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Biophenols have attracted increasing attention during the past few years due to their biological activities
and natural abundance and are potential targets for the food and pharmaceutical industries. Olive
mill waste (OMW) is rich in biophenols and typically contains 98% of the total phenols in the olive
fruit, making value addition to OMW an attractive enterprise. The phenolic profile of OMW is complex,
yet this complexity has not been fully exploited in the valorization of the waste. Most work on the
bioactivity of OMW has focused on antioxidant and antimicrobial activities. The analytical techniques
used to identify and quantify active biophenols are also reviewed.
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INTRODUCTION The renewed interest in natural products has been supported
by advances in chromatographic and spectroscopic techniques
that have greatly facilitated drug discovery from plants. The
application of hyphenated techniques such as high-performance
liquid chromatography—mass spectrometry (HPLC-MS) and
high-performance liquid chromatography—nuclear magnetic
spectrometry (LC-NMR) has rejuvenated the opportunities for
chemists to recommence their exploration of the realm of natural
sources (9). Nature is now recognized anew as a unique and
incomparable source of both novel bioactive molecules and

to detect some biologically active compounds that were Ioresenttemplates for optimization by combinatorial and computational
in trace amounts3). In addition, there were scaling-up problems ~PProaches.
(2), and the reproducibility of bioassay results on sample re- Phenols are a major group of natural products that occur in
collection was often poor, particularly for plant and marine all higher plants. Of the various plants, oliv®l¢a europaea
sources (4) due to large variability in the biochemical profiles L.) (10) has been recognized as a source of biopherdls (
of plants among different cultivars, harvesting times, and 12), and most drug compendia (European, Japanese, British,
cultivation conditions%). The introduction of combinatorial and ~ and French pharmacopoeias and The United States National
computational chemistry as alternatives to drug discovery from Formulary) contain olive oil monographs, whereas the French
nature (6) also contributed to the decline. pharmacopoeia also includes an olive leaves monogréph (
The renaissance of natural products resedsch) pegan with Epidemiological studies have correlated the low incidence of
the success of Taxol (paclitaxel) as an effective antineoplastic coronary heart disease, atherosclerosis, and some types of cancer
drug of natural origin §). The past decade has witnessed a (colorectal and breast cancer) with olive oil consumption in the
renewed recognition of the importance of natural products Mediterranean dietl(l, 14). A number of reports have linked
research, following the introduction of vinca alkaloids (antineo- the health benefits of olive oil with its phenolic content (15—

The use of natural products as a source of new leads in the
pharmaceutical industry was applied extensively in the 1800s
and 1900s before experiencing a sharp decline from the early
1960s until the late 1980s. The decline in natural products
research can be attributed to several factdjs The isolation,
fractionation, and separation of bioactive compounds from plants
was a slow and expensive proce&, (@and identification of
previously characterized compounds at the end was frustrating.
The complexity of the extract probably contributed to the failure

plastic) and artemisinin (antimalarial and antineoplasfi¢j. 23). Olive biophenols are now recognized as potential targets
for the food and pharmaceutical industriesl(25).
* Author to whom correspondence should be addressed (telephéhe The fruit, leaves, and oil from olive have all attracted
2_(5*953625?7% §&61-2-69d3$-27h37:|e-malclrlfrﬂbarg?@tcau-_edu.s':tw)- considerable attention as sources of biopher@fs-@1). The
Cchool ol science an echnology, arles sturt university. : : .
#School of Wine and Food Sciences, Charles Sturt University. olive leaf, for example, is a well-known source of biophenols
8 Food Science Australia. that is marketed under multiple trade names as a nutraceutical.
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The biophenolic fraction of olive oil comprises only 2% of the the pomace where secoiridoid glycosides were present in high
total phenolic content of the olive fruits, with the remaining concentration. In contrast, secoiridoid derivatives, namely,
98% being lost in olive mill waste (OMW)3@). Thus, OMW hydroxytyrosol and oleuropeindial (s&&gure 1), were domi-

is also potentially a rich source of a diverse range of biophenols nant in OMWW. The poor correlation between the biophenolic
with a wide array of biological activities. The reported biological content of the fruits and the OMWW has been ascribed to the
activities of major biophenols in OMW are shownTable 1. effects of processing50). Nonetheless, OMW is rich in
OMW biophenols may be either naturally occurring in the fruits biophenols §7), and the complexity of the biophenolic fraction
(seeFigure 1 for representative structures) or formed during was demonstrated by Bianco et a80f, who identified 20
processing, where they partition between oil and waste phasesbiophenols in OMWW using HPLC-MS-MS. They were able
Although a general review on the potential of agroindustrial to quantify 16 of these compounds.

waste as a source of biophenols has recently appe2sdtife The occurrence of specific biophenols in OMW depends on
present review focuses on olive and considers the generationthe fruit (e.g. cultivar, maturity), climatic conditions, and storage
of OMW and the bioactivity and analysis of OMW for time, in addition to the processing techniq6é (95, 145). For
biophenols and addresses valorization of OMW with emphasis example, oleuropein was not identified in OMWW sampled
on the recovery of biophenols. Many terms are used to refer to from late-harvest olivessg) but was a major component in other

these compounds, but biophenols is the preferred 215 studies (146). The biophenolic content is closely dependent on

116). the extraction process as this determines the partitioning
behavior of the biophenols and hence their distribution between

OLIVE MILL WASTE the oil and waste fractions. Most olive biophenols have low

partition coefficients (oil/water) ranging from 6 104 to 1.5
32), and so they favor partitioning into the wastewater. Both
he processing temperature and the quantity of water affect the
partitioning significantly. The higher the temperature, the higher
is the partitioning of the biophenols into the oil, whereas the
more water is added, the more the biophenols are lost in
wastewater (32).

