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Abstract

fatty acid esters with excellent productivity.

Background: As nonionic surfactants derived from naturally renewable resources, sugar fatty acid esters (SFAEs) have
been widely utilized in food, cosmetic, and pharmaceutical industries.

Results: In this study, six enzymes were screened as catalyst for synthesis of glucose laurate. Aspergillus oryzae lipase
(AOL) and Aspergillus niger lipase (ANL) yielded conversions comparable to the results obtained by commercial
enzymes such as Novozyme 435 and Lipozyme TLIM. The productivity obtained by AOL catalysis in anhydrous 2—
methyl-2-butanol (2M2B) (38.7 mmol/L/h and 461.0 umol/h/g) was much higher than the other literature results.
Factors affecting the synthetic reaction were investigated, including water content, enzyme amount, substrate
concentrations and reaction temperature. The process was greatly improved by applying the Box-Behnken design of
response surface methodology (RSM). Solubilities of glucose in 14 different organic solvents were determined, which
were found to be closely associated with the polarity of the solvents.

Conclusions: Aspergillus oryzae lipase is a promising enzyme capable of efficiently catalyzing the synthesis of sugar

Keywords: Aspergillus oryzae lipase (AOL), Aspergillus niger lipase (ANL), Sugar fatty acid ester (SFAE), Glucose laurate,
Organic media, Response surface methodology (RSM), Box-Behnken design (BBD)

Background

Sugar fatty acid esters (SFAEs) are nonionic surfactants
which can be produced from naturally renewable
resources: carbohydrates (e.g., glucose and sucrose) and
fatty acids (e.g., lauric and palmitic acids). SFAEs are
tasteless, odorless, nontoxic, nonirritant, and biodegrad-
able; their functional properties such as critical micelle
concentration (CMC) and hydrophilic-lipophilic bal-
ance (HLB) can be altered over a broad range by tun-
ing the constitutive sugar and fatty acid moieties of the
sugar esters, and some of them also possess insecticidal
(Puterka et al. 2003) and antimicrobial (Ferrer et al.
2005) activities. All these advantageous features have
made SFAEs attractive for use in food, cosmetic, and
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pharmaceutical industries (Ye and Hayes 2014; Gumel
et al. 2011; Kobayashi 2011; Chen et al. 2007).

Enzymatic preparation of sugar esters in organic media
has been proved to be superior to the currently dominat-
ing chemical synthesis in terms of mild reaction condi-
tions, simple operational procedures, high productivity,
excellent regioselectivity, and easy product separation (Ye
and Hayes 2014; Gumel et al. 2011; Kobayashi 2011; Chen
et al. 2007). The synthetic reaction is normally performed
in an organic solvent such as fert-butanol and 2-methyl-
2-butanol (2M2B) (Ferrer et al. 2000, 2005; Ye and Hayes
2014; Gumel et al. 2011; Kobayashi 2011; Ikeda and Kli-
banov 1993; Flores et al. 2002; Péhnlein et al. 20145 Walsh
et al. 2009; Cao et al. 1996).

In terms of enzyme selection, among different lipases
(EC 3.1.1.3) that have been tested, Novozym 435 from
Novozyme (Candida antarctica lipase B immobilized on
acrylic resin) is the most popular one for catalyzing sugar
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ester synthesis (Ferrer et al. 2005; Ye and Hayes 2014;
Gumel et al. 2011; Kobayashi 2011; Flores et al. 2002;
Pohnlein et al. 2014; Cao et al. 1996; Lin et al. 2015). It is
necessary to search for some other lipases that are cheap
and catalytically efficient for this application.

Factors affecting the synthetic process include substrate
concentrations, enzyme amount, reaction temperature,
etc. The traditional one-variable-at-a-time optimization
approach is not sufficient to maximize the conversion
because it is not only laborious and time-consuming,
but also cannot guarantee determination of optimal con-
ditions due to the fact that possible interactions among
various operational factors have not been considered.
The use of the response surface methodology (RSM) as
a tool for experimental design and optimization has been
applied to a variety of processes because it can enable the
building of models and the evaluation of the significance
of the different factors considered as well as their interac-
tions (Bezerra et al. 2008). With the aid of experimental
design via RSM, optimal conditions can be obtained and
optimization achieved by running only a small number of
experimental trials.

