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A B S T R A C T   

Phytosterols are essential structural components of plant cell membranes and possess health-related benefits, 
including lowering blood cholesterol levels in humans. Numerous analytical methods are being used to profile 
plant and animal sterols. Chromatography hyphenated to tandem mass spectrometry, is a better option due to its 
specificity, selectivity, and sensitivity. An ultra-performance supercritical fluid chromatography hyphenated with 
atmospheric pressure chemical ionization (APCI) tandem mass spectrometric method was developed and eval
uated for fingerprint analysis of seven phytosterols. Mass spectrometry fragmentation behavior was used for 
phytosterol identification, and multiple reaction monitoring scanning was utilized for phytosterol confirmation, 
where APCI outperformed superiority in terms of ion intensity, particularly in the production of [M + H-H2O]+

ions rather than [M + H]+ ions. The chromatographic conditions were thoroughly evaluated, and the ionization 
parameters were optimized as well. In a 3 min. run, the seven phytosterols were separated concurrently. The 
calibration and repeatability tests were conducted to check the instrument’s performance, and the results 
indicated that all of the phytosterols tested had correlation coefficients (r2) greater than 0.9911 over the con
centration range of 5–5000 ng/mL. The limit of quantification was below 20 ng/mL for all the tested analytes 
except for stigmasterol and campesterol. The partially validated method was applied for the evaluation of 
phytosterols in pure coconut oil and palm oil in order to demonstrate its applicability. Total sterols in coconut 
and palm oils were 126.77 ng/mL and 101.73 ng/mL, respectively. In comparison to earlier methods of 
phytosterol analysis, the novel method offers a far faster, more sensitive, and more selective analytical process.   

1. Introduction 

Over the last decades a number of analytical methods has been 
developed for profiling plant and animal sterols [1]. Chromatography 
hyphenated to tandem mass spectrometry as a general system is the most 
widely used option for analyzing phytosterols (PS) due to its specificity, 
selectivity and sensitivity [1,2]. Despite all the progress in the field, the 
current methods do not offer sufficient separation, accuracy and effi
ciency prompting the exploration of developing an analytical method 
using ultra performance supercritical fluid chromatography hyphenated 
with atmospheric pressure chemical ionization tandem mass spectrom
etry (UPSFC- APCI MS/MS). 

PS (Fig. 1) are naturally occurring steroid alcohols found in a wide 
range of plants. The physicochemical characteristics of PS and 

cholesterol are comparable because their structures are similar [2]. 
Plant sterols can be divided according to its structure and its biosyn
thesis as 4-desmethyl sterols, 4α-monomethyl sterols and 4,4-dimethyl 
sterols. The 4,4-dimethyl sterols and 4α-methyl sterols are plant sterol 
precursors and they exist at lower levels than the terminal products 4- 
desmethyl sterols. More than 200 PS have been documented due to 
differences in substitution on the side chains of C-4 and C-24. Campes
terol, stigmasterol, β-sitosterol, and brassicasterol are PS having four 
ring structures with C-17 side chains [1]. In nature, the amount of PS 
varies greatly across various portions of the plant. Phytosterols can be 
found in plants’ oils, nuts, beans, and seeds and their amount and 
composition vary depending on the plant type. The vast majority of PS 
are unsaturated, and fully saturated PS called stanols are present in 
much lower concentrations compared to unsaturated PS. Moreover, PS 
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seems to be present in the free form as well as ester forms with fatty acids 
or with sugars (glycosides) [1–3]. 

PS’s ability to reduce cholesterol is widely documented. Various 
methods have been proposed to explain PS’s cholesterol-lowering effect. 
These substances have been discovered to compete with dietary and 
biliary cholesterol for micellar solubilization in the intestinal lumen, 
hence inhibiting intestinal cholesterol absorption. Yet, it has been shown 
that those at high risk of heart disease may benefit from PS-rich tablets 

or meals. A daily consumption of 2 g of PS has been proven to suc
cessfully lower LDL-cholesterol by 10%, which has been shown to 
reduce the risk of coronary heart disease by 10–20%. In fact, dietary 
sterols may lower the risk of developing a number of common tumors, 
including breast, colon, and prostate cancer [4–6]. It was also suggested 
that the phytosterols may have a significant impact on neurodegenera
tive diseases depending on the nature, concentrations [7,8]. Therefore, 
the public has become more health-conscious, pushing the demand for 

