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a b s t r a c t

The cause of discrepancies in the literature regarding the specificity of immobilized Candida antarctica
lipase B in the acylation of oligosaccharides was examined. Molecular sieves, generally used to control
the water content during acylation reactions, turned out to have an important role in this. It was proven
that molecular sieves alone can catalyze the acylation of fructose oligomers using vinyl laurate, leading
eywords:
ructose oligosaccharides
ransesterification
mmobilized Candida antarctica lipase B
ide reactions
olecular sieves

to multiple substitution of the oligomers. This effect was the most profound at conditions unfavorable for
the enzyme, because this resulted in a relatively high concentration of the chemically produced adducts.
The enzyme alone catalyzed the formation of monosubstituted oligomers. It was proven that even solvent
pre-drying by molecular sieves already causes the release of catalyzing compounds to the liquid, leading
to subsequent catalysis. These findings should be taken into account when applying molecular sieves in
this type of reactions in the future. Molecular sieves could, moreover, be used as a catalyst when multiple
substitution is desired.
. Introduction

There is an increasing interest for the synthesis and applica-
ion of modified oligo- and polysaccharides. An example of this
s the production of block co-polymers or co-oligomers. Cellu-
ose, for example, can be esterified using fatty acid chlorides. In
his way, building blocks for biodegradable ‘plastics’ have been
roduced from poorly valorized agricultural waste streams [1].

drawback of chemical reactions is their low specificity. To
vercome this problem, enzymes can be used for catalyzing and
ontrolling esterification reactions of oligo- and polysaccharides.
his leads to increased substitution specificity, which is consid-
rably improving the functionality compared to the products of
hemical substitutions [2]. Cellulose has been acetylated using
ipase A12 from Aspergillus niger in an organic medium. The cel-
ulase side-activity of this enzyme and particularly the optimized
ater activity of the system turned out to enhance the cellu-
ose acetylation [3]. The reduced molecular weight resulting from
he cellulase activity and the subsequent improved solubility of
his substrate apparently leads to an increased reaction rate. Fur-
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thermore, starch could be esterified by using fatty acids from
recovered coconut oil using a lipase from Thermomyces lanuginosa
[4].

The regio-selectivity of immobilized Candida antarctica lipase B
for the primary hydroxyl group at the C6-position of a sugar was
evident when starch nanoparticles incorporated in reverse micelles
coated with Aerosol-OT (bis(2-ethylhexyl)sodium sulfosuccinate)
were esterified using vinyl stearate in toluene [5].

The modification of several oligosaccharides by lipases in
organic media has also been described. Trehalose, maltose and
saccharose have been acylated with ethyl butanoate and ethyl
dodecanoate. This reaction was catalyzed by immobilized lipase
from C. antarctica in refluxing ButOH. The conversion to mono- or
di-esters appeared to be dependent on the structure of the disac-
charide and the reaction rates turned out to be directly related to
the solubility of the disaccharides [6]. In previous research within
our groups [2] with the same C. antarctica lipase, lauryl esters
of fructose oligomers were produced. The fructose oligosaccha-
rides (FOS) used in these researches were products of partial inulin
hydrolysis. Inulin is a water soluble, prebiotic fiber obtained from

the chicory root (Cichorium intybus). Native inulin has a linear struc-
ture with the formula GFn (G, glucose and F, fructose), having the
fructose units �(2 → 1) linked. After partial hydrolysis, a mixture
of inulin oligomers is obtained with the formulas GFm and Fx [7].
The conjugates obtained after acylation of these oligomers showed

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:Harry.Gruppen@wur.nl
dx.doi.org/10.1016/j.molcatb.2009.10.008
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Fig. 1. Schematic structure of a lauryl mono-ester of FOS.

o have functional properties that are comparable to those of syn-
hetic block co-polymers. On average one lauric acid was coupled
er FOS oligomer which had an average degree of polymerization
DP) of 10 [2]. A schematic illustration of a proposed structure of
hese products can be found in Fig. 1.

