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ABSTRACT

In the last decade, the instrumentation improvements in supercritical fluid chromatography (SFC) and the hyphenation to mass

spectrometry (MS), have increased the SFC acceptance between scientists, becoming today a valuable tool in analytical chemistry.

The unique selectivity, short analysis times, low consumption of organic solvents, and the greener mobile phase, have contributed

to expanding its applicability which has led to an increase in the number of publications especially in the bioanalysis area. This

work reviews the advantages and main applications of SFC in bioanalysis during the last 5 years. Fundamental aspects concerning

mobile phase composition, stationary phase, hyphenation to MS as well as matrix effect have been discussed. Finally, the most

relevant applications have been summarized.

1 | Introduction

Bioanalysis covers the analysis of biological or synthetic com-
pounds, as well as their metabolites, in biological samples. It
plays an important role in different areas such as metabolomics,
the development of new pharmaceuticals, anti-doping control,
and forensic analysis. Usually, low detection limits and fast
analysis are required. The number of compounds to be analyzed
is high and they can have different physicochemical properties,
moreover, there is a broad variety of samples, all of which
make bioanalysis a challenging task. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) is the gold standard
technique for bioanalysis, usually employing reverse phase (RP)
or hydrophilic interaction LC (HILIC) columns [1-3]. Never-
theless, there are some drawbacks related to the simultaneous
analysis of highly polar and lipophilic compounds. Polar com-
pounds show very little retention on RP columns and HILIC
mode is not suitable for lipophilic compounds. On the other
hand, there is an increasing concern about the sustainability of

analytical processes and the reduction in the consumption of
organic solvents, encouraging the development of strategies that
comply with the principles of green analytical chemistry [4-7].
Using supercritical fluid chromatography (SFC) the greenness
of an analytical method could be improved by using less toxic
organic solvents and providing faster analysis. Dasilva et al. [8]
developed a SFC method for the analysis and purification of
over 40 ar,a-diaryl primary amine mixtures. The proposed method
was compared in terms of greenness to the high-performance LC
(HPLC) counterpart and the results showed that the SFC method
had an analytical method greenness score 30 times better than
the HPLC one. However, this cannot be generalized, it depends
on the compounds analyzed and the overall procedure.

In this context, SFC has attracted the attention of scientists as a
complementary technique to LC or gas chromatography (GC) [9].

SFC is characterized by the use of a supercritical fluid as a mobile
phase, which means a fluid that is maintained at a temperature
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and pressure above its critical values. The supercritical fluid
most widely employed is CO, because its critical conditions
are easily achievable (31°C and 73 bar), it is noninflammable,
nontoxic, and it can be considered environmentally friendly.
The CO, used in SFC is obtained from the atmosphere and
thus there is no contribution to global warming. At present, it
can be said that, in most cases, SFC separations are performed
employing as mobile phase a mixture of CO, and a percentage
of an organic solvent (organic modifier) to favor the elution
of polar compounds. However, whatever the proportion of the
organic modifier, the benefits of the chromatographic separation
are maintained. Supercritical fluids possess lower viscosities than
liquids and the molecular diffusivities of solutes are higher. This
allows to use of high flow rates with low pressure drops and to
obtain higher efficiencies in shorter analysis times compared with
HPLC. Moreover, the consumption of organic solvents is lower.
The retention behavior of the compounds in SFC is different
from that in HPLC, which could be advantageous when analyzing
complex mixtures. SFC is considered a complementary technique
to HPLC and in some instances, both techniques can be used
in parallel or multidimensional approaches. In addition, SFC
separations can be performed at low temperatures enabling the
analysis of thermally labile or nonvolatile compounds, which are
difficult to analyze without derivatization using GC.

