
ABSTRACT: Factors affecting the release of short-chain fatty
acids during hydrolysis of a butterfat fraction with a 1,3-positional
and short-chain-specific Penicillium roqueforti lipase were inves-
tigated. When a short-chain triglyceride fraction was used as sub-
strate, as opposed to whole butterfat, the ratio of desirable flavor
short-chain free fatty acids (FFA) to undesirable medium-chain
FFA in the FFA fraction increased from 0.75 to 1.80. However,
with both substrates, FFA accumulation eventually led to lipase
inhibition and limited the total amount of triglyceride hydrolysis.
This inhibition phenomenon was principally due to product inhi-
bition. Periodically extracting the FFA with a buffer solution min-
imized this inhibition phenomenon, thereby significantly increas-
ing lipase activity and the degree of triglyceride hydrolysis. Thus,
on-line extraction of FFA in lipase reactors has the potential of
greatly increasing system productivity.
JAOCS 75, 1195–1200 (1998).
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The main advantage butter has over other edible fats and oils
is its highly desirable flavor. Many of butter’s desirable flavor
notes result from the presence of short-chain (C4:0 to C8:0)
free fatty acids (SCFFA). These compounds are found in sub-
stantial quantities, both as free fatty acids (FFA) and as part
of triacylglycerols (TAG) in butterfat. Lipases that hydrolyze
TAG to produce elevated levels of SCFFA are often added to
cheese to enhance flavor development (1). Enzymatically
lipolyzed butterfat can also serve as a base for the production
of food flavor ingredients (2). However, to obtain the most
appealing flavor, the production of C10:0 and C12:0 FFA—
compounds that produce an unpleasant, soapy note—must be
minimized (2,3).

With butterfat, several strategies have been used to maxi-
mize the yield of SCFFA per total amount of FFA. First, be-
cause the short chains tend to reside on the 1 and 3 positions
on the TAG molecule, 1,3-specific lipases can be used to se-
lectively hydrolyze these compounds (4). Lipases, such as
those from Candida cylindracea that are not 1,3-specific but
tend to show a preference for short- vs. longer-chain fatty

acids, have also been used (5). In this study, we chose to use
the lipase derived from Penicillium roqueforti, an enzyme
that is both 1,3- and short-chain-specific (6).

In certain situations, it would also be desirable to have as
high a concentration of SCFFA as possible in the hydrolyzed
butterfat; for example, when producing low-fat cheese or fla-
vor bases with a high flavor impact. One potential method of
increasing the SCFFA concentration would be to raise the
amount of short-chain, low-molecular-weight compounds in
the TAG substrate. Such a substrate can be produced from
butterfat by short-path distillation (7). Thus, one of the goals
of this work is to determine if substrate alterations can in-
crease the total concentration of desirable SCFFA in hy-
drolyzed butterfat.

Another problem that can limit the amount of SCFFA pro-
duced is product inhibition (8). With free-enzyme systems,
the buildup of FFA will reduce lipase activity until eventually
the enzyme loses its catalytic ability (9). Product inhibition
can be minimized by immobilizing the lipase on a solid sup-
port, but at the cost of a large loss in activity (10). Therefore,
the second goal of this study was to better understand the un-
derlying mechanisms of this inhibition phenomenon.

MATERIALS AND METHODS

Materials. A short-chain fraction of cow’s butterfat was pro-
duced on a pilot-scale short-path distillation unit at Univer-
sité Laval (Ste. Foy, Québec, Canada). The fraction was ob-
tained at a temperature and pressure of 225°C and 100 µm
Hg, respectively. The fatty acid compositions of the short-
chain fraction and whole butterfat used in this study are given
in Table 1. Penicillium roqueforti lipase (Amano R:
900–1,000 U g−1) was purchased from Amano Enzyme USA
(Lombard, IL). All solvents and chemicals used were of the
highest purity and, if not mentioned otherwise, were obtained
from Fisher Scientific (Toronto, Canada).