When evaluating literature concerning oligosaccharide (trans-)
sterification, it appears that many research groups are observing
trong regio-selective actions of this immobilized lipase B from C.
ntarctica [2,5,6,8–10]. The presence of mainly one substituent per
ligomer has been described [2,8,9]. Other results, however, imply
hat the enzyme is far less selective with regard to its substitution
ction [11,12]. In the present research, the cause of this discrep-
ncy was studied. Based on initial experiments, molecular sieves
ere suspected to have a role in the appearance of side reactions.

he effect seemed to be dependent on the DMSO concentration. To
nvestigate this thoroughly, a series of FOS–laurate synthesis exper-
ments with and without the presence of immobilized C. antarctica
ipase B was performed at 20% as well as 40% (v/v) DMSO in ButOH.
hree different applications of molecular sieves were studied: (a)
ithout using any molecular sieves, (b) in solvents only pre-dried
sing molecular sieves, and (c) with molecular sieves present dur-

ng the reaction.
The consequences of the results of these experiments will be

iscussed.

. Experimental

.1. Materials

The FOS mixture Raftiline LS was a kind gift from BENEO-
rafti (Tienen, Belgium), having DP from 3 to at least 17 (data
ot shown) and a water content of 0.68% (w/w after drying
nder vacuum, as determined using the Karl–Fisher method
13]). Dimethyl sulfoxide (DMSO), vinyl laurate and butyl lau-
ate were obtained from Fluka Biochemica (Buchs, Switzerland).
,O-bis(trimethylsilyl)trifluoroacetamide + 1% trimethylchlorosi-

ane (BSTFA + 1% TMCS) was from Regis Technologies (Morton
rove, IL, USA). Tert-Butanol (ButOH) and molecular sieves (type

Å) were from Sigma–Aldrich (St. Louis, MO, USA). 1-Butanol,
exadecane and lauric acid (99%) were from Merck (Darmstadt,
ermany) and pyridine from Acros Organics (Geel, Belgium). Ace-

onitrile was purchased from Biosolve (Westford, MA, USA) and
,5-dihydroxy benzoic acid was from Bruker Daltonics (Germany).
ysis B: Enzymatic 62 (2010) 183–189

Immobilized C. antarctica lipase B (Novozym 435), was received
from Novozymes (Bagsværd, Denmark).

2.2. Methods

2.2.1. Determination of the FOS solubility
The solubility of FOS was determined in different concentrations

of DMSO in ButOH at 30 ◦C. Five millilitre of each solvent mixture
was transferred to a glass vessel and small quantities of FOS were
added, under continuous stirring. When no more material could be
dissolved, indicated by the appearance of turbidity, the experiment
was stopped. The quantity added up to this point, was considered
as being the maximum solubility at a certain solvent-ratio and was
expressed as milligram of FOS dissolved per 100 ml of solvent.

2.2.2. Determination of the enzyme activity
The transesterification activity of immobilized C. antarctica

lipase B was determined at different concentrations of DMSO in
ButOH. Two millilitre of each solvent mixture was transferred to a
reaction tube and thermostated at 40 ◦C. Three millimole of vinyl
laurate and 1 mmole of 1-butanol were transferred to each tube.
Thirty microlitre of hexadecane was added as an internal stan-
dard. After subsequent addition of 50 mg immobilized C. antarctica
lipase B, samples were incubated for 24 h at 40 ◦C under continuous
stirring by magnetic bars.

For determination of the esterification activity, 0.2 mmole of
lauric acid and 0.4 mmole of 1-butanol were incubated with 40 mg
immobilized C. antarctica lipase B under the same conditions as
mentioned for the transesterification activity.

