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A renewed interest for using natural organic molecules for the production of valuable chemicals is
observed in current organic processes. Natural compounds provide the access to natural grade chemicals
when submitted to physical treatments or biotechnological processes. Dealing with structurally complex
molecules, they can provide complex core structures for hemisynthesis purposes, and in many instances
they offer the advantage of providing sustainable processes when using renewable resources. These
assets could be synergistic with the assets of biocatalytic processes, to end-up with efficient and sustain-
able processes in the organic synthesis of valuable products.

In this review, we have gathered a selection of examples on the use of enzymes for the modification of
molecules of natural origin being either purified compounds (terpenoids, steroids, phenolics) or mixtures
(essential oils, natural extracts) to access fine chemicals or organic polymers.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction the development of a plethora of efficient synthetic methodologies,
Natural products have probably been, and remain, the main
source of investigations and discoveries for organic chemists to
date. The discipline of organic chemistry is considered to be born
in 1828 when Friedrich Wöhler serendipitously achieved the syn-
thesis of urea from cyanic acid and ammonia in an attempt to pre-
pare ammonium cyanate, thereby breaking the dogma of the vital
force theory of the influential Swedish Professor Jons J. Berzelius.
Following this discovery, natural organic molecules such as glu-
cose, quinine, camphor, indigo, have attracted the interest of re-
nowned chemists for the study of their structure, synthesis and
properties. Organic chemistry was born, and the 20th century
has witnessed an exponential increase of activity in the field, pro-
viding the scientific community with problems to solve and ques-
tions to address in the structural elucidation of complex molecules,
the description and understanding of their stereochemistry and of
the stereoselectivity of their biosynthesis, their mode of interaction
with their environment including living organisms, and the total
synthesis of these complex molecules. As a reward, many concep-
tual and practical progresses were made, including biosynthetic
pathways elucidation, analytical chemistry at the molecular level,
ll rights reserved.
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including enantioselective catalysis, transition metals-catalysed
coupling reactions, in addition to the access to bioactive natural
products and relatives. In one and a half century, the status of or-
ganic compounds thus shifted from Nature-made to Man-made,
and with the ever growing ability of organic chemists to create
new molecules, their interests also shifted towards synthetic
and/or artificial molecules, in other words molecules with no nat-
ural equivalents. This attraction for artificial molecules culminated
in the nineties in particular in medicinal chemistry with the devel-
opment of combinatorial chemistry. For several scientific and cul-
tural reasons, a renewed interest for natural molecules has been
observed lately.

This trend has also been observed in applied biocatalysis. While
in its infancy, the focus of biochemists and chemists interested in
using enzymes in organic synthesis was put on the natural meta-
bolic substrate, a trend largely supported by Emil Fisher’s dogma
1 enzyme = 1 substrate = 1 reaction. Many studies of the substrate
scopes of enzymes followed, and showed that some enzymes could
accommodate various structurally related substrates. The idea of a
larger substrate scope was significantly improved with the use of
enzyme in organic solvents and the pioneering work of Klibanov
(Zaks and Klibanov, 1985), in particular for lipases with the inter-
facial activation phenomenon (Schmid and Verger, 1998). Syn-
thetic substrates of artificial origin could thus be used in
enzymatic reactions performed in biomimetic media or in non-
conventional media as well (organic solvents, gas phase, RTILs,
supercritical fluids, fluorinated solvents). Today, the novel interest
for using natural organic molecules for the production of natural
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grade chemicals, for the hemisynthesis of complex molecules, or
for the sustainable use of renewable resources is also observed in
biocatalysis in organic synthesis.

On another hand, even if the chemical toolbox seems infinite
and virtually allows any kinds of transformations and the synthesis
of any kinds of molecules, enzymatic steps have been increasingly
implemented in synthetic strategies over the last two decades.
Main reasons explaining this evolution are (1) the huge increase
of the number, quality and diversity of purified enzymes available
from recombinant organisms, (2) the unique ability of enzymes to
operate selectively even in complex molecular environments pro-
viding chemo-, regio-, and stereoselective reactions (Faber, 2004),
of critical importance in the late stages of the synthesis of complex
molecules, (3) the need for more sustainable chemical processes,
and in the case of active pharmaceutical ingredients (APIs), the
need for metal-free products, even at the ppm scale (Galaffu
et al., 2007), (4) the development of protocols for the use of en-
zymes in non-conventional media, useful in medium engineering
(Carrea and Riva, 2000).