In the early years, the main application areas of SFC were chiral
analysis and preparative separations [10-18]. It provided very
good results, although the equipment limitations, in terms of
sensibility and performance, restricted its use in routine analysis.
Fortunately, the development of new equipment with improved
performance, the possibility of employing columns packed with
sub 2 pym particles as well as new stationary phases specially
designed to be used in SFC, and the hyphenation to MS detectors,
has renewed the interest in SFC separations. Moreover, its use
has been expanded to other areas where high levels of accuracy
and sensitivity are required, as is the case of bioanalysis [19].
The possibility of increasing the mobile phase polarity by adding
an organic modifier or even low percentages of water opens the
possibility of analyzing simultaneously compounds with a broad
range of polarities. Thus, the number of studies showing the
potential of SFC in bioanalysis has increased in the last few years.

This study reviews the principal applications of SFC in bioanaly-
sis during the last five years.

2 | Mobile Phase and Stationary Phase
Considerations

Due to the non-polar character of CO, (in terms of polarity is
considered similar to hexane), it is necessary to add a miscible
polar organic solvent (organic modifier) in order to elute polar
compounds. Modifiers not only increase the polarity of the mobile
phase but also the viscosity, the density, and they can also modify
the interactions between the analytes and the stationary phase
[20, 21]. Usually, the organic modifiers employed are alcohols
(methanol, ethanol, or isopropanol); methanol is the most widely
employed. In some cases, even using an organic modifier, polar
or ionizable analytes are strongly retained on the stationary
phase or elute with tailed peak shapes, in these cases, the use of
additives is required. Traditionally, the additives employed were

organic acids (trifluoroacetic acid [TFA], formic acid, etc.) or
bases (triethylamine, diethylamine, etc.), but more recently the
use of water, salts (ammonium formate or acetate), or ammonia
have been described. Additives are added in a small percentage
(0.1%-1%) to the organic modifier and they can act in different
ways. They can modify the polarity of the mobile phase, the pH,
and the ionization of the analytes and they can act as ion-paring
reagents, but also they can be adsorbed on the stationary phase
reducing the unspecific interactions of the analytes with residual
polar groups of the stationary phase, and thus improving the peak
shapes [22-24]. In addition, they can enhance the signal in the
MS detector. As a general rule, acidic additives are employed for
acidic analytes and basic additives for basic analytes, but when
the analyte possesses acidic and basic functional groups, then
mixtures of acidic and basic additives, or salts, are employed.
When MS detectors are employed, an important aspect is additive
compatibility. In these cases, volatile additives are mandatory
being ammonium formate and ammonium acetate are increas-
ingly employed for the analysis of ionizable or polar compounds
[19]. A less popular additive ammonium fluoride has provided
good peak shapes and enhanced MS signals in the analysis of
polar compounds (including amino acids), even the mixture of
ammonium formate and ammonium fluoride has shown better
results than each individual additive. The problem was the low
solubility of ammonium fluoride in alcohols, which limited its
concentration to 1 mM [25]. In the last years, the use of water as
an additive has increased in the bioanalysis area, especially for the
analysis of highly polar compounds. Water is usually introduced
with the organic modifier at a maximum percentage of 10%, due
to problems of miscibility with CO,, although Thurbide et al.
[26] showed that when using isopropanol as an organic modifier
the percentage of water could be higher, five times higher than
using methanol. They proposed the use of 60% of the mixture
of methanol/isopropanol/water (4:1:5) to elute polar compounds
without increasing the column backpressure.

Nowadays, SFC is operated using a percentage of organic modifier
that in some cases can be higher than the corresponding to
CO, and even using gradients where at the initial conditions
the modifier percentage is low (or even pure CO,) and at the
final conditions it is 100%. These wide gradients were first
proposed by Bamba et al. [27] to simultaneously determine fat
and water-soluble vitamins. The mobile phase state changed from
supercritical to subcritical and liquid without any discontinuous
transitions, and the term “unified chromatography” (UC) was
used to refer to this mode. This has been subsequently used
by other authors, with good results, in the analysis of polar or
mixtures of polar and low polar compounds [25, 28, 29].