After incubation, the immobilized C. antarctica lipase B was
removed by centrifugation (4 min, 44,000 × g). One microlitre of
each sample was subsequently injected on a GC-system (Varian
Star, Palo Alto, CA, USA) connected to a SGE BPX5 GC column
(30 m × 0.25 mm × 0.25 �m). The separation was performed at an
initial temperature of 80 ◦C followed by a linear temperature gradi-
ent of 7.5 ◦C/min up to 300 ◦C. The temperature was subsequently
kept constant at this maximum value for 5 min. Helium was the
carrier gas with a pressure of 150 kPa. Eluting compounds were
monitored by Flame Ionisation Detection (FID) at 300 ◦C. Quantifi-
cation of the lauryl ester of 1-butanol was hindered by co-elution
of disturbing unreacted compounds in the reaction mixture. There-
fore, these compounds were silylated prior to analysis by adding
200 �l of BSTFA + 1% TMCS and 500 �l pyridine to 500 �l of reaction
mixture and subsequent incubation for 1 h at 70 ◦C.

The amounts of ester formed were calculated by using a cali-
bration curve, based on the response measured after injection of
different concentrations of butyl laurate in hexane. The average
product yield was expressed as micromole of product formed per
milligram of enzyme (including carrier material) per hour.

2.2.3. Synthesis of the oligosaccharide–fatty acid esters
Synthesis experiments were performed in a Carrousel 12-place

Reaction Station RR98030 (Radleys Discovery Technologies, Saffron
Walden, UK). To 10 ml of either 20% or 40% (v/v) DMSO in ButOH
135 mg Raftiline LS (∼0.83 mmole anhydrohexose units), 135 mg
immobilized C. antarctica lipase B, 259 �l vinyl laurate (1 mmole)
and 500 mg (5%, w/v) of molecular sieves were added (in vari-
ous combinations). These ratios were based on work published
previously [2]. In Table 1, an overview of the composition of the
samples is shown. Incubation was performed under continuous
stirring (magnetic bars) at 60 ◦C for 5 days.
2.2.4. Analysis of the reaction products by MALDI-TOF MS
After incubation, the composition of the reaction mixture was

determined by Matrix-Assisted Laser Desorption-Ionisation Time
of Flight Mass Spectrometry (MALDI-TOF MS). After removal of the
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Table 1
Overview of the incubated samples. FOS and vinyl laurate were present during each
reaction.

Sample DMSO
(%, v/v)

ButOH
(%, v/v)

Enzyme
present

Molecular sieves’ role

1 20 80 − None
2 40 60 − None
3 20 80 + None
4 40 60 + None
5 20 80 − For solvent drying prior to use
6 40 60 − For solvent drying prior to use
7 20 80 + For solvent drying prior to use
8 40 60 + For solvent drying prior to use
9 20 80 − Present during synthesis
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Fig. 2. FOS solubility (�) and the average product yield after esterification

tica lipase B, after 5 days of incubation at 60 C (samples 3 and 4
in Table 1), can be found in Fig. 3. Processed data of the complete
spectra can be found in Fig. 4. The blanks, containing no enzyme
(samples 1 and 2 in Table 1), did not contain any detectable acylated
oligosaccharides after incubation (data not shown).
10 40 60 − Present during synthesis
11 20 80 + Present during synthesis
12 40 60 + Present during synthesis

olid components, 5 �l of the reaction mixture was mixed with
�l of matrix solution (10 mg 2,5-dihydroxy benzoic acid in ace-

onitrile:water 300 �l:700 �l). Two microlitre of this mixture was
ubsequently transferred to a target plate and dried under a stream
f dry air. Measurements were performed on an Ultraflex Worksta-
ion (Bruker Daltonics, Bremen, Germany), running in the positive

ode and equipped with a 337 nm laser. Ions were accelerated with
25 kV voltage after a delayed extraction time of 200 ns. Detection
as performed in the reflector mode. The lowest laser intensity
eeded to obtain a good quality spectrum was applied. The machine
as calibrated using a mixture of maltodextrins (Avebe, Veendam,

he Netherlands) with known molecular masses. FlexControl and
lexAnalysis software packages (Bruker Daltonics, Bremen, Ger-
any) were used for acquisition and processing of the data.
Spectra were recalculated and for a correct interpretation, we

ould like to introduce the term “Degree of Substitution per
ligomer (DSO)” to indicate the number of lauryl esters present
er oligomer. Within one MALDI-TOF mass spectrum, the intensi-
ies of all signals caused by the sodium-adducts of oligomers with
he same DP, while having a different DSO’s were added up and
ogether set at 100%. The relative contribution of each DSO was
ubsequently determined. It was assumed that there were no dif-
erences between the response factor ratios of the molecules. A
imilar procedure has been used before when digests of acetylated
tarch were characterized [14].