The progress of biosynthetic pathways elucidation and biotech-
nology have also contributed greatly to the popularity of enzyme-
based strategy since it is possible to identify, isolate, clone, and fi-
nally over express the genes involved in the biosynthesis of a nat-
ural compound of interest, thereby opening the possibility to use
the specific biocatalyst in vitro, and to use site-selective mutation
if performance needs to be improved, for instance to change or en-
hanced the enantioselectivity, or to tailor the enzyme to better
accommodate other substrates (Fig. 1).

In this review, we have gathered a selection of examples on the
use of enzymes for the modification of molecules of natural origin
either being purified compounds (terpenoids, steroids, phenolics)
or mixtures (essential oils, natural extracts). Our purpose is not
to provide a comprehensive encyclopaedia of all the transforma-
tions of that category reported to date, but more likely to expose
the results published in the recent literature in a selection of com-
pounds leading to valuable products. We will therefore mainly fo-
cus on terpenoids, steroids, natural flavours and odorants,
phenolics, and natural extracts production and modification.
Natural substrate

Biosynthesis

Synthetic substrate

Genetic 
engineering

Medium
engineering

Metabolic 
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Efficient 
enzyme-based 
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Fig. 1. Rationale of the development of an enzymatic reaction step in organic
synthesis. The desired biocatalyst could be identified from biosynthetic studies,
isolated and cloned. It could be an existing biocatalyst genetically modified to fit the
requirements of the target reaction, and its activity could be tailored by medium
engineering. It is used for the transformation of a substrate into a valuable product,
the substrate being the natural metabolic substrate of the enzyme, or another
substrate, natural or synthetic, structurally related to the metabolic substrate, or
not (enzyme promiscuity).
The topic of the enzymatic processing of bioactive glycosides
from natural sources has been reviewed in 2010 (Rauter et al.,
2010) and will not be covered in the present review. Large-scale
synthesis of commodity compounds such as surfactants or pro-
cesses for the synthesis of biofuels will not covered by this review
neither. The general topic of the biocatalytic modification of natu-
ral products was reviewed in 2001 (Riva, 2001), and we will not
consider older references, excepted for clarity or comparison pur-
poses. In vitro studies of enzymatic reactions involving natural
substrates in the elucidation of biosynthetic routes will be ex-
cluded from the scope of this review.
2. Terpenoids and related compounds

Terpenoids are an amazing class of natural products found both
in the marine and terrestrial realms, with a wide molecular diver-
sity ranging from simple linear non-functionalised to complex
polycyclic chiral molecules (Sell, 2003). The wide spectrum of their
biological activities has also contributed to their popularity
amongst chemists and biologists with compounds with functions
of odorants, pheromones, vitamins, and hormones, or properties
such as anti-oxidant, anti-inflammatory, anti-bacterial, anti-fungal,
anti-tumoral, for example. The high efficiency of terpene cyclases,
the enzymes responsible for a significant part of this diversity, has
been a source of inspiration for organic chemists for a long while
(Wendt et al., 2000) for their regio- and stereoselectivity, and bio-
mimetic catalytic cyclisation reactions of simple polyenes have
been proposed only recently (Godeau et al., 2011).

A wide array of terpenoids bearing an alcohol functional group
has been used in many instances as substrates in transesterifica-
tion reactions catalysed by lipases. Lipases are belonging to the
class of hydrolases and are known to accommodate a great deal
of substrates, particularly when an alcohol is used as nucleophile
instead of water, typically in an organic solvent, resulting in a
transesterification instead of an hydrolysis (Bornscheuer and Kazl-
auskas, 2004). They have been the most studied enzymes for appli-
cations in organic synthesis to date, and one of their most useful
assets is undoubtedly their use in kinetic resolution of racemates,
achieved through the enantioselective acylation reactions of alco-
hols (Ghanem and Aboul-Enein, 2004). In specific applications like
fragrance chemistry, the production of enantiomerically enriched
material is sometimes required, enantiomers having sometimes
different olfactory properties (Abate et al., 2004b). For example,
the resolution of racemic lavandulol has been reported by using
CaLB and acetic acid as acyl donor to yield at ca. 55% conversion
(S)-lavandulol in 42% yield and 52% ee and (R)-lavandulyl acetate
in 51% yield and 48% ee (Cross et al., 2004). Many other examples
of enzymatic resolution for the access to chiral synthetic fragrance
materials have been reported with lipases (Abate et al., 2004a).

