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Abstract

Previous methods for the quantitative analysis of phytosterols have usually used GC-MS and

require elaborate sample preparation including chemical derivatization. Other common methods

such as HPLC with absorbance detection do not provide information regarding the identity of the

analytes. To address the need for an assay that utilizes mass selectivity while avoiding

derivatization, a quantitative method based on LC-tandem mass spectrometry (LC-MS-MS) was

developed and validated for the measurement of six abundant dietary phytosterols and structurally

related triterpene alcohols including brassicasterol, campesterol, cycloartenol, β-sitosterol,

stigmasterol, and lupeol in edible oils. Samples were saponified, extracted with hexane and then

analyzed using reversed phase HPLC with positive ion atmospheric pressure chemical ionization

tandem mass spectrometry and selected reaction monitoring. The utility of the LC-MS-MS method

was demonstrated by analyzing 14 edible oils. All six compounds were present in at least some of

the edible oils. The most abundant phytosterol in all samples was β-sitosterol, which was highest

in corn oil at 4.35 ± 0.03 mg/g, followed by campesterol in canola oil at 1.84 ± 0.01 mg/g. The

new LC-MS-MS method for the quantitative analysis of phytosterols provides a combination of

speed, selectivity and sensitivity that exceed those of previous assays.
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Introduction

Phytosterols occur in many food plants, nuts, seeds, vegetables, and edible oils. More than

250 phytosterols have been identified in botanical sources, with β-sitosterol being the most
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commonly reported. They can exist in plants as free form, as esters with fatty acids, as

glycosides, or as acylated steryl glycosides. Other significant phytosterols and related

triterpenes in edible plants include brassicasterol, campesterol, stigmasterol, cycloartenol,

and lupeol (Figure 1) [1]. Phytosterols have been reported to exhibit anti-inflammatory,

antibacterial, antifungal, and antitumor activities [2,3]. These compounds are structurally

and biosynthetically related to cholesterol, a principle sterol in animal cells (Figure 1). Early

mechanism of action studies indicated that dietary phytosterols block intestinal absorption

and subsequent cholesterol re-secretion into chylomicrons [4]. More recently, phytosterols

were also shown to reduce intestinal cholesterol absorption by regulating several

transporters including the stimulation of trans-intestinal cholesterol excretion [5]. Although

some clinical trials have suggested that individuals with elevatedlow-density lipoproteins

and high cardiovascular disease risk might benefit from consuming dietary supplements or

foods rich in phytosterols, other studies indicate that dietary phytosterols do not reduce the

risks of cardiovascular disease [1,4-8]. Nevertheless, phytosterols remain an option for the

management of serum cholesterol for those concerned about the side effects of statins [9,10].

The most popular technique for the analysis of phytosterols has been gas chromatography

with flame ionization or mass spectrometric (MS) detection, and gas chromatography with

flame ionization has usually been used to analyze only desmethylsterols such as β-sitosterol,

campesterol and stimasterol [11-14]. However, gas chromatographic methods require labor-

intensive sample preparation including chemical derivatization before analysis [15]. As an

alternative to gas chromatography, normal-phase and reverse-phase high performance-liquid

chromatography (HPLC) have been used for the separation of underivatized phytosterols

coupled with detectors such as photodiode array absorbance, evaporative light scattering and

mass spectrometry [16-21]. Due to the structural similarity of phytosterols, long HPLC

separations (up to 80 min) are often required to resolve these compounds [20]. However, the

selectivity of tandem mass spectrometric (MS-MS) detection can facilitate quantitative

analysis of overlapping peaks and thereby allow shorter (although incomplete)

chromatographic runs. Nevertheless, few LC-MS-MS methods have been reported that

achieve separation of major phytosterols within 15 min [22]. To address the need for fast

and selective quantitative analysis of phytosterols in edible oils, a method was developed

and validated that is based on an LC-MS-MS assay with a total run time of only 4 min. The

method was applied to the analysis of 14 edible oils for levels of 6 common dietary

phytosterols and related triterpene alcohols, including β-sitosterol, campesterol,

brassicasterol, stigmasterol, cycloartenol, and lupeol.