Butter oil hydrolysis and FFA extraction. A 638-µL sam-
ple of a 2 mg/mL lipase solution in 0.05, 0.20, or 0.40 M
phosphate buffer (pH 7.0) was first added to 10 g of butterfat
or the short-chain fraction and then emulsified with a Poly-
tron Tissumizer (Trekmar, Cincinnati, OH) for 2 min. The pH
and water concentration used were the optimal conditions
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suggested by the enzyme manufacturer. After placing the test
tubes with the emulsions in a 30°C heated recirculating water
bath (Caron, Marietta, OH), samples were taken at various
times and analyzed for FFA by gas chromatography. For en-
zyme activity initial rate experiments, samples were taken
every 10 min for a period of 1 h. With the extraction experi-
ments, sampling rates were typically once every 2 h.

To extract the FFA produced by the lipase reaction, the hy-
drolyzed oil sample was mixed with a 0.40 M sodium phos-
phate buffer solution (pH = 7.0) in an oil-to-buffer ratio of 1:4
and vortexed for 1 min. Phase separation was accelerated by
ultracentrifuging (Beckman model L8-70M; Fullerton, CA)
the sample for 10 min at 90,000 × g and 25°C. After ultracen-
trifugation, the top oil layer was decanted from the emulsion
and water fractions, and a 30-mg sample of the oil was
weighed into a 10-mL vial. This sample was then analyzed
for fatty acid concentration. From the difference between the
total amounts of each FFA before and after reaction, the
amount of hydrolyzed FFA could be compared with the ini-
tial amounts present in the TAG solution to determine the per-
centage hydrolysis of the various FFA.

After separation and analysis, the remaining oil was
weighed, and fresh enzyme solution was added to restart the
hydrolysis reaction. Care was taken to compensate for any
butter oil losses that occurred during the extraction process
by maintaining the same oil-to-enzyme-solution ratio
throughout the extraction experiment.

Partition coefficient measurements. Butter oil with known
quantities of butyric, caproic, caprylic, or oleic acid was
mixed with 0.40 M sodium phosphate buffer, pH 7.0, in an
oil-to-buffer ratio of 1:4. The mixture was incubated for 1 h
in a 30°C recirculating water bath (Caron). After vortexing
the sample for 1 min, the buffer containing the FFA was sep-
arated in an ultracentrifuge (Beckman L8-70M; 10 min,
90,000 × g, 25°C). The top oil phase was then analyzed by
gas chromatography.

Gas-chromatographic analysis of FFA. Gas-chromato-
graphic analysis was performed on a Varian 6000 gas chro-
matograph (Georgetown, Ontario, Canada), connected to a
Vista 401 data system. The 2.2 m × 4 mm i.d. coiled glass col-
umn was packed with 10% Silar 9CP on Chromosorb W, AW
80/100 mesh (Chromatographic Specialties Ltd., Brockville,
Ontario, Canada). The carrier gas was high-purity N2 with a
flow rate of 20 mL min−1 (BOC gases, Guelph, Ontario,
Canada). The flame-ionization detector and injector were held
at 235 and 190°C, respectively. The oven was programmed
as follows: initial temperature, 60°C; 15°C min−1 to a final
temperature of 210°C; 210°C for 8 min.

The amount of FFA liberated by the lipase was measured
according to the method of Williams and Macgee (11) with
some modifications. About 30 mg oil, prepared as described
under “Butter oil hydrolysis and FFA extraction,” was
weighed into a 10-mL glass centrifuge tube and then brought
up to a volume of 5 mL with hexane that contained 18 µg mL−1

margaric acid (C17:0) as an internal standard. After the mix-
ture was vortexed for 15 s, 200 µL of trimethylphenylammo-
nium hydroxide (TMPH) solution was added, and the sample
was again vortexed for 15 s, then centrifuged at 7000 × g for
1 min. After the hexane phase was removed and discarded, 5
mL diethyl ether was added to remove any remaining glyc-
erides. After centrifugation, the ether was removed, and 5 mL
hexane was added and mixed on a vortex for 10–15 s. After
centrifugation at 7000 × g for 1 min, the lower phase was
ready for injection into the gas chromatograph. A 0.5–2-µL
sample, followed by 0.5 µL methyl acetate, was drawn up
into the syringe and then injected into the gas chromatograph.
AOCS No. 5 (Sigma Chemical Co., St. Louis, MO) was used
as an external standard.