Varietal and processing effects were examined using OMWW
collected from commercial and experimental mills with different
varieties from four European countrieg0). The OMWW was

Two processes are used for the extraction of olive oil: the
two-phase and the three-phase systems. OMW produced by th
latter is composed of two main byproducts, an aqueous liquid
known as olive mill wastewater (OMWW) and a solid waste
(pomace). The newer two-phase system produces only a
semisolid waste known as alperujo (38,117,118). Prior to
the 1970s farmers were the only group with any interest in
OMW as they faced a significant disposal problem. The
expansion of the industry, with increased production of noxious

waste, presented a serious environmental con@taq, 94, lyophilized and dissolved in acidified water (pH 2.2, formic

o 1S 422, Sustanable et ent of e bty et ) rr o processng by sol-phase exvacion (S usg
9€ P q . h-hexane, ethyl acetate, and acidic methanol (pH 2.2, formic
Papers examining OMW began to appear in the 1960s

tivated b ientifi osit dth bl cultural acid) in exhaustive sequential elution. The ethyl acetate fraction
motivated by scientilic curiosity and the possible agricultural “oqntained 90—100% of the total biophenols, elenolic acid and
benefits of the waste. The literature on the composition and

- . . : ~ ™~ its derivatives being the main compounds (28.8—80% of the
characteristics of OMW is vast but mostly in Spanish and Italian g P ( :

. . total biophenols). Lesage-Meessen et @B)(also studied the
(124). OMW management options have b.een rgy|ewed eI"t’e'biophenolic composition of OMW as a function of the extraction
where (25 from an environmental perspective. Initial research

4 . system (three-phase and two-phase mills). Ethyl acetate provided
targeted biophenols as undesirable substances and endeavor ( P b ) y b

' . icient recovery of simple biophenols from the dry acidified
to dephenolize the OMW (12]?‘26_1.34)' Although various (pH 3; HCI) residues. The phenolic profiles identified by HPLC
uses have been proposed, including use as a potentially

- at 280 nm were similar for residues from two-phase and three-
renewable energy sourc&l9, 135-137) or fertilizer (138 139, h ills. but th tents of individual bioohenols (hvd )
it is value addition that offers greatest potential. Thus, OMW phase mils, but the contents of individual biophenls (hydroxy

has b d | b f ducti ftyrosol, tyrosol, caffeic acid, ferulic acid, apdcoumaric acid)
as been proposed as a low-cost substrate for production o (seeFigure 1), with the exception of vanillic acid, were higher

ﬁnthan d(l“t@’ etpg_nclﬂ (_141”) ’ antq phenol omdaﬂgg,(lz:?). for the two-phase system. The extract from the two-phase system
he prlp uc_|on_do |ofog|cgl\%va\1/c Iveé compounc b? sulc 8S also exhibited higher antiradical activity consistent with its
phenolic antioxidants from constitutes a viable alternative biophenolic content. Hydroxytyrosol and tyrosol were the major

for valorizing this problematic waste. o compounds detected. Biophenols that have been frequently
Following recognition qf f[he ant|o>.<|da'nt activity of. oMw reported in OMWW such as protocatechuic acid, veratric acid,

(67, 144) and the association of oxidative stress with many syringic acid, cinnamic acid, 4-hydroxyacetic acid, and oleu-

diseases, it was logical to consider OMW as a potential SOUICe onein (seeFigure 1) were not detected in the ethyl acetate

of biophenolic antioxidants. Thus, research on the valorization gytract.

of OMW increased significantly in the 1990s (2%, 67). The The effect of storage on the biophenol content is seen in the

Egrop(_aan Union_ initiated a project, “_Natural antioxidants from loss of biophenols from composted OMW (147). Total phenols
Q|IV6 oil processing wastewaters(), investigating the extrac- 55 measured by the Folin—Ciocalteu reagent decreased by 93%
tion of 3|%phenflstfro1r[1hOMWt$3k))|, andthCth;LthIS Wct)rkdls ; after 12 months of composting. This was confirmed by thin-
covered by patents. The unstableé naturé of the waste due Qayer chromatography (TLC). The majority of the biophenols

enzymatic and microbial activities must be considered when identified by GC-MS in the fresh OMW disappeared after 12
one is dealing with agroindustrial waste as a potential source months

of bioactive compounds. This consideration may ultimately
determine the viability of any strategy with a particular waste.
Phenolic Content.Servili et al. 38) compared the phenolic
profiles of olive fruit (cv. Frantoio) and the corresponding oll, Bioactivity-guided fractionation is the most successful ap-
pomace, and OMWW obtained by laboratory scale preggi(e proach both for the investigation of new plants and as a novel
2). The HPLC profiles of the fruit showed similarity to that of tool to re-evaluate known plantg,(6, 7). The advent of more

BIOACTIVITY
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Table 1. Major Biophenols in OMW and Their Reported Activities
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biophenol bioactivity

remarks (ref)

hydroxytyrosol (33-38) antioxidant

cardioprotective and
antiatherogenic

chemopreventive

antimicrobial
anti-inflammatory

skin bleaching
oleuropein (37, 38, 50) antioxidant

antiatherogenic and
cardioprotective

hypoglycemic
antihypertensive
antimicrobial and antiviral

anti-inflammatory
cytostatic
molluscicidal
endocrinal activity
enzyme modulation

tyrosol (34, 51, 66, 67) antioxidant

anti-inflammatory
antiatherogenic
cardioactive

caffeic acid (33, 67, 73) antioxidant
chemoprotective
antiatherogenic

antimicrobial
anti-inflammatory

antidepressive-like activity

vanillic acid (38, 73, 80) antioxidant
antimicrobial activity

verbascoside (38, 50, 67, 82) antioxidant
chemoprevention
cardioactive
antihypertensive
anti-inflammatory
antiatherogenic
sedative

elenolic acid (33, 50) antimicrobial
antiviral

p-coumaric acid (37, 73, 80) antioxidant

antimicrobial
chemoprevention

catechol (37, 94, 95) phytotoxic
antimicrobial
carcinogenic
antioxidant and anticancer

rutin (82) antioxidant
antiatherogenic

anti-inflammatory
chemopreventive

isolated from OMWW, antioxidant in rat plasma (39)

antioxidant in rat liver (40)

protects human erythrocytes against oxidative damage (41)

multiple effects (18, 27)

scavenges and reduces superoxide anion production in human
promonocyte cells (42)

inhibition of peroxynitrite-dependent DNA damage (43)

induces cytochrome C-dependent apoptosis (44)

inhibition of the proliferation of tumor cells (45)

human pathogens (46)

agricultural pathogenic bacteria (47)

prostaglandin sparing and antioxidant activity also were detected (48)

inhibition of leukocytes leukotriene B, (17)

topical and bath preparation (cited in ref 49)

olive cake extract (51)

in vivo and in vitro activity (52)

radical scavenging activity within biomembrane (53)

inhibition of LDL oxidation and platelets aggregation (16, 54)

fatty acid composition of rat heart (55)

enhances nitric oxide production (56)

in rats (normal and diabetic) (15)

vasodilator (57)

antibacterial (46, 58)

antimycoplasmal (59)

antifungal effects (60)

anti-HIV activity of olive leaf extract (61)

inhibition of 5-lipoxygenase (48)

against McCoy cells (62)

