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a b s t r a c t

Recent research in the area of bioactive carbohydrates has shown the efficiency of oligosaccharides
as signal molecules in a lot of biological activities. Newly observed functions of oligosaccharides and
their abilities to act as specific regulatory molecules on various organisms have been more and more
described. A successful development of these bioactive molecules in future needs efficient processes
for specific oligosaccharides production. To exploit them for putative industrial scale up processes, two
main strategies are currently investigated: the synthesis (chemical or bioconversion processes) and the
IM disk
nzymatic reactor
lycomic
onolith microreactor
ligosaccharides

polysaccharide cleavage (chemical, physical or biological processes). Nevertheless, if new manufacturing
biotechnologies have considerably increased the development of these functional molecules, the main
drawback limiting their biological applications is the complexity to engender specific glycosidic struc-
tures for specific activities. In the recent years, new enzymatic reactors have been developed, allowing
the automatic synthesis of oligosaccharide structures. This review focuses on the knowledge in the area
of bioactive oligosaccharides and gives the main processes employed to generate them for industrial

applications with challenges of monolith microreactors.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

During the last two decades, a lot of studies have investigated the
roduction of oligosaccharides as putative biological molecules. In
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fact, in carbohydrates family, oligosaccharidic structures take part
in an extensive range of biological functions as cell surface marker
biomolecules [1,2]. In this context, these compounds are more and
more developed and used in industrial fields such as pharmaceutics,
cosmetic, food industries or agronomy [1–12].
Traditionally, oligosaccharides are defined as polymers of
monosaccharides with degrees of polymerization (DP) between 2
and 10, but in common way, higher DP up to 30 are often con-
sidered as oligosaccharides. These carbohydrate compounds have

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:cedric_delattre@hotmail.com
dx.doi.org/10.1016/j.molcatb.2009.04.016
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redominantly two origins [2]. Firstly, they can be synthesized
y organisms using glycosyltransferases or by chemical processes
hrough specific glycosylation reactions. Secondly, they can derivate
rom chemical, physical or biological degradation of polysaccha-
ides. A plentiful literature has treated more particularly on the
iological activities of this class of oligosaccharide from large
epolymerization of polysaccharides [2]. In fact, oligosaccharides
nd low molecular weight polysaccharides possess a large variety
f biological activities on numerous organisms as fungi, bacteria,
ammalian, plant and algae [1,2]. Therefore, the literature relat-

ng to therapeutic activities, prebiotic activities, elicitor activities
f oligosaccharides is still the most abundant [2,13]. More gener-
lly, biological activities are dependent on not only structural and
iochemical factors such as glycosidic linkages, monosaccharides
omposition, polymerization degrees (dp) but also substitution
egrees with alkyles, acetates, pyruvates, phosphates, or sulfates
1,2,9,14,15].

Consequently, the most active oligosaccharides should be
nionic or neutral with DP between 4 and 30 partially pyruvated,
hosphated, sulfated or acetylated. Nevertheless, very low amount
f specific bioactive structures have been reported. Research on
he biological impact of oligosaccharides and derivates such as
lyconjugates leads to an important demand for large amount of
ligosaccharides from synthetic or natural origins. As a result, ways
o pure bioactive oligosaccharides production are more and more
ooked for in the development of oligosaccharide-based therapies
nd are required to efficiently improve enzymatic and chemical
ynthesis processes [2,16–18].

Commonly, biological activities were identified using oligosac-
harides mixtures not clearly characterized. The structural
ariability and complexity of oligosaccharides is a major drawback
imiting their applications in the area of neutraceuticals, cosmetics,
harmaceuticals, biofertilizers [2,13]. In fact, even if the chemical or
iological synthesis of oligosaccharides is highly efficient and regio-
nd/or stereospecific, it requires more and more specific substrates
nd simple protocols with no (or low) industrial compatibilities. For
his reason, the polysaccharides depolymerization by enzymatic or
hemical processes seems to be the best procedure for the large
roduction of oligosaccharides [2,13]. This review presents a sur-
ey of methods for the production of bioactive oligosaccharides
ith the recent advances in the development of new monolith
icroreactor.

. Oligosaccharides engineering processes

The potentialities of oligosaccharides are increasingly employed
s therapeutic and functional drugs [1,2,12,13]. Nevertheless, in
ost cases the lack of industrial oligosaccharides production is the
ain drawback limiting their biological applications [2]. For this

eason, development of oligosaccharides engineering strategies is
f great importance. Bioactive oligosaccharides are from oligomers
ngineering with either synthesis (using enzymatic or chemical
ngineering) or, polysaccharides depolymerization (using physical,
hemical or enzymatic methods) [2,13].