The stationary phases employed in HPLC can also be used in
SFC. RPs such as C18, C8, or C30 are used for the separation of
nonpolar compounds (lipids, carotenoids, etc.) [30], while normal
phase (NP) columns such as propanediol-, amino-, or cyano-
bonded silica as well as bare silica provide better selectivity for
polar or slightly polar compounds and are the most frequently
employed in the published achiral SFC methods [19]. Also, HILIC
or mixed-mode stationary phases have been employed in SFC
with satisfactory results [31, 32]. In fact, the diversity of available
stationary phases for SFC is high. In some instances, secondary
interactions of the analytes with residual silanol groups result in
tailed peak shapes, which necessitates the use of additives. To
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circumvent these problems, new stationary phases, specifically
designed to be used in SFC, have been developed. The first one
was 2-ethylpiridine bonded to silica, which provided good peak
shapes for basic analytes without using additives [33]. Other
stationary phases with different functionalities have been sub-
sequently developed, such as aminophenyl-1-aminoanthracene,
2-picolylamine, or fluoro-phenyl [19].

Chiral separations are an area where SFC has shown all
its potential. The chiral stationary phases (CSP) with the
broadest applicability and the highest rate of success are
those derived from polysaccharides, being the amylose
tris(3,5-dimethylphenylcarbamate), and amylose  tris(5-
chloro-2-methylphenyl-carbamate) the most widely employed
[34].

In the last 10 years, the development of a new generation
of SFC instruments with lower dead volumes, based on the
ultra-high-performance LC (UHPLC) technology, has favored
the use of columns packed with sub 2 um particles. These
columns are shorter than the conventional ones and provide
higher efficiencies in lower analysis times, which is an advantage
when analyzing complex samples such as those studied in the
bioanalysis area. Nevertheless, it should be noted that when
using wide gradients of modifier, where at the final conditions
the percentage of organic modifier is high, the pressure drop
increases gradually due to the increase in the mobile phase vis-
cosity, and the smaller the particle size, the greater the increase.
Thus, the equipment should be designed to withstand high
pressures, otherwise, the flow rate and/or back pressure should
be reduced in order not to exceed the pressure limit of the system.
Superficially porous particles, provide also high efficiencies and
generate low-pressure drops when using high flow rates or high
percentages of organic modifiers, nevertheless, their use in SFC is
scarce.

Column selection is an important step in method development
and column screening is usually performed to select the best
stationary phase. For this purpose, several stationary phases
with complementary selectivities are usually compared being the
works of West and Lesellier of great value [31, 35, 36].

3 | MS Detection

Due to the levels of sensitivity and accuracy required in bioanal-
ysis, the MS detector is the most frequently employed. Moreover,
it is possible to obtain more and better information than with
traditional ultraviolet-visible (UV-Vis) or diode array detectors.
Similarly to LC-MS, electrospray ionization (ESI) is, nowadays,
the most popular ionization source for SFC. In the early years,
atmospheric pressure chemical ionization was preferred, as it can
withstand high flow rates, and thus was considered suitable for
SFC-MS. Nowadays, the development of new interfaces has made
ESI the preferred due to its ability to ionize compounds over a
wider range of polarities [37, 38].

The hyphenation SFC-MS can be performed in different ways and
different interfaces have been developed, being the backpressure
regulator always located before the MS detector. Only two of them
are commercially available at present: split flow introduction or

full flow introduction in the MS detector. In the first, a make-
up fluid is added after the column (or the UV detector if used)
but before the MS detector, and then the total flow is split before
entering the MS detector. A small portion is directed to the MS
detector and most of the flow is transferred to the back pressure
regulator (BPR). This interface is commercialized by Waters and
Agilent. In the second interface, the total flow is introduced into
the MS detector; the make-up fluid is pumped after the column,
and then the total flow is transferred to the BPR and then to
the MS detector which is serially connected. This interface is
commercialized by Shimadzu and Agilent. For an insight into the
different types of interfaces, readers are referred to several reviews
published on this topic [39-43].