RESULTS

Figure 1 shows the production time course of the principal
fatty acids during short-chain butterfat fraction hydrolysis. For
all FFA, a concentration plateau was reached at approximately
2 to 6 h. With regular butterfat, concentration plateaus were
also observed after a comparable length of time (results not
shown). However, the final plateau concentrations of the vari-
ous fatty acids were different for the short-chain and whole
butterfat fractions (Table 2). In addition, on a weight basis,
more fatty acids were produced with the short-chain butterfat
fraction. But perhaps more importantly, the ratio of desirable
(C4:0 to C8:0) to undesirable (C10:0 and C12:0) fatty acids was
much higher in the short-chain fraction (1.80) as compared to
whole butterfat (0.75). However, high levels of oleic acid
(C18:1) were produced in both samples. Because 28% of oleic
acid is found on the sn-2 position of butterfat (12), it is un-
likely that the high levels of this acid produced were simply
due to the enzyme’s 1-3-specificity. It is more likely that P.
roqueforti lipase has an affinity for this fatty acid.

To better understand the reasons why these concentration
plateaus were observed, the experiment in Figure 1 was re-
peated with different buffer types (carbonate and TRIS) and
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TABLE 1
Free Fatty Acid Composition of the Short-Chain Fraction and Whole
Butterfat

Fatty acid Short-chain fraction (wt%) Whole butterfat (wt%)

C4:0 8.25 3.10
C6:0 4.20 1.97
C8:0 2.77 1.10
C10:0 5.71 2.27
C12:0 6.42 3.24
C13:0 0.21 0.28
C14:0 16.2 11.1
C14:1 1.02 1.06
C15:0 1.49 2.88
C16:0 31.7 28.6
C16:1 1.24 1.30
C17:0 0.48 2.76
C18:0 6.72 12.8
C18:1 11.8 24.2
C18:2 1.31 2.39
C18:3 0.42 0.95



strengths (0.05, 0.2, and 0.4 M). In all experiments, results
were similar to what was observed in Figure 1. Short-chain
FFA, such as butyric acid, are water-soluble and will partition
into the aqueous phase, causing the pH to drop. This effect was
quite significant with the 0.05 M buffer solution, leading to a
final aqueous pH of 4.36. Nevertheless, the enzyme was deter-
mined to still have an initial rate that was 22% of its value at
pH 7.0. Consequently, not all of this activity loss could be at-
tributed to decreasing pH. With a 0.40 M phosphate buffer, the
pH only dropped to 5.70 at the activity plateau. At this pH, ini-
tial activity experiments indicate that the lipase should have
91% of the activity observed at pH 7.0. Our initial activity re-
sults at pH 5.70 were similar to the data supplied by the en-
zyme manufacturer (6). Therefore, it appears that, at high
buffer strength, the pH shift caused by the presence of SCFFA
only plays a minor role in lipase activity loss.

Another potential explanation for the concentration
plateaus is that high levels of FFA destabilize the P. roque-

forti lipase, leading to denaturation. A dilution experiment
with 0.40 M phosphate buffer (pH = 7.0) was performed to
determine if denaturation played a role. Once the FFA con-
centrations plateaued, an additional 10 g of butterfat was
added to the 10 g already present. Results indicated that, for
all FFA examined (Fig. 2 gives representative curves for bu-
tyric and caprylic acid), this dilution almost immediately re-
stored enzymatic activity; however, the rate of hydrolysis was
approximately one-half of the initial activity (probably a di-
rect result of the doubling of the reaction volume with the ad-
ditional substrate, and the attendant halving of product con-
centrations, rather than a real halving of enzyme). This indi-
cates that the enzyme was still quite active. Nevertheless,
hydrolysis ceased upon achieving the same FFA concentra-
tions as shown in Figure 1.

