
ABSTRACT: Lipase-catalyzed acidolysis of triolein with
caproic and butyric acids was performed to produce reduced-
calorie structured lipids (SL). The SL were obtained by incubat-
ing a 1:4:4 mole ratio of triolein, caproic acid, and butyric acid,
respectively, with 10% of lipase (w/w of total substrates) in 1.5
mL hexane at 55oC for 24 h. Of nine commercially available li-
pases screened, IM60, which contains the lipase from Rhizomu-
cor miehei, was the most effective and produced 13 mol% un-
reacted triolein, 49% disubstituted, and 38% monosubstituted
triacylglycerols that contained short-chain fatty acids. The prod-
ucts were analyzed by reverse-phase high performance liquid
chromatography with an evaporative light-scattering detector.
Reaction parameters studied included time course, temperature,
enzyme load, and substrate mole ratio. The yields obtained
demonstrate that a structured lipid with long-chain and short-
chain fatty acids can be synthesized by using IM60 lipase in or-
ganic medium.
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Structured lipids (SL) are triacylglycerols (TAG) that contain
mixtures of either short-chain or medium-chain fatty acids or
both, and long-chain fatty acids (LCFA), preferably esterified
on the same glycerol molecule (1). They are beneficial to
human nutrition because they can be tailor-made to target spe-
cific diseases and metabolic conditions (1). They can also
serve as reduced- or low-calorie fats, which are presently
highly desirable in the Western world. Short-chain fatty acids
(SCFA) and medium-chain fatty acids (MCFA) provide a
quick source of energy for infants and stressed adults (2).
SCFA are volatile and more rapidly absorbed in the stomach
than MCFA because of their higher water solubility, smaller
molecular size, and shorter chainlength (3). They serve as a
preferred energy source for the cells of the gastric mucosa (3).
Unlike LCFA, which are absorbed through the lymphatic sys-
tem and require chylomicron formation for transport (4),

SCFA diffuse freely across the mucosal cytosol and enter ve-
nous blood while remaining in the free fatty acid form (5). On
the basis of heats of combustion, SCFA provide fewer calo-
ries per unit weight than MCFA or LCFA (6). Butyrate pro-
vides 6 kcal/g and caproate about 7 kcal/g, compared to 9
kcal/g for LCFA (6). This is the basis for using SCFA in the
production of reduced-calorie SL. The principle of combin-
ing SCFA and LCFA has been used by Nabisco Foods Group
(East Hanover, NJ) in the chemical synthesis of Salatrim®, a
reduced-calorie fat, composed of propionic, butyric and
stearic acid, with useful applications in the food industry (7).
In mammals, SCFA occur commonly as free fatty acids in the
gastrointestinal tract and as end-products of microbial diges-
tion of carbohydrates (8). Butyrate and caproate are released
by the action of gastric lipase on bovine milk TAG (8).
Medium- and short-chain fatty acids make up about 3% of the
total bulk of dietary fat intake (9). Studies on oleic acid-rich
diets have shown that, although a LCFA, oleic acid can be
credited with reducing total cholesterol and low density
lipoprotein (LDL) cholesterol levels. It also reduces the ratio
of LDL to high-density lipoprotein (HDL) cholesterol (10).

In recent years, research has focused on the use of lipases
in organic solvents to modify TAG. This method seems more
attractive than the chemical process because of the milder re-
action conditions required by the enzymatic process and the
reduction in the number of side products (1). In addition, li-
pases can catalyze the incorporation of specific fatty acids at
specific positions of TAG (1). This becomes significant when
digestion of TAG is considered, because of the enhanced ab-
sorption of fatty acids at the sn-2 position of some TAG (11).
The objective of this paper was to prepare a reduced-calorie
SL, with the potential of improving nutrition, from triolein,
butyric acid, and caproic acid by using lipase as the biocata-
lyst.

MATERIALS AND METHODS

Materials. Butyric acid, caproic acid, and triolein were ob-
tained from Sigma Chemical Company (St. Louis, MO). Li-
pase G from Penicillium cyclopium, PS from Pseudomonas
sp., L from Candida lipolytica, N from Rhizopus niveus, AK
from Pseudomonas sp., and AY-30 from C. rugosa were
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kindly provided by Amano Enzyme Co. (Troy, VA). IM60
and IM20 with immobilized lipase from Rhizomucor miehei,
and SP435 immobilized lipase from C. antarctica were ob-
tained from Novo Nordisk Biochem North America Inc.
(Franklinton, NC). Porcine pancreatic lipase and 1,3 di-
stearoyl-2-oleoyl-glycerol were purchased from Sigma. All
solvents used were of high-performance liquid chromatogra-
phy (HPLC) grade and were obtained from Fisher Scientific
(Norcross, GA).