A parallel protocol has been described to evaluate the substrate
scope of hydrolases and notably lipases with various terpenyl alco-
hols and acyl donors, in a combinatorial fashion (Antoniotti et al.,
2008). The reactions were performed in toluene in the presence
of 1% (w/w) hydrolases such as CaLB, CrL, PLE, etc. and 1–3 equiv.
of vinyl esters as acyl donors. The success of the reaction was
greatly influenced by the class of the nucleophilic alcohol used, pri-
mary alcohols reacting much better. Tertiary alcohols react indeed
much slowly, and efficient enzymatic reactions are preferably
based on enzymes isolated from mutant or rationally designed,
in particular for resolution purpose (Barsch et al., 2008).

The prenyl side chain is a common feature of terpenes and is
sometimes referred to as a hemiterpene (C5) derivative. Prenyl
(dimethylallyl) transferases isolated from plants, bacteria or fungi
catalyse the transfer of a prenyl moiety from a donor like dim-
ethylallyldiphosphate DMAPP to an acceptor like tryptophan, in-
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doles or structurally related compounds (Li, 2009). Several prenyl
transferases from fungal strains of Aspergillus fumigatus and Neo-
sartorya fischeri were cloned and overexpressed as His-tagged pro-
teins from Escherichia coli and Saccharomyces cerevisiae. They
showed broad substrate specificities and valuable regioselectivity
in the transfer of prenyl units onto indole derivatives. The prenyl
side chain could be transferred either at N1, C2, C3, C4, or C7 on
the indole ring, depending on the enzyme used, making this meth-
odology a mild and efficient alternative to Friedel–Crafts type pre-
nyl transfer requiring strong Lewis acid activation, and resulting
sometimes in undesired side-reactions. In the synthesis of aszona-
lenin, a ring closure occurred during the prenylation of the benzo-
diazepinedione intermediate, and 4 stereoisomers could be
obtained, depending on the prenyl transferase used and the abso-
lute configuration of the substrate.

The biomimetic two-phase strategy consisting in a cyclase
phase followed by an oxidase phase have been efficiently applied
to the total synthesis of complex bioactive terpenes (Ishihara and
Baran, 2010). The desired oxidase phase could envisaged by bio-
catalytic methods, and the topic of the bio-oxidation of terpenes
including both biocatalysis and whole cells biotransformations
has been reviewed in 2009 (Bicas et al., 2009).

For example, the oxidation of R-(+)-limonene by a chloroperox-
idase (CPO) from the fungal strain Caldariomyces fumago has been
reported (Aguila et al., 2008). The reaction was shown to be both
regio- and stereoselective with (1S,2S)-4R-limonene-1,2-diol
formed with a diastereomeric excess of 99%, however dependant
on the absence of chloride ions. The reaction was proposed to pro-
ceed through the enzymatic diastereoselective epoxidation of the
internal double bond, followed by a SN2-type hydrolysis to the vic-
inal diol.

Steroids, derived from triterpenes, are a fascinating class of
compounds with well known biological properties. Many enzymes
are involved in their biosynthesis to allow such structural diversity,
and steroids on the market could be either natural, synthetic, or
semi-synthetic. In the nineties, many examples of steroids hydro-
xyl groups modification by enzymes have been reported, with oxi-
dation and epimerisation by hydroxysteroid dehydrogenases, and
regioselective acylation by subtilisin Carlsberg and CaLB (Riva,
2001).

Monoacylated derivatives of 2,3- and 3,4-vicinal diols of ste-
roids could be prepared by regioselective lipase-catalysed acyla-
tion reactions (Cruz Silva et al., 2005). Lipases from various
source were assayed and afforded selective reactions with their
ability to discriminate vicinal hydroxyl groups located on the A-
ring of the steroid, without requiring activating/protecting groups.

Besides acylation reactions, galactosylation reactions have also
been studied with ginsenoside Rg1, isolated from Panax ginseng
C.A. Meyer and belonging to the protopanaxatriol family, galac-
tosylated by b-(1,4)-galactosyltransferase (GalT) from bovine
colostrum and using UDP-galactose as a sugar donor yielding a
mixture of mono- and digalactosylated derivatives (Danieli et al.,
2000).