Materials and Methods

Reagents and chemicals

HPLC-grade methanol, acetonitrile, n-hexane, and isopropanol were purchased from

Thermo Fisher (Hanover Park, IL). Purified water was prepared by using a Millipore

(Billerica, MA) Milli-Q purification system. Ethanol and potassium hydroxide as well as the

standards brassicasterol (>98%), campesterol (≥97%), cycloartenol (≥90%), β-sitosterol

(≥95%), stigmasterol (≥97%), and lupeol (≥94%) were purchased from Sigma-Aldrich (St.

Louis, MO). [2,2,3,4,4,6-d6]-Cholesterol (97-98%) was purchased from Cambridge Isotope
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Laboratories (Andover, MA) for use as an internal standard. Samples of edible oils were

purchased from commercial sources as indicated in Table 1.

Sample preparation

The extraction procedure of Bedner, et al. [20] was modified and used for sample

preparation. Briefly, 20 mg of edible oil was spiked with 10 μL of internal standard [d6]-

cholesterol (250 μg/mL in isopropanol) and then saponified in 2 mL of 2 M ethanolic KOH

at 80 °C for 60 min. Deionized water (2 mL) and 3 mL of n-hexane were added, and the

mixture was vortex mixed for 1 min. After centrifugation at 3000×g and 4 °C for 5 min, the

upper hexane layer was collected, and the extraction process was repeated twice more. The

hexane extracts were combined and evaporated to dryness. The residue was reconstituted in

2 mL of isopropanol for analysis using LC-MS-MS.

LC-MS-MS measurement of phytosterols

LC-MS-MS analysis of phytosterols in the saponified extracts of edible oils was carried out

using an Applied Biosystems (Foster City, CA) API 4000 triple quadrupole mass

spectrometer equipped with positive ion atmospheric pressure chemical ionization (APCI), a

Shimadzu (Columbia, MD) Prominence HPLC system and an Agilent (Santa Clara, CA)

Zorbax XDB-C18 column (2.1 × 50 mm, 5 μm). An isocratic mobile phase of acetonitrile/

methanol (99:1, v/v) was used at a flow rate of 600 μL/min, and the injection volume was 3

μL. Positive ion APCI tandem mass spectrometric analysis was carried out with collision-

induced dissociation and selective reaction monitoring (SRM). The ion source temperature

was 300 °C, the corona current was 4 μA, and the declustering potential was 75 V. Data

were acquired and analyzed using Analyst 1.5 software.

Calibration curves

Stock solutions of standard compounds were prepared by dissolving each compound at

1.000 mg/mL in isopropanol. Working solutions with concentrations of 0.001, 0.010, 0.025,

0.250, 0.500, 1.000, 5.000, 10.000, 25.000, and 50.000 μg/mL were prepared by diluting the

stock solutions of standards with isopropanol. A working solution of the internal standard

was prepared at a concentration of 250 μg/mL in isopropanol. Aliquots (200 μL each) of

standard working solution and 10 μL internal standard working solution were mixed with 2

mL of 2 M ethanolic KOH (note that no blank matrix was available), extracted using the

sample preparation method described above, reconstituted in 200 μL isopropanol and then

analyzed using LC-MS-MS for the preparation of calibration curves and the determination

of linearity, limit of detection (LOD) and lower limit of quantitation (LLOQ).

Recovery

[d6]-Cholesterol at concentrations of 1.25, 12.5 and 50.0 μg/mL was spiked into corn oil and

then extracted as described above to assess the recovery of the method.

Detection limit and linearity

Standard curves were constructed by plotting the peak area ratio of each standard and

internal standard against the expected concentrations of the calibration standards. A 1/x

Mo et al. Page 3

Lipids. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



weighting factor was used. The limit of detection and the lower limit of quantification were

defined as the concentrations with signal-to-noise ratios of 3 and 10, respectively. The linear

range was investigated up to an analyte concentration of 50 μg/mL.

Results and Discussion

LC-MS-MS measurement of phytosterols

Since phytosterols are highly lipophilic, APCI provided higher sensitivity than did

electrospray, and no derivatization was required. Consistent with Cañabate-Díaz and

coworkers [23], positive ion APCI provided higher sensitivity than did negative ion mode

and was therefore used for all measurements. The base peak of each positive ion APCI mass

spectrum (Figure 2) corresponded to the loss of a water molecule from the protonated

phytosterol, which is consistent with the literature [18,19,22,23]. Therefore, this ion was

used as the precursor for product ion tandem mass spectrometry (Figure 2) and SRM.

