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ABSTRACT: The esterification reaction of a long-chain fatty 
acid and a fatty alcohol with a surfactant-modified lipase in a 
microaqueous n-hexane system was studied. Various lipases 
from different sources were first modified with a surfactant of 
the sugar ester type to improve their dispersibility in apolar or- 
ganic solvents. This enzyme modification technique converted 
inactive crude lipases to highly active biocatalysts for the esteri- 
fication of long-chain fatty acids and fatty alcohols in a micro- 
aqueous n-hexane system. The hydrophilic-lipophilic balance 
value and chainlength of the fatty acid residue of the fatty acid 
sugar ester, used for modifying the lipases, significantly influ- 
enced the amount of precipitated lipase that was dissolved in 
the aqueous solution, the protein content of the lipase-surfac- 
tant complex and its esterification activity. 
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The use of enzymes, in particular lipases, in microaqueous 
organic media has become an active field of research during 
the past 10 years. This technique has promising industrial ap- 
plications for the synthesis of a wide range of water-insoluble 
organic compounds (1,2). Because enzymes function natu- 
rally in aqueous solutions, different approaches have been 
applied to promote the reversed reaction of the natural hy- 
drolytic action of lipases in microaqueous organic media. Ba- 
sically, three approaches have been applied for modifying 
hydrolytic enzymes for use in microaqueous apolar organic 
solutions: (i) Powder enzymes or enzymes immobilized on 
insoluble matrices have been vigorously stirred with sub- 
strates dissolved in apolar organic solutions or in solvent-free 
systems (3,4); (ii) Enzymes have been dissolved in water 
pools confined in reverse micelles (5,6); (iii) Enzymes have 
covalently been attached to hydrophobic residues by alkyla- 
tion or amidation to produce enzyme complexes with good 
solubility in apolar organic solvents (7,8). 

*To whom correspondence should be addressed. 
1Present address: The Galilee Society, R&D Regional Center, P.O. Box 536, 
Elabon 16972, Israel. 

In many research studies, the use of chemically modified 
lipases has resulted in a substantial enhancement of reaction 
rates compared to those obtained with suspended powder en- 
zymes. This difference in enzyme activities is mainly attrib- 
uted to the heterogeneity of the reaction system when insolu- 
ble powder enzymes are dispersed in hydrophobic organic 
solvents, compared to the homogeneity of the system when 
chemically modified lipases are employed (9). However, the 
complexity of preparing chemically modified lipases and per- 
haps a potential loss of the catalytic function of the biocata- 
lysts have so far limited their application in organic synthe- 
sis. Although the use of water-soluble enzymes, confined in 
reverse micelles, has recently been a fascinating area of re- 
search, it also entails some limitations in synthesis applica- 
tions because water is produced in the reaction system. A new 
approach to effectively use lipases in microaqueous organic 
solution has been developed by Okahata and Ijiro (10). Vari- 
ous lipases modified with a surfactant have been prepared. 
These enzyme complexes are completely soluble in most hy- 
drophobic organic solutions and show high catalytic activity 
in organic synthesis. 

Following our previous work, surfactant-modified lipase 
complexes have also been prepared for the interesterification 
of trigJycerides and fatty acids (I 1-13). Lipases modified 
with sorbitan monostearate as a surfactant gave lipase-sur- 
factant complexes of high interesterification activity. The pre- 
pared enzyme-surfactant complexes have shown good dis- 
persibility in a microaqueous n-hexane system, and their sol- 
ubilities depend on the water content of the reaction system. 
Surfactant-modified lipases have also been prepared by an- 
other group (14). These investigators described the prepara- 
tion method of lipases, modified with synthetic surfactants, 
as biocatalysts acting on various substrates. We now report 
the preparation procedure of lipases modified with sugar ester 
surfactants. The esterification of lauric acid and dodecanol 
has been chosen as a reaction model system, and a number of 
lipases from different sources have been tested for the esteri- 
fication reaction. The influence of hydrophilic-lipophilic bal- 
ance (HLB) value and the chainlength of the fatty acid residue 
of the surfactant on the biocatalyst esterification activity, as 
well as on the protein content of the lipase-surfactant com- 
plex have also been studied. 
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M A T E R I A L S  A N D  M E T H O D S  