The ionization mechanism in SFC/ESI-MS is different from
LC/ESI-MS because of the different physicochemical properties
of the mobile phase. In SFC, most of the mobile phase (the
CO,) is volatilized in the decompression process, and only a
small amount of the organic solvent used as a modifier enters
the MS interface. Thus, a gas/liquid mixture is introduced in
the ESI capillary and the presence of CO, gas can increase
the vaporization efficiency of the ionization process. On the
other hand, several studies [44, 45] have described the formation
of alkoxylcarbonic acid when CO, is mixed with alcohol. The
presence of this compound could be the cause of the acidic
character of the CO,/methanol mobile phases [24], but also it
could favor the ionization process in SFC/MS. Recently, Fujito
et al. [46] studied the ionization mechanism in SFC/ESI-MS.
They concluded that methoxylcarbonic acid was generated in
CO2/methanol mixtures and it played an important role in the
ion generation in positive mode because it acts as a proton donor.
On the contrary, in negative mode, the methoxylcarbonic acid had
a negative effect causing ion suppression. This effect could not be
eliminated by adding ammonium acetate, an additive commonly
employed to improve peak shape in SFC. It is important to
note that this study revealed that the addition of ammonium
acetate did not improve the sensitivity in either positive or
negative modes and the best results, in terms of sensitivity, were
obtained using methanol without ammonium acetate. Thus, the
authors recommended that if the addition of salt is necessary
to obtain a good separation, the concentration should be as low
as possible to minimize ion suppression. The exceptions are the
cases where ammonium adduct ions are used as ion precursors
for detection, as is the case of lipid analysis [47]. Moreover,
the methoxylcarbonic acid can further react with methanol-
generating water, thus the ionization process could be influenced
by the presence of water even when water-free mobile phases are
employed [38, 48].

The decompression process can cause solute precipitation, which
is avoided by introducing the make-up fluid before the flow split-
ting or the BPR. The make-up fluid can also improve the analyte
ionization and thus enhance the method sensitivity [49]. Usually,
the make-up solvent is the same organic modifier employed
for the chromatographic separation and in some instances, an
additive is added, but it depends on the compounds to be
studied. It is important to optimize its composition and flow rate
independently because the organic modifier and/or additive that
provides good chromatographic separation does not necessarily
favor the ionization of the analytes [50]. It is interesting to note
that due to the acidic character of the CO,/methanol mobile
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phases (pH close to 5), the apparent pH in the spray ranges from
3.8 to 7.2 regardless of the use of acids, bases, or buffer additives
in the make-up solvent [49]. This fact can reduce the ionization
efficiency and sensitivity in ESI negative mode.

Considering the type of analyzer, the most widely used are single
quadrupole (Q), triple quadrupole (QqQ), and quadrupole time
of flight (Q-TOF) [38]. The selection depends on the type of com-
pound and analysis. Q has the lowest sensitivity and resolution
power but is the cheapest option. When higher sensitivity and
selectivity are required, MS/MS analysis should be performed and
QqQ or Q-TOF are the options. QqQ provides good results in the
quantitative analysis of trace compounds in complex samples,
due to its high sensitivity, high scanning speed, when working
in single reaction monitoring mode, and wide dynamic range. Q-
TOF is an alternative to QqQ, the high resolving power of TOF
allows the resolution of interfering compounds with the same
nominal mass and retention time as the analytes, improving the
signal-to-noise ratio. Orbitrap is the most recently developed.
It has high-resolution power, but it has scarcely been used in
SFC-MS, which could be justified because it is more expensive
and Orbitrap vendor does not provide SFC systems, thus the
coupling is less straightforward, and home-made solutions need
to be applied.

4 | Matrix Effect

In MS detection, the matrix effect is an important aspect to
evaluate especially when using ESI sources. Matrix compounds
can enhance or suppress the analyte ionization. Consequently,
the method sensitivity and the quality of the data obtained are
affected. The interfering matrix compounds depend on the type
of sample analyzed and these compounds can affect not only
the signal intensity but also the fragmentation and MS spectra
obtained. Since some matrix compounds coelute with the target
analytes, they can interfere with the ion fragmentation process.
This can lead to the erroneous interpretation of results, because
of the modification of the typical mass spectra patterns and
the difficulty of performing database searching, especially when
these matrix compounds are present at high concentrations and
elute within the same retention window as the target compounds.
Losacco et al. found that in the analysis of urine and plasma
samples, MS/MS spectra obtained in ESI negative mode con-
tained fewer matrix interferences than those obtained in positive
mode [51]. Some interfering compounds have been identified as
naturally present in biological samples, such as the case of phos-
pholipids, creatinine, or metal clusters originating from alkaline
ions [48, 52].