Transesterification reaction. SL synthesis was performed
in screw-capped test tubes in an orbital shaking waterbath at
200 rpm and 55°C for 24 h. The reaction mixture contained
typically 50 mg triolein, 26 mg caproic acid, 20 mg butyric
acid, and 9.6 mg lipase (i.e., 10% w/w of total substrates) in
1.5 mL of hexane that was previously dried over molecular
sieve 4Å. All reactions were performed in duplicate.

Extraction and analytical methods. The reaction products
were cooled and filtered through a sodium sulfate column to
remove any moisture and enzyme particles. Products were an-
alyzed in a Hewlett-Packard 1090 HPLC (Avondale, PA),
equipped with a Sedex 45 evaporative light-scattering detec-
tor (ELSD) (Richard Scientific, Novato, CA). The ELSD was
set at 40°C, a nitrogen nebulizer gas pressure of 2.1 atmos-
pheres, and a gain of 5 for the nonaqueous reverse-phase sys-
tem. A Hewlett-Packard 35900 digital A/D analog interface
connected the ELSD electronically to the on-line computer.
TAG species were separated by nonaqueous reverse-phase
HPLC on a Beckman/Altex (San Ramon, CA) Ultrasphere
ODS 5 µm (4.6 mm × 25 cm) column. The mobile phase was
comprised of acetonitrile (A) and acetone (B) with a gradient
profile as follows: initial conditions (A/B) 60:40 at a flow rate
of 1.3 mL/min held for 4 min, then 30:70 (A/B) at a flow rate
of 1.5 mL/min held for 8.5 min, 50:50 (A/B) at 1.5 mL/min
for 5.5 min, and then brought back to 60:40 (A/B) at 1.3
mL/min. Tricaprin was the internal standard.

Product identification was based on polarity, equivalent
carbon number (ECN), and by use of TAG standards as pre-
viously described (12). For identification of fatty acid species
at the sn-2 position of the TAG, samples were spotted on thin-
layer chromatography (TLC) plates along with standards and
developed in petroleum ether/diethyl ether/acetic acid
(90:10:1, vol/vol/vol). TAG bands were visualized under ul-
traviolet (UV) radiation after spraying the plate with 0.2%
2,7-dichlorofluorescein in methanol. TAG bands were
scraped, pooled, and eluted with ethyl ether. Pancreatic lipase
analysis was carried out according to the method described
by Luddy et al. (13). After pancreatic lipase hydrolysis, the
products were extracted with ethyl ether, filtered, and dried
over anhydrous sodium sulfate. Products were separated by
silica gel TLC with hexane/diethyl ether/acetic acid (50:50:1,
vol/vol/vol). The sn-2 monoacylglycerol (MAG) was scraped
and propylated with 6% HCl in propanol at 75°C for 2 h. The
propyl esters were extracted with hexane and 0.1 M KCl so-
lution. To establish the accuracy of the pancreatic hydrolysis
method for sn-2 positional analysis, a TAG standard with
known structure, 1,3 distearoyl-2-oleoyl-glycerol, was simi-

larly analyzed except that the standard was dissolved in 0.5
mL hexane prior to hydrolysis. This was done because the
standard was not soluble in the assay buffer. The fatty acid
composition of the MAG band was determined in a Hewlett-
Packard 5890 gas chromatograph, equipped with a flame-ion-
ization detector (FID) and operated in a splitless mode. He-
lium was the carrier gas, and the total gas flow rate was 24
mL/min. The oven temperature was 70°C initially and held
for 4 min, and then programmed to 210°C at 10°C/min and
held isothermally for 10 min. Heptadecanoic acid was the in-
ternal standard. The mol% of the fatty acid propyl esters were
analyzed and integrated by an on-line computer.