Materials. Lyophilized lipase preparations with 1,3-positional 
specificity, SP 523 (4000 KLU/g), SP 524 (2500 KLU/g) and 
SP 525 (150 KLU/g), and nonspecific lipase powder, SP 526 
(25 KLU), all selected from fungi and their genetic codings 
cloned to the host organism Aspergillus oryzae, were pro- 
vided by Novo Nordisk A/S (Denmark). Lipozyme 10.000 L 
(10,000 LU/g), produced from genetically cloned Mucor 
miehei with 1,3-positional specificity, was also provided by 
Novo Nordisk A/S. Powder lipase F, derived from Rhizopus 
was supplied by Amano Pharmaceutical Co. (Nagoya, Japan), 
and lipase Saiken 100, produced from Rhizopus japonicus, 
was provided by Nagase, Biochemicals Ltd. (Osaka, Japan). 
Powder lipases type II and type VII, derived from porcine 
pancreas and from Candida cylindracea, respectively, both 
containing lactose as an extender, were purchased from 
Sigma (St. Louis, MO). All fatty acids and fatty alcohols with 
better than 99% purity were from Fluka (Switzerland). 
n-Hexane, acetone, and ethyl alcohol, all of analytical grade, 
were obtained from Bio Lab. (Israel). Sucrose stearate esters 
(mono-, di-, and tristearate esters) of different HLB value 
were from Kao Pure Chemicals Ind. (Tokyo, Japan). Sorbitan 
mono-stearate,-palmitate and -laurate, tris(hydroxymethyl)- 
aminomethane (tris) and bovine serum albumin (98-99%) 
were purchased from Sigma. 

Lipase modification. The lipase modification technique de- 
scribed in our previous study was followed (11): crude lipase 
(total protein content 300 rag) was dissolved in 1L tris buffer, 
adjusted to pH 5. The enzyme solution was magnetically 
stirred at 10~ and a solution of 0.75 g sugar ester, dissolved 
in 20 mL ethanol, was added dropwise to the stirred enzyme 
solution. The resultant colloidal dispersion was sonicated for 
10 min and then stirred for 2 h at 10~ The produced precip- 
itate was collected by centrifugation at 12,000 rpm and 4~ 
in a Sorvall Centrifuge, model RC-5B (Newtown, CT), fol- 
lowed by overnight freezing at -20~ and subsequent freeze- 
drying. The water content of the modified lipases after freeze- 
drying was less than 0.05 mg per mg biocatalyst. The protein 
content of the crude and modified lipases was determined ac- 
cording to Lowry's method (15)with bovine serum albumin 
as a standard. Throughout this study, the measured protein 
content, either of the crude lipases or of the enzyme-surfac- 
tant complexes, was considered to be the lipase content. The 
modification technique was carried out in duplicate for each 
experiment. 

Esterification reaction. A typical esterification reaction sys- 
tem consisted of 5 mL n-hexane containing 0.5 mol/L lauric 
acid and 0.5 mol/L dodecyl alcohol in a screw-cap glass bot- 
tle, to which 10 mg modified lipase was added. The reaction 
system was magnetically stirred, and the temperature was con- 
trolled at 40~ In all experiments, the initial water content in 
the reaction system did not exceed 30 mg/L. Samples were 
taken periodically, filtered through a disposable microfiltra- 
tion filter (0.45 pm; Schlecher & Schuell, Germany), and then 
mixed with n-hexane that contained palmitic acid as an inter- 

nal standard. Reaction rates were determined from the concen- 
tration of fatty acid, dodecyl alcohol or their ester in the first 
30 min of the esterification reaction. In all experiments, 
n-hexane before use was dried over molecular sieves 5.&, so 
that the total content of the water in the reaction system was 
brought to less than 30 mg/L. Unless stated otherwise, all ex- 
periments were carried out under the above conditions. Each 
esterification reaction was carried out in duplicate. 