. Results and discussion

.1. Sugar solubility/enzyme product yield in different
olvent-ratio mixtures

FOS solubility and the product yield after using immobilized C.
ntarctica lipase B in several DMSO/ButOH solvent mixtures were
xamined at first. The esterification as well as the transesterifica-
ion yield was determined in order to decide on the optimal acyl
onor to be applied. Vinyl laurate, lauric acid and 1-butanol were
ssumed to be well soluble under all conditions. The results of these
xperiments can be found in Fig. 2.

The average product yield of the esterification reaction is much
ower than the yield of the transesterification reaction under all
onditions tested. In addition, both of them are decreasing when the
MSO concentration in ButOH is increasing. Because of this higher
ield after transesterification, it was decided to use vinyl laurate
s the acyl donor in further experiments. An increased FOS solu-

ility can be observed when the DMSO concentration is increasing.
his could be expected based on the more hydrophilic character
f DMSO compared to ButOH. Especially from 35–40% (v/v) DMSO
nwards, there is a clear increasing trend in the amount of FOS that
an be dissolved. Summarizing these results, it can be concluded
(�)/transesterification (�) using immobilized C. antarctica lipase B at different con-
centrations of DMSO in ButOH for 24 h at 40 ◦C. The average product yield is defined
as micromole of butyl laurate formed per milligram of immobilized enzyme per
hour.

that at 20% (v/v) DMSO (as applied before [2]) the average product
yield is relatively high, but the FOS have a relatively low solubility.
Reaction products can be expected to have a good solubility. There-
fore, extra FOS will dissolve when part of the material is converted
to fatty acid esters. The reaction can therefore continue and leads
to acceptable yields [2]. This is visualized in Scheme 1.

At 40% (v/v) DMSO, the average product yield is still accept-
able, while the FOS solubility has increased >100 times. This higher
FOS solubility can be expected to lead to an increased reaction
rate. This was observed before using maltose and saccharose [6].
A lower enzyme efficiency at this higher DMSO concentration can,
however, be expected to diminish this effect. Both DMSO concen-
trations were applied in the further research to be able to evaluate
the consequences of each compromise between FOS solubility and
enzyme efficiency for the eventual product composition.

3.2. Synthesis of FOS–lauric acid esters at different DMSO
concentrations, studying the role of molecular sieves

The synthesis of FOS–lauric acid esters was performed with
and without using immobilized C. antarctica lipase B. Furthermore,
molecular sieves were applied in several ways as outlined in Table 1.
The results of these experiments will be shown and discussed in the
next paragraphs.

3.2.1. Synthesis without using molecular sieves
Synthesis experiments without using molecular sieves in any

preparation or reaction step were performed initially to measure
the baseline values. A zoom-in of the MALDI-TOF mass spectra of
the reactions at both DMSO concentrations catalyzed by C. antarc-

◦

Scheme 1. Acylation of FOS with vinyl laurate. S, in solid state; L, in dissolved state;
and G, in gas state.
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Fig. 3. Zoom-in of MALDI-TOF mass spectra after incubation of FOS with vinyl lau-
rate, in the presence of immobilized C. antarctica lipase B in 20% (A) and 40% (B) (v/v)
DMSO in ButOH for 5 days at 60 ◦C, no molecular sieves were used. E.g. 5/1 stands
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or a fructose oligomer with a degree of polymerization 5 and one lauric acid moiety
ttached (�m/z = 182). Only sodium-adducts (�m/z = 23) are annotated, potassium
dducts (�m/z = 39) are indicated by an asterisk. Dashed lines indicate the presence
f the same type of molecule (sodium adduct) in the lower spectrum.