An abundant product ion of each [M+H-H2O]+ precursor was selected and optimized as the

quantifier for SRM. The proposed structures of these precursor and product ions are shown

in Figure 3. Most fragment ions selected for SRM were formed by cleavage of the steroid C-

ring (Figures 2 and 3) with the exceptions of brassicasterol and stigmasterol, which

eliminated 84 and 98 mass units from the C17 side chain, respectively, to form more

abundant product ions of m/z 297 (Figure 4). An ion of m/z 161, corresponding to cleavage

of the C-rings of brassicasterol and stigmasterol was detected, but at lower abundance than

the ion of m/z 297. The following SRM transitions were used for optimum sensitivity and

selectivity for quantitative analysis: m/z 381 to m/z 297 for brassicasterol, m/z 383 to m/z

161 for campesterol, m/z 409 to m/z 191 for cycloartenol, m/z 397 to m/z 161 for β-sitosterol,

m/z 395 to m/z 297 for stigmasterol, m/z 409 to m/z 137 for lupeol, and m/z 375 to m/z 167

for the internal standard, [d6]-cholesterol. The optimized collision energies for collision-

induced dissociation were 30 V for β-sitosterol, campesterol and lupeol, 24 V for

brassicasterol and stigmasterol, 21 V for cycloartenol, and 27 V for [d6]-cholesterol.

As shown in Figure 5, the LC-MS-MS analysis of all 7 phytosterols and other triterpenes

was complete within 4 min. Because isocratic instead of gradient separation was used, no

column re-equilibration was required between analyses. Baseline separation was obtained

for some of the analytes, but brassicasterol (tR 1.9 min) and cycloartenol (tR 2.1 min), as

well as campesterol (tR 2.3 min) and stigmasterol (tR 2.4 min), were only partially resolved

from each other. However, the high selectivity of MS-MS SRM detection facilitated the

quantitative analysis of these partially co-eluting compounds without cross-interference.

Calibration curve, linearity and detection limits

Calibration curves were obtained for each standard with good linearity (r2 > 0.99) over the

concentration range 1 ng/mL to 50 μg/mL The LOD values ranged from 2 ng/mL to 25

ng/mL for each phytosterol, and the LLOQ values were from 10 ng/mL to 100 ng/mL (Table

2).
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Recovery

The recovery of each analyte was evaluated by comparing the concentration of three

replicates of low, medium and high concentrations (1.25, 12.50, and 50.0 μg/mL) of [d6]-

cholesterol spiked into corn oil before and after extraction. The recoveries of [d6]-

cholesterol from corn oil were 100 ± 5.1%, 111 ± 4.6% and 104 ± 6.0%, respectively.

Therefore, there was no concern regarding the efficiency of phytosterol recovery from edible

oil.

Quantification of phytosterols in edible oils

Phytosterols and related triterpenes in 14 edible oils were quantified using the new LC-MS-

MS method. A major dietary source of phytosterols, edible oils were found to contain

substantial levels of all 6 analytes (Table 1 and Figure 6). β-Sitosterol was the most

abundant phytosterol in each of the edible oils with levels ranging from a minimum of 472

μg/g in hazelnut oil to a maximum of 4.35 mg/g in corn oil. In addition to high β-sitosterol,

levels of campesterol and stigmasterol were also high in corn oil. Canola oil contained the

second highest level of β-sitosterol and the highest levels of campesterol (1.84 mg/g) and

brassicasterol (488 μg/g) compared with other edible oils (Figure 6). Most of the 6 analytes

were present in all of the edible oils, but some, like lupeol (<45 μg/g in all oils), were

detected at only low levels in some oils (Table 1). Lupeol has been proposed as a marker

compound for the detection olive oil that has been adulterated with less expensive oils, such

as hazelnut oil. The presence of lupeol in the olive oil sample used in this study suggests that

it had been diluted with one or more other oils (Table 1).

Several unknown physterols or related compounds were detected at low abundance during

the LC-MS-MS SRM analysis of the edible oils. For example in canola oil, an isomer of

stigmaterol was detected eluting at ∼2.4 min (Figure 6) that might correspond to

avenasterol. A possible isomer of brassicasterol was observed eluting at 1.7 min, and several

compounds that might include 24-methylene-cycloartenol were detected eluting just before

or after cycloartenol (Figure 6). By preparing additional standard curves and in some cases

including additional SRM transitions during LC-MS-MS, this method can be extended to

include additional phytosterols such as avenasterol or cholesterol.

