antioxidant property and che-
lating agents are effective as secondary antioxidants because they 
reduce	the	redox	potential,	stabilizing	therefore	the	oxidized	form	of	
the metal ion. The presence of some side group such as amino and 
carboxyl groups of the acidic and basic amino acids (Glx, Asx, Lys, 
His, and Arg) have been reported to be involved in chelating metal 
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ions (Saiga, Tanabe, & Nishimura, 2003). Qi et al. (2005) reported 
that	the	presence	of	functional	groups	like	OH,	–COOH,	C=O,	and	
–O–	contribute	to	the	metal	chelation	activity.	Amino	acids	compo-
sition	of	C3	lipopeptides	showed	the	presence	of	these	amino	acids
like Glx, Asx and His with percentages of 12.47%, 11.39%, and 2.0%, 
respectively (Jemil et al., 2019).

3.1.4 | Ferric reducing antioxidant power (FRAP)

The reducing power potential of some molecules may serve 
as a significant indicator of their antioxidant potential (Gulcin, 
Buyukokuroglu,	Oktay,	 &	 Kufrevioglu,	 2002).	 The	 FRAP	mecha-
nism is based on electron transfer rather than hydrogen atom 
transfer, with a reduction of Fe3+/ferricyanide complex to the 
ferrous	form.	In	this	study,	C3	lipopeptides	and	synthetic	antioxi-
dant BHA were evaluated for their reduction potential at different 
concentrations	 (Figure	 4).	 The	 reducing	 capacity	 of	 C3	 lipopep-
tides increased with increasing their concentration and reached 

a maximum optical density at 700 nm (OD700 nm = 3.0) at a con-
centration	of	2.0	mg/ml.	The	reductive	ability	of	C3	lipopeptides	
is higher than that of lipopeptides produced by B. mojavensis A21 
(Ben Ayed et al., 2015) and surfactin lipopeptide produced by 
Bacillus subtilis	 RW-I	 (Yalçin	 &	 Ҫavuşoǧlu,	 2010),	 which	 reached	
a maximum optical density (OD700 nm = 2.0) at a concentration of 
10	and	2.5	mg/ml,	 respectively.	Yalçin	and	Ҫavuşoǧlu	 (2010)	 re-
ported that the reductive ability could be related to the presence 
of hydroxyl groups in the lipopeptides molecules.

3.1.5 | Inhibition of linoleic acid peroxidation

In	vitro	lipid	peroxidation	inhibition	activity	of	C3	lipopeptides	was	
determined by assessing their ability to inhibit oxidation of linoleic 
acid	in	an	emulsified	model	system.	Antioxidant	activity	of	C3	lipo-
peptides, at a concentration of 0.1 mg/ml, against the peroxidation 
of	linoleic	acid	during	3,	6,	and	9	days	of	storage	at	45°C,	was	evalu-
ated	and	compared	to	that	of	vitamin	C,	which	is	used	as	a	natural	

F I G U R E  1  DPPH	scavenging	
activity	of	C3	lipopeptides	at	different	
concentrations	(0.1–2	mg/ml).	BHA	
(2.0 mM) was used as positive standard. 
Each value is the mean of triplicate 
measurements

F I G U R E  2   β-carotene bleaching 
assay	of	C3	lipopeptides	at	different	
concentrations	(0.025–1	mg/ml).	BHA	
(2.0 mM) was used as positive control
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F I G U R E  3   Ferrous-ion chelating 
activity	of	C3	lipopeptides	at	different	
concentrations	(0.5–4	mg/ml).	EDTA	
(2.0 mM) was used as positive control

F I G U R E  4   Ferric-reducing activity 
of	C3	lipopeptides	at	different	
concentrations (0.1 to 3 mg/ml). Values 
presented are the mean of triplicate 
analysis

F I G U R E  5   Inhibition	of	linoleic	acid	
peroxidation	in	the	presence	of	C3	
lipopeptides at a concentration of 0.1  
mg/ml.
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antioxidant	(Figure	5).	After	3	days	of	incubation	period,	C3	lipopep-
tides displayed a lipid peroxidation inhibition of about 41.52% and 
reached	about	74.6%	after	9	days.

In	summary,	the	in	vitro	antioxidant	capacities	of	C3	lipopeptides	
evaluated using different biochemical methods were found to be in-
teresting. Many Gram-positive bacteria including different species 
of the genus Bacillus are reported to produce antioxidant lipopep-
tides like B. methylotrophicus	DCS1	 (Jemil	 et	 al.,	 2017),	B. mojave-
nis A21 (Ben Ayed et al., 2015), B. amyloliquefaciens	An6	(Ben	Ayed	 
et al., 2017), B. subtilis	 (Tabbene	 et	 al.,	 2010;	 Zouari	 et	 al.,	 2016).	
This is the first report on antioxidant lipopeptides produced by 
Enterobacter strain.