The Baeyer–Villiger oxidation of 3 and 17-ketosteroids by a re-
combinant cyclopentadecanone monooxygenase from Pseudomo-
nas sp. was reported to yield the corresponding lactones with a
full control of the regiochemistry, albeit with moderate yields
(Beneventi et al., 2009). NADPH was used as cofactor and recycled
in situ by D-glucose-6P oxidation to D-gluconate-6P by glucose 6-
phosphate deshydrogenase.
3. Flavour precursors

Natural flavours are a class of food ingredients extracted from
foodstuffs or from plants by physical methods or produced by bio-
catalytic reactions or fermentation of natural precursors (Serra
et al., 2005). Biocatalytic routes also provide greener industrial
processes and secure a high level of purity for compounds used
in food and edible products, compared to metal-based processes,
where trace amounts of metal could remain in the final ingredient.
Industrial processes based on fermentation and whole cells for the
production of natural flavours such as vanillin, c-decalactone, C6
aldehydes, esters, and some alcohols (2-phenylethanol, (Z)-hex-
3-en-1-ol) have been reviewed in 2004 (Schrader et al., 2004)
and a book chapter published in 2010 covers the broad biotechno-
logical production of flavours either by micro-organisms, plant cat-
alysts or isolated enzymes, including genetically engineered
biocatalysts (Berger et al., 2010).

b-Carotene is a water-insoluble natural hydrocarbon which can
be produced from algae and cyanobacteria (Johannisbauer et al.,
2006), although most of b-carotene used in dietary supplements
is of synthetic origin. In vivo, b-carotene oxidative cleavage yields
small volatile molecules with pleasant odours and tastes (Kaiser,
2002; Ravichandran, 2002; Silva et al., 2008). Dioxygenases such
as lipoxygenase (LOX) or monooxygenases such as xanthine oxi-
dase (XO) have been used to generate reactive oxygen species in-
volved in the subsequent oxidation of b-carotene to b-ionone, a
precious fragrance ingredient with woody, fruity, berry-like odor
and taste (Waché et al., 2006). Enzymatically generated radicals
being inactive in organic solvents, b-carotene had to be dispersed
in an aqueous medium containing surfactants such as Span (20,
40, 80) or Tween (40, 80, 85) to form reverse micelles. Surprisingly,
a microbial peroxidase able to oxidatively cleave b-carotene was
identified from Lepista irina (Zorn et al., 2003).

Biocatalytic oxidative C–C double bond cleavage is a very inter-
esting alternative to ozonolysis. Another example was given with
vegetal oils, converted into valuable C6- and C9-aldehydes by the
combined action of soybean lipoxygenase (LOX) and recombinant
hydroperoxide lyase (HPL) (Noordermeer et al., 2002). Natural hex-
anal, (E)-hex-2-enal, and (Z)-hex-3-enal, commonly used for their
green notes, could be obtained by this method from hydrolysed
safflower oil (73% linoleic acid) and hydrolysed linseed oil (44% lin-
olenic acid/20% linoleic acid).

(+)-Nootkatone is a naturally occurring sesquiterpene possess-
ing an appreciated grapefruit-like flavour with a low odour thresh-
old (1 lg/L in water) for which many synthetic routes including
biocatalytic processes have been devised and reviewed in 2009
(Fraatz et al., 2009). (+)-Valencene is a natural and inexpensive ses-
quiterpene isolated from Valencia oranges (Citrus sinensis) essen-
tial oil which possesses the bicyclic skeleton and the requisite
absolute stereochemistry to serve as starting material for (+)-noo-
tkatone synthesis. Whole cells processes have been the preferred
systems to achieve this synthesis, due to the need for 2 oxidation
steps, namely an allylic oxidation typical of monooxygenase activ-
ity, and the oxidation of a secondary alcohol to a carbonyl group,
typical of a deshydrogenase activity, requiring the presence of
co-factors (Furusawa et al., 2005). However, solutions with isolated
enzymes such as microsomial enzymes (de Kraker et al., 2003), lip-
oxygenases (Muller et al., 1997), or CYP450 have been reported
(Sowden et al., 2005).