Analytical methods. The course of the esterification reac- 
tion was followed by determining the concentrations of fatty 
acids, fatty alcohol, and their esters with time in a gas chro- 
matograph, HP-5890, equipped with a flame-ionization de- 
tector. A capillary column, RTX-65TG, 0.53 mm i.d. x 30 m, 
0.1 pm film thickness (RESTEK Corp., PA), was used under 
the following separation conditions: Injector and detector 
temperatures were maintained at 300~ initial column tem- 
perature 80~ followed by a 1 rain isotherm; thereafter, the 
oven temperature was raised at a rate of 20~ to 270~ 
Reaction samples (50 pL) before analysis were mixed with 
similar volumes of palmitic acid in n-hexane (10 mg/mL) as 
an internal standard. 

RESULTS A N D  D I S C U S S I O N  

Effect of lipase source on the protein content of the 
lipase-surfactant complex and on its esterification activity. 
The various lipases used produced insoluble complexes with 
the added surfactant, sorbitan monostearate, in the aqueous 
system. However, the weight and protein content of the pre- 
cipitated lipase-surfactant complex depended on the source 
of the enzyme (Table 1). Because the protein concentration in 
all experiments was equal, the results suggest that various li- 
pases exhibit different interactions with sorbitan mono- 
stearate, which leads to the formation of the insoluble com- 
plexes. The surfactant used in the study contains primarily 
sorbitan monostearate with minor quantities of sorbitan di- 

TABLE 1 
Protein Content of Crude Lipases and the Amount of Precipitated 
Lipase Complexes and Their Protein Content After Modification a 

Protein content Protein content 
(%) (crude Precipitate (%) (modified 

L ipase l ipase) (g) l ipase) 

B]ank - -  0.37 0 
Saiken 100 10.0 0.37 3.5 
Lipase F 31.1 0.05 6.0 
Lipozyme 10.000 L 11.6 0.32 1.1 
Lipase type II 25.3 0.36 14.3 
Lipase type VII 11.7 0.24 5.4 
SP 523 67.7 0.08 7.3 
SP 524 50.6 0.17 4.5 
SP 525 66,8 0.21 9.2 
SP 526 14.1 0.09 8.5 

aExperimental conditions: crude lipase (total protein content in all experi- 
ments was 300 mg/L) dissolved in 0.5 L tris buffer solution of pH 5. Sorbitan 
monostearate dissolved in ethanol (0.38 g/10 mL) was added to the enzyme 
solution. The modification procedure is described in the Materials and Meth- 
ods section. The blank experiment did not contain crude lipase. 
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and tri-stearate, free stearic acid, and free sorbitol. The nature 
of interaction between the lipase and the components of the 
surfactant is not yet clear to us. However, Okahata and Ijiro 
(10) propose that hydrogen bridges between free amino 
groups of the enzyme and free hydroxyl groups of the surfac- 
tant are the main force that leads to the formation of the li- 
pase-surfactant complex. The blank experiment, where no 
enzyme was present in the solution, showed that the sorbitan 
monostearate can be totally recovered from the solution at pH 
5. The lipases Saiken 100, type II, type VII, SP 524 and SP 
525 yielded reasonable amounts of precipitated protein from 
the solution. The lipases F, lipozyme 10.000 L, SP 523 and 
SP 526 apparently formed water-soluble enzyme-surfactant 
complexes or a stable emulsion system, and therefore, yielded 
low amounts of precipitate. The protein content of the modi- 
fied lipases was in the range 1.1% (wt) for Lipozyme 
10.000 L up to 14.3% (wt) for lipase type II. 

Table 2 shows the esterification reaction rate, r i, for modi- 
fied lipases in microaqueous n-hexane system at an initial 
total water content of less than 30 mg/L. The esterification re- 
action rates were calculated per mg biocatalyst and per mg 
protein. The blank experiment was carried out under the same 
reaction conditions, but no biocatalyst was present in the sys- 
tem. It has been reported that the nonenzymatic esterification 
reaction, in general, accounts for not more than 1% of total 
conversion (16). The results show that among the modified li- 
pases, lipase SP 524, Saiken 100, SP 525, lipase F and lipase 
type II exhibited the highest esterification activities calculated 
per mg protein. 

The esterification activities of the crude lipases without 
surfactant in the reaction medium were tested under the same 
reaction conditions. The results revealed that progress of the 
esterification reaction with time, when crude lipases were 
used, was slow and did not exceed 2% conversion during 8 h 
of reaction. The addition of water to the reaction system sig- 
nificantly enhanced the activity of some crude lipases. How- 
ever, this effect was not studied here. 