Microbial strains with ability to produce lipopeptides with di-
verse biological activities have potential applications in biotech-
nology sectors such as pharmaceutical and cosmetic industry. 
Also, lipopeptides are well known as antimicrobial agents and they 
can be used as biocontrol agents in food preservation. To prevent 
the deteriorative reaction, antioxidants with capacity of radical- 
scavenging, metal chelation, and oxygen-scavenging have been 
widely	used	in	foods	containing	lipids	(McClements	&	Decker,	2006).

3.2 | Antioxidant effects of lipopeptides C3 in 
stored emulsions

Besides their effects on human health through direct ingestion, one 
of the main applications of antioxidant molecules is their use in the 
food	industry	to	avoid	or	delay	oxidation	of	perishable	systems.	In	
this	work,	this	ability	has	been	assessed	to	test	 lipopeptides	C3	as	
an	emulsifier	and	stabilizer	of	o/w	emulsions.	Sunflower	oil	was	used	
as a model emulsion system due to its sensitivity to oxidation and 
rancidity, this fact was justified by its high content of polyinsatu-
rated	fatty	acids.	To	test	the	efficacy	of	lipopeptides	C3	in	inhibiting	
oil	autoxidation,	PV,	and	TBARS,	corresponding	to	the	primary	and	
secondary lipid oxidation products, respectively, were determined 
during a period of storage of 28 days.

3.2.1 | Evolution of peroxide value (PV)

Hydroperoxides result from the reaction between unsaturated fatty 
acids	in	oil	and	oxygen.	The	evolution	of	PV	was	monitored	during	
28	days	(Figure	6).	In	this	study,	the	time	required	for	the	emulsion	to	
reach	a	PV	of	10	mg	hydroperoxides/kg	of	emulsion	was	determined	
as	a	measure	of	emulsion	stability	(Azman,	Segovia,	Martínez-Farré,	
Gil,	&	Almajano,	2014).	When	the	PV	is	greater	than	this	value,	the	
emulsion	was	 considered	 as	 highly	 oxidized	 and	 starts	 to	 become	
rancid.

As	shown	in	Figure	6	the	negative	control	emulsion	(without	an-
tioxidant	product)	was	oxidized	 first	 and	 the	PV	 increased	 rapidly	
during storage, reaching a value of 15.03 mg hydroperoxides/kg of 
emulsion after about 4 days of storage, followed by the positive con-
trol, trolox (0.0022%, wt/wt) which reach a level of deterioration 
after	about	6	days	with	a	PV	of	26.48.	The	increasing	of	the	concen-
tration	of	C3	 lipopeptides	 from	0.0016%	 to	0.025%	 improves	 the	
durability	of	the	studied	emulsion.	In	fact,	the	emulsion	containing	
lipopeptides	C3	with	a	concentration	of	0.025%	remains	almost	sta-
ble	during	the	studied	storage	period	with	a	PV	of	6.97	mg	hydrop-
eroxides/kg of emulsion on the 28th day.

The	 obtained	 results	 suggest	 that	 lipopeptides	 C3	 are	 able	 to	
delay and inhibit the formation of hydroperoxides, at low concen-
trations, during the storage of the emulsions. The inhibitory effect 
could be explained by the presence of amine and hydroxyl groups 
in the structure of lipopeptides which react with the free radicals of 
polyunsaturated	fatty	acids	by	giving	a	hydrogen	atom.	In	addition,	
the hydrophobicity of these lipopeptides, which ameliorate their sol-
ubility in lipid phase, has been reported to improve their antioxidant 
potential (Rajapakse et al., 2005).

3.2.2 | Evolution of TBARS values

Secondary oxidation products result from the decomposition 
of hydroperoxides, which are responsible for the off-flavor, the 

F I G U R E  6  Changes	in	peroxide	value	
of emulsions conserved with lipopeptides 
C3	at	a	final	concentration	of	0.025%	
and	0.0016%	(w/w	of	emulsion).	Trolox	
(0.0022% w/w) was used as positive 
control. The results were expressed as 
mg hydroperoxides/kg of emulsion. Lipid 
oxidation	was	occurred	at	30	±	1°C	during	
28 days
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rancid	 odor	 and	 undesirable	 taste	 of	 oxidized	 edible	 oil.	 The	
TBARS method is widely used for determining the oxidation of fats 
and	 oils	 in	 foods	 (Mendes,	 Cardoso,	 &	 Pestana,	 2009;	Wenjiao,	
Yongkui,	 Yunchuan,	 Junxiu,	&	Yuwen,	 2014).	 In	 fact,	MDA	 com-
pounds are formed when the concentration of hydroperoxides is 
appreciable	in	sunflower	oil	(Guillén	&	Cabo,	2002).	The	acceptable	
limits of TBARS value in fat products was set at 1.0 mg MDA/kg  
(Nollet & Toldra, 2011).

In	 this	 study,	 the	 secondary	 oxidation	 products	 formation	
using the TBARS method was assessed during the the last week 
of emulsions storage (Figure 7). According to the results obtained, 
TBARS values of negative control emulsion and the emulsion con-
taining	0.0016%	lipopeptides	C3	are	very	high.	The	TBARS	values	
of the treated emulsions including 0.0022% trolox and 0.025% 
lipopeptides	C3	were	 significantly	 lower	 than	 those	 of	 the	 non-
treated emulsion during the 4th week of incubation. The TBARS 
values of emulsion containing trolox (0.0022%) are significantly 

lower	 than	 those	 of	 emulsion	 containing	 lipopeptides	 C3	 with	
0.0016%	concentration.