In the reviewed studies (last 5 years), the matrices more fre-
quently analyzed are plasma, serum, and urine. The more
conventional sample treatments are “dilute and shoot” for urine
and protein precipitation for plasma and serum, although other
strategies such as solid phase extraction (SPE) [53-56], solid-
liquid extraction, or liquid-liquid extraction (LLE) [57-61] have
also been applied. In some cases, analytes can be degraded
during sample treatment; to avoid this problem other strategies
based on online extraction procedures have been developed. The
research group of Bamba [62] developed a method based on
the online coupling of supercritical fluid extraction (SFE) and

SFC. They used the SFE-SFC-MS/MS system commercialized
by Shimadzu to analyze dried serum spots and determined
21 metabolites (four hydrophilic and 17 hydrophobic) used as
biomarkers of cancer. The objective was successfully achieved
and the results obtained were comparable to those obtained with
the LC-MS/MS analysis of the serum samples. More recently,
Jinn et al. [63] used the same SFE-SFC system to determine
inflammation-related lipids, in brain tissues of depressed rats.
They obtained high recoveries and sensitivities moreover, some
lipids easily oxidizable such as docosahexaenoic acid, arachidonic
acid (AA), hydroxy docosahexaenoic acids, and hydroxyeicosate-
traenoic acids showed higher recoveries than using off-line LLE
procedures.

Although there are no rules for the matrix effect, several authors
have obtained a signal suppression for plasma matrices and a
signal enhancement for urine samples [51, 64], being matrix effect
more frequent in the positive mode than in the negative one.
Other matrices such as sweat have also been analyzed using
SFC-MS, in an attempt to determine metabolic biomarkers in
non-invasive samples [65, 66]. In this case, the matrix effect was
negligible.

5 | Applications
5.1 | Metabolomics and Lipidomics

Metabolomics involves the comprehensive analysis of metabo-
lites in living organisms. It plays an important role in the
development of personalized medicine and in the study of
diseases, therefore there is a growing interest in this area, and
the number of studies related to the application of chromato-
graphic techniques, including SFC, has increased in the last
years [67-69]. The compounds analyzed are small molecules,
with molecular weights lower than 2 kDa and with a wide
range of polarities and physicochemical properties, thus different
chromatographic methods and/or techniques are required. LC-
MS is the technique most widely applied [70, 71], combining
RP and HILIC modes, but there is not a single platform that
can perform the analysis of polar and nonpolar compounds
simultaneously.

Although lipidomics has traditionally been classified under the
scope of metabolomics, nowadays is considered an independent
discipline. Metabolomics mainly focuses on polar and low-polar
metabolites and lipidomics is devoted to the comprehensive anal-
ysis of all kinds of lipids. Usually, metabolomics and lipidomics
analysis are performed separately.

SFC has been postulated as a good platform for developing
a single method to analyze metabolites with a wide range
of polarities. Applying the concept of UC, where the mobile
phase changes from supercritical to subcritical and finally to
liquid, Losacco et al. [51] studied the analysis of 597 metabolites
including hydrophilic and hydrophobic ones. More than 66%
were successfully identified but phosphorylated metabolites were
difficult to detect. Later, the research group of Bamba developed
a chromatographic method that combined UC and HILIC modes
in the same run [72]. The aim was to expand the metabolome
coverage of UC, enabling the analysis of highly polar compounds,
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FIGURE 1 | Elution order of 11 reliable identified hydrophilic metabolites including B1 [1], phenylalanine (Phe, 2), tryptophan (Trp, 3), homo-serine
(H-ser, 4), threonine (Thr, 5), adenosine cyclic monophosphate (cAMP, 6), lysine (Lys, 7), glutamine (Glu, 8), arginine (Arg, 9), histidine (Hisd, 10), and

cystathionine (Cysta, 11) on Amide column using the optimized unified chromatography/hydrophilic interaction liquid chromatography (UC/HILIC)

method. See [72] for chromatographic conditions. Reproduced with permission [72]. 2023 Elsevier.