TABLE 2 
Esterification Rates, D Achieved by Various Modified Lipases a 

Modified lipase r i  b r i  c 

Blank 0.10 - -  
Saiken 100 1.30 37.1 
Lipase F 1.30 21.7 
Lipase type II 0.23 20.9 
Lipase type VII 0.21 1.5 
Lipozyme 10.000L 0.55 10.2 
SP 523 0.20 2.7 
SP 524 2.86 63.6 
SP 525 3.40 37.0 
SP 526 0.34 4.0 

aReaction conditions: n-hexane (5 mL) with 0.5 mol/L lauric acid and 0.5 
mol/L dodecyl alcohol and 10 mg lipase Saiken 1 O0 modified with sorbitan 
monostearate ester. The reaction solution was stirred magnetically and ther~ 
mostated at 40~ 
bEsterification rate (pmol/min �9 biocatalyst). 
CEsterification rate (pmol/min �9 mg protein). 

Effect of fatty acid residue chainlength of sorbitan mono- 
esters on the modified lipase activity. The amount of precipi- 
tate of the lipase-surfactant complex and its protein content 
were influenced by the chainlength of the fatty acid residue 
of the sorbitan ester used in the modification process 
(Table 3). The enzyme preparation was a yellowish solid 
when sorbitan stearate or sorbitan palmitate were used as sur- 
factants, and a brownish viscous preparation when sorbitan 
laurate was used in the modification procedure. The results in 
Table 3 show that higher amounts of precipitate were ob- 
tained when the fatty acid chainlength of the surfactant was 
longer, in the region of C12-C18. This observation can be ex- 
plained by the higher solubility in water of the surfactants 
with short-chain fatty acid residues compared to that of sorbi- 
tan esters with long-chain fatty acid residues. On the contrary, 
the results show that the protein content of lipase complexes, 
formed with short-chain fatty acid sorbitan ester, was higher 
than that of  lipase complexes prepared with long-chain fatty 
acid sorbitan ester. This is mainly because of the low solubil- 
ity of long-chain fatty acid (C16 and C18) sorbitan esters, 
which precipitate immediately after addition to the enzyme 
buffer solution. Sorbitan laurate ester has higher solubility in 
buffer solutions, and therefore, the degree of the interaction 
between the dissolved surfactant and the enzyme is high, 
leading to the formation of agglomerates with higher levels 
of enzyme. 

Figure 1 shows the progress with time of the esterification 
reaction for lipase Saiken 100, modified with sorbitan esters 
of different fatty acid residues. Saiken 100, modified with sor- 
bitan stearate, gave the highest esterification activity, al- 
though the protein content of the lipase-surfactant complex 
was the lowest among the tested modified lipases. The esteri- 
fication activity of the lipase modified with sorbitan palmitate 
was also high, and that of the lipase modified with sorbitan 
laurate was relatively low. The maximum conversion of fatty 
acid to its corresponding ester, obtained after 24 h reaction 
with lipase Saiken 100 modified with sorbitan stearate, sorbi- 
tan palmitate and sorbitan laurate, without removal of water 
from the reaction system, was 96, 87, and 53%, respectively. 
The reaction yields after 2 h for lipases modified with sorbi- 
tan stearate, sorbitan palmitate, and sorbitan laurate were 
75.4, 68.6, and 11.5 mmol ester/mg enzyme, respectively. 
This esterification activity exceeded other reported activities 
measured for different preparations of lipases (9,16,17). 