.1. Chemical and biochemical oligosaccharides synthesis

In modern biotechnological processes, chemical and biochem-
cal synthesis of oligosaccharidic structures is more complicated
han it is described in the synthesis processes of pep-

ides/oligopeptides and nucleic acids due to the higher number
f possibilities in the combinations of monomeric units [2]. Con-
equently, the stereo-specific introduction of glycosidic linkages
ppears as the main challenge of oligosaccharides block synthesis.
evertheless, recent advances in enzymatic and chemical synthesis
lar Catalysis B: Enzymatic 60 (2009) 97–105

allow to envisage the preparation of a wide range of simples and
highly complex oligomers structures.

2.1.1. Chemical glycosylation in oligosaccharides production
For decades, many strategies have been published for the

chemical synthesis of specific oligosaccharidic structures [2,19,20].
Usually, the production of oligosaccharides by chemical processes
takes place as given in Fig. 1A. As illustrated, the glycosylation reac-
tion is obtained by inter-glycosidic condensation process between
a protected glycosyl donor having an excellent leaving group such
as halogenides at its anomeric position and a glycosyl acceptor
possessing at least one free hydroxyl group. Anomeric fluorides,
trichloroacetimidates and thioglycosides are currently employed
as glycosyl donor for the high yield production of glycans blocks
[13,19]. The generation of specific glycosyl donor and acceptor
needs many protection and deprotection steps to combine high
yield oligosaccharides production with high regio-and stereose-
lective processes. These chemical strategies allow the synthesis
of bioactive oligosaccharides [19,20] such as oligogalacturonides
(OGAs) [21], or xylooligosaccharides (degree of polymerization (dp)
4–10) generated by a complex blockwise synthesis approach [22].
So, in spite of the recent developments, synthesis of oligosaccha-
rides by chemical glycosylations seems non-realistic for industrial
processes because of the many protection and deprotection steps.
All these oligosaccharides syntheses need a very high yielding
for each step in the assembly of glycosyl donor and glycosyl
acceptor.

Nevertheless, in the last decades a lot of studies have been
investigated for the enantioselective production of glycosyl donor
and acceptor by using biocatalysis. Enantioselectivity is one of the
key qualities of enzymes making them attractive for biocatalysis
processes. In fact, as many of us know, lipases and esterases are fre-
quently used in the synthesis of optically pure compounds [23–26]
and an extensive number of biocatalysis processes have already
been commercialized in industry [23]. Esterases and lipases are
commonly used because they can accept a broad range of substrates
and often exhibit high enantioselectivity and high reactivity [23,24].
Moreover, we can now find more than 50 commercial lipases and
esterases.

Concerning oligosaccharides, it is important to mention that
pure regio-isomers of tetra-O-acetyl glycopyranoses may be used
as key intermediates for the synthesis of glycoderivatives such as
oligosaccharides, sugar esters, etc. [27–30]. For example, 1,2,3,6-
tetra-O-acetyl-d-glucopyranose and related sugar compounds are
very interesting due to the presence of 1,4 glycosidic bonds in nat-
ural and pharmaceutical oligosaccharides. Then, use of enzymatic
catalysts such as esterases or lipases could be considered as an
important tool for the preparation of tetra-acetyl donor or acceptor
[27–30].

Consequently, several publications have reported the fast prepa-
ration of glycosyl intermediates for oligosaccharide synthesis
[27,28] and also for the production of linear oligosaccharides by
an easy monoprotective chemo-enzymatic approach [29].

In the same way, Filice et al. [30] have described an elegant
chemo-enzymatic methodology to produce a library of different
region-isomers of tetraacetylated glycopyranoses bearing only a
free hydroxyl group. All these different deprotected monosaccha-
rides are ideal for the fast synthesis of oligosaccharides building
blocks. Nonetheless, one obstacle for biocatalysis synthesis of sugar
donor and/or acceptor is to identify the best commercially available
wild-type enzyme with the highest enantioselectivity for the given

biotransformation. Generally, natural enzymes do not always show
sufficiently high enantioselectivity and this is sometimes difficult
and time consuming. Work is constantly in progress to find meth-
ods to increase enantioselectivity of lipases and esterases for the
synthesis of oligosaccharides blocks [25]. These properties can be
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Fig. 1. Synthesis of oligosaccharides by glycosylation using (A) c

ncreased and optimized by protein engineering such as cloning and
irected evolution techniques [24,26].