The most important observation in these figures is that only
onosubstitution per oligomer occurs after incubation. The fact

hat the blanks did not contain any of these products proves that
he reaction is indeed catalyzed by the enzyme. The uniformity in
he reaction products is probably a result of the regio-selectivity of
he enzyme. It was shown recently that immobilized C. antarctica
ipase B is very regio-selective in case of acylation of polyhydrox-
lated iridoid glycosides; only the primary hydroxyl group at the
ugar moiety and secondary hydroxyl groups at the aglycon moiety
urned out to be prone to acylation by this enzyme [15]. This is in
ine with our observations, and again shows the power of enzymes
s a tool for selective modifications. The fact that only one primary
ydroxyl group is modified per oligomer by C. antarctica lipase B,
ould be a result of steric hindrance and has been described before.
hen raffinose, melezitose and 1-kestose were acylated using vinyl
aurate, only a small proportion of di-ester could be observed after
LC separation of the reaction mixture [9]. In our previous research,
he presence of one lauric acid moiety per fructose oligomer was
lso indicated, although not evidenced by mass spectrometry [2].

ig. 4. Relative composition of reaction mixtures after incubations of FOS with vinyl laura
n ButOH at 60 ◦C for 5 days, derived from MALDI-TOF mass spectra. No molecular sieves w
tands for degree of substitution per oligomer.
ysis B: Enzymatic 62 (2010) 183–189

This altogether proves that immobilized C. antarctica lipase B will
only catalyze mono-ester synthesis of FOS with DP 3–8 at both 20%
and 40% (v/v) DMSO in ButOH.

When the results are evaluated quantitatively, it appears that
the efficiency of the synthesis reaction is higher in 20% (v/v) DMSO
compared to 40% (v/v) DMSO. If the enzyme would have the same
activity at both DMSO concentrations, the eventual ratio between
DSO 0 and DSO 1 should be the same at both DMSO concentrations.
In absolute terms, more FOS are dissolved at 40% DMSO than at 20%
DMSO, but this should also lead to a higher reaction rate, because
sugar solubility is an important factor for this reaction rate [6]. The
relative amount of DSO 1 compared to DSO 0 is, however, much
lower at 40% DMSO than at 20% DMSO for all DPs (Fig. 4). This
means that the activity of the immobilized C. antarctica lipase B
is indeed lower at 40% (v/v) DMSO compared to 20% (v/v) DMSO, as
could be expected based on the observations shown in Fig. 2. The
effect of the enzyme inactivation by the solvent on the reaction rate
is apparently stronger than the effect of improved sugar solubility.

3.2.2. Synthesis in the presence of molecular sieves
The same experiments as described above were performed in

the presence of molecular sieves, a general way to make and keep
solvents as dry as possible. First the results of the blanks, without
containing enzyme, will be shown (samples 9 and 10 in Table 1).
Samples were taken again after 5 days of incubation and were ana-
lyzed by using MALDI-TOF MS. The relative composition of the
samples after incubation can be found in Fig. 5.

In contrast to the blanks not containing molecular sieves, a
variety of reaction products is formed when molecular sieves are
present in the reaction mixture. It is striking that a large number of
products with multiple substitution is formed in the absence of any
enzyme. Fig. 5 shows that there is a difference between the distri-
butions at the different DMSO concentrations. At 40% (v/v) DMSO,
the +1, 2 and 3 substitutions per oligomer are generally prevailing,
while the distribution of substituted oligomers at 20% (v/v) DMSO is
more evenly. The fraction of highly substituted oligomers is slightly
higher at the latter concentration, while the lower substituted
oligomers are relatively less abundant, this especially accounts for
DP ≥ 5. The explanation of this phenomenon can probably be found
in the lower solubility of the high-DP oligomers at the lower DMSO

concentration compared to the lower DP oligomers. When less non-
substituted oligomers are dissolved, the relatively better soluble
acylated oligomers are more likely to be modified to a higher extent
by a catalyst, because their relative concentration is higher. The
lower solubility at lower DMSO concentrations mainly accounts