South American snail Biomphalaria glabratus (63)

thyroid stimulation (64); modulation of hypolipidemic-hypoglycemic activity

activates pepsin and inhibits trypsin, lipase, glycerol dehydrogenase,
glycerol-3-phosphate dehydrogenase, and glycerokinase (65)

DPPH scavenging (68)

protects against oxidized LDL (69)

reduces DNA oxidation at high concentrations (70)
inhibition of 5-lipoxygenase (less active than HT) (48)
in humans (71)

antiarrhythmic and cardioprotective (72)

tert-butyl hydroperoxide induced oxidative stress (74)

reactive species of oxygen and nitrogen (75)

inhibits DNA oxidation (less active than hydroxytyrosol but more
efficient than tyrosol) in prostate cells (70)

inhibition of LDL oxidation (76, 77)

pro-oxidant activity on LDL (78)

antibacterial and antifungal (60)

inhibition of 5-lipoxygenase (more active than tyrosol and less active
than hydroxytyrosol and oleuropein) (48)

unknown mechanism (79)

alkylperoxy! radical-scavenging (82)
antibacterial and antifungal (60)

Ballota nigra extract (83)

reverse malignant phenotypic characteristics (84)

chronotropic, inotropic, and coronary vasodilator mediated through cCAMP (85)
angiotensin converting enzyme (ACE) inhibitor (86)

multiple mechanisms (87)

plasma lipid peroxidation and erythrocyte membrane fluidity (88)

Ballota nigra extract (83)

antibacterial (58)
calcium elenolate (89)

protection of rat heart from oxidative stress of doxorubicin (90)
hypochlorite scavenging activity (91)

antibacterial and antifungal (60, 92)

antileukemic activity (90, 93)

toxic to tomato plants (94)

against plant pathogens (47)

activity in rat stomach differs among strains (96)
contrasting effects (97)

hepatoprotective (98)

hemoglobin oxidation (99)

less active than quercetin (100)

only in chronic inflammation (101, 102)

blocking agent for heterocyclic amine-induced rat liver carcinogenicity (103)

sensitive, specific, and robust bioscreening methods makes high-diversity of the tested compounds and the reliability of the

throughput screening a realit®,(148). The success of bioactive

screening techniques applie8) (The bioactivity of raw waste

compound discovery programs is based on the structural has been examined??), but Capasso et a4{) suggested that
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Figure 1. Biophenols and related compounds identified in olive or olive mill waste (29, 94, 104—113). Iridoids are monoterpenes (C,) arising from the
folding of geraniol (114), characterized by a bicyclic fused ring system (six-membered heterocyclic ring fused to cyclopentane ring). Secoiridoids are
obtained through opening of the five-membered ring of iridoids. The parent of this group of metabolites is secologanin. Oleosides are oleaceae-specific

secoiridoids characterized by an exocyclic 8,9-olifinic bond.
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Figure 2. HPLC chromatograms comparing the phenolic profiles of olive drupes (cv. Frantoio) and the corresponding olive mill wastewater, pomace, and
olive oil obtained by laboratory scale press. Reprinted with permission from ref 38. Copyright 1999 American Oil Chemists’ Society.

the use of raw OMWW in bioactivity tests should be avoided oxidant and radical scavenging activitiésl]. The residue left
because of its phytotoxicity (and toxicity on human cell line). after evaporation of the ethanolic extract was dissolved in water
Thus, prior fractionation and separation of active constituents and sequentially extracted with hexane, chloroform, and butanol.
is regarded as desirable, and research has frequently involvedThe butanol extract was fractionated on a silica gel column,
various extracts and/or isolated biophenols from the ON8@/ ( and nine fractions were collected. Partial identification of
42,46, 149. This section examines the bioactivity of raw OMW  biophenols in the fractions revealed coumaric acid in fractions
and of biophenols either isolated from or demonstrated to be 2 and 3, oleuropein in fraction 4, protocatechuic acid in fraction

present in OMW. 7, cinnamic acid in fraction 8, and ferulic and caffeic acids in
Antioxidant Activity. The most extensively studied activity ~ fraction 9. The fractions were examined using various measures
of olive biophenols is their antioxidant actio3, 73, 150). of antioxidant activity [iron(Ill) reduction; inhibition of oxidation

The inhibition of different types of oxidative damage has been in refined soybean oil; DPPH radical scavenging] and, consistent
investigated 31, 40—43) using various measures of antioxidant with previous reports 153), the antioxidant activity varied
activity, which have been reviewed elsewhere (1532). according to the test method. For example, the first four fractions
One of the earliest papers dealing with OMW as a possible showed higher antioxidant activity than butylated hydroxytolu-
source for antioxidants was published in 19884). Olive waste ~ ene (BHT) in refined soybean oil, whereas fractions 9 and 8
was extracted sequentially with hexane, acetone, and ethanolere the most effective free radical scavengers. The authors
using a Soxhlet apparatus. The ethanolic fraction contained theconcluded that OMW extract may be useful in cosmetics as
highest phenolic content and provided the highest protection antiaging and antiwrinkle products due to its antioxidant
against oxidative deterioration of refined olive oil and soybean activities (51).
oil. In contrast, Ranalli et al.160) studied the antioxidant Antioxidant and anti-inflammatory activity were measured
potency of phenolic standards associated with OMWW and in a comprehensive study of recovery and bioactivBg)(of
grouped the phenolic standards into three categories accordinghiophenols in OMWW. The waste was obtained from a benchtop
to their antioxidant potency as strong, medium, or weak. mill using olives from three different European countries.
Antagonistic and synergistic effects of nonphenolic compounds Biophenols were extracted using an XAD 1180 resin column
(t-proline, chlorophylls, and tocopherols) were investigated.  (extract 1), liquid-liquid extraction (extract 2), and gel filtration
The antiradical activities [1,1-diphenyl-2-picrylhydrazyl (DPPH) by Sephadex LH-20 column (extract 3). Multiple antioxidant
radical scavenging] of OMW have been examined (73). In one assays (LDL oxidation, DPPH radical scavenging activity,
study, OMW (olive cake) extracts were investigated for anti- superoxide anion scavenging, and protection of catalase against