It is worth mentioning that such selectivity between the two
allylic positions would have been hardly obtained by conventional
methods such as Sharpless oxidation with SeO2.
4. Phenolics

Phenolics are an ubiquitous and wide class of natural products
with a large structural diversity, their biosynthesis being derived
from the phenyl propanoid pathway or from malonyl CoA in
polyketide-like pathways (Genta-Jouve et al., 2011). Being both
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substrates and products of many metabolic pathways, they have
been used in several synthesis involving enzymatic reactions.

Flavonoids are a well-known subclass of phenolic compounds
exhibiting a biological activity mainly based on their anti-oxidant
properties. Bergenin is a trihydroxybenzoic acid glycoside derived
from 4-methoxy gallic acid which presents anti-arthritic effect in
addition to the anti-oxidant character (Nazir et al., 2007). A two-
step enzymatic modification of solid-supported bergenin followed
by cleavage from the support by the action of a lipase has been re-
ported (Akbar et al., 2009). A first step of bromination by a chlor-
operoxidase in the presence of NaBr was followed by an
acylation step with vinyl butyrate in the presence of subtilisine
Carlsberg. The modified bergenin was then released from the con-
trolled pore glass by lipase-catalysed cleavage of the ester bond
connecting the product with the support.

Phenolics are substrates of peroxidases (EC number 1.11.1.x), a
class of enzymes that uses a hydroperoxide, in most instances
H2O2, and an organic substrate as electron donor, to achieve an
electron transfer (Poulos, 2010). When the electron donor is a phe-
nol or a phenolic derivative, phenoxyl radicals are formed and
dimerisation occurs in the solution phase. If the reaction is carried
out in water, the dimmers, trimmers, or oligomers rapidly reach
their saturation concentration and precipitate out. By adding small
volumes of an organic solvent miscible with water (MeOH, EtOH,
DMF, etc.) or surfactants, it is possible to maintain the oligomer
in the solution phase and to grow up to a thousand kDa molecular
weight, in a biomimetic fashion resembling lignin biosynthesis.

Horseradish peroxidase (HRP) and soybean peroxidase (SBP)
have been used in this regard for the oligomerisation of natural
substituted ortho-methoxyphenols (Antoniotti et al., 2004). Start-
ing from natural product apocynin, the oligomers obtained upon
ortho C–C couplings were characterised, and shown to inhibit the
migration of breast cancer cells at the micromolar level as a result
of intracellular signalling break down (Klees et al., 2006).

Enzymatic polymerisation of phenols appeared as a safe alterna-
tive to the phenol–formaldehyde process which was questionable in
terms of both health and environment impact, and the topic of the
polymerisation of phenolics by peroxidases from the polymerist
viewpoint has been reviewed in 2006 (Reihmann and Ritter, 2006).
The general topic of biocatalysis in polymer chemistry has been ad-
dressed in a book published in 2010 (Loos, 2010). Many studies have
been directed towards the control of the final size and dispersity of
the polymer. The HRP-catalysed oxidative polymerization of phenol
in the presence of PEG-derived triblock copolymers has been re-
ported to yield ultrahigh molecular weights (Kim et al., 2008). The
formation of a micellar aggregate of the phenol growing polymer
and the PEG derivative through hydrogen bonding served as tem-
plate and maintained the polymer in the aqueous phase which allow
to reach a molecular weight up to 106 Da. Polyphenol-graft-polyeth-
ylene glycol copolymer could also be obtained from HRP-catalysed
phenol polymerisation combined with living anionic polymerisation
of ethylene oxide, yielding polymers of 2000–8000 Da (Cui et al.,
2010). The resulting copolymer showed improved solubility in sol-
vents such as water, ethanol, and dichloromethane.

Since the critical issue of enzymatic polymerisation of phenolics
is solubility, the SBP-catalysed polymerisation of phenols in ionic
liquids (RTILs)/water was studied (Eker et al., 2009). Commercially
available RTILs such as 1-butyl-3-methylimidazolium tetrafluoro-
borate, [BMIM][BF4], and 1-butyl-4-methylpyridinium tetrafluoro-
borate, [BMPy][BF4], were used in 50% (v/v) mixture with water.
The molecular weight of the polymer obtained with para-cresol
as substrate was increased of ca. 80% (up to 1300 Da), compared
to the polymer obtained without added RTILs. In 90% (v/v)
[BMPy][BF4]/H2O, a DMF-insoluble polymeric material was ob-
tained, and its molecular weight determined by MALDI-TOF mass
spectrometry analysis as being of 1750 Da.
Some attempts to confer biological properties to a polymeric
material by an appropriate choice of the phenolic monomers used
were done. In that regard, the antibiotic and antioxidant properties
of anacardic acid attracted attention. Anacardic acid is the trivial
name which was given to the major constituent of cashew nut
(Anacardium occidentale) shell extract, and which remained even
after it was discovered that it was actually a mixture of salicylic
acid derivatives, bearing a 15 carbon atoms chain at carbon atom
6, featuring 1, 2 or 3 double bonds.