te catalyzed by immobilized C. antarctica lipase B in 20% (A) and 40% (B) (v/v) DMSO
ere used. DP stands for degree of polymerization of the fructose oligomer and DSO
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Fig. 5. Relative composition of reaction mixtures after incubations of FOS with vinyl laurate in the presence of molecular sieves and in the absence of enzyme, at 20%
(A) and 40% (B) DMSO in ButOH at 60 ◦C for 5 days, derived from MALDI-TOF mass spectra. Molecular sieves were present during the incubation. DP stands for degree of
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olymerization of the fructose oligomer and DSO stands for degree of substitution p

or higher DP values, this explains that the differences between
he reaction products at different DMSO concentrations are mainly
ound in the higher DP range.

By these observations, the catalysis itself is not explained yet. It
s known that multiple substitutions can result from chemical catal-
sis. Saccharose acylation using methyl palmitate in DMSO (molar
atio saccharose:methyl palmitate 1:7), catalyzed by the alkaline
atalyst K2CO3, resulted for example in a non-random distribution
ith an average of 5.8 esters per saccharose molecule [16]. The

nly explanation for the effect observed in our experiments is the
resence of molecular sieves in the reaction mixture. They con-
ist of a macromolecular network of aluminosilicate. According to
he product description of the supplier, this network is composed
f “1 Na2O:1 Al2O3:2.0 ∀ 0.1 SiO2:x H2O” [17]. These structures,
ctually being zeolites, have cations trapped in tunnels or in highly
egular cages, the latter being of a precise size [18]. Corma et al.
19] showed in 1989 that these types of structures are able to cat-
lyze esterification reactions via strong acidic sites present. In their
tudies, HY zeolites, which are also aluminosilicates, were used for
he esterification of carboxylic acids, the catalyzing capacity turned
ut to be improved by increasing the Si/Al ratio via dealumina-
ion. Also recent publications show the power of aluminosilicates
n esterification catalysis. Al-MCM-41 aluminosilicates with a Si/Al
atio of 30 appeared to be successful in catalyzing the esterifi-
ation of acetic acid with n-propanol and isopropanol and it is
elieved that this reaction mainly occurred within the pores [20].
he same type of aluminosilicates with a Si/Al ratio of 8 was active
s a catalyst in the esterification of palmitic acid with methanol,
thanol, and isopropanol [21]. Next to these esterification reactions,
lso transesterification reactions have been catalyzed by high sil-
ca, large pore aluminosilicates. Transesterification of a number of
lcohols in dry toluene was the most successful with aliphatic �-
eto esters, while other substrate esters gave less promising results
22].

The catalytic action of the molecular sieves that we used has,
owever, not been described yet. Despite of the less optimal Si/Al
atio found in the molecular sieve structure used in the experi-
ents, it is very likely that the multiple transesterification reactions
bserved in the blanks are caused by the presence of these molec-
lar sieves, especially because elevated temperatures and long
eaction times are applied. This should be taken into account when
hese sieves are used to keep solvents dry in esterification and
ransesterification reactions in the future.
gomer.

The same experiments were performed in solvents that were
pre-dried using molecular sieves prior to use (samples 5 and
6 in Table 1). Molecular sieves and enzyme were not present
during these reactions. After incubation, monoacylated oligomers
(DP 3–8) could be detected, the ratio DSO 0:DSO 1 was gen-
erally 80–90%:20–10% and was not distinctly dependent on the
DMSO-concentration (no further data given). This indicates that
even pre-drying of the organic reaction medium using molecular
sieves causes catalysis of the subsequent transesterification reac-
tion, probably by compounds released from the molecular sieves’
matrix to the solvent. The observation that the presence of molec-
ular sieves during the reaction has a bigger effect on the catalysis
than solvent pre-drying only, indicates that the elevated temper-
atures during the reaction may increase the release of catalyzing
components from the sieves’ structure.

Immobilized C. antarctica lipase B was also incubated together
with molecular sieves at both DMSO concentrations, in this way
the combined effect was studied (samples 11 and 12 in Table 1).
The relative composition of the samples after 5 days of incubation
at 60 ◦C can be found in Fig. 6.