.1.2. Enzymatic glycosylation in oligosaccharides production
Specific studies of the oligosaccharide biosynthesis pathways

nd the use of selective enzymes such as glycosyltransferases and
lycosidases allow to avoid the main disadvantages of chemical
ethods, since enzymes control both regio- and stereoselectivity

f glycosylation without need of protection and deprotection steps
uring the synthesis [2,13,22]. For the preparation of complexes
nd highly pure oligosaccharides, methods based on the application
f glycosyltransferases are currently recognized as being the most
ffective. Recently, Weijers et al. [31] have reviewed the potential
f enzymes such as glycosyltransferases and glycosylsynthetase as
fficient biotechnological tools in area of oligosaccharides synthe-
is. The reaction mechanisms of these enzymes are described in
ore detail in order to give the relation to the stereochemistry of

he transfer reactions and the requirement of glycosyl nucleotide
onors.

Glycosyltransferases family (EC 2.4.x.y) catalyzes transfer of
ugar moieties from activated nucleotide glycosyl donors to spe-

ific glycosyl acceptors [2,13,22] allowing the specific formation
f glycosidic bonds as illustrated in Fig. 1B. These highly regio-
nd stereoselective enzymes are commonly obtained after cloning
nd overexpression followed by high purification steps. Moreover,
e can find other synthetase enzymes such as glycosylhydro-
al process and (B) enzymatic process with glycosyltransferases.

lases (EC 3.2.1.-) which are much more readily available than
glycosyltransferases but are in general less stereoselective. These
specific biocatalysts traditionally used for degradation of poly- and
oligosaccharides can permit glycosidic bond formation by reverse
hydrolytic activities under suitable reaction conditions and the
specific utilizations of nucleotide activated sugars [2,13]. Gener-
ally, oligosaccharides production yields are lower with glycosidases
excepted with mutated derivates such as glycosynthases that oper-
ate more efficiently with an appropriated activated glycosyl donor
such as fluorides (Fig. 2). Consequently, these last decades, the
large scale productions of oligosaccharides have been largely devel-
oped, thanks to enzymatic synthesis for producing many bioactive
oligosaccharides [13,22]. The new strategies to produce bioac-
tive gangliosides and sialylated oligosaccharides have been largely
described by using specific sialyltransferases [23–25]. As com-
monly described, these family enzymes are used to catalyze specific
transfer of Neu5Ac from the sialylated sugar nucleotide donor
(CMPNeu5Ac) onto terminal sugar units of glycoconjugates from
cell surface [31–33].

Traditionally, these sialyl moieties (sialic acid, 5-N-acetylneur-
aminic acid) are found at the terminal positions of glycolipids and

glycoproteins in various animal tissues. Sialic acids and derivates
are known to play an important role as biological masks to pre-
vent specific recognitions in cellular communication [33]. In fact,
sialylated oligosaccharides participate in protein–carbohydrate
interaction and that is the way, sialylated glycoconjugates are spe-
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Fig. 2. Reaction mechanism of the synthesis of

ific ligands for microbial adhesions (attachment to a host cell), for
icrobial toxins, and also for lectins (cell–cell adhesion) [1,2,32,33].
Finally, there are prospects to produce many other

ttractive oligosaccharides such as gentiooligosaccharides
rom glucose derivates by transglucosylation reaction [34],
alactosyl–oligosaccharides from lactose using �-galactosidases
35], fructo-oligosaccharides from sucrose using fructosyltrans-
erases [36], and cyclic non-reducing-end maltoligosaccharides
amed cyclodextrins (CDs) [37] by using bacterial cyclodextrin
lucosyltransferases (CGTase). These original products were used
n pharmacology for their inclusion complex properties with drugs
38]. All these biotechnological processes constitute a very good
lternative synthesis route to the promising automatic synthesis
f therapeutics oligosaccharides [39].

.1.3. Automated solid-phase synthesis of oligosaccharides
Thanks to the development of oligosaccharides synthesis, new

ays have been investigated for the large automated production of
herapeutic oligosaccharides and glycoconjugates [40].

In fact, solution-phase oligosaccharides synthesis leads to very
low process due to the need for iterative coupling and depro-
ection steps, with high purification processes at each step.
onsequently, solid-phase synthesis has largely demonstrated effi-
iencies for assembly of oligosaccharides and other glycoconjugates
41]. In recent years, the Seeberger team has largely contributed
o the development of bioactive glycoconjugates by using differ-
nt approaches and concepts in phase oligosaccharide synthesis
40–42] including: (i) the solid support matrix; (ii) the protected
lycosylating agents and (iii) the choice of synthetic way. That is
he way, the first automated solid-phase oligosaccharides synthe-
izer has been developed and introduced on the basis of a modified
eptide synthesizer [43]. Typically, by using glycosyl trichloroace-
imidates and five different glycosyl phosphates as building blocks,
n automatic solid-phase synthesis of very interesting bioactive

lycoconjugates is possible reducing significantly the synthesis
ime [44]. The currently available automated synthesizer devel-
ped by Seeberger et al. has considerably accelerated access to
everal oligosaccharides/glycoconjugates and opens the way to the
evelopment of other oligosaccharides synthetizer [40–44].
accharides with glycosynthases (R, R′ ′: oside).