Fig. 1. Chemical structures of phytosterols and representation of the precursor ions and product ions generated from each targeted phytosterol.  
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natural bioactive components over their artificial equivalents and as a 
result, the use of natural ingredients as food additives like PS are 
preferred. Regardless of the source of the bioactive substances, identi
fication and quantification necessitate a fast, simple, and sensitive 
analytical approach. 

Analytical processes involving sample preparation, separation, and 
quantifying PS in complex mixtures are indispensable in modern-day 
analysis. Each step is crucial to enriching, correcting, and providing 
informative results. Sample preparation techniques, type of internal 
standards, PS concentration, separation methods and conditions all in
fluence the detection of PS [9–11]. 

Phytosterols have conventionally been determined using gas chro
matography (GC) with a flame ionization detector (FID) or mass spec
trometry (MS). Yet, in GC, analyte derivatization is frequently essential 
to increase analyte volatility, thermal stability, and sensitivity. GC is 
difficult, requiring lengthy sample preparation time and run times, and 
is not suited for routine analysis despite its separation capacity, 
including the ability to resolve structural isomers [12,13]. Liquid 
chromatography-mass spectrometry (LC-MS) has been used to avoid 
derivatization [3,13]. Liquid chromatography-tandem mass spectrom
etry (LC-MS/MS) has been used to overcome the disadvantages of GC-EI- 
MS/MS with single ion monitoring (SIM), where the parent ion is left 
due to the hard ionization used in GC analysis. The LC methods typically 
offer only marginal resolution and insufficient selectivity for most of the 
PS due to similarities in the sterol structure [14]. Moreover, hydro
phobic PS generally separates by normal-phase liquid chromatography 
or reversed-phase chromatography with or without derivatization. 
Phytosterols ionize better with APCI, according to earlier studies of 
underivatized PS and a comparison of the efficiency of APCI against ESI 
[3,15]. Simultaneously, it has been observed that the majority of LC 
methods have limitations such as the use of toxic organic solvents, long 
chromatographic runs, and limited selectivity such as co-eluting peaks. 
It is difficult to separate PS in fast chromatographic runs due to their 
identical chemical and structural features, is one of the key challenges in 
the PS analysis by GC or LC-MS/MS [1,3]. Supercritical fluid chroma
tography with packed columns was first employed as an alternate sep
aration method to LC or GC analysis in the early 1990 s. Supercritical 
CO2 (scCO2; CO2 above its critical temperature and pressure) has 
recently been utilized as the nonpolar mobile phase A, however the 
second mobile phase (B) must be a polar organic solvent such as 
methanol with polar additives (acid and/or base) to get greater resolu
tion for apolar PS [15,16]. Consequently, SFC is a complementary, 
orthogonal separation technology that is taking its place alongside of LC 
and GC, since it has shown to be quite effective in separating efficiency 
results in unparalleled versatility and selectivity [15,16]. 

Therefore, SFC-MS/MS is ideal for separating analytes with similar 
structures like PS. The purpose of this research was to develop and 
partially validate inhouse SFC-MS/MS method for quantifying seven PS, 
namely, brassicasterol, campesterol, stigmasterol, β-sitosterol, δ-5-ave
nasterol, cycloartenol and lupeol. Consequently, the SFC-MS/MS en
ables the use of fingerprint analysis of PS in domestically extracted pure 
coconut oil and freshly milled palm oil samples obtained from a Sri 
Lankan mill. 