This natural compound appeared as an attractive monomer for
the synthesis of coatings for antifouling applications. The SBP-cat-
alysed synthesis of polyanacardic acid in water/propan-2-ol or
water/MeOH was thus reported to yield polymers of 3900 and
5000 Da molecular weight, respectively (Chelikani et al., 2009).
FT-IR and 1H NMR analysis suggested the formation of a cross-
linked polymer with C–C and C–O couplings, involving the reaction
of stabilised phenoxyl radicals. Some decarboxylation also oc-
curred, but the unsaturated side chain remained unchanged. The
antibiofouling properties were assayed by SEM time-course analy-
sis of biofilms formation of Leuconostoc mesenteroides (Gram-posi-
tive) and Pseudomonas aeruginosa (Gram-negative) onto coated and
non-coated polypropylene slides, showing that polyanacardic acid
coating was effective against both bacteria.

Nanocomposites based on polymerised phenol and cellulose
have been prepared by SBP-catalysed polymerisation coupled with
TEMPO-oxidation of cellulose (Li et al., 2010). SEM imaging of frac-
ture surface indicated that the phenol polymer consisted of a
spherical cluster of ca. 0.1 lm diameter. Physical and chemical
interactions between the fibre and the matrix were characterised
by FT-IR spectroscopy, and the material exhibited enhanced ther-
mal stability, compared to its components taken separately.
5. Vegetal materials and enzyme-assisted extraction

Plants constitute an important renewable source of small mol-
ecules easily harvested by extraction from roots, barks, stems,
leaves, or flowers. Even if natural extracts such as essential oils,
concretes or absolutes are typically mixtures of dozen of com-
pounds, a fair number of extracts are rich in one compound in par-
ticular, making them an attractive source of building blocks for fine
chemical synthesis. For example, the essential oil of Mentha pule-
gium contains up to 83% of (+)-pulegone (Agnihotri et al., 2005),
(+)-limonene is industrially produced from citrus fruit (Martin-
Luengo et al., 2011), and 10-deacetylbaccatin could be obtained
in large quantities from Taxus baccata needles and serve as an ad-
vanced starting material for paclitaxel and docetaxel synthesis,
both compounds being the APIs of anti-cancer drugs on the market
(Gueritte-Voegelein et al., 1986).

In general, the yields of extraction from vegetal sources are low,
typically below 5% (w/w), and enzymatic strategies to assist the
extraction process have been developed. One strategy is to weaken
the cells to facilitate their disruption and therefore increase the re-
lease of metabolites in the extracting phase. Such coarse strategy
involves the use of cellulases. Another strategy concerns the cleav-
age of metabolites existing as conjugates with sugars and is based
on the use of glucosidases. When the aglycon is an active com-
pound (carotenoids, capsaicinoids, flavonoids, pro-vitamin A,
etc.), the enzyme-assisted extraction results in improved chemical
compositions of the extracts in terms of concentration of active
compounds.

With the purpose of enhancing the yield of steam distillation of
spices, compared to the yield of hydrodistillation, the effect of
hydrolytic enzymes on the extraction of the volatile oil of cumin
(Cuminum cyminum L.) has been reported (Sowbhagya et al.,
2011). The oil yield could be improved in many instances when
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pre-treatment of cumin seeds with cellulase, pectinase, protease
and Viscozyme, was performed. The yield improvement was of
ca. 20%, while no significant change in the chemical composition
was observed, with the content of cuminaldehyde, the main fla-
vouring constituent of the extract, remaining similar.