In this current study, synthesis of glucose laurate by
transesterification in 2M2B between D-glucose and vinyl
laurate was taken as a model reaction to demonstrate
that Aspergillus oryzae lipase (AOL) is a promising cata-
lyst for SFAE synthesis, and Box-Behnken design (BBD)
of response surface methodology (RSM) was successfully
applied to improve the conversion and productivity.

Materials and methods

Materials

Novozym 435 and Lipozyme TLIM were purchased
from Novozymes (China) Investment Co., Ltd. Lipases
from Penicillium expansum (PEL), Rhizopus chinensis
(RCL), A. oryzae (AOL) and A. niger (ANL), all produced
by spraying the concentrated supernatant from fermen-
tation with addition of a certain amount of starch as a
thickening agent, were kindly donated by Shenzhen Lev-
eking Bioengineering Co. Ltd., Shenzhen, China. Vinyl
laurate was purchased from Sigma-Aldrich China Inc.
a-D-Glucose, lauric acid, molecular sieves (4 A), and all
other reagents used were of analytical grade from local
manufacturers in China.

Dissolution and solubility of glucose

Different methods of dissolving glucose in organic sol-
vents have been tested, which include agitation, vortex
mixing, sonication, microwave, and their combinations,
and the one that yielded the fastest dissolution turned
out to be a combination of vortex mixing and incubat-
ing/shaking. Glucose (100 mg) was added to a test tube
containing 2.0 ml of a given solvent (dried with molecular
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sieves), followed by vortex mixing for 5 min and then
shaken in an incubator/shaker at 30 °C and 220 rpm
for 12 h. After settling at room temperature (25 °C) for
30 min and then centrifugation at 6000 rpm for 5 min,
the supernatant was obtained for determining the glu-
cose solubility by using the dinitrosalicylic acid (DNS)
method (Miller 1959). All solubility tests were performed
at least three times subjected to less than 5 % error.

Enzymatic reaction

A typical reaction was carried out by adding 0.27 g glu-
cose (corresponding to 0.3 mol™! of the reaction system,
but only partially dissolved) to 5.0 ml 2M2B (dried over
molecular sieves for over a week prior to use) contain-
ing 0.3 M vinyl laurate (totally dissolved) and 1.0 g 4A
molecular sieves. After vortex mixing for 5 min to maxi-
mize the glucose dissolution in the solvent, 0.5 g of the
enzyme was added, and the flask was placed in an incu-
bator/shaker with agitation of 300 rpm at 40 °C to start
the reaction. Periodically, a 100 pl sample was taken for
HPLC analysis (Lin et al. 2015). The conversion was cal-
culated based on the total amount of glucose added to
the reaction system. In order to optimize the reaction
conditions, the effect of each affecting factor (water con-
tent, enzyme amount, reaction temperature and sub-
strate concentrations) was studied independently, i.e., to
obtain the optimum for one factor at a time while keep-
ing others constant. The product is 6-O-lauroyl-p-glu-
copyranose, which has been verified by using HPLC and
structural analyses with NMR, IR, and MS (Lin et al.
unpublished results). All conversion results were subject
to less than 10 % error.

RSM experimental design

Three factors, namely reaction temperature, enzyme
amount, and molar ratio of the substrates (VL/Glc), were
selected for optimization. The appropriate range for each
variable was selected based on the single-factor experi-
ments (see “Enzymatic reaction” section). Then a 3—fac-
tor—3—level-Behnken design (BBD) of response surface
methodology (RSM) was carried out using Design-
Expert 8.0.6, a DOE software developed by Stat-Ease, Inc.
Experimental results were analyzed by applying ANOVA
(analysis of variance) technique implemented in the
Design-Expert software.