2. Materials and methods 

2.1. Reagents and chemicals 

The sterols standards, stigmasterol, brassicasterol, β-sitosterol, δ-5- 
avenasterol and campesterol were purchased from Larodan AB, Stock
holm, Sweden. The lupeol, cycloartenol, and butylated hydroxyl toluene 
(BHT) were purchased from Merck AB (Stockholm, Sweden). Ultrapure 
water (18.2 MΩ.cm) was generated from Milli-Q purification system 
(Millipore, Bedford, MA, USA). The highest purity solvents and chem
icals were bought from Fisher Scientific (Göteborg, Sweden). All the 
solvents were LC-MS grade and from Fisher Scientific (Göteborg, 

Sweden), unless otherwise stated. The coconut oil sample (100%) was 
homemade using coconut obtained from a domestic garden in Kur
unegala, Sri Lanka. The unadulterated palm oil sample was obtained 
directly from a mill in Kaluthara, Sri Lanka. 

2.2. Preparation of standard solutions 

Stock solutions of 1 mg/mL were prepared for all compounds in 
methanol with butylated hydroxytoluene (BHT, to prevent spontaneous 
oxidation). The prepared solutions were stored at − 80 ◦C until further 
analysis. 

2.3. Method validation 

Linearity, accuracy, stability, precision, limit of detection (LOD), 
limit of quantification (LOQ) and recovery were determined for all seven 
PS. The validation was carried out according to the European Medicines 
Agency guidelines (EMA) on bioanalytical method validation [17,18]. 
Linearity was determined by standard curves with seven different con
centrations (n = 4) of each PS analyte. The concentrations of the solu
tions were in the range of 5 to 5000 ng/mL. These ranges were selected 
after consideration of published data for the sterols in authenticated oil. 
To each sample, 150 µL of the (200 ng/mL) internal standard was added. 
The peak area ratio (analyte/IS) of each PS was plotted against the 
corresponding concentrations. The linearity was evaluated by using 
linear regression with 1/x2 weights. 

Accuracy and precision were calculated as bias (subtraction of the 
actual concentration from the measured concentration, reported as a 
percentage of the actual concentration) and coefficient of variance (CV 
%), respectively. Inter-day accuracy and the intra-day accuracy were 
estimated. Intra-day accuracy and precision were determined by ana
lysing six oil samples spiked at three different concentrations of analytes 
and on the same day. The inter-day accuracy and precision were 
calculated as the triplicate analysis of spiked samples with above 
mentioned concentrations on five consecutive days, samples were stored 
at − 20 ◦C. The concentration in each sample was calculated using the 
calibration curve. Acceptable limits for both accuracy and precision 
should not exceed ± 20% for the lower level and not exceed ± 15% for 
the medium and high levels. Two types of stability were tested as auto- 
sampler stability and freeze–thaw stability. For the auto-sampler sta
bility, the samples were analyzed immediately (0 h) and then after being 
stored in auto-sampler (at 8 ◦C) for 24 h. For the freeze thaw stability, 
the samples were stored at − 20 ◦C overnight and analyzed in the 
morning of the following day. 

In the current study, LOD and LOQ were determined as the lowest 
concentration that provided a signal-to-noise ratio (S/N) greater than 3 
and 10, respectively, by repeated injection (n = 6) with RSD of replicates 
below 15%. 

Absolute recovery was assessed by comparing the peak area ratio 
(analyte/IS) of extracted samples (n = 6) spiked at three different con
centrations (low, medium and high) with un-extracted standard solu
tions in methanol, which represents 100% recovery. Matrix effect was 
assessed by comparing the peak area response of each phytosterol and IS 
from the post extraction spiked sample and the peak area response of 
standard analyte solution at the same concentration (n = 6). 

2.4. Sample preparation 

2.4.1. Extraction of free phytosterols 
Samples of palm oil and coconut oil were weighed (about 1–3 mg) 

and dissolved in 500 µL of heptane. Each sample was received 150 µL of 
200 ng/mL internal standard (19-OH cholesterol). The samples were 
vortexed for 10 min before being centrifuged at 15,000 g for 5 min at 
room temperature. The supernatant was collected and the procedure 
was repeated once again. Extracted lipid samples were dried under 
gentle stream of nitrogen and samples were re-constituted in 100 µL of 
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methanol. 