such as phosphorylated metabolites. They applied a UC gradient
followed by an HILIC-like gradient, using the same column
(packed with a polar stationary phase, in this case, amide),
chromatographic system, and in the same run. In the UC gradient
the components were CO, and the organic modifier was a mixture
of acetonitrile/methanol/water (60:38:2) with 10 mM ammonium
formate. The percentage of organic modifiers increased from
2% to 100%. In the HILIC-like gradient, the aqueous phase was
a 10 mM ammonium formate solution with 0.01% phosphoric
acid, and the organic phase was the same as in the UC gradi-
ent. In the HILIC-like gradient, the percentage of the aqueous
phase increased from 0% to 100% and the percentage of the
organic phase decreased in the opposite way. Using this gradient,
highly polar metabolites were eluted with better peak shapes
(Figure 1).

Metabolome consists of a very large number of metabolites with
different physicochemical properties, so is difficult to obtain a
single extract containing all of them, and biphasic extraction
systems are employed. The analytes are distributed between
the aqueous (polar compounds) and the organic (lipophilic
compounds) phases, which are analyzed separately with different
chromatographic methods. Recently, Kozlov et al. [73] developed
an SFC method, using a diol column, to simultaneously analyze
metabolites with a broad range of polarities (polar compounds
and lipids) in plasma samples. They used the same chro-
matographic system to perform lipidomic/metabolomic analysis
without the need to change the stationary phase or the nature
of the mobile phase. The organic modifier was a mixture of
methanol/water (96:4) with 30 mM ammonium formate. The
extracts were consecutively injected in the same column and from
the same vial by adjusting the needle height. Two gradients of
modifier were combined within the same analysis cycle, one of
them from 1% to 50% for the first injection (lipid compounds)
and the other from 20% to 100% for the second injection (polar
compounds). In addition, a gradient of flow rate was employed
to avoid overpressure problems. Lipids were separated into

classes, according to their polarity, while the separation of polar
compounds was more dependent on the structure. The analysis
time was 24 min and allowed the identification of 39 metabolites
without the need to separate the two phases after the sample
extraction (Figure 2).

MS is the detection mode usually employed in metabolomics,
with a high increase in tandem MS/MS modes with Q-TOF
or QqQ analyzers. ESI sources are usually employed providing
positive mode with a higher rate of success. The make-up solvent
more frequently employed is methanol with a small concentra-
tion of an additive such as formic or acetic acids. Ammonium
salts have also been used and in some instances, a mixture
of ammonium formate and acetic acid has been employed to
increase the method’s sensitivity [74]. Concerning the mobile
phase additive, the most widely used are ammonium formate
and ammonium acetate, although in some instances TFA has
also been described. The additive is selected according to the
signal and peak shape obtained, but there is not a general rule,
it depends on the type of compounds analyzed.

In the published studies (see Table 1), the achiral stationary
phases employed are in most cases polar (diol, silica, and amino).
The best overall performance in the analysis of metabolites with
a wide range of polarities was achieved with the diol columns;
nevertheless, pentafluorophenyl or 1l-aminoanthracene-based
columns provided good results in the analysis of vitamin D
and its main metabolites [57, 58]. In some instances, CSP have
been employed in achiral separations, that was the case of
the analysis of eicosanoids [75] or the isomeric forms of some
urolithin glucuronides [76]. In both cases, several stationary
phases including achiral (diol, amino, phenyl, silica, etc.) and
chiral ones (based on amylose and cellulose derivatives or Pirkle-
type) were checked. In the analysis of 11 eicosanoids, including
prostaglandins, leukotrienes, and thromboxanes, the best results
were obtained with the chiral column Lux i-Amylose 3 achieving
the baseline separation of all isobaric forms, which allowed the
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FIGURE 2 |