RESULTS AND DISCUSSION

Lipase screening. Nine commercially available lipases from
different sources were screened by incubating 7.3 mg of li-
pase with a 1:2:2 mole ratio of triolein, caproic acid, and bu-
tyric acid at 55°C for 24 h. The enzymes screened were lipase
G, PS, L, N, AK, AY-30 (Amano Enzyme Co.), and IM20,
IM60, and SP435 (Novo Nordisk Biochem North America
Inc.). IM20, IM60, SP435 and, to a limited extent, lipase AK
incorporated short-chain fatty acids into triolein. Lipase G
from Penicillium sp. has been shown to attach LCFA acids to
glycerol to form MAG (14), but we now found that it was not
efficient in incorporating butyric and caproic acids into tri-
olein. IM60 lipase from R. miehei produced 32% disubsti-
tuted (SLS) and 45% monosubstituted (LLS) TAG. IM60 li-
pase was used further in this study because of its relative ac-
tivity at the conditions described above and specificity for the
sn-1 and sn-3 positions of TAG. 

Mole ratio. A substrate mole ratio study was done by vary-
ing the mole ratio of triolein to butyric and caproic acids, re-
spectively, from 1:1:1 to 1:12:12 (Fig. 1). The enzyme
amount was kept constant at 7.3 mg instead of being kept at
10% by weight of total substrates. The mol% of SL formed
increased with increasing mole ratio, up to a mole ratio of
1:4:4. A yield of 49% SLS and 38% LLS structured TAG was
obtained at a mole ratio of 1:4:4. Hydrolysis was not a signif-
icant event in these reactions. Less than 5% of diacylglycerol
was detected at this level (small scale) of assay. All yield cal-
culations were based on the amount of SL formed and the un-
reacted triolein (LLL). This mole ratio was used for the re-
mainder of the study. Beyond 1:4:4 ratio, an increase in unre-
acted triolein was observed. Studies by Nishio and Kamimura
(15) have shown some inactivation of P. fragi 22.39 B lipase
by SCFA (C2–C6). This could also be true with the increase
of caproic and butyric acid in our reaction medium. This in-
crease was attributed to acidification of the microaqueous en-
vironment of the lipase (16).

Temperature effect. Adequate temperature control is im-
portant for the reproducible assay of enzyme-catalyzed reac-
tions. Temperature changes can affect parameters, such as en-
zyme stability, affinity of enzyme for substrate, and prepon-
derance of competing reactions (17). The effect of
temperature on the transesterification of triolein with butyric
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and caproic acids was studied. Mole ratio, incubation time,
and solvent were kept constant at 1:4:4 (triolein, butyric acid,
and caproic acid, respectively), 24 h, and 1.5 mL of hexane,
respectively. Reaction temperatures were varied from 25 to
65°C. We found that 55°C was most suitable for the reaction
(Fig. 2). At 55°C, 12.4% LLL remained unreacted, and 44%
of LLS and 43% of SLS TAG were produced. As temperature
increased, there were more disubstituted TAG, but a decrease
was observed above 55°C.

Time course. Time-course studies (Fig. 3) indicated that
incorporation of caproic and butyric acids increased steadily
with increasing incubation but later dropped after 48 h of in-
cubation. The mol% of SLS TAG increased to 40% at 24 h.
After 48 h of incubation, only a moderate further increase
(15%) of the disubstituted SL product (SLS) was observed.
These results indicate that incorporation was more rapid in
the first 24 h than in the second 24 h. As the concentration of
LLL in the reaction mixture dropped, the concentration of di-
substituted TAG (SLS) increased. For the purposes of this
study, a 24-h reaction time was selected for further experi-
ments.

Enzyme load. Previous studies in our laboratory have
shown that 10% lipase by weight was suitable to catalyze the
synthesis of a SL that contained oleic acid and caprylic acid
(12). Figure 4 shows that the SL yield increased with enzyme
concentration up to 10% by weight of reactants. Thereafter,
there were no significant increases in the SL yield, indicating
that a lipase content of 10% was suitable in this study.