2.4.2. Extraction of total phytosterols 
The total sterols were obtained by hydrolysing bound PS (e.g. 

esterified PS). Briefly, every oil sample was measured (app.1–3 mg) and 
100 µL of 3 M KOH was added. Oil samples were vortexed for 3 min. 
before being immersed in a water bath (100 ◦C) for 60 min. The samples 
were immediately kept under running cold water after incubation, fol
lowed by the addition of 200 µL of 3 M HCl before UPSFC-MS/MS 
analysis of PS. 

2.4.3. Analysis of phytosterols by ultra-performance supercritical fluid 
chromatography-tandem mass spectrometry 

The analysis was performed by ultra-performance supercritical fluid 
chromatography–tandem mass spectrometry (UPSFC-MS/MS) on an 
Acquity UPC2 (Waters Corporation, Milford, USA) system coupled to a 
Xevo TQ-S triple quadrupole mass spectrometer (Waters, Milford, USA). 
The UPSFC system was equipped with a binary solvent delivery pump, 
an auto sampler, a column oven, and a backpressure regulator. The 
UPSFC was connected to the mass spectrometer by the commercial 
interface kit (Waters) consisting of two T-pieces enabling the back
pressure control and post column infusion with a make-up solvent. 

The column selectivity was evaluated using three distinct stationary 
phases: BEH, BEH 2-EP, FP, 1-AA, DIOL, PIC and HSS C18 SB (3.0 mm ×
100 mm, 1.7 µm) (Waters, Milford, USA). The baseline separation of the 
seven PS was achieved using the BEH column. The column was kept at 
40 ◦C and at a mobile phase flow rate of 1.6 mL/min. The gradient 
program started with 98% A (CO2) and 2% B (5 mM ammonium formate 
in methanol), linearly increased to 20% B over 3 min, followed by a 
linear gradient down to 2% B over 1 min. The back pressure was set to 
13.8 MPa and the injection volume was 2 μL. 

Mass spectrometric detection was performed using APCI in the pos
itive ionisation mode with a capillary voltage of 3.1 kV, cone voltage of 
25 V, and source offset of 25 V. The source temperature was fixed at 
150 ◦C, while the desolvation temperature was kept at 450 ◦C. Nitrogen 
was used for desolvation and argon (0.2 mL/min) was used for collision. 
The desolvation gas flow was kept at 650 L/h and the cone gas flow was 
kept at 150 L/h. The gas flow in the nebulizer was set at 7.0 bar. Based 
on the product ion scan of each PS, the optimal collision energy was 
determined. The m/z 100–600 range was chosen as the data gathering 
range. Using IntelliStartTM in direct infusion mode, standard PS solu
tions at 1 µg/mL were delivered to the source at a rate of 10 µL/min. In 
MS and MS/MS modes, mass spectra for each analyte were acquired. 
Individual analysis of the standard PS was used to confirm MS/MS 
conditions and procedure. The individual PS (1 µg/mL) was directly 
infused in the system and the scan spectra were acquired in positive 
mode using both ESI and APCI techniques. The measurement was done 
using a multiple reaction monitoring (MRM) method, with collision 
energy and scan dwell time adjusted as shown in Table 1. The Quanti
fication of PS was performed using the corresponding internal standard. 
Waters MassLynxTM 4.1 software was used to collect, analyse, and pro
cess data by using TargetLynx (Waters, Milford, USA). 

2.5. Statistical analysis 

The triplicate data of the coconut oil and palm oil samples were 
subjected to a one-way ANOVA using the MINITAB version 19. 

3. Results and discussion 

We have developed and partially validated an UPSFC-MS/MS) assay 
for detection of PS in oil as a part of our ongoing research on the 
detection of coconut oil adulteration in commercially available coconut 
oil samples. The developed method is a sensitive, selective and high- 
throughput method for separation of seven PS (Fig. 3). This innovative 
approach successfully reduced the PS analytical time to 3 min, avoiding 

time-consuming derivatization. Multiple reaction monitoring (MRM) 
was used to separate the analytes chromatographically, enabling iden
tification and quantification, with a 19 hydroxy cholesterol acting as the 
internal reference (Table 1). Special emphasis was given to optimizing 
the extraction step in order to obtain quantitative and reproducible re
covery for the analytes. In the current method, a simple liquid–liquid 
extraction was used without any further cleaning or enrichment proce
dures (see method section). The method was developed and proven to 
determine the amount of PS in samples of coconut and palm oil. To the 
best of our knowledge, no study on PS analysis using UPSFC-MS/MS has 
been published. Additionally, the present method increased the perfor
mance for the first time by cutting down on sample preparation and 
chromatographic run times. 