828 J. Agric. Food Chem., Vol. 53, No. 4, 2005 Reviews

hypochlorous acid) and an anti-inflammatory activity assay Lactobacillus plantarumContradictory data have been attributed
(leukotriene B production by human neutrophils) were per- to the use of rich assay media60), and bactericidal action
formed. Extract 1 exhibited low antioxidant activity and no anti- was demonstratedl§0 with oleuropein and its heat-treated
inflammatory activity and was characterized by high molecular product on nine strains &f. plantarumin a medium devoid of
weight polymers. The secoiridoid elenolic acid was the major any organic nitrogen.
compound in extract 2 with some cinnamic acid derivatives.  Other Bioactivities. A diverse range of other bioactivities
This extract showed good antioxidant and excellent anti- have been demonstrated, either for OMW itself or for phenols
inflammatory activities. Extract 3 contained hydroxytyrosol, that have been reported to be present in the waste. OMWW
tyrosol, and a hydroxytyrosol derivative and exhibited the most (161) and its phenolic extracts (16162) showed deterrent
potent antioxidant activity and a reasonable anti-inflammatory action at high concentrations to ovipostion Bacus oleae
activity. The authors suggested that the extracts acted mainly(Bactrocera oleae) (Gmelin) females. Catechol was found to
as metal chelators and also had a potent free radical scavengindpe the most potent repulsive phenol, whereas tyrosol and
activity. They also concluded that hydroxytyrosol was the most hydroxytyrosol were inactive (161).
active component in OMWW. OMW exhibited phytotoxicity for seed germination on radish
Lipid peroxidation in the copper sulfatéow-density lipo- and wheat (163) and on tomato and vegetable marrow (94). In
protein (LDL) system was inhibited by hydroxytyrosol obtained both cases, toxicity was related to a synergistic action of the
by ethyl acetate extraction of lyophilized OMWVBY). Other biophenols and unidentified compounds present in the waste.
compounds identified in the extract were tyrosol, verbascoside, Catechol, 4-methylcatechol, tyrosol, and hydroxytyrosol were
oleuropein, caffeic acid, vanillic acid, and 4-hydroxybenzoic isolated as the four main phenolic compounds of OMWW, and
acid. Superoxide anion scavenging activity of four phenolic Phytotoxicity studies showed that catechol and 4-methylcatechol
extracts from OMWW was measured in cultured human €xerted the most harmful effects, whereas hydroxytyrosol and
promonocyte cells (THP-1)4@). The extracts also lowered tyrosol showed selective toxicity (94).
superoxide anion production by the cells, supporting the Bioactivities of phenols reported in olive waste are given in
antiatherogenic activity of OMW, and the authors concluded Table 1and include enzyme inhibitiori{, 65), antiviral activity
that hydroxytyrosol was likely to be the active component. As (61, 72, 164), and molluscicidal activityl8). Antiprotozoal
the four extracts showed similar activity, and two of these were activity has not been assessed, despite the facts that olive leaf

derived from a starting extract, the results suggest that the matrixe€xtracts were used for treating malaria in the 1800s in the British
had no effect (42). colonies (72) and that olive leaves and waste will share some

Antimicrobial Activity. An early paper identified the ~ COMmon biophenols. .
antibacterial activity of OMWW constituentd%4). Papers on Of the biophenols in OMW, hydroxytyrosol is the most
antibacterial activity generally focused on the ecological impacts €xhaustively studied due to its presence in all OMW and its
and degradability of OMWW in an endeavor to find methods SuPerior and diverse biological activitiebaple 1). It has many
to detoxify the biophenolsi@3). The antibacterial activity of ~ Promising applications in foods, cosmetics, and medicine, and
OMWW was confirmed by both Ramos-Cormenzana etl&3Y there are numerous s_tudles qf its recovery and applicatB®s (
and Gonzalez et al. (155) and was exhaustively reviewed by 165, 166). The following section summarizes the data that are
Moreno et al. {24), who noted antibacterial and phytotoxic ~ available.
activity of low molecular mass biophenols and the phytotoxicity
of phenolic acids. A hexane extract of OMW was not active, HYDROXYTYROSOL

so bioactivity was ass_ociated with tr_le hydrophilic constituents |t is claimed that hydroxytyrosol is formed in part as a result
and was correlated with the phenolic content of OMYB). of hydrolysis of oleuropein (the major biophenol in many olive
OMWW constituents were more effective on bacteria than yeast varieties) during oil extraction by the action of estera8).(
(124), whereas the antibacterial activity was higher on Gram- poreover, the amount of hydroxytyrosol can be enriched by
positive than on Gram-negative bacteria. Ethyl acetate andacid hydrolysis of secoiridoid derivatives and verbascoside.
n-propanol extracts were the most active agaiBscillus Recently, it has been made available commercially for research
megateriun(156). Propanol was the solvent of choice to extract purposes (approximate cost $US 16@D00 per gram) and has
the antibacterial biophenols from OMWW§7), although the 3150 been introduced under different trade names as an anti-
propanolic extract was less active than OMWW itsélp4). oxidant nutraceutical.