Product inhibition could also be causing the dramatic de-
crease in lipase activity. To test this hypothesis, different lev-
els of various FFA were introduced into the short-chain frac-
tion before the 0.40 M phosphate-buffered (pH = 7.0) enzyme
solution was added. The resulting effect of added FFA con-
centrations, relative to that observed without FFA addition, is
plotted in Figure 3. Low concentrations of butyric acid (<20
mg g−1) actually caused a slight increase in lipase activity.
This activation by C4:0 has been observed previously by El-
liot and Parkin (9) with lipase-catalyzed acyl-exchange reac-
tions. However, activation was not observed with the other
FFA examined, which was also true in the Elliot and Parkin
study (9). On a weight basis, both caproic and caprylic acids
inhibited lipase activity to a similar degree, whereas oleic acid
much more strongly inhibited lipase activity. Because oleic
acid has a much higher molecular weight than caproic or
caprylic acids, on a molar basis this difference in inhibitory
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TABLE 2
Plateau Concentrations and Percentage Hydrolysis of Principal Fatty
Acids After Eight Hours of Lipolysis

Fatty Short-chain fraction Whole butterfat

acids (mg/g) (%hydrolysis) (mg/g) (%hydrolysis)

C4:0 12.5 20.9 3.15 11.2
C6:0 3.21 10.2 1.23 6.86
C8:0 2.38 11.2 0.95 9.48
C10:0 3.31 3.31 1.67 8.09
C12:0 6.72 6.72 5.43 18.5
C14:0 19.6 19.6 9.53 9.48
C16:0 40.9 40.9 30.8 11.9
C18:0 9.72 9.72 13.5 11.6
C18:1 42.9 42.9 37.1 16.9

FIG. 1. Free fatty acid concentration as a function of time during hy-
drolysis of the short-chain butterfat fraction: ●●, C4:0; ●, C6:0; ▲▲, C8:0;
▲, C10:0; ▼▼, C12:0; ▼, C14:0; ■■, C16:0; ■, C18:0; ★★, C18:1.

FIG. 2. Free fatty acid concentration as a function of time during hy-
drolysis of the short chain butterfat fraction with dilution after 6 h: ●●,
C4:0; ▲▲, C8:0.



effect would be more significant. Inhibition of lipase hydrol-
ysis by FFA has been previously reported in the literature. For
example, Dunhaupt et al. (13) studied the inhibitory effect of
C8:0 to C18:1 FFA on the hydrolytic activity of a Pseudomonas
cepacia lipase in olive oil. With this lipase, inhibition was
also fatty acid-specific, with C8:0 being less inhibitory than
C18:1 on a weight basis. The concentration at which oleic acid
completely inhibited P. roqueforti lipase activity (37 mg g−1)
was slightly lower than the oleic acid plateau level (42.9 mg
g−1) observed in Figure 1. Perhaps the activation effect that
would be present with butyric acid at the plateau concentra-
tion of 12.5 mg g−1 partially counterbalanced the inhibitory
effect of the C18:1 FFA.

One method for counteracting the effect of product inhibi-
tion is to remove the inhibiting species as they are being pro-
duced. This approach has proven effective in increasing the
productivity of product-inhibited enzymatic (14) and fermen-
tation (15) reactors. A simple method for removing FFA from
the short-chain fraction would be to wash the fat with buffer
solution. To test if this method is effective, a range of concen-
trations of various FFA was first added to samples of the short-
chain fraction. Samples were first taken to obtain precise ini-
tial concentration values. These butter oil solutions were then
contacted with a known quantity of 0.40 M phosphate buffer
(pH = 7.0). After ultracentrifugation, three layers were
formed: a top oil phase, a middle emulsion phase, and a bot-
tom aqueous phase. The middle emulsion phase was typically
less than 10 vol% of the fat phase. By measuring the FFA con-
centration in the butterfat phase before and after being con-
tacted with the buffer solution, the concentration of FFA in the
buffer + emulsion phases can be determined by a mass bal-
ance. A partition coefficient ([butterfat]/[buffer + emulsion])
can then be calculated from these two concentrations.