Reaction media. When lipases are placed in organic sol-
vents, they can exhibit a number of novel properties, such as
altered stereoselectivity, enhanced stability, and altered mode
of catalysis (18). Compounds that are soluble in organic sol-
vents become potential substrates for lipases (18). Previous
reports suggest that the interaction between organic solvents

and enzyme-bound water controls the activity of an enzyme
and that a physical disruption of the enzyme bound water re-
sults in enzyme deactivation (19). Nonpolar solvents, such as
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FIG. 1. Effect of mole ratio of substrates on structured lipids synthesis
with IM60 (Novo Nordisk Biochem North America Inc., Franklinton,
NC) as biocatalyst. The letter S designates short-chain fatty acids (C6:0,
C4:0) and L designates long-chain fatty acid (18:1n-9). LLL = triolein (un-
reacted), LLS = monosubstituted structured lipid, and SLS = disubsti-
tuted structured lipid. Mole ratios of triolein to caproic and butyric acids
were varied from 1:1:1 to 1:12:12, respectively. The reaction mixture
was incubated in 1.5 mL hexane at 55°C for 24 h.

FIG. 2. Effect of temperature on incorporation of caproic and butyric
acids into triolein. See Figure 1 for abbreviations and conditions.

FIG. 3. Time course of caproic and butyric acids incorporation into tri-
olein catalyzed by IM60 lipase. Samples were analyzed at 2, 4, 6, 12,
24, 48, and 72 h in duplicate. See Figure 1 for abbreviations and condi-
tions.

FIG. 4. Effect of enzyme load on incorporation of butyric and caproic
acids into triolein. Amount of enzyme varied from 0 to 30%, total
weight of substrates. See Figure 1 for abbreviations and conditions.



toluene and hexane, are incapable of containing large amounts
of soluble water, and are therefore unable to strip away substan-
tial amounts of water from enzymes (20). We found that nonpo-
lar solvents, such as hexane and isooctane, gave higher yields
of SL than polar solvents, such as acetone and acetonitrile.
Hexane and isooctane gave disubstituted TAG yields of 49 and
53%, respectively (Table 1). With petroleum ether, the amount
of unreacted LLL was not much different from the unreacted
amount when the reaction was performed in hexane and isooc-
tane. The amount of disubstituted TAG was 32% in petroleum
ether. 

Pancreatic lipase study. IM60 lipase from R. miehei prefer-
entially hydrolyzes the fatty acids at the sn-1 and 3 positions of
TAG. This characteristic is especially desirable when the nutri-
tional benefits of TAG are considered, largely because specialty
oils with desired fatty acids at specific positions can be prepared
with sn-1,3-specific lipases. In this study, a pancreatic lipase hy-
drolysis was performed to determine the fatty acid composition
of the sn-2 position of the SL. Results from the pancreatic lipase
hydrolysis of a TAG standard with known structure, 1,3 di-
stearoyl-2-oleoyl-glycerol confirmed that only oleic acid was
present at the sn-2 position of this molecule. Analysis of our SL
products indicated that only oleic acid could be found at the sn-2
position. No butyric or caproic acid was found at the sn-2 posi-
tion. This indicates that under the conditions of our assay, IM60
lipase from R. miehei retained its sn-1,3 selectivity. The SL pre-
pared in this study are potentially useful as reduced-calorie oils
similar to Salatrim®; they contain desirable functional fatty acids
in the same molecule and may provide rapid delivery of energy. 
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TABLE 1
Effect of Organic Solvents as Reaction Media on Lipase-Catalyzed
Incorporation of Butyric and Caproic Acids into Triolein with IM60
Lipase as Biocatalyst

Water
contentb Mol%d

Solventa (ppm) Log P valuec LLL LLS SLS

Petroleum ether 124 — 5.6 62.1 32.3
Isooctane 40 4.51 4.7 42.1 53.2
n-Hexane 35.5 3.50 5.9 45.1 49.0
Toluene 119 2.50 84.7 10.0 5.3
Benzene 156 2.00 95.6 4.4 N/Ae

Acetone — −0.23 100 N/A N/A
Acetonitrile 524.7 −0.33 100 N/A N/A
aSolvents were dried over molecular sieve 4 Å.
bThe water content of the solvents was measured with a 684 KF coulometer,
equipped with a 649 stirrer (Brinkmann Instrument, Inc., Westbury, NY).
cSources: Reference 21 and Reference 22 isooctane.
dL designates long-chain fatty acid (18:1n-9), and S short-chain fatty acid
(C6:0, C4:0); LLL, triolein (unreacted); LLS, monosubstituted structured lipid;
and SLS, disubstituted structured lipid.
eN/A indicates no structured lipid formation.