Capasso et al.4{) studied the antibacterial activity of Various procedures for recovery of hydroxytyrosol from
OMWW, the major biophenols in the waste, and some synthetic OMWW have been described. For example, continuous counter
analogues. 4-Methylcatechol was the most effective bactericidal current extractiong6) yielded 1.0 g of purified hydroxytyrosol
compound, whereas hydroxytyrosol was active agdsstdo- from 1 L of OMWW, whereas middle-pressure LC and
monas savastananly. Tyrosol did not show activity on any  preparative scale TLC gave a yield of 91 mg/L (purty80%)
of the microorganisms. Compounds found in OMW that (49). The poor yield of the latter approach was attributed to
exhibited antibacterial activity were oleuropein and hydroxy- retention of hydroxytyrosol on the stationary phase and its
tyrosol (46), 4-hydroxybenzoic acid, vanillic acid, and tendency to undergo chemical modifications. Hydroxytyrosol
coumaric acid (72). Hydroxytyrosol was generally more active was also purified from alperuj®6) by hydrothermal treatment
than oleuropein 46). The latter and ligstroside showed no of the alperujo using a flash hydrolysis laboratory pilot unit
activity againsBacillus subtilis,Saccharomyces cerevisiae, or and a simple chromatographic purification system that is
Escherichia coliwhereas in the presence®flucosidase both  currently patented. The reduction in the antioxidant amount
compounds were able to inhibit the growthBfsubtilis(158). present in the fruit compared to that found in the alperujo was
However, the alkaline hydrolysis products of oleuropein were attributed mainly to condensation reactions and other inter-
totally inactive. Federici and Bongi (159) developed an HPLC molecular reactions between biophenols and polysaccharides and
method for the isolation of oleuropein hydrolysis products and glycoprotein rather than the most widely invoked explanation
showed that two fractions (peaks) inhibited the growth of of chemical and enzymatic oxidative degradation during crush-
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ing, malaxation, and processing. Hydroxytyrosol showed un- manipulation. Unfortunately, this is rarely achievable, and
expected stability against the harsh conditions used in its sample transfer to the laboratory, preservation, and storage may
extraction. The optimum conditions for recovery were steam at be unavoidable (173). The fidelity of the phenolic profile
200-220°C and sulfuric acid catalyst (1-0L.5%). Higher acid between the sample and the final extract is the measure for the
concentrations caused degradation of hydroxytyrosol. The success of the analysis, so sample manipulations should be as
isolated pure hydroxytyrosol was stable for 5 days under ambientmild as possible to avoid artifactd15).
temperature, exposed to light, in a direct continuous air current.  |f storage is unavoidable, the recommended practice is to
The alternative synthetic route from 3,4-dihydroxyphenylacetic collect the sample in liquid nitrogen with subsequent freeze-
acid gave an 80% vyield of hydroxytyrosol in a one-step drying (38,173). Although lyophilization without prefreezing
reduction reaction using lithium aluminum hydride in dry (50) has also been used, it is generally assumed that prefreezing
tetrahydrofuran '(49). The authors concluded that the synthetic stops enzyme action, and subsequent drying is then achieved
route was superior to isolation from OMWW due to better yield \jth minimal thermal degradation. Alternatively, commercial
and lower cost. However, the synthetic method involved the giperujo was immersed in sodium fluoride solution prior to
use of large volumes of organic solvents and relatively expensivefreezing and lyophilization (174). The presence of residual oil
starting materials. in the OMW prolongs the freeze-drying process due to formation
The oxidative chemistry of hydroxytyrosol has been inves- of troublesome emulsions. The freeze-dried powder should be
tigated theoretically X67) and practically{68) in an attempt  kept in a dry place, as the lyophilized samples tend to be
to understand its antioxidant structtactivity relationship hygroscopic {73. Storage may be at room temperature or, more
(SAR) and mechanism. The pharmacokinetics (absorption, commonly, at subzero temperatures such-&0 °C (38).

distribution, metabolism, and excretior16@-172) of hydroxy- Alternatively, Lesage-Meessen et al. (73) used ethanol (30%
tyrosol have also been studied, reflecting the emphasis that has/v) to stabilize fresh commercial OMW that was then clarified
been placed on this biophenol. and stored in the dark at*€. It was claimed that the phenolic

composition of the samples was stable under these conditions
ANALYSIS OF OMW BIOPHENOLS for several months.

Analytical methods for OMW biophenols have been devised _ EXtraction. The aim of extraction generally is to quantita-
for a variety of situations including the detection of biophenols tively recover all phenolic compounds from the sample while
in OMW and the isolation and purification of these compounds. Minimizing the coextraction of matrix components (173). The
In the following discussion, distinction is not made among problgm with phenolic extraction is that some_of the blophenolls
methods on the basis of analytical intent but rather on the '€main attached to cell walls while others are in the cytoplasmic
analytical approach. The first attempt to analyze and identify vacuoles. The choice of the extraction method, extraction
OMWW (alpechin) biophenols was in 1967 by Ragazzi and solvent, extraction time, a_md_ extraction temperature is critical
Veronese (cited in re37). Biophenols were partitioned between (175). The addition of antioxidant or enzyme inhibitor and pH
ethyl ether and aqueous bicarbonate. Caffeic acid and proto-2djustment may be employed. However, the stability of many
catechuic acid were identified in the bicarbonate layer, whereasPiophenols is pH dependent, and alkaline conditions will favor
in the ether layer catechol, tyrosol, and hydroxytyrosol were ©Xidation and polymerization. Addition of acid, to a pH of2,
the main components. An often cited paper that presents acan be used to precipitate proteidgl(73), but as the phenolic
valuable phytochemical study of the alpechin biophenols is that 90UP is weakly acidic, the pH will affect partitioning behavior
of Vazquez Roncero et al37). Despite the limitations of the ~ during sample handling. Extraction methods show great diver-
available instrumentation at that time, they were able to separateSity, ranging from simple filtration and direct injection into the
and identify 18 phenolic compounds in the ethyl acetate and HPLC without any further treatment8%) through liquid

n-propanol extracts of the alpechin using two-dimensional TLC €xtraction to more advanced and complicated meth@g)sThe
and paper chromatography. extraction method must be compatible with subsequent analysis

Sample Handling. Recovery of biophenols from OMW isa  Procedures.
difficult analytical task for several reasons. Biophenols are ~ Sobent ExtractionThe simplicity and convenience of solvent
reactive chemical species, vulnerable to oxidation, conjugation, €xtraction contribute to its popularitg {5,173,176). A vast
hydrolysis, polymerization, and complexation. This is com- range of solvents has been used for the extraction of biophenols
pounded by direct contact with enzymes and their substrates agrom OMW including water 108, methanol 174, 177), ethanol
the cells are no longer intact. OMW is a complex matrix that (51), ethyl acetateq3), and, less commonliyr-butanol 94, 178),
offers a reaction medium (water), catalysts (enzymes, organic n-propanol 87), andtert-butyl methyl ether§0). Hydroalcoholic
acids, and metals) and substrates (proteins, polysaccharidessolutions such as methanolor ethanol—water mixtures with
metals, small molecular weight reactive compounds, and pheno|sdifferent relative concentrations are often the popular choice to
themselves) all contained under an umbrella of oxygen (air). €xtract biophenols from pomadé?. Methanol is able to disrupt
Olive biophenols comprise a vast range of phenolic compounds cell walls and inhibit enzyme action, and its mixture with water
with different structures and different physicochemical properties provides a very good solvent for most phenolic compounds
(solubility and partitioning) that makes any attempt to optimize (173). A simple strategy to suppress enzyme action is to add
the extraction a difficult task. methanol first followed by water (80).