3.1. Phytosterols Ionization-MS/MS 

The targeted analysis of seven PS (Fig. 1) was performed using a 
tandem mass spectrometer with two distinct soft ionization methods; 
(APCI) and (ESI) in positive mode (+ve). The work starts with the 
investigation of the ionization behavior of seven authentic PS by using 
direct infusion. Analysis revealed that both ionization sources generated 
[M + H - H2O]+ ion with extremely intense signal in all PS. This was due 
to losing a water molecule from the protonated species [3,19,20]. As an 
example, mass spectrometric analysis of β-sitosterol (M = 414.71 g/mol) 
showed a base peak at m/z 397.37 corresponding to [414.71 + H – 
H2O]+. Nevertheless, APCI was shown to be more effective than ESI, and 
unlike ESI, the ionization behavior of PS with APCI is consistent. During 
the direct infusion of PS, minor ions such as [M + H − 2H]+ and [M + H- 
4H]+ were formed in addition to the base ion. The brassicasterol [M +
H-H2O]+ ion, for example, is at m/z 381 and also ionizes to [M + H −
4H]+ at m/z 395. The ionization technique using APCI for PS was similar 
to the previously reported studies [3,19,20]. The base [M + H − H2O]+

ion was chosen as the precursor ion in the MRM mode for all tested PS. 
The Cleavage of the phytosterols’ C-ring produced the majority of the 
product ions, and the C17 side chain also played an important role in the 
formation of minor fragments. Despite the development of a generic MS/ 
MS fragmentation pattern for PS, relative abundance of the product ions 
within specific PS that are connected to the side chain double bond 
position has been observed during the present study (Fig. 1). The MRM 
transitions investigated for each PS conformed to the published data 
(Table 1) [3,20]. These findings would suggest that APCI is a suitable 
ionization source for the study of PS. 

3.2. Selection of stationary phase and separation of phytosterols 

The retention behavior of a wide variety of SFC stationary phases 

Table 1 
The precursor ion, product ions, cone voltage (CV), collision energy (CE), and 
dwell time of targeted phytosterols including the internal standard.  

Analyte Precursor ion 
(m/z) 

Product ion 
(m/z) 

CV 
(V) 

CE 
(eV) 

Dwell 
time (S) 

Brassicasterol  381.40 147.1, 
297.1, 84.0* 

40 25  0.020 

Campesterol  383.40 147.1, 161.1 40 22  0.020 
Stigmasterol  395.40 83.2, 297.4, 

98.0 
50 25  0.020 

β-sitosterol  397.40 134.9, 161.2 50 20  0.020 
δ-5-avenasterol  395.40 81.1, 109.0 45 30  0.020 
Lupeol  409.72 94.8, 109.3, 

137.0 
50 25  0.020 

Cycloartenol  409.72 95.3, 190.8 50 25  0.020 
19-OH 

cholesterol  
367.10 159.0 40 18  0.020 

Cholesterol  369.30 161.1, 147.1 50 20  0.020  

* The numbers in bold indicates the selected product ion (MRM) for 
quantification. 
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was compared in the present study. The most important parameter 
influencing the retention of the analytes was the chemistry of the sta
tionary phase. In spite of the fair availability of different SFC columns 
with known chemistry of the stationary phases, selecting the best col
umn for the method development still remains challenging [21,22]. In 
this study, the tested columns have been mentioned in the method 
section and the chemistry of the selected stationary phases is shown in 
Fig. 2. In general, different stationary phases can be tested with gradient 
elution of supercritical CO2 (scCO2) as the primary mobile phase, which 
is similar polarity to hexane and MeOH as the secondary mobile phase to 
assess the selectivity and retention time of any PS. 