After the reaction performed at 20% (v/v) DMSO, mainly
monosubstituted oligomers are observed (next to unsubstituted
oligomers). Due to the relatively high enzyme activity at these con-
ditions, the enzyme is overruling the chemical catalysis induced
by molecular sieves and, therefore, mainly monosubstituted
oligosaccharides are detected. At 40% (v/v) DMSO, again multiple
substitution appears, mainly in the higher DP region. Under these
conditions, the lower enzyme activity makes the molecular sieve
material relatively more active, leading to the detection of more
multiple substituted oligosaccharides. Competition for substrates
may also play a role in these effects.

When the results of the enzyme reactions with, and without
molecular sieves at 20% (v/v) DMSO are compared, a difference
in the ratio DSO 0:DSO 1 can be observed for each DP. Without
sieves (Fig. 4), the relative amount of DSO 1 present (compared
to DSO 0) is increasing when the DP increases, this is the other
way around when molecular sieves are present during the reaction
(Fig. 6). This could be a result of the slightly reduced water content

of the samples due to the drying effect of molecular sieves, mak-
ing the oligomers with the higher DP’s somewhat less soluble and
therefore less reactive. It could also be that the reduced water con-
tent makes the enzyme more rigid, this could reduce the conversion
of especially longer oligosaccharides.
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ig. 6. Relative composition of reaction mixtures after incubations of FOS with vin
0% (A) and 40% (B) (v/v) DMSO in ButOH at 60 ◦C for 5 days, derived from MALDI-T
or degree of substitution per oligomer.

Experiments including enzymes were also performed in sol-
ents that were only pre-dried using molecular sieves (samples 7
nd 8 in Table 1). The results showed only minor differences with
hose presented in Fig. 6, but multiple substituted oligosaccharides
ere not observed. The activity of catalysts released during drying

s apparently too low compared to the enzyme activity to have a
ronounced effect.

These results substantiate the warning published by Plou et al.
o be cautious when selecting adjuvants present during carbohy-
rate acylations [23]. This warning was based on the acylation of
ucrose, catalyzed by several additives such as Celite, EupergitC or
a2HPO4 and implicated that chemical acylations must be taken

nto account when hydroxyl-containing compounds are acylated
ith enol esters in polar solvents, using immobilized enzymes [23].
ased on our findings, molecular sieves should be added to this list
f additives with catalytic properties. This might even have impli-
ations for several results that were published previously. Multiple
ubstitutions that have been ascribed to enzyme activity before
6,11], may have been caused by the molecular sieves present.
ery recently, side products were reported in work published by
alsh et al. [12] addressing the production of lactose monolau-

ate by immobilized C. antarctica lipase B. These authors already
entioned that the side products could be multiple substituted lac-

ose oligomers; our work shows that the molecular sieves present
uring the synthesis are probably responsible for the formation of
hese products. The fact that Walsh et al. did not observe the pres-
nce of these multiple substituted products to the same extent in all
ases means that the catalytic action of molecular sieves strongly
epends on the reaction conditions. This explains the fact that the
ide reactions provoked by molecular sieves have been overlooked
or a long time.

. Conclusion

The presence of molecular sieves in the immobilized C. antarc-
ica lipase B-catalyzed acylation of fructose oligosaccharides, using
inyl laurate, turned out to lead to multiple substituted products.
ven the pre-drying of solvents using molecular sieves caused the
elease of catalyzing components to the solvents. These obser-
ations should be kept in mind when using molecular sieves in
arbohydrate acylations in the future, especially since the catalytic

ction of molecular sieves seems to apply for several acyldonors and
acceptors. Conclusions drawn in the past about enzyme specificity
hould in some cases be re-evaluated. Conversely, the catalytic
ction of molecular sieves could be used when multiple substitu-
ion is desired.

[

[

[

rate in the presence of molecular sieves and immobilized C. antarctica lipase B, in
ss spectra. DP stands for degree of polymerization of the oligomer and DSO stands
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