In many instances, the nature of the sample and details of Aqueous ethanolic solutions are next to methanolic ones in
sample handling prior to extraction are omitt&). In those popularity. The advantage of methanol over ethanol is its lower
cases where details are provided, there is great diversity. Forboiling point; it can be easily evaporated under vacuum at
instance, Visioli et al. 33) used fresh OMWW derived from  moderate temperatures to facilitate the recovery of extracted
benchtop milling of frozen olives, whereas Capasso et8l) ( biophenols. However, ethanol is more lipophilic than methanol,
used fresh commercial OMWW. The immediate analysis of the so it is superior in dealing with polymeric and hydrophobic
fresh sample (3480, 94) is always the ideal situation, due to biophenols. Ethyl acetate is frequently used to extract biophenols
possible changes in the chemical composition during sample from aqueous matrices such as OMWW. Ethyl acetate extraction
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may result in the loss of some glycosidal biophend@g)( Solid-phase microextraction (SPME) is gaining acceptance
Capasso et al.1{8) found that for quantitative extraction of as a phenol extraction technique but has not been applied to
OMWW biophenols, ethyl acetate was superseded-bytanol, the recovery of biophenols from OMW. However, volatile

whereas qualitatively there was no difference. In contrast, ethyl phenols of wine have been determined by SPME and 182) (
acetate was chosen as the most suitable solvent in a compresuggesting that it should be applicable to the aqueous matrix
hensive study targeting hydroxytyroséB) which demonstrated  of OMW.
that extraction power decreased in the order ethyl acetate Cleanup and Preconcentration.After extraction, cleanup
methyl isobutyl ketone- methyl ethyl ketone> diethyl ether. is usually necessary before chromatography to remove coex-
This study is also notable for the use of gel filtration to tracted matrix components that may interfere in subsequent steps
demonstrate the presence of three phenolic fractions in OMWW, or reduce column lifetime. Solvent partitioning with hexane,
namely, a high molecular mass fraction (M 250 kDa), a  petroleum ether, or chloroform has been used to remove fatty
medium molecular mass fractiohl(= 13 kDa), and monomeric  residues, although hexane is generally preferred and probably
phenols. It was further shown that best recovery of monomeric superior (33,174). Ethyl acetate is claimed to be selective to
phenols occurred for an OMWW pH of 2-Diphenols were  |ow and medium molecular weight biophend®8), but Ceccon
more extractable than monohydroxylated phenols due to moreet al. (34) obtained low and variable recovery of biophenols
favorable distribution coefficients. (notably caffeic and vanillic acids) using ethyl acetate. The ethyl
Extraction has mostly been carried out at ambient temperature,acetate extract is usually evaporated, and the residue is
although elevated temperature was us&d4j with Soxhlet reconstituted in methanol or ethanol. Acetone has been added
extraction, whereas a subambient temperature %@ fas also to precipitate colloids (34). Alternatively, classical column
been employed (82179). The use of antioxidants to protect chromatography has used columns of silica ¢8))( Sephadex
the biophenols during extraction is not uncommon. Different LH-20 for gel filtration, and adsorptive polymeric resins such
antioxidants can be applied, but the added antioxidant shouldas Amberlite XAD 1180 resind3). However, SPE is preferred
be of higher antioxidant activity than the extracted biophenols, (38,50) as it offers simultaneous cleanup and preconcentration
and its concentration should be adjusted; otherwise, it will act (108).
as an oxidizing agent or pro-oxidant. Sodium metabisulfite  Identification and Quantification. Total PhenolsSpectro-
(sodium disulfite) 180, 181) and sodium bisulfite1l82) have photometric methods are generally used to quantify total
been reported in the extraction of olive fruit phenolics, but their biophenols. These methods are very simple but are nonspecific
use for OMW has not been described. Phenolic antioxidants for phenols and usually tend to overestimate the amount of
such astert-butylhydroquinone (TBHQ) and butylated hy- biophenols present. The FotiiCiocalteu (FC) method is the
droxyanisole (BHA) have the disadvantage of interference with most common quantification method. It depends on measuring
the detection of the biophenolsl&3). Servili et al. (38) the absorbance of the blue reduction product of a phosphotung-
compared the use of ascorbic acid and sulfur dioxide as stic—phosphomolybdic complex in alkaline solution at 760 nm
antioxidants and working under a nitrogen blanket on biophenol (173). The results are expressed as gallic acid, caffeic acid,
recovery. Ascorbic acid showed pro-oxidant activity for most tannic acid, or tyrosol equivalents. Any substance that is able
phenolic compounds, particularly hydroxytyrosol and oleuro- to reduce the phosphotungstishosphomolybdic complex will
pein, and has also been reported to interfere with the detectioninterfere, including ascorbic acid, tocopherols, carotenes, reduc-
of early-eluting biophenolsl83). Sulfur dioxide may precipitate  ing sugars, and phenolic amino acids (i.e., phenylalanine and
aldehydic phenolic compounds by a nucleophilic addition tyrosine). The FC method responds differently to different
reaction (38). Thus, the concentration of hydroxytyresol biophenols, and its use for measuring overall phenolic quantity
elenolic acid dialdehyde in pomace was reduced significantly is sometimes criticized (185).
by SG, addition, whereas extraction under nitrogen significantly ~ HPLC methods for determining total phenols have been based
increased the recovery pfhydroxybenzoic acid, caffeic acid, on the summation of individual peak respons@3, 60) using
and vanillic acid 88). The addition of diethyldithiocarbamic  calibration curves, available standards, and different wave-
acid sodium salt, a polyphenol oxidase and lipoxygenase lengths. One (38) or more (50) standard compounds have been
inhibitor, is also reported38, 82). Enzyme activity may also  employed as a reference and, in cases where commercial
be inhibited by precipitation using absolute alcohols (as for olive standards were not available, molecular weight correction factors
pulp) (80) and low-pH conditions (pH-23) (34). were applied (33). The use of syringic acid as an internal
Solid-Phase Extraction (SPESPE has the ability to both  standard and quantification by response factors (area of reference
fractionate and clean up the sample. It has been used for thecompound/area of syringic acid) have been trié@)( The
recovery of biophenols from olive poma@8(82 and OMWW  complexity of the HPLC chromatogram and the number of
(38,50). There has been no systematic examination of the useoverlapping peaks are the major limiting factors for the
of different cartridges for OMW, althoughi€cartridges have reliability of this technique for the quantification of total phenols
been common38, 82). Sequential extraction with-hexane, (27). Nevertheless, further investigation of this approach is
ethyl acetate, and acidic methanol (formic acid, pH 2.2) was recommended as an alternative to frequently reported spectro-
employed §0) for the recovery of biophenols from freeze-dried photometric methods. LC-MS may be of value, particularly if
OMWW. In the case of pomace, SPE gave higher recoveries Used in tandem mode as LC-MS-M&/(80, 186), which allows
of biophenols than liquigtliquid extraction 88). With SPE, for the quantification of daughter ion products and minimizes
higher recoveries were achieved by elution with methanol than the impact of overlapping peaks.
by elution with diethyl ether or ethyl acetate. For OMWW, Chromatographic Method®live biophenols are polar com-
highest recoveries of biophenols were achieved by SPE with pounds and of limited volatility48) so derivatization is often
diethyl ether. The main biophenols in the OMWW were mandatory in gas chromatography (GC). A very complex
hydroxytyrosol and hydroxytyroselelenolic acid dialdehyde.  chromatogram resulted when GC—flame ionization detection
The dissolution of quinones and melanoidins in methanol (FID) was applied to an extract of OMWWB4) after deriva-
resulted in high background noise in HPLC chromatogre88k ( tization with bis(trimethylsilyl)trifluoroacetamide. FID was
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extensively employed in early work, but carbohydrate interfer- in the positive mode proved to be more versatile and more
ence was a critical problen84), and most GC work is now  satisfactory than EI-MS. However, the advantages of soft
done using mass spectral detectors or tandem mass spectrometignization techniques were demonstrated by the detection of
(GC-MS-MS). GC-MS was applied for the identification of the biophenols using atmospheric pressure chemical ionization
sugar part of a new glycosidal biophenol in OMW\MOE) after (APCI-MS) (189). Aramendia et al. (191) applied negative ion
methylation, hydrolysis, reduction, and acetylation. For large APCI-MS to qualitatively and quantitatively analyze 15 phenolic
phenolic molecules, derivatization may increase the molecular compounds found in OMWW. Bianco et aBQ@) showed the
mass of the analytes beyond the analyzing capacity of the masshigh selectivity of HPLC-MS-MS in the analysis of OMWW.
detector. Thermal degradation, failure of derivatization of high Elecrospray ionization (ESI)-MS was performed in the negative
molecular weight biophenols, and unsuitability for preparative jon mode. Despite lower intensity peaks in negative ion mode
scale analysis are other drawbacks. Hence, GC is not a populathan in positive mode, negative ion mode was also chosen in
technique for routine use in biophenol analysis. It is more another study (174) because cleaner spectra were obtained. The