Finally, it is important to mention that in the near future,
oligosaccharide building blocks will become commercially avail-
able for the production of complex bioactive oligosaccharide
structures. The most time-consuming step for the procurement
of pure carbohydrates is the synthesis of sufficient quantities
of building blocks. Nevertheless, improvement in the synthesis
methodologies to prepare all possible specific glycosidic linkages
with the faster protection/deprotection steps in oligosaccharides
synthetic way including robotic systems development is still
needed.

Moreover, as mentioned in Section 2.1.1 it appears very clear that
automatic synthesis of oligosaccharides will be improved by using
lipases and esterases in order to prepare very specific sugar donor
and/or sugar acceptor for the very fast synthesis of building blocks
oligosaccharides.

2.2. Polysaccharides depolymerization

Lot of processes have been investigated to produce large amount
of oligosaccharides by depolymerization of polysaccharide [2]. That
is the way, chemical treatments using acid and radical hydrolysis
or physical treatments using �-irradiations, thermal, microwaves,
and ultrasonication degradations have been developed [2].

All these physical techniques have been related as environ-
ment friendly and easily methods unlike chemical or thermal
degradations. Note that gamma, UV and other radiation depoly-
merizations deliver high energy able to cleave glycosides linkages
with short reactions times [2]. Nevertheless, oligosaccharides were
rarely isolated and a more long exposure time could cause nefast
degradation of osidic units. Moreover, free radical can induce inter-
and intramolecular recombination reactions. Globally, the struc-
tures cleavage was low yielded even with prolonged irradiations.
It was a non-random process and the depolymerization decrease
with low molecular weight fractions implicating the non-formation

of oligosaccharides [2].

In addition, the impact of intensive thermic treatment on
oligosaccharide structures has not been really treated in literature.
In fact, the residual amounts of protein and/or peptides in polysac-
charide could induct the Maillard reaction at high temperatures.
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f these reactions have been well investigated on monosaccha-
ides, where Amadori compounds form deoxyhexosuloses which
re responsible for the formation of volatile substances and
elanoidins, the browning reactions of oligosaccharides is poorly

nderstood [2]. As for example, the thermo-mechanical depoly-
erization of dextran by jet-cooking with high pressure steam

nd extrusion have shown that intensive thermic treatment could
nduce dark-colored side products during polysaccharide depoly-

erization [2].
Therefore, enzymatic depolymerization of polysaccharides is

he main approach currently used to prepare large amounts of
ligomers. In these cases, microbiotechnological procedures are
nvestigated to depolymerize various polysaccharides (from plant,
lgae, microorganisms, etc.) by using regio- and stereospecific
icrobial enzymes such as polysaccharide lyases and polysaccha-

ide hydrolases [2,13,45]. Commonly, polysaccharide hydrolases
EC 3.2.1.-) allow to catalyze hydrolysis of polysaccharides glyco-
idic bonds via a general acid catalysis requiring a proton donor
nd a nucleophile base [45]. This hydrolysis occurs via two main
echanisms giving rise to either an overall retention or an inver-

ion of anomeric configuration. Concerning polysaccharide lyases
EC 4.2.2.-), they constitute a specific group of enzymes which
enerate cleavage of polysaccharides chains via a �-elimination
esulting in the formation of a double bond at the newly formed
on-reducing end [2,45]. All these selective enzymes have been

argely exploited and developed from long time to prepare a
ajority of bioactive oligosaccharides [2,13,45]. For example, sev-

ral commercial oligosaccharides with biological properties were
repared [34] such as malto-oligosaccharides from starch using
-amylases, fructo-oligosaccharides from enzymatic hydrolysis of

nulin, isomalto-oligosaccharides with action of �,�-amylases and
-glucosidases and xylo-oligosaccharides from xylan cleavage with
-(1,4) xylanases. Moreover, therapeutical oligosaccharides as oli-
ogalacturonides have been synthesized by cleavage of pectin
sing pectate lyases, pectinases, and other polygalacturonases [46].
inally, other bioactive oligosaccharides from algal polysaccharides
an be produced from enzymatic depolymerization of seaweed
lginate polysaccharides with alginate lyases [9,47–49] and oligo-
-carrageenans from enzymatic digestion of sulfated galactan with
-carrageenases [50].