Results and discussion

Solubility of glucose in different organic solvents
Solubility of glucose has been determined in 14 different
organic solvents. The sugar dissolved fairly well in alco-
hols (e.g., 45.2 mM in methanol) while an almost negli-
gible solubility was obtained in all the four alkanes tested
(e.g., hexane, cyclohexane, isooctane and heptane). This
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is easily understood when taking the “likes dissolve likes”
principle into consideration. Glucose is a polar molecule
with a polyol structure; thus, polar solvents are expected
to facilitate glucose dissolution. Indeed, the glucose solu-
bilities obtained in our study are well associated with the
solvent polarities (Fig. 1a); here the polarity of a solvent
is represented by its E; (30) value, the molar transition
energy of a negatively solvatochromic pyridinium N-
phenolate betaine dye (as a probe molecule) dissolved in
the solvent (Reichardt 1994). An excellent correlation can
also be observed when plotting the glucose solubility data
against the log P values of the solvents (Fig. 1b). Here
P is the partition coefficient of a solvent in an octanol/
H,O biphasic system, which can be used to represent the
hydrophobicity of the solvent (Laane et al. 1987). The
correlation between glucose solubility and log P is rea-
sonable, because the hydrophobicity of a solvent always
tends to be inversely correlated with its polarity. How-
ever, no such relationship was observed in the study con-
ducted by Cao et al. 1996 and Degn and Zimmermann
2001, who have determined the glucose solubility in 9
and 11 organic solvents, respectively.
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Fig. 1 Relationship between glucose solubility and the polarity
(a) and hydrophobicity (b) of the solvent. The polarity [E; (30)] and
hydrophobicity (log P) data were obtained from (Lide 2001) and

(Laane et al. 1987), respectively
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For our reaction involving two substrates of opposite
polarity (i.e., the hydrophilic sugar and the hydropho-
bic fatty acid), an appropriate solvent has to be selected
based on a compromise between the two solubilities,
while meanwhile the enzyme compatibility and environ-
mental and health risks have also to be considered. Ter-
tiary alcohols such as tert-butanol and 2M2B have been
considered as good candidates for this application (Ferrer
et al. 2005; Ye and Hayes 2014; Gumel et al. 2011; Kob-
ayashi 2011; Ikeda and Klibanov 1993; Flores et al. 2002;
Pohnlein et al. 2014; Walsh et al. 2009). 2M2B was used
throughout this study.

Enzyme screening

Six commercial lipases, including Novozym 435 (Can-
dida antarctica lipase B, CALB) and Lipozyme TLIM
(Thermomyces lanuginosus lipase, TLL) from Novozymes
and four from Leveking (PEL, RCL, AOL, and ANL),
were screened for their activities in catalyzing the synthe-
sis of glucose laurate in 2M2B by comparing the conver-
sion obtained with the addition of 0.5 g of each enzyme
(Fig. 2). Clearly, Nozozym 435 yielded the highest con-
version, followed by Lipozyme TLIM, AOL, and ANL,
whereas a negligible amount of the sugar ester product
was produced by RCL and PEL. Although Novozym
435 has been the most popular enzyme used in sugar
ester synthesis and a few other lipases have also been
applied for this application (Ye and Hayes 2014; Gumel
et al. 2011; Kobayashi 2011; Ikeda and Klibanov 1993;
Ferrer et al. 2000; Walsh et al. 2009; H-Kittikun et al.
2012), our experiment has offered two more lipases (AOL
and ANL) that are considerably active in catalyzing SFAE
synthesis. AOL was used as the catalyst for the subse-
quent reactions.
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Fig. 2 Comparison of the conversions obtained by different lipases
in catalyzing the synthesis of glucose laurate in 2M2B. Reaction
conditions: 0.27 g glucose (equivalent to 0.3 mol~" of the reaction
system), 0.3 M vinyl laurate, 5.0 ml 2M2B, 1.0 g molecular sieves, 0.5 g
enzyme, 300 rpm, 40 °C
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AOL-catalyzed synthetic reaction and its affecting factors
Catalyzed by the lipase AOL, the glucose laurate product
(GL) was progressively produced via transesterification of
glucose with vinyl laurate (VL), while a by-product, lauric
acid (LA), was also generated (Fig. 3). The free lauric acid
can be produced from the hydrolysis of both the co-sub-
strate (vinyl laurate) and the product (glucose laurate),
as long as there is a trace amount of water present in the
reaction system. Lipases are carboxyl-esterases catalyz-
ing hydrolysis or transesterification of esters, following a
mechanism similar to the well-established acyl-enzyme
mechanism for serine proteases (Reis et al. 2009). During
the reaction course, water can compete with glucose for
the acyl-enzyme intermediate to generate the free fatty
acid. Therefore, the total amount of the three compo-
nents (GL, VL, and LA) remained fairly constant as the
reaction went on (Fig. 3), simply because of the decrease
in the amount of the reactant, vinyl laurate (VL), which
was accompanied by an increase in the formation of both
the product, glucose laurate (GL) and the co-product,
lauric acid (LA). Because the formation of glucose laurate
reached a plateau after reaction for 5 h, for later experi-
ments conversions obtained at 5 h were reported.