suitable for profile generation or structure elucidation, where |atter study demonstrates the utility of ESI spectra, particularly
its excellent resolving power is requiregs). in MS" mode.

TLC is a simple and versatile technique that can be used for - The potential of a number of detectors that have not been
the idgntification, se.paration,.and isolation of biophenols on both appjlied to OMW biophenols is demonstrated by their application
analytical and semipreparative scales. The chromatogram con+o fryit phenolics. Fluorescence detection provides enhanced
tains the actual compounds, not their response. This permitsselectivity and sensitivity for some compoundd.2,192). In
subsequent elution and identifi_catiqn of each_spot. Capasgo elcontrast, the evaporative light scattering detect®8)is a bulk
al. (178) have detected the major biophenols in OMWW using operty detector that provides nonselective, universal detection
reversed phasegTLC (C1eRPTLC) and normal phase high- it approximately the same response for all nonvolatile solutes
performance TLC. Spots were visualized under UV light at 254 (194 Electrochemical (coulometric) detection is a sensitive and
nm, by spraying with 10% sulfuric acid in methanol followed gejective method for phenolic acidkas) and olive oil phenolic
by phosphomolybdic acid (3% in methanol) and heating, and ,ioxidants (196), and the electrochemical behavior may
by spraying with aqueous ferric chloride and heating. They ,q\ije some structural information about compounds with

recommended the use of both reagents to combine the highgj o v t h | itg45-0l .
sensitivity of the first reagent and the specificity of the second ?érg; ar UV spectra (e.g., hydroxytyrosol and itg4>-glucoside)

reagent. Oleuropein was not detected in this sample. One- . e . .

dimensional G=RPTLC proved to be more satisfactory for the P2k identification in chromatography involves comparing

analysis of OMWW biophenols. In the course of their work on the retention time with a standard and spiking. PDA and MS
are useful for confirmation of the identity. Spectroscopic

OMWW biophenols, Ragazzi and Veronese (187) introduced a ¢ o h -
method for the quantification of phenolic compounds using the identification of biophenols has been the standard practice for
FC reagent after TLC separation. their identification. Nowadays spectroscopic techniques provide

very efficient systems for identification and structural elucida-
tion, particularly when coupled with high-performance chro-
matography. Spectroscopic techniques include UV, NMR, and
MS used either on-line or off-line. For instance, Limiroli et al.
(107) identified both free and glucosidal phenols from the
vegetation water (water-soluble constituents) of olive fruits by

TLC can also be used for the screening of biological activity
in a technique known as bioautography. It is widely applied
for screening antibacterial, antifungal, and radical scavenging
activities. For antibacterial and antifungal activities agar diffu-
sion, direct application, and agar-overlay are the methods for
application (188). This method has not been applied to OMW. 1t NMR. DellaGreca et al. 105) have identified four new

HPLC has been the standard for analysis of biophenols, on compour;ds in OMWW uéing LC-MS and off-line NMR
both analytical and semipreparative scales, against which otherincluoling two-dimensional NMR. The main problem that is
techniques are judged. The typical conditions for HPLC are .