Large scale production of oligosaccharides by using enzymatic
egradation allows a better understanding and constitutes new
pproaches in therapeutic and agrochemical developments. How-
ver, regarding to the high structural variability of polysaccharides
rom various biotopes, these bioenzymatic methodologies impose

any microorganisms as specific enzymatic sources [45]. More-
ver, these strategies lead to lot of inherent disadvantages such
s: long reaction times and difficulties to reuse biocatalyst because
f enzyme inactivation to stop degradation. Consequently, modern
nzymatic processes require development of industrial enzymatic
eactor.

. Enzymatic reactor

In the recent years, enzymatic microreactors have been devel-
ped to facilitate routine works in biochemical analysis, and in
iocatalysis. So, most enzymes have to be immobilized for their
pplication, and that may have special interest of the enzyme prop-
rties are improved (e.g., stability, selectivity or activity) [51–58].
enerally, immobilized enzymes find applications in affinity chro-
atography, biotransformations, bioprocessing and bioanalysis
51–53].
In modern biotechnology, reactors with immobilized enzymes

ossess many advantages such as: reusability of catalytic activities,
igh stability, an the easy recovery of the bioactive oligosaccha-
ides and the most important advance is the opportunity to work
ar Catalysis B: Enzymatic 60 (2009) 97–105 101

in continuous system for longer period process without any lost
of activity in a majority of industrial scale up processes [54,55]. A
number of studies were already investigated on the immobilization
of hydrolytic enzymes [56,57] and its development as bioreactor in
continuous industrial processes, could offer significant economical
impacts in biotechnologies processes [54,55].

As a rule, it is largely described that a proper immobilization
may improve enzyme stability (multi point covalent attachment),
a bad one may even decrease enzyme stability [54–57]. This fact
is to be controlled to improve the scale up industrial application
of enzyme reactor [54,55]. Applied to the large scale production of
bioactive oligosaccharides from enzymatic polysaccharides degra-
dation, it is a very promising industrial tool. In immobilization step
of enzyme degrading polysaccharides, numerous supports such as
support binding, entrapment, or cross-linking have been utilized
but particle-based supports seems to be the most common [58].
Currently, entrapment processes consist in inclusion of specific
enzymes into a matrix as it was largely investigated with car-
rageenan, agarose or more especially alginate beads [59]. Other
new methods continue to be developed such as entrapment in
polysaccharide-silica nanocomposites support [60] and different
matrices are activated like biopolymers, inorganic supports or syn-
thetic resins [61]. During immobilization processes, the type of
support used, the ligand utilization and mass transfer regime are
the key considerations for efficient practical application of enzy-
matic reactor tools. In fact, it is well known that mass transfer
between the mobile phase and the specific stationary phase has
a prominent effect on the binding capacity and the enzyme activity
kinetics [61,62]. Therefore, the use of specific enzymes in industrial
scale up processes for lower added values can limit the selection
of matrices supports and the immobilization methodologies. How-
ever, in this kind of enzymatic reactor, there are large diffusion
problems [62] and the mass transfer is primordial to obtain a good
reproducibility.

Recently, several supports with efficient hydrodynamic char-
acteristics were developed and introduced for the designing of
enzymatic microreactor. Consequently, new monolith materials
have been described in designing of enzyme reactors.

4. Monolith technology

All these years, a new polymeric macroporous material based
on radical co-polymerization of glycidyl methacrylate and ethylene
glycol dimethacrylate, was introduced in biochromatographic pro-
cesses under the trademark CIM® (Convective Interaction Media)
[63–67].

Monolithic matrices have been considered as efficient chro-
matographic supports where mass transfer is faster, thanks to
the specific convective flow that consequently becomes a dom-
inant transport mechanism attributable to the almost complete
lack of diffusion resistance during the mass transfer [63–67]. In
fact, contrary to other usual chromatographic supports consisting of
macroporous particles, where the void volume between individual
porous particles is unavoidable, CIM disk technology is a monolithic
macroporous material where there are predominantly convective
transports of the liquid within the pores and the molecules trans-
port and transfer to active sites is not limited by diffusion [63–67].
These CIM supports consist of a single monolith with open chan-
nels. In this manner, all molecules to be separated are transported
by convection into the pores of matrix, resulting in very fast sep-
aration times due to the low mass transfer resistance (convection

rather than diffusion) of the CIM disk [63–67].