The enzyme-assisted selective extraction of capsaicinoids and
carotenoids from chili guajillo ‘‘puya’’ (Capsicum annuum L.) flour
has been studied (Santamaria et al., 2000). When the flour was pre-
treated with enzyme preprations exhibiting pectolytic, cellulolytic,
and carbohydrase activities, extraction yield increases were ob-
served for carotenoids and capsaicinoids. Sequential extraction
after enzymatic treatment afforded up to 60% of the initial capsa-
icinoids content and 83% of carotenoids content present in the
flour. The method was improved with the use of enzymatic ex-
tracts from Rhizopus nigricans which exhibited high cellulase and
pectinase activities and allowed the recovery of 85% of carotenoids
content and 96% of capsaicinoids content (Salgado-Roman et al.,
2008).

The effects of various enzymes on the extraction of volatile oil of
celery (Apium graveolens L.) has been reported (Sowbhagya et al.,
2010). The oil yields of steam distillation could be improved by
ca. 25% when cellulase, pectinase, protease or viscozyme pretreat-
ment was performed. Physicochemical and sensory properties of
the essential oils obtained were not modified. Similarly, the use
of cellulase, pectinase, protease and viscozyme pretreatment re-
sulted in improved yields of steam distillation as well as hydrodi-
stillation (Sowbhagya et al., 2009). The oil yield of steam
distillation was increased of 40–80%, of 45–84% for hydrodistilla-
tion. The best improvements were observed when pectinases and
proteases were used, and the enzymatic pre-treatment had virtu-
ally no impact on the olfactory quality of the product.

Pectinase 690 L (endogalacturonase, cellulase from Aspergillus
sp. and Trichoderma sp.), pectinase 62 L (endogalacturonase from
Aspergillus sp.), and cellulase C013P (from Trichoderma sp.) has
been reported to be useful for the release of flavonoids and oligo-
saccharides from bergamot (Citrus bergamia Risso) peel (Mandalari
et al., 2006). Up to 80–90% of the flavonoids were recovered after
deglycosylation, thanks to some b-glucosidase and a-rhamnosi-
dase activities exhibited by the enzyme preparations. This process
allowed recovering valuable compounds such as flavonoids having
healthcare applications from bergamot peel, a by-product of the
essential oil industry.

When used in aqueous environment during the extraction pro-
cess, enzymatic cellulolytic pre-treatment is expected to assisted
cell walls destruction and to catalyse the hydrolysis of glycosylated
conjugates. When extracts are obtained by cold pressing, the pre-
ferred technique for certain types of vegetal materials, enzymatic
pre-treatment could also be used to improve yields. It was reported
that enzyme mixtures with pectinase, cellulase and hemicellulase
activities could be used prior to the cold-pressing of rose-hips to
allow more than 50% yield improvements (Concha et al., 2004).
Although rose-hip oil contains significant amounts of E-retinoic
acid (pro-vitamin A), the effect of enzymatic treatment on the
quantitative composition was not described. Similar results, e.g.
yield improvement without modification of the properties, have
been reported for lemongrass and lemon eucalyptus (Dudai et al.,
2001), and mustard seeds (Szakács-Dobozi et al., 1988).

A b-glucosidase-assisted hydrolysis approach was applied to
Osmanthus fragrans Lour. flowers extraction (Yao et al., 2010). Con-
crete and refined absolute could be produced with increased yields
of 147% and 178%, respectively, as compared with the procedure
without b-glucosidase hydrolysis. Detailed chemical analyses
showed a significant increase of the amount of high-impact aroma
components such as 6,10,14-trimethyl-2-pentadecan-2-one, non-
anal, dihydro-b-ionol and (E)-b-ionone, resulting in an overall
stronger fragrance.
Similarly, the use of b-glucosidases was applied to the vapour
extraction of rose essential oil, one of the most precious natural
material used in fine perfumery (Zhiping et al., 2006). Interestingly,
a particular emphasis was put on the chemical composition of the
headspace, analysed by GC/MS. It was shown that the chemical
composition was qualitatively and quantitatively modified, with
13 compounds varying in their concentration, and with the appari-
tion of 20 new compounds, terpenoids and low molecular weight
alcohols. Sensory evaluation by a panel of 12 persons was per-
formed to show that a difference between the hydrolysed sample
and the control could be detected.

