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We developed a novel in vitro lipase assay based on the quantitation of fatty acids by liquid
chromatography-mass spectrometry. Oleic acids enzymatically released from triolein sub-
strates were isolated from the reaction mixture by reverse-phase chromatography, ionized in
negative mode electrospray mass spectrometry and quantitated with the aid of [13C]-oleic acid
internal standard. The enzymatic activity was measured by monitoring oleic acid productions
at multiple time points. This method overcomes the substrate and pH limitations of
conventional techniques and thus serves as a generic lipase activity assay. (J Am Soc Mass
Spectrom 2007, 18, 1579–1581) © 2007 American Society for Mass Spectrometry

Lipases are ubiquitous enzymes that catalyze the
hydrolysis of triacylglycerols (TAGs), releasing
long-chain fatty acids in a site-specific manner

[1]. Lipases are involved in diverse biological processes
ranging from fat metabolism to cell signaling and
inflammation [2–4]. Lipases also serve as treatment for
disorders including pancreatic insufficiency, Celiac dis-
ease and cystic fibrosis [5–7]. In addition to their thera-
peutic uses, these enzymes have important applications in
the food, cosmetics and environmental industries [8].
Numerous assays are available for determining lipoly-
tic activity, monitoring the disappearance of TAG, or
the release of fatty acid and glycerol [9, 10]. It is notable
that in the excess of substrate, a mixture of mono-, 1,
2/1, 3 diacylglycerol and glycerol are formed, and the
enzyme has different activities towards mono-, di-, and
triacylglycerol [11]. Hence, monitoring the release of
fatty acid is the most direct approach to determine
lipase activity.
The existing methods targeting fatty acids require

radioactive- or fluorescence-labeled TAGs for detection
[12–15]. Another widely-used assay is based on the
titration of pH drop associated with fatty acid forma-
tion [16], but is restricted to higher pH levels. For these
reasons, we sought to develop a method that was
compatible with native TAG substrates in a broad pH
range. Mass spectrometry is a powerful tool for lipid
analysis [17]. Fatty acids have been characterized by gas
chromatography-mass spectrometry (GC-MS) and liq-
uid chromatography-mass spectrometry (LC-MS) [18,
19].° In° this° study,° we° investigated° the° quantitative
aspect of LC-MS for fatty acid analysis and its applica-
bility as an activity assay. We demonstrated that LC-MS

provides a simple, specific, and sensitive method for
determining lipase activity.

Materials and Methods

Materials

Triolein and oleic acid were purchased from Sigma-
Aldrich (St. Louis, MO); [13C]-oleic acid was obtained
from Spectra Stable Isotopes (Columbia, MD); HPLC-
grade water, methanol, and 1-propanol were from
Fisher (Fair Lawn, NJ). Microbial lipase was produced
by Altus Pharmaceuticals (Cambridge, MA).

Lipase Assay

Twenty mM triolein substrate solution was prepared by
dissolving triolein into a solution containing 20% Triton
X-100 and a 100 mM amino acid buffer (histidine,
glycine and glutamate) at pH 6.0; the buffer may be
adjusted to other pH levels for additional assays. To
initiate the enzymatic reaction, 0.02 �g lipase was
added to 1 mL of the substrate solution and the reaction
mixture was incubated at 37 °C with gentle agitation.
Samples of 2 �L of the reaction mixture were taken at
time points 0, 2, 5, 10, and 15 min, and diluted 500-fold
with methanol containing 10 �M [13C]-oleic acid. Oleic
acid concentrations measured by LC-MS were plotted
versus reaction time to determine activity.

Quantitation of Oleic Acid by LC-MS

Two �L of the diluted reaction mixture were injected
into a LC-MS system comprised of a capillary LC
(Agilent, Palo Alto, CA), coupled via electrospray to a
Micromass quadrupole-time-of-flight (Q-TOF) mass spec-
trometer (Waters, Milford, MA). The lipids were resolved
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on a 0.3 � 150 mm ZORBAX C18 column (Agilent) at a
flow rate of 10�L/min. The columnwas equilibratedwith
solvent A (95%methanol, 5% 1-propanol). Solvent B (20%
methanol, 80% 1-propanol) was increased from 5% to
15% at 9 min, then to 40% at 10 min until 15 min. The
mass spectra were collected in negative ion mode from
150 to 400 m/z. The capillary voltage was 2500 V, the
cone voltage was 35 V, the source temperature was
80 °C, and the collision energy was 10 V. After data
acquisition, an extracted ion chromatogram was gener-
ated for oleic acid and the internal standard at m/z of
281.25 and 299.25, respectively. Peak integration was
performed by MassLynx program (version 4.0, Waters)
and fatty acid concentrations were calculated from the
relative peak areas.