Effect of HLB of sucrose esters on the modification process 
and on the activity of the modified lipase. Table 4 shows the 

TABLE 3 
Effect of Fatty Acyl Chainlength of Various Sorbitan Mono-Esters 
on the Amount of the Precipitated Lipase Saiken 100 Complex 
and on Its Protein Content a 

Sorbitan ester Precipitate (g) Protein content (%) 

Sorbitan monolaurate 0.20 8.7 
Sorbitan monopalmitate 0.35 3.5 
Sorbitan monostearate 0.37 3.5 

aModification procedure was as in Table 1. 
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FIG. 1. Effect of fatty acid residue chainlength of sorbitan ester-modi- 
fied lipase Saiken 100 on conversion of the esterification reaction. Re- 
action conditions: n-hexane (20 mL) with 0.25 mol/L lauric acid and 
0.25 mol/L dodecyl alcohol and 80 mg sorbitan mono fatty acid ester- 
modified lipase Saiken 100. The reaction solution was stirred magneti- 
cally and thermostated at 40~ 

effect of HLB value of various sucrose stearate esters on the 
weight of the precipitated enzyme-surfactant complex and on 
its protein content for lipase Saiken 100 as the enzyme source. 
Despite the increased solubility of the fatty acid sucrose es- 
ters in buffer solutions with the increase of HLB value, in- 
creasing the latter in the range of 1-15 resulted in an increase 
in the weight of the precipitate. This result indicates that the 
interaction between the enzyme and fatty acid sugar ester was 
favored with the increase of the HLB value of the surfactant 
in the range of 1-15. Nonetheless, because of the high solu- 
bility of sucrose stearate ester with an HLB value of 19, the 
weight of the enzyme precipitate formed after the modifica- 
tion process with that surfactant was low. 

The protein content of the enzyme-surfactant complexes 
decreased with an increase in the HLB in the range of 1-8 and 

TABLE 4 
Effect of HLB Value of Sucrose Stearate Esters on the Amount 
of Precipitated Surfactant-Lipase Saiken 100 Complex 
and on Its Protein Content a 

Sucrose stearate b HLB Precipitate (g) Protein content (%) 

F-10 1 0.08 5.7 
F-20 2 0.08 3.5 
F-50 6 0.09 3.1 
F-70 8 0.10 2.8 
F-90 9.5 0.14 2.7 
F-110 11 0.20 2.8 
F-140 13 0.24 2.8 
F-160 15 0.27 2.8 
SS 19 0.02 2.8 

aModification procedure was as in Table 1; HLB, hydrophilic-[ipophilic bal- 
ance. 
bManufacturing notation by Kao Pure Chemicals (Tokyo, Japan). 
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FIG. 2. Effect of hydrophi l ic- l ipophi l ic balance (HLB) value of sucrose 
stearate esters on the rate of the esterification reaction after 30 rain. Re- 
action conditions: n-hexane (5 mL) with 0.5 mol/L lauric acid and 0.5 
mol/L dodecyl alcohol and 10 mg lipase Saiken 100 modified with su- 
crose stearate ester of different HLB values. The reaction solution was 
stirred magnetically and thermostated at 40~ 

became constant at HLB values above 8 (Table 4). These re- 
sults suggest that sucrose ester surfactants of different HLB 
values have different modes of interactions with the enzyme. 
Hydrophobic interactions between the hydropbobic tails of 
the surfactant and hydrophobic domains of the enzyme may 
play a significant role besides the possible role of polar inter- 
actions between the surfactant and the enzyme, as reported 
by Okahata and Ijiro (10), in determining the activity of the 
enzyme-surfactant complex. 

When the esterification activity of the various lipase-sur- 
factant complexes was evaluated, a low activity was obtained 
for the preparations that contained sucrose stearate esters of 
low HLB values of 1-2 (Fig. 2). The esterification activity in- 
creased steeply and quite linearly in the range of HLB values 
of 2-16. These results suggest that the HLB value of the sur- 
factant used for modifying the lipase is a crucial factor in de- 
termining the activity of the modified enzyme. 

In conclusion, the employed lipase modification technique 
has converted lipases to active biocatalysts for esterification 
reactions in microaqueous hydrophobic organic media. The 
method enabled the use of lipase for obtaining high esterifi- 
cation conversions, reaching above 95%, with no need for 
water removal from the reaction system. Furthermore, the 
modification technique exhibits potential for enzymatic syn- 
thesis of water-insoluble ingredients because of its general 
simplicity. In particular, employing food-grade surfactants for 
activating lipases may prove to be a powerful preparative tool 
for the synthesis of food-grade ingredients. Further work is in 
progress to evaluate sugar ester-modified lipases for the syn- 
thesis of food-grade specialty fats and oils. 
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