The partition coefficient was a function of concentration
for all FFA examined (Fig. 4). However, at concentrations
above 15 mg g−1, the partition coefficient tended to plateau to
a constant value. With butyric, caproic, caprylic, and oleic
acid, plateau partition coefficient values of approximately
0.012, 0.018, 0.042, and 0.057, respectively, were observed.
Thus, the vast majority of the FFA were found in the buffer +
emulsion water phase. Because of the low solubility of many
of the longer-chain FFA in water, it is most likely that the ma-
jority of these molecules were concentrated in the emulsion
phase. Nevertheless, these results indicate that extracting 10
g of the short-chain fraction with 40 g of water would reduce
the amount of FFA by over 98%.

Figures 5 and 6 illustrate the effect of periodic extraction
of FFA on the degree of C4:0 and C8:0 hydrolysis, respectively,
in the short-chain fraction (similar results were observed for
all FFA). As observed in Figure 1, with no extraction, all FFA
concentrations reached a constant level after about 4 h; the
resulting percentage total hydrolysis was relatively low. How-
ever, if FFA were extracted once every 2 h, a substantial im-
provement in total FFA hydrolysis was noted (Figs. 5 and 6).
After 8 h, a doubling of the percentage hydrolysis was ob-
served with C4:0, whereas with C8:0, the percentage hydroly-
sis increased by a factor of 3.8.

Even greater improvement was observed when extractions
were performed once every hour. With both C4:0 and C8:0, al-
most 40% hydrolysis could be obtained in 4 h. Beyond 4 h, the
reaction began to slow significantly, perhaps due to the accu-
mulation of mono- and diglycerides that also could inhibit li-
pase activity. Unfortunately, beyond 40% conversion, emulsion
formation during extraction became significant, making it diffi-
cult to continue the experiment to higher degrees of conversion.
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FIG. 3. Relative initial activity of lipase as a function of added fatty acid
concentration: ●●, C4:0; ●, C6:0; ▲▲, C8:0; ★★, C18:1.

FIG. 4. Free fatty acid partition coefficient as a function of fatty acid
concentration: ●●, C4:0; ●, C6:0; ▲▲, C8:0; ★★, C18:1.



DISCUSSION

Results indicate that altering the fatty acid composition of the
butterfat substrate has a significant effect on the total concen-
tration of FFA produced. This is a direct result of the fact that,
on a weight or molar basis, SCFFA are less inhibitory to P.
roqueforti lipase than their long-chain counterparts. In fact,

butyric acid appears to have an activating effect on this en-
zyme at low concentrations. However, not only is the total
concentration of FFA higher when the short-chain fraction is
hydrolyzed, but the percentage of total FFA that contribute to
taste (i.e., C4:0 to C8:0) is also higher. Therefore, short-chain
butterfat fractions could potentially be used as substrates for
improved flavor development during in-situ lipase hydrolysis
in dairy products, such as cheese.

It would appear that, no matter what the substrate, the total
FFA concentration will eventually reach a plateau concentra-
tion, a result mostly due to product inhibition of the lipase en-
zyme. Consequently, if short-chain FFA are to be produced
ex-situ in a lipase reactor, our initial experiments indicate that
on-line extraction of the FFA, as they are produced, could sig-
nificantly increase system productivity. However, the method
used in this work to remove the FFA—buffer extraction—
would not be practical due to emulsion formation problems.
The loss of lipase to the aqueous phase during this extraction
also would necessitate the addition of more enzyme after each
FFA removal step, further increasing the cost of operation. A
more ingenious method would be required before a combined
hydrolysis/on-line extraction system could be implemented
on an industrial scale.
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