Results and Discussion

We selected triolein (2, 3-bis[{(E)-octadec-9-enoyl}oxy]
propyl (E)-octadec-9-enoate), the major component of
dietary oil, as the substrate for lipase reaction and
monitored the release of oleic acid [(Z)-octadec-9-enoic
acid]. Before the reaction, triolein was emulsified in
Triton X to ensure sample homogeneity. We reasoned
that the deprotonation of oleic acid rendered it detect-
able in negative mode mass spectrometry, whereas
triolein° and° Triton° X° should° not° ionize.° Figure° 1a
depicts the negative mode mass spectrum of equal
concentration of native and [13C]-oleic acid. The ob-
served m/z at 281.25 and 299.25 Da were in agreement
with the predicted m/z of native and [13C]-oleic acid
anions, respectively. Despite the selectivity afforded by
negative mode MS, triolein and Triton X presented in
much greater concentrations that might interfere with
fatty acid ionization. We employed a reverse phase-
gradient with methanol and 1-propanol mobile phases
to isolate oleic acid from the rest of the reaction mixture
(see°the°Methods°section).°As°shown°in°Figure°1b,°oleic
acid eluted around 6 min, slightly after the Triton X
peak, which was identified by its characteristic ion
clusters (data not shown). The intensity of the Triton X
peak was significantly lower than its positive mode
counterpart, which indicated only a fraction of Triton X
underwent deprotonation. Triolein was not detected in
negative mode electrospray-mass spectrometry (ESI-
MS). Its elution time was around 12 min, monitored as
an ammonium adduct in positive mode MS (data not
shown). These results demonstrated that the LCmethod
completely resolved oleic acid from other major com-
ponents in the assay mixture.
We then examined the linearity and sensitivity of

LC-MS quantitation. A dilution series of oleic acid
prepared in the substrate solution were mixed with
internal standards and analyzed by LC-MS. The ex-
tracted ion chromatogram peak at 281.25m/z (oleic acid)
and 299.25 m/z (internal standard) were integrated and
the peak area ratio (oleic acid/internal standard) was
plotted against the corresponding concentration ratio to
generate°a°calibration°curve.°As°shown°in°Figure°2a,°the

standard curve has a linear range extended about three
orders of magnitude, ranging from 0.5 �M to 0.2 mM.
The limit of quantitation was 1 pmol at 10:1 signal to
noise ratio, which is sufficient for most in vitro lipase
assays.
We applied this method to measure the activity of a

microbial lipase. The lipase had a low millimolar Km,
and we used 20 mM triolein to reach at least 5 Km for
the activity assay. The enzyme amount was optimized
to allow the concentration of produced fatty acid to fall
into the linear range of quantitation. We routinely
performed assays from pH 5 to pH 7; only the data from
pH 6 is shown here. Samples of �L of the reaction
mixture were taken at each time points of 0, 2, 5 10, and
15 min and diluted with methanol to terminate the
digestion (see the Methods section). We found that
methanol dilution completely abolished the enzymatic

Figure 1. Separation and detection of oleic acid by LC-MS. Oleic
acid generated from triolein was resolved from triolein and Triton
X in the reaction mixture by reverse phase LC and detected in
negative mode ESI-MS. (a) The total ion chromatography of the
reaction mixture. Oleic acid was completely resolved from Triton
X. Triolein was undetected in negative mode ESI-MS and its
eluted around 10 min, monitored by positive mode ESI-MS in a
separate experiment. (b) Negative mode ESI-MS mass spectrum of
oleic acid and [13C]-oleic acid (internal standard). Oleic acid was
detected as deprotonated ion in negative mode ESI-MS. The
observed m/z at 281.25 and 299.25 is in agreement with the
theoretical m/z.
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activity (data not shown). [13C]-oleic acid was added at
a final concentration of 10 �M and the fatty acid in the
reaction mixture was quantitated by LC-MS as de-
scribed°above.°Figure°2b°depicts°the°enzymatic°kinetic
curve generated by plotting Oleic acid concentrations
versus the reaction time. The curve reveals that the
initial velocity remained constant during the initial
phase of the reaction. At time zero, there was a certain
amount of fatty acid produced, which apparently orig-
inated from self-hydrolyzing triolein. Hence, triolein
solutions must be freshly prepared from frozen stocks
to minimize the assay background. In the case of the
experimental sample, the specific activity calculated
from the slope of the reaction curve was 22.6 mM/
min/mg (22,600 U/mg).

In the LC-MS method, the detection and quantitation
step was completely independent of the lipolytic reac-
tion. Therefore, the assay was compatible with various
detergents, substrates and pH. The internal standard
was not absolutely required, as it only afforded modest
improvement in quantitation at higher concentrations,
where the Q-TOF detector began to saturate. Mass
spectrometry instruments with greater dynamic range,
e.g., quadrupole MS, should eliminate the need for
internal standards. The method had low samples
throughout due to the noncontinuous nature. Nonethe-
less, the assay time could be shortened by reducing the
chromatography time. We believed that this assay pro-
vides a significantly improved analysis for lipase activ-
ities in a variety of biological systems.
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Figure 2. Assay the activity of lipase from microbial lipase by
LC-MS. (a) A standard curve revealed a linear detection response
from 0.5 to 200 �M. A dilution series of oleic acid were prepared
in the substrate solution containing 10 �M [13C]-oleic acid. The
peak area ratio of oleic acid versus internal standard was plotted
against the corresponding concentration ratio. The limit of quanti-
tation was 1 pmol; values are means � SE of three replicate
determinations. (b) Assay the activity of microbial lipase by quanti-
tation of oleic acid concentrations at multiple reaction time points;
0.02 �g lipase was incubated with 1 mL substrate solution at 37 °C.
At indicated time points, 2 �L of the reaction mixture was diluted
with methanol containing 10 �M internal standard, and analyzed by
LC-MS. Values are means � SE of three replicate determinations.
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