As shown in Fig. 44, an increase in water content in the
reaction system resulted in a decrease in the formation
of glucose laurate. As mentioned above, water can trig-
ger a hydrolysis of both the co-substrate (VL) and the
product (GL), thus leading to a lower conversion. In non-
aqueous media, an enzyme normally requires an essential
amount of water for its activation; but too much water
may be harmful to the enzyme leading to its aggregation
and eventually to its inactivation (Liu et al. 1991). There-
fore, it is necessary to keep the water level in the reaction
system as low as possible. Adding molecular sieves has
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Fig. 3 Variation of the concentrations of vinyl laurate (VL), lauric acid
(LA), and glucose laurate (GL) during the reaction course. Reaction
conditions: 0.27 g glucose (equivalent to 0.3 mol ™" of the reaction
system), 0.3 M vinyl laurate, 5.0 ml 2M2B, 1.0 g molecular sieves, 0.3 g
enzyme (AOL), 300 rpm, 40 °C
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been proven to be a convenient way to remove the water
that is present in the reaction system or the water that is
produced from the reverse hydrolytic reaction, and both
the solvent and the reactants have to be thoroughly dried
prior to the reaction.

The impact of enzyme amount on the glucose laurate
synthesis has also been examined (Fig. 4b). The conver-
sion was raised first and then declined as the enzyme
amount increased with an optimum obtained at 0.4 g.
Part of the reasons for the later decline may be related
to the hydrolysis of the product as mentioned above.
Additionally, too high a concentration of the immobi-
lized enzyme makes the mixing of the reaction slurry dif-
ficult. Taking the enzyme cost into consideration, using
excessive enzyme is counterproductive. In this study,
use of 0.4 g of the enzyme in the 5 ml reaction system is
recommended.

Other factors affecting the enzymatic reaction include
the reaction temperature and substrate concentrations.
A range of temperatures (40—80 °C) has been tested, and
the optimal reaction temperature was found to be 60 °C
(Fig. 4c). In terms of substrate concentrations, when
the concentration of vinyl laurate was fixed at 0.3 M
(totally dissolved) while the amount of glucose varied in
a range of 0-0.4 mol~! of the reaction system (most of
it was initially undissolved and unreacted), the forma-
tion of glucose laurate increased gradually, accompanied
by a decrease in the conversion (Fig. 4d). The reduction
in conversion with an increase in the applied glucose
amount is not surprising, for the reported conversion
here was calculated based on the amount of glucose that
was applied, while most of this added glucose was ini-
tially undissolved and unreacted. Applying the sugar in
solid state is favorable for the reaction because its sus-
pended particles continuously replenish the dissolved
pool of the substrate as it is consumed by the reaction,
thus pushing the reaction forward. On the other hand,
when the glucose input was fixed at 0.3 mol ™" of the reac-
tion system while vinyl laurate was added varying in the
range of 0-1.2 M, an optimal conversion was obtained at
a VL concentration of 0.6 M (Fig. 4e).

The above single-factor experiments suggested the
optimum for each reaction condition: reaction tem-
perature at 60 °C, 400 mg enzyme, 2:1 M ratio for VL/
Glc (with 0.3 mol of Glc per liter of the reaction system)
in 5.0 ml dried 2M2B. After a reaction was conducted
under these conditions for 5 h, a conversion of 50.9 % was
obtained, which is obviously improved as compared to
those obtained previously.

Optimization through RSM
Based on the above preliminary single-factor results,
a response surface methodology (RSM) with a
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three-factor-three-level Box-Behnken design (BBD) was
employed for modeling and optimization of the enzy-
matic synthesis of glucose laurate. The three factors (i.e.,
enzyme amount, VL/Glc molar ratio and reaction tem-
perature) and their varying levels are listed in Table 1. A
total of 17 runs were carried out, among which five were
at the central point. The conversion obtained at 5 h was
taken as a response parameter for the model.