. - usually encountered in the identification and quantification is
reversed phase chromatography using an octadecyl silica columnt - .
8 ; . . he unavailability of standards for a large number of biophenols
with a suitable guard column and a binary pumping system,

linear gradient elution, and photodiode array detector (PDA) (197). Synthesis and/or separation from plant material may be

(50). The mobile phase typically contains various combinations mandqtory. ]

of water, methanol, or acetonitrile in different proportions and ~ Capillary Zone Electrophoresis (CZEJ.ZE depends on the
adjusted to an acidic pH by the addition of acetic acid, formic relative migration of ions under an electric fietth§. OMWW
acid, or phosphoric acid. Different column brands and chro- has been analyzed by CZE and ESI-MS detection in the negative
matographic systems (the pump and the detector) show differention mode and compared with CZE/U¥49). The total run time
resolution abilities (82). In one study, the high polarity of Was 30 min. Quantitative analysis usimgchlorophenol as
representative biophenols from OMW caused problems with internal standard was carried out with a limit of detection of 1
conventional reversed phase systeft®9). A porous graphitic P9 for certain biophenols. The drawback of CZE is the use of
carbon column with a tetrahydrofuran gradient was used as anbuffer of high pH, which may be a problem for compounds
alternative. Spectrophotometric detection has been common, andinstable under these conditions such as anthocyanins. A similar
for routine work 280 nm is a good compromise. The low technique, which is noteworthy in this context, is micellar
wavelengths, 225 and 250 nm, are more universal, but the highelectrokinetic capillary chromatography (MECC). The main
background noise is a potential probleh75). The use of PDA  similarity between CZE and MECC is the instrumentation;
detectors overcomes the problem of finding a wavelength suited MECC is a hybrid between HPLC and CE where both neutral
to all phenols. Alternatively, MS has been applied to OMW and ionic species can be separated by the difference in the
samples for qualitative and quantitative work. The use of distribution between the moving buffer and the capillary coating
electron impact ionization and fast atom bombardment mass (electroosmotic flow) 198). Pomponio et al.200) have used
spectrometry (EI-MS and FAB-MS) of olive waste biophenols MECC for the separation of 10 phenolic acids, but it has not
and their acetyl derivatives has been revieweaD]. FAB-MS been applied to OMW.
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CONCLUSION (9) Wolfender, J.-L.; Ndjoko, K.; Hostettmann, K. Liquid chroma-
tography with ultraviolet absorbance-mass spectrometric detec-

OMW comprises a rich source of biophenols with a wide tion and with nuclear magnetic resonance spectrometry: a

array of biological activities. Various procedures have been powerful combination for the on-line structural investigation of
patented, but most rely on maximizing the recovery of one plant metabolites). Chromatogr. A2003,1000, 437—455.
compound, hydroxytyrosol, and thus the complexity of the (10) Pennington, J. A. T. Food composition databases for bioactive
biophenols may be underutilized. Furthermore, the complete food components]. Food Compos. AnaR002,15, 419—434.
valorization of OMW—involving recovery of biophenols and  (11) Visioli, F.; Galli, C. Biological properties of olive oil phy-
other compounds prior to targeting the remaining byproducts tochemicalsCrit. Rev. Food Sci. Nutr2002,42, 209.
to low technology uses such as animal feed, fuel or fertiizer ~ (12) Blekas, G.; Psomiadou, E.; Tsimidou, M.; Boskou, D. On the
remains elusive. importance of total polar phenols to monitor the stability of Greek
virgin olive oil. Eur. J. Lipid Sci. Technol2002,104, 340—

Just as varietal, seasonal, geographical, and agricultural factors
affect the phenol profile in olive fruit, so too will they affect
the profile in OMW. This knowledge will be important if full

346.
(13) Part 2. Supplementary drugs and other substanchartmdale,
The Complete Drug Reference, 33rd ed.; Sweetman, S. C., Ed;

utilization of the biophenols is to be achieved. Also of Pharmaceutical Press: London, U.K., 2002.

significance is the fact that OMW represents a highly chemically  (14) Martin-Moreno, J. M. The role of olive oil in lowering cancer
and microbiologically active medium, and storage prior to risk: is this real gold or simply pinchbeck?. Epidemiol.
phenol extraction has the potential to significantly alter the Commun. H2000,54, 726.

phenol profile. An intriguing possibility is that chemical and/  (15) Trovato, A.; Forestieri, A. M.; lauk, L.; Barbera, R.; Mnoforte,
or microbiological changes during storage will generate new M. T.; Galati, E. M. Hypoglycemic activity of different extracts
compounds with greater bioactivity than those presently re- of Olea europaed.. in the rats.Plant Med. Phytother1993,
ported, which warrants further investigation. 26, 300—308.

(16) Petroni, A.; Blasevich, M.; Salami, M.; Papini, N.; Montedoro,
G. F.; Galli, C. Inhibition of platelet aggregation and eicosanoid
production by phenolic components of olive dilhromb. Res.

Analysis of biophenols in OMW generally parallels that for
phenols from other sources, and a variety of procedures have

been reported. However, the fact that OMW is the result of a 1995,78, 151—160.

process that breaks cell walls and exposes the matrix to enzymes, (17) petroni, A.; Blasevich, M.; Papini, N.; Salami, M.; Sala, A.; Galli,
oxygen, and mild heat (during malaxation of the paste) means C. Inhibition of leukocyte leukotriene B4 production by an olive
that the phenol profile undergoes significant changes prior to oil-derived phenol identified by mass-spectromefifyromb. Res.
sampling. This represents a challenge to stabilize the profile at 1997,87, 315—322.

the point of sampling to minimize further changes prior to (18) Visioli, F.; Bellosta, S.; Galli, C. Cardioprotective properties of
analysis. This aspect of OMW analysis has not been systemati- olive oil-derived polyphenolsitherosclerosisl997,134, 336.
cally addressed. (19) Owen, R. W.; Giacosa, A.; Hull, W. E.; Haubner, R.; Wurtele,

G.; Spiegelhalder, B.; Bartsch, H. Olive-oil consumption and
health: the possible role of antioxidantsancet Oncol.2000,
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