CIM monolithic supports represent a novel generation of sta-
tionary phase used for liquid chromatography and bioconversion.
Some of these methacrylate-based monolith matrices are more
and more developed and used for the fast bioactive molecules
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eparations. For example, CIM disk supports were profitably used
or affinity chromatography separations of viruses, DNA, proteins,
rganic acids and smaller molecules like peptides, oligonucleotides,
nd oligosaccharides [68–71].

Recently, the potential of CIM disk columns as enzymatic reac-
ors have been investigated. This macroporous support is a perfect

odel for the immobilization of enzymes and the fast conversion of
ot of important substrates allowing to propose CIM disk as efficient
nzymatic bioreactors technology [68,72–76]. Therefore, CIM disk
onolith were used as support for immobilization of many impor-

ant enzymes such as: malate dehydrogenase, deoxyribonuclease,
itrate lyase, ribonuclease, isocitrate dehydrogenase, lactate dehy-
rogenase, acetylcholine esterase and glucose oxidase [74,76–79].

. New monolith technology at the frontier of glycomic

.1. Monolith microreactor for depolymerization of
olysaccharides

CIM disk support is mostly adapted to the immobilization of
nzyme and more particularly of polysaccharide lyases and hydro-
ases due to their high porosity (1 �m) and low back pressure. That’s
he way, we can maintain very fast mass transfers with negligi-
le diffusion resistance, even with high viscous solution made of
olysaccharides as substrate. The most interesting challenge was to
nvisage CIM disk as support for the development of a novel gener-
tion of enzymatic reactor. Recently, the first monolith enzymatic
icroreactor was proposed by Delattre et al. [80] for the large scale

roduction of bioactive oligogalacturonides. After a simple immobi-
ization of pectin lyase onto CIM epoxy disk, it is possible to manage
btention of large amounts of bioactive oligogalacturonides from
nzymatic depolymerization of polygalacturonic acids in a very
hort time. Covalent binding immobilization offers the advantage to
orm strong and stable linkages between the activated support and
pecific enzyme. Epoxy groups are reactive groups that can form
ovalent linkages with nucleophilic groups such as primary and
econdary amines, sulfhydryl groups or hydroxyl groups, in func-
ion of the pH of the immobilization step. In 70s Turkova et al. [81]
ad already proposed that proteins may react with methacrylate
upport with epoxy-groups.

Immobilization on epoxy groups follows a two step mechanism,
ncubation at alkaline pH values is necessary to have a multipoint
ovalent attachment [70,73,82–84]. Note to mention that these two
teps mechanism of immobilization onto epoxy-matrix, a first phys-
cal adsorption followed by a limited covalent attachment has been
roposed and largely described by Wheatley et al. [82–84]. In fact,

n their works, authors discussed the use of high salt concentrations
uch as ammonium phosphate or ammonium sulfate to immobilize
eptides, proteins or oligonucleotides to epoxy-activated silica and
olymer supports. Generally, at low salt concentration, the affinity
atrix result a lower reactivity with protein leading to low immo-

ilization. These modified supports have been proposed in affinity
pplications such as affinity chromatography or immunoassays.
uthors proposed a kinetic model between protein in solution and
oncovalent protein–affinity matrix complexes. It was described
hat nucleophilic charges of proteins of the complexes react in a
low step with the epoxy-groups on the affinity phase [82]. There-
ore, Wheatley et al. [82–84] interpreted the salt-concentration
ependence of the immobilization of proteins as induction of spe-
ific hydrophobic interaction on the equilibrium formation of the
noncovalent protein–affinity support complexes”.
Moreover, the fact that incubation needs alkaline pH condition
o improve the enzyme reactivity has been largely explained and
escribed by Mateo et al. [85–87]. Generally, if the matrix and affin-

ty ligand are stable at high pH conditions, the addition of affinity
igand is realized under basic conditions. Therefore, when amino
lar Catalysis B: Enzymatic 60 (2009) 97–105

group is the nucleophilic group, the pH of the immobilization step
is usually above nine [88]. In the case of ligand containing sulfhydryl
groups, immobilization is essentially conducted at neutral pH [88].