The conversions obtained by prediction from the model
were linearly correlated with the experimentally obtained
values with a slope of 0.9488 and an R’-value of 0.9488,
indicating that the model is able to fit the experimental
data fairly well. The model F-value of 14.41 implies that

Table 1 Variables and levels used for the Box-Behnken
design

Variable Symbol Level

-1 0 +1
Enzyme amount (mg) X1 350 400 450
VL/Glc molar ratio X2 1.5:1 2:1 2.5
Reaction temperature (°C) X3 50 60 70

the model is significant. The adequate precision of 13.142
indicates an adequate signal. No statistical evidence
of multi-collinearity was found because the VIF (vari-
ance inflation factor) values calculated for all the terms
included in the model were around 1.0. The conversion
can then be characterized by the following polynomial
equation:

Y = —60.34 + 0.545X; + 6.696X, — 1.131X3
+ 0.050X1 X5 + 0.002X;1 X3 + 0.389X,X3

— 0.0009X3 — 10.462X3 + 0.001X3

where Y is the predicted conversion (%), while X;, X,, and
X, refer to enzyme amount (mg), VL/Glc molar ratio and
reaction temperature (°C), respectively.

A 3D response surface with contour plots is depicted
in Fig. 5. A maximal conversion of 63.13 % was pre-
dicted by the model with a set of reaction conditions
suggested: 420 mg enzyme, 2.3:1 VL/Glc M ratio, 70 °C.
Under these conditions, three tests were conducted
and an average conversion of 64.54 % (+£0.51 %) was
obtained, which is reasonably close to the predicted
value. This further confirms the validity and adequacy
of the model.
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Conversion (%)

Fig. 5 Response surface plot showing the mutual effects of VL/GIc
molar ratio with reaction temperature on the conversion obtained in
the enzymatic synthesis of glucose laurate in 2M2B
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The RSM-mediated optimization has significantly
improved the conversion from 25.8 % (Fig. 2) to 64.5 %.
Moreover, the productivity obtained in our optimized
system is also much higher than others reported in lit-
erature (Ferrer et al. 2000, 2005; Ikeda and Klibanov
1993; Pohnlein et al. 2014; Yan et al. 1999) (Table 2).
It has to be noted, however, that the optimal reaction
temperature may not have been reached within the
range tested in this study (50-70 °C). It is therefore
anticipated that further optimizing the reaction con-
ditions, as well as introducing the reaction into ionic
liquid systems (Lin et al. 2015; Yang and Huang 2012),
may result in an even more significant improvement.
It is worth mentioning that although AOL has shown
to be a promising enzyme for SFAE synthesis in terms
of excellent productivity, specific productivity, and
shorter reaction time, the conversion obtained by this
enzyme is relatively low. One possibility for this may
be related to product inhibition, which is under further
investigation in our laboratory.

Table 2 Conversion and productivity obtained in this study as compared to those reported in literature

Ref. (lkeda and (Yan et al. (Ferrer et al. (Ferrer et al. (Pohnlein etal. This study
Klibanov 1993) 1999) 2000) 2005) 2014)
Substrates Sugar Glucose Glucose Maltose Glucose N-butyryl-glucosa- Glucose
mine
Acyl donor Vinyl acrylate Palmitic acid methyl Vinyl laurate Vinyl laurate Methyl hexanoate Vinyl laurate
ester
Solvent tert-butanol Methyl ethyl ketone 2M2B 2M28B 2M28B 2M2B
Enzyme Pseudomonas sp. Novozym SP525 Helvina lanuginosa Tidestromia. Novozym 435 AOL
lipoprotein lipase lipase lanuginosus
lipase
Reaction Sugar input (M) 0.1 0.01 0.12 0.3 0.04 0.3
conditions Enzyme amount 100 1 50 100 5 84
(mg/ml)
Reaction time (h) 24 48 24 20 48 5
Reaction temperature 45 60 40 40 40 70
Q)
Results Conversion (%) 86 81 65 100 39 64.50
Productivity 3.58 017 3.25 15 0325 38.7
(mmol/L/h)
Specific productivity 36 169 65 150 65 461

(umol/h/g)
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