A study of the essential oil composition of various parts of
Psoralea bituminosa has been reported (Bertoli et al., 2004). It was
shown that when aqueous residues of hydrodistillation were trea-
ted by b-glucosidases and hydrodistilled again, significant amounts
of compounds such as 3-(E)-hexen-1-ol, a-pinene, 1-octen-3-ol, b-
myrcene, caryophyllene, b-farnesene, and germacrene D could be
extracted. The cases of 3-(E)-hexen-1-ol and 1-octen-3-ol were
remarkable since none of these compounds were detected in the
leaves extracts, while they accounted for 36.7% and 27.1%, respec-
tively in the hydrolysed leaves extracts, which undoubtedly con-
firmed that these compounds are glycosylated in the plant.

Terpenoids (farnesol and nerolidol) eugenol, isoeugenol, and
aliphatic alcohols from dried clove buds and fresh green clove
leaves of Syzygium aromaticum (L.) merr. et perry (Myrtaceae)
could also be recovered using both b-glucosidase and a-amyloglu-
cosidase hydrolysis (Menon and Narayanan, 1992). Similar results
were described for essential oils from different parts of hyssop
(Hyssopus officinalis L.) (Schulz and Stahl-Biskup, 1991).
6. Natural extracts enzymatic post-treatment

Natural extracts are typically mixtures of organic compounds
with close physico-chemical properties but sometimes very diver-
gent biological properties. Rose essential oil for example contains
delicate odorant molecules such as b-damascone, b-damascenone
and rose oxide, rather inert hydrocarbons such as eicosene, and
carcinogen methyleugenol. The final properties of the natural ex-
tract, either desired (a pleasant odour), or deleterious (toxicity)
are determined by the concentration of active compounds, and
could therefore be modified by post-treatment, and in particular
by enzymatic treatment.

The recent years have witnessed a significant evolution of the
manufacturing practices and the regulations of the western coun-
tries in regards of the use of natural extracts in the cosmetic and
perfume industry. In addition to the regulation REACH (Registra-
tion, Evaluation, Authorisation and Restriction of Chemical sub-
stances), an important number of chemical compounds found in
natural extracts and with suspected or demonstrated toxicity such
as putative carcinogens like methyleugenol (Johnson and Abdo,
2005), safrole (Tsujimura et al., 2006), skin sensitizers such as atr-
anol derivatives, contained by tree moss extracts (Johansen et al.,
2006), or hepatotoxic suspected agents such as estragole (Smith
et al., 2002) are also under close surveillance and their concentra-
tion in final products should not reach certain levels.

The removal of allergenic eugenol from rose essential oils by the
use of a combination of peroxidase and catalase has been studied
(Bouhlel et al., unpublished results). The purpose of the work
was to set up a protocol for the selective removal of the target com-
pound without altering the overall appreciated quality of the mix-
ture. The chemistry used herein was based on the HRP-mediated
oligomerisation of eugenol to unsoluble oligomeric species, allow-
ing their removal by simple filtration.

To avoid the side-reactions involving H2O2 and unsaturated
terpenes, a sequential procedure was developed, including the
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action of a second enzyme, catalase, after HRP activation by H2O2

and before the introduction of essential oil in the reaction medium
to oxidise residual H2O2. GC/MS analysis of the modified essential
oil showed no remaining eugenol, and only slight modifications of
the concentration in citronellol. Sensory evaluation by triangular
testing was performed and showed that the modified essential
oil was not significantly different from the non modified essential
oil from a sensory viewpoint. This result supported the relevance of
using enzymes for the selective removal of toxic compounds from
sensitive natural extracts.
7. Conclusion

The interests of organic chemists, either in academia or indus-
trial settings, for biocatalytic processes is increasing everyday, for
example with the recent upgrade of the manufacturing process
of sitagliptin, with a greener and chemically more efficient process,
in terms of yield and enantioselectivity (Desai, 2011). Natural or-
ganic compounds grant access to natural grade chemicals when
submitted to biocatalytic processes, with still unmet goals like
the synthesis of natural frambinone, an important flavouring ingre-
dient. Natural products can provide complex core structures for
hemisynthesis, and in most instances, they provide sustainable
processes when coupled with biocatalysis.

The feasibility of a given reaction in a biocatalytic version is also
increasing by the ability to tailor enzymes function by genetic
engineering and/or medium engineering, and by enzyme promis-
cuity, the use of an enzyme to catalyse alternate reactions (Borns-
cheuer and Kazlauskas, 2004).
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