Comparison with existing methods

Among the analytical methods reported for the quantitative analysis of phytosterols in

botanical oils and other edible matrices, GC-MS of silylated phytosterols is more popular

than GC-flame ionization detection or HPLC-UV [24]. This popularity is due, at least in

part, to the higher selectivity and/or sensitivity of mass spectrometry-based detection.

Following extraction and derivatization, GC-MS separations of phytosterol derivatives

require 18 min or more, and LLOQ values only as low as 100 ng/mL have been reported

[25]. Besides eliminating the need for phytosterol derivatization, our LC-MS-MS separation

requires only 4 min per analysis and has LLOQ values ranging from 10 ng/mL to 100 ng/mL

(Table 2).

Several approaches based on electrospray mass spectrometry have been reported for the

quantitiative analysis of phytosterols in edible oils and serum. For example, Wewer, et al.
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[26] used electrospray mass spectrometry without chromatographic separation to measure

phytosterols in plant extracts after derivatization with N-chlorobetainyl chloride. However,

isomeric phytosterols such as cycloartenol and lupeol cannot be distinguished using this

approach or any phytosterols that produce ions isomeric with matrix constituents. Honda, et

al. [27] used electrospray LC-MS-MS to measure phytosterols extracted from serum and

then derivatized them to picolinyl esters. This approach used a 40 min chromatographic

separation.

Unlike electrospray, APCI mass spectrometry-based assays of phytosterols have been

reported that do not require derivatization. Lu, et al. [28] used UHPLC-MS with APCI to

analyze 10 phytosterols. Although UHPLC was used, the chromatographic separation still

required 30 min, and the single stage MS was used instead of tandem mass spectrometry.

Mendiara, et al. [29] used LC-MS with APCI but no MS-MS with a 20-min cycle time

between analyses, and Zarrouk, et al. [19] used APCI LC-MS-MS with a 65-min separation.

In perhaps the only application of atmospheric pressure photoionization LC-MS-MS to the

analysis of phytosterols to date, Lembcke, et al. [22] measured 4 phytosterols in human

serum but not edible oils. A gradient HPLC separation was used that required only 10-min

per run.

In conclusion, we have developed a fast method based on LC-MS-MS for the quantitative

analysis of 6 phytosterols and triterpene alcohols in edible oils. The utility of our new

method was demonstrated in the quantitative analysis of 6 phytosterols in edible oils from

14 botanicals. To the best of our knowledge, the presence of lupeol in almond oil has not

been reported previously, and this finding should be verified by additional studies. Our

method requires no sample derivatization and utilizes tandem mass spectrometry with SRM

for high sensitivity and high selectivity. Finally, each LC-MS-MS analysis requires only 4

min.
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Figure 1.
Chemical structures of the phytosterols and related triterpenes measured using LC-MS-MS

including the internal standard [d6]-cholesterol.
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Figure 2.
(A) Positive ion APCI mass spectrum of cycloartenol. Note that the most abundant

cycloartenol ion of m/z 409, corresponding to [MH-H2O]+, was used as the precursor ion for

selected reaction monitoring and that the abundance of this ion was optimized for SRM. (B)

Positive ion APCI product ion tandem mass spectrum of the [MH-H2O]+ ion (m/z 409) of

cycloartenol. The abundant fragment ion of m/z 191 was used as the product ion for SRM.
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Figure 3.
Proposed structures of precursor ions and product ions used during selected reaction

monitoring (SRM) LC-MS-MS of phytosterols and related triterpene alcohols.
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Figure 4.
Positive ion APCI product ion tandem mass spectra of the [MH-H2O]+ions of (A)

brassicasterol (m/z 381); and (B) stigmasterol (m/z 395). The abundant fragment of m/z 297,

which was observed in the tandem mass spectra of both phytosterols, was used as the

product ion for SRM.
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Figure 5.
LC-MS-MS analysis of a mixture of phytosterol and related triterpene standards at 5 μg/mL

each. The chromatograms were obtained using positive ion APCI, collision-induced

dissociation and SRM of the [MH-H2O]+ ions of each analyte.

Mo et al. Page 13

Lipids. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Positive ion APCI LC-MS-MS SRM chromatograms of phytosterols in canola oil. Lupeol

(not shown) was below the limit of quantitation.
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