Lipopeptides	C3	 are	 able	 to	 preserve	 the	 nutritional,	 physical,	
and visual properties of the emulsion during 28 days of storage at 
a	 concentration	 of	 0.025%	 (wt/wt),	 with	 a	 TBARS	 value	 of	 0.56	 
mg MDA/kg of emulsion on the 28th day.

3.3 | Effect of C3 lipopeptides on the oxidative 
stability of raw beef patties

A direct method via the determination of species reacting with thio-
barbituric acid (TBARS) was used to evaluate the effectiveness of 
the	 C3	 lipopeptides	 in	 preventing	 oxidative	 degradation	 of	 lipids	
with the production of compounds, such as conjugated hydroperox-
ides and aldehydes. Rancidity flavor can be detected in meat prod-
ucts with TBARS values between 0.5 and 2.0 mg MDA/kg (Gray 

F I G U R E  7   TBARS values of emulsions 
conserved	with	lipopeptides	C3.	Trolox	
(0.0022% w/w) was used as positive 
control. The results were expressed as mg 
of MDA/kg of emulsion

F I G U R E  8   TBARS values of raw 
beef	patties	containing	lipopeptides	C3	
(0.5%) during 14 days of refrigerated 
storage	(4	±	1°C).	BHA	(0.5%)	was	used	
as positive control. The TBARS values 
were expressed as mg of MDA/kg of meat 
sample. Values presented are the mean of 
triplicate analyses and expressed as mean 
value	±	standard	deviation
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&	Pearson,	1987).	The	antioxidant	effects	of	C3	 lipopeptides	and	
the synthetic antioxidant BHA in ground beef patties (0.5%, wt/wt)  
compared with the negative control are investigated (Figure 8). 
Natural	antioxidants	or	C3	 lipopeptides	showed	effective	antioxi-
dant activity against lipid oxidation, in fact the TBARS content of 
the beef patties treated with lipopeptides was almost similar to that 
of the patties treated with BHA and increased slightly over time 
of storage, compared with negative control (beef patties without 
antioxidant	compound).	In	fact,	the	TBARS	values	reached	2.8	and	
0.41 mg MDA/kg of meat after 12 days, in the absence and pres-
ence of biosurfactants, respectively. The inhibition of MDA forma-
tion	observed	with	C3	 lipopeptides	 is	greater	 than	 that	observed	
with the negative control. However, the TBARS value of patties 
enriched with BHA was 0.25 mg MDA/kg of meat after 12 days of 
storage.

We	 can	 conclude	 that	 C3	 lipopeptides	 are	 natural	 antioxidants	
which could be considered as alternatives to synthetic antioxidants 
for the preservation of meat against lipid oxidation for a long period. 
Furthermore,	 the	 antimicrobial	 and	 antibiofilm	potential	 of	C3	 lipo-
peptides (Jemil et al., 2018) could be of great interest for food process-
ing and can be used to avoid contamination in food processing areas.

3.4 | Cytotoxicity assay

Although, limited reports studied the toxicity of biosurfactants, they 
are considered generally as nontoxic substances and can be used as 
biological additive in some industries like pharmaceutical, cosmetic, 
and	food	(Vijayakumar	&	Saravanan,	2015).	In	this	work,	the	effect	
of lipopeptides produced by E. cloacae	C3	on	the	viability	of	HEK293	
cells line was investigated (Figure 9). Our results revealed that the 
HEK293	cells	viability	was	not	significantly	inhibited	by	C3	lipopep-
tides up to a concentration of 250 μg/ml, with cell survival about 
90%.	 Cytotoxicity	 of	Nesterenkonia sp. lipopeptides were studied 
against brine shrimp, which showed no toxicity till 200 μg/ml (Kiran 
et	al.,	2017).	Flasz,	Rocha,	Mosquera,	and	Sajo	(1998)	showed	that	

biosurfactant produced by P. aeruginosa are nontoxic and nonmuta-
genic.	The	nontoxicity	profile	of	C3	lipopeptides	made	them	useful	
in	food	industries	as	antioxidant	and	emulsion	stabilizer.

4  | CONCLUSION

The	current	study	showed	that	the	addition	of	C3	lipopeptides	ex-
hibited considerable antioxidant action involving several antioxidant 
mechanisms, including metal ion chelating, hydrogen or electron 
donation, and radical-scavenging during peroxidation. Further, the 
C3	lipopeptides	showed	good	protection	against	oil	oxidation	(o/w	
emulsions) and fat in beef meat. The results of this study suggest 
that	lipopeptides	C3	are	potential	source	of	natural	antioxidants	and	
can be successfully used to decrease lipid oxidation and improve the 
shelf life of the emulsion and beef meat.
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