The stationary phase selection was based on several steps. The 
generic screening of the column begins with MeOH using six stationary 
phases. The secondary mobile phase, methanol is often the most com
mon solvent present in supercritical fluid chromatography and it pro
vides a lower density and surface tension for the mobile phase. To 
increase the selectivity of the mobile phase, several gradient programs 
were tested at in the second step. In the third step, the effect of flow rate, 
backpressure, and column temperature (25 ◦C, 30 ◦C, 40 ◦C and 50 ◦C) 
on selectivity and retention time was investigated. The retention time 
and peak shape remained almost same at 30 ◦C and 40 ◦C. However, at 
40 ◦C the intensity of the signals was higher when compared to that of 
30 ◦C. In order to reduce the separation time, the gradient algorithm was 
lastly fine-tuned with different mobile phase additives. The several 
gradient elution programs and additives were tested to improve the peak 
shape and separation of the analytes. The concentrations of ammonium 
formate and ammonium acetate in MeOH were examined at three 
distinct concentration levels: 5 mM, 10 mM, and 20 mM. The 5 mM of 
ammonium formate in MeOH produced the maximum signal intensity. 
The low concentrations of additives in the co-solvent can increase the 
solubility of analytes and provides coverage of the active sites which 
results in improved peak shapes and higher mass spectrometric sensi
tivity. After stationary phase screening for PS, the best overall 

separations were obtained with the BEH column, providing highest 
retention factor for targeted seven PS following normal-phase chroma
tography. The retention times of PS on different columns exhibit typical 
phase behavior, with an overall difference in retention time depending 
on the molecular weight and polarity of the PS and the position of the 
double bond in the side chain. In fact, the elution order clearly reflected 
analyte hydrophobicity (Fig. 3). 

The earliest and latest eluting PS were lupeol/cycloartenol and 
stigmasterol/δ-5-avenasterol, respectively, the most non-polar and polar 
PS. All other detected PS eluted between these two extremes (Fig. 3). As 
a result, molecules with the same molecular weight and isobaric nature 
cannot be separated by chromatography and MS detection. Tandem MS 
based collision induced dissociation only results in non-specific frag
mentations. Thereby, high selectivity of MRM transitions facilitated the 
quantitative analysis of these co-eluting analytes without cross- 
interference. To the best of our knowledge, there are no previously 
published chromatograms to compare our separation pattern on the SFC 
system. The use of SFC makes a significant change in the elution order of 
the PS in published separation techniques like GC and LC [1,12,23]. The 
purpose of our study was to find an alternative or complementary sep
aration method to the approaches stated above. However, in reverse- 
phase LC, the analytes elute in decreasing order of polarity. In 
contrast PS elute in reverse sequence in SFC, where polarity influences 
the solubility of analytes in scCO2. 

3.3. UPSFC-MS/MS method validation 

The optimized method was validated for different parameters: line
arity, LOQ, accuracy, precision, recovery, matrix effect and stability 
according to the European guidelines [18,24]. This is the first time an 
analytical approach for the simultaneous separation and determination 
by suing UPSFC- MS/MS of seven PS have been investigated. A partial 
validation was carried out to ensure the method’s applicability, as there 

Fig. 2. Chemical structure of the tested stationary phases on ultra-performance supercritical fluid chromatography (UPSFC).  
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is no currently published method utilizing SFC-MS/MS for such com
pounds. The linearity calibration curves were obtained for each PS 
standard with an acceptable linearity (r2 < 0.99) over the concentration 
range 5–5000 ng/mL. There was no carry-over since there were no peaks 
in the blank injected after the highest calibration point. The back 
calculated concentrations of the calibration samples were within ± 15% 
of the nominal value (Table 2). 

The novel method’s detectability was tested by determining the 
instrumental LODs and LOQs, which were defined as concentrations 
with a signal-to-noise ratio greater than 3 and 10 respectively in three 
successive injections. The LOD values ranged from 1 to 15 ng/mL (1.0 pg 
to 30 pg on column) for each phytosterol, and the LOQ values were from 
5 to 40 ng/mL (Table 2). Except for the lowest concentration of cam
pesterol and stigmasterol, all other PS showed intra-day accuracy within 

Fig. 3. Chromatographic separation of targeted phytosterols in pure coconut oil sample.  