In the last decade, Mateo et al. [85–87] have developed and
proposed new epoxy matrices for industrial enzymes immo-
bilization and stabilization based on the multipoint covalent
attachment. According to authors, these supports are very robust
and suitable for industrial scale up, thanks to 3 steps immobiliza-
tion/stabilization/blokage procedures, the enzyme is more stable in
this kind of sophisticated supports. Consequently, the best immobi-
lization procedure described by Mateo et al. [85–87] is as following:
(i) enzyme is first covalently immobilized under mild experi-
mental conditions at neutral pH and room temperature; (ii) the
already immobilized enzyme was further incubated under higher
pH condition for long incubation time in order to make possible
the formation of new covalent linkages between the immobilized
enzyme molecule and the support; (iii) finally, the remaining epoxy
groups of the support were blocked with very hydrophilic com-
pounds to stop any additional interaction between the enzyme and
the support.

In resume, the fast production and purification of �-(1,4)-
oligogalacturonides was investigated using a new enzymatic
reactor composed of CIM disk monolithic matrix [80]. The online
one step production and purification of bioactive oligogalac-
turonides were investigated by association of a CIM disk with
immobilized pectin lyase from Aspergillus japonicus and a CIM disk
DEAE. It was shown that optimum temperature for free enzyme
and immobilized pectin lyase onto CIM disk monolithic support
is 30 ◦C, and optimum pH is 5. With the online association of the
pectinlyase immobilized disk and a DEAE CIM disk it was clearly
shown the high separation level of oligogalacturonans directly after
the degradation of the polysaccharide [80]. This efficient enzymatic
bioreactor production of uronic oligosaccharides from polygalac-
turonic acid (PGA) constitutes an original fast process to engender
bioactive oligouronides with degrees of polymerization (dp) up to
7 for industrial scale up applications.

On this basis, other monolith enzymatic microreactors have
been developed (Fig. 3) for the production of a large variety
of therapeutic oligosaccharides such as oligoglucuronans from
polyglucuronic acid [89] and oligoglycosaminoglycans from hep-
aran sulfate and hyaluronic acid. In fact, depolymerization of
anionic polysaccharides has been largely studied since acidic
oligosaccharides have a great potential as biological activators
[2,13,45]. Consequently, anionic oligosaccharides generated by
these enzymes have been investigated for their biological prop-
erties. For example, a enzymatic microreactor for the large
depolymerization of Glucuronan have been realized [89]. Glucuro-
nan is a (1 → 4)-�-d-polyglucuropyranosyluronic acid excreted by
the Sinorhizobium meliloti M5N1CS mutant strain (NCIMB 40472)
[90]. Large amount of oligoglucuronans from its depolymerization
has been described for its specific immunostimulating properties
(production of Il-1, Il-6 and TNF-� cytokines) and applications on
elicitation of plant natural defences [91,92]. Nevertheless, a spe-
cific biological activity is generally implicated by a specific degree
of polymerization (dp) [1,2,4,13,37]. Degradation strategies are still
investigated to generate specific dp reducing purification steps.
Consequently, a new glucuronan lyase (EC 4.2.2.14) from Tricho-
derma sp. GL2 [93] was immobilized on a monolithic CIM® epoxy
disk [89]. The immobilization yield is around 30% of the initial
activity and 35% of the initial protein amount. Enzymatic depoly-
merization of 3 glucuronans with diverse O-acetylation degrees

were investigated and compared with degradations using free
enzymes [94]. This first immobilization of a glucuronan lyase
represents a new tool to the fast production of bioactive oligoglu-
curonans. 1H NMR analyses were used to study the O-acetylation
degree of oligoglucuronans and showed that the average degrees of
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Fig. 3. Monolith enzymatic microreactor strateg

olymerization were between 4 and 13 after 24 h of degradation.
n fact, 1H NMR spectra revealed specific signals from unsaturated
ligoglucuronan generated by �-elimination such as a doublet at
.8 ppm characteristic of the H-4 of an unsaturated unit (H-4�).

y comparison between: H-1 signal integration of �-�- (4,5)-
lucuronic acid (H-1�), all H-1 signals integrations (H-1� and H-1)
nd protons of acetates from oligosaccharide mixture, the average
egree of polymerization (dp) and acetylation degree of the three
roducts were then easily estimated. Note to mention that we have

Fig. 4. Solid state monolith microbioreactor process for the automated syn
he large scale up production of oligosaccharides.

an immobilized material that can be reused on several occasions. It
allows preparing oligoglucuronan pools that have higher dp com-
paratively to the free enzyme process where oligoglucuronans up
to dp 8 with a majority of dp 2 to 4 were obtained [94]. So, the use of

the CIM disk immobilized glucuronan lyase will make it possible to
increase range of dp available for biological tests, in particular for dp
higher than 6. Then, all these interesting results demonstrated that
monolithic matrices are available for the treatment of very viscous
solutions by immobilized enzymes.

thesis of oligosaccharides (Ogs) by using glycosyltransferases (GT).
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Finally, hyaluronidases have been immobilized onto CIM epoxy
isk and CIM–EDA disk according to the previous immobilization
escribed by Delattre et al. [80]. Consequently, it was possi-
le to produce various bioactive oligoglycosaminoglycans in large
icroscale up. In fact, in recent years, a large amount of studies
ere investigated by using glycosaminoglycans and derivates in
iological processus [2,95,96]. Glycosaminoglycans (GAGs) such as:
hondroitin sulfate, dermatan sulfate, heparan sulfate, hyaluronan,
tc. are polymers known to be correlated to their osidic composi-
ion, and in some cases to substituents linked on the carbohydrates
t specific positions [95,96]. Since long time, GAGs and their
ligosaccharides (sulfated or N-acetylated) have been described
or their high biological activity in the growth stimulation of spe-
ific human cells [1,2,45]. Moreover, the specific functionalization
N-linkage, acetylation, phosphorylation, sulfatation, fluorescent
abeling, . . .) should be developed to produce and study the
iological activities of glycopeptides. If new manufacturing biotech-
ologies have significantly increased development of functional
ligosaccharides and glycoconjugates, the main drawback limiting
heir applications is the difficulty to engender specific glycosidic
tructures. In this context, the recognition of oligosaccharides as
herapeutic agent and target biomolecules in different cellular pro-
esses has led to worldwide research in the area of oligosaccharides
roduction. From then on, the market for industrial exploitation
f oligosaccharide structure is already substantial and contin-
es to expand gradually. Meanwhile, even if the potentialities of
ligosaccharides are real, in most cases the lack of oligosaccha-
ides production processes is the main drawback limiting their
pplications. For this, the development of oligosaccharides engi-
eering strategies arouses currently a great importance. Research
nd development of novel generation of oligosaccharides with more
hysiological functional properties is now continuing. However,
ome problems remain to be solved in the development of more
ighly complex oligosaccharides. The most important problem is
he need to achieve continuous and efficient industrial scale up
roduction of oligosaccharides and to maintain a low cost in high-
urity oligosaccharides.

.2. Prospects toward monolith glycosyltransferase microreactors

In order to envisage the development of new therapeutic carbo-
ydrate drugs, access to pure oligosaccharides becomes more and
ore important. Satisfactory quantities of pure bioactive molecules

re the main key for biochemical, biophysical and biological studies.
iven the high complexity of bioactive oligosaccharides, chemical
r enzymatic synthesis needs the development of new generations
f enzymatic reactors leading to the high regio- and stereoselective
lycosylation reactions for the specific assemblage of oligosaccha-
ides.

At present, works are in progress to develop new monolith
lycosyltransferase microreactors for the fast automated scale up
roduction of simple or complex oligosaccharide structures (Fig. 4).
hat is the way, we have investigated the synthesis in large scale up
f oligoglycosaminoglycans biomimetic largely described for their
ain impact in cellular biological phenomena (data not shown).
ith these biotechnological strategies, these oligosaccharide struc-

ures will be tested for their putatives bioactivities by using DNA
rray and transcriptomic technology in order to find new thera-
eutic drugs.
. Conclusion

It is now well established that carbohydrates and more partic-
larly oligosaccharides are strongly implicated as modulators in
ell activities on bacteria, fungi, plant, algae and mammals. The

[

[

[

lar Catalysis B: Enzymatic 60 (2009) 97–105

need to improve biological and therapeutical applications allowed
to develop specific functionalizations of oligosaccharides. Conse-
quently, it appears evident that the next generation of therapeutic
drug will be supported by synthetic sugars. Monolithic CIM disk is
considered as an appropriate polymeric support for the efficient
immobilization of enzymes such as: polysaccharide hydrolases,
polysaccharide lyases and glycosyltransferases. At present, studies
provide facts that the immobilization of pectin lyase or glucuro-
nan lyase on activated CIM disk can be of great interest for the
fast production and purification of oligouronides. The immobilized
enzyme on the CIM disk is stable, exhibits good reproducibility;
provides optimum conditions for enzymatic reactions similar to
free enzymes processes and is still active after different runs. More-
over, a new generation of solid state enzymatic reactor have been
developed with monolith technology by immobilization of glyco-
syltransferases for the automated synthesis of simple or highly
complex oligosaccharides. This model appears as a very promising
miniaturized system for screening and developing preparative scale
methods. Nevertheless, supplementary studies on the development
of new and improved immobilization technologies to increase the
activity, selectivity or stability of the enzymes involved are still
needed to improve the efficiency of this system for practical and
industrial scale up applications in glycomics fields.
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