Table 2 
The retention time, calibration range, linearity, limits of detection (LOD) and 
limits of quantification (LOQ) of all target sterols.  

Analyte Retention 
time 
(min) 

Calibration 
range 
(ng mL− 1) 

r 2 LOD 
(ng/ 
mL) 

LOQ 
(ng/ 
mL) 

Brassicasterol  1.62 5–5000  0.9911  2.0  5.0 
Campesterol  1.61 40–5000  0.9993  10.0  40.0 
Stigmasterol  1.65 50–5000  0.9984  15.0  40.0 
β-sitosterol  1.62 20–5000  0.9978  5.0  15.0 
δ-5- 

avenasterol  
1.65 20–5000  0.9971  5.0  15.0 

Lupeol  1.42 25–5000  0.9993  10.0  20.0 
Cycloartenol  1.42 20–5000  0.9994  5.0  20.0 
Cholesterol  1.44 1–5000  0.9926  0.3  1.0  
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the desirable range of 85–115%. For inter-day accuracy, all PS recorded 
low values below the desirable range of ± 15%. The medium and high 
concentration levels of all the seven PS can be analyzed with sufficient 
precision in repeated measurements. However, the lower level of tested 
PS exceeded the desirable range of ± 20%. The matrix effect of all the 
analytes were within the acceptable range (80–112%) for all the con
centration levels evaluated. These results demonstrated a good repeat
ability of the developed instrumental method. All the analytes were 
stable in the auto sampler and during the freeze–thaw cycles. Except for 
the lower level of brassicasterol and campesterol, recovery of all the 
analytes were between 85% and 115% (Supplementary Table S2). 

3.4. Application of the validated method 

The developed SFC-MS/MS method was used to quantify PS in two 
authentic coconut oil and palm oil samples. These two edible oils were 
found to contain substantial amounts of all seven PS. In both, coconut oil 
and palm oil, β-sitosterol was found to be the most abundant PS. The 
coconut oil contained 32.712.75 mg/100 g of β-sitosterol, while the 
palm oil contained 31.970.28 mg/100 g of β-sitosterol. The total PS 
analysis data is consistent with previous reports [13,25]. The amounts of 
the seven total PS found in both oils are given in Table 3. Total brassi
casterol, δ-5-avenasterol, stigmasterol, and lupeol were significantly (P 
< 0.05) higher in the authentic coconut oil samples when compared to 
the authentic palm oil samples. 

4. Conclusions 

Today, it is evident that supercritical fluid chromatography is 
becoming more and more popular due to a number of benefits, including 
short analysis time, high flow rate, high chromatographic efficiency due 
to low mobile phase viscosity, low cost, and reduced mobile phase 
toxicity. As a result, derivatization was not necessary to boost phytos
terol ionization efficiency thanks to APCI. Its use makes the analytical 
process quicker and more effective, making it suitable for testing sam
ples from people, animals, and plants. However, derivatizations 
demonstrated enhanced detection limits in the presence of a quaternary 
amine, leading to increased ionization at ESI and decreased detection 
limits as compared to underivatized phytosterols. 

The simultaneous profiling of seven PS (brassicasterol, campesterol, 
stigmasterol, β-sitosterol, δ-5-avenasterol, cycloartenol, and lupeol) in 
coconut and palm oil was developed and confirmed for the first time 
using a new SFC-APCI-MS/MS-based analytical technique. 

All variables relative to SFC-MS/MS were optimized, and separation 
based on the BEH column was developed to provide sensitive quanti
tative analysis of target analytes within 3 min. The method evaluation 
results demonstrate that the method is sensitive to perform compre
hensive analysis of PS in large sample sets in studies with limited sample 
volumes. Future work will be done focusing on the use of this method in 
detecting oil adulteration and also expand the method to detect other PS 
in edible oils and plant samples. Our study enhances understanding of 
the usage of mass spectrometers with basic properties for verified 
quantitative analysis and provides novel methods for detecting target 
sterols. In future work, the selectivity of the method could be further 
improved by using isotopically labeled internal standards for each 
analyte. 
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