Optimized single-platform supercritical fluid chromatography-mass spectrometry (SFC-MS) lipidomic/metabolomic analysis from an

extraction vial using two consecutive injections from organic (top) and aqueous (bottom) layers after MTBE extraction of the plasma model sample.
Conditions: Torus Diol column, 60°C, 10.3 MPa, modifier MeOH-water (96:4) with 30 mM ammonium formate, injection volumes: top—0.2 uL,
bottom—1.0 uL; for flow rate and mobile phase gradients, see [73]. Reproduced with permission [73]. 2024 American Chemical Society.

use of a simple quadrupole mass spectrometer. The separation
of five urolithin glucuronides was accomplished by using the (S,
S) Whelk-O 1 column. The determination of all the isomers in
urine samples was successfully achieved, which was not possible
using HPLC methods. Konya et al. [77], also employed a chiral
column, the CROWNPAK CR-I (+), for the screening of 100 polar
metabolites with a wide range of polarities, including proteino-
genic and nonproteinogenic amino acids, peptides, nucleic acids,
etc. In this column, all the compounds were eluted in 10 min with
excellent peak shapes and working in isocratic conditions with a

low percentage (30%) of an organic modifier. Moreover, the pairs
L-GIn/L-Lys and L-Ile/ L-Leu could be resolved. The method was
applied to the analysis of rat serum with good repeatability of
retention times and areas (relative standard deviations [RSDs]
lower than 2.4% and 14.9%, respectively), and 43 polar metabolites
were identified.

SFC has been traditionally employed in lipid analysis due to the
nonpolar character of CO,. Moreover, the possibility of tuning the
polarity of the mobile phase by adding a polar modifier widens the
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applicability range of SFC, making the simultaneous analysis of
lipids with different polarities. The use of SFC in lipidomics was
pioneered by the research group of Bamba [78]. They developed
an SFC method for the simultaneous analysis of lipids including
phospholipids, glycolipids, neutral lipids, and sphingolipids. The
analysis was performed in less than 15 min using a cyano column
(250 X 4.6 mm, 5 um). Since then, SFC has been applied in targeted
and untargeted lipidomic studies, providing very good results in
lipid class separations [47, 79, 80]

Different kinds of columns have been employed for lipid analysis,
including RP (C18) and NP columns (bare silica or silica func-
tionalized with aminopropyl, propanediol, cyanopropyl, diethy-
lamine, or 1-aminoanthracene groups). Normal phase columns
separate lipids into lipid classes according to their polarity. In this
case, retention time increases with the lipid polarity, and some
kind of separation, based on the fatty acyl composition, can be
achieved for individual lipids within one lipid class [79]. On the
contrary, RP columns are more suitable for the separation of lipids
according to their fatty acyl composition (alkyl chain length and
degree of unsaturation). When complex mixtures of polar and
non-polar lipids are analyzed using RP columns, the coelution of
individual compounds from different lipid classes could happen
[78]. Nevertheless, employing polar embedded C18 columns, such
as Inertsil ODS-EP, polar lipids were separated based on not only
their polarity but also their fatty acyl composition [81].

Yang et al. [82] identified 370 lipids in human plasma using
an online two-dimensional SFC-RPLC (2D SFC-RPLC) system,
coupled to QqQ-MS. Two 10-port, two-position valves were
employed to connect the SFC and RP columns, and the mobile
phase from the SFC column was evaporated by a vacuum
pump when it flowed through the loops. Lipid classes were
separated in the first-dimension SFC (on two Zorbax RX-SIL
columns) according to their polarity, and individual lipids were
further separated in the second-dimension RPLC (C8 column)
according to their fatty acyl chains. Compared with an NP/RP
2D LC-MS method, previously developed by the same research
group, the analysis time was significantly reduced using the 2D
SFC/RPLC method (38 min vs. 170 min), and the limit of detection
for TG (18:1/14:0/17:1), MG (17:0), and Cer (d18:1/12:0) were
respectively 50-fold, tenfold, and tenfold lower. The capabilities
of the method were demonstrated by the analysis of lipids in
human plasma, from patients with breast cancer and healthy
controls. Twenty potential lipid biomarkers for breast cancer were
found.

Pseudotargeted lipidomic approaches using SFC have been devel-
oped recently. Yang et al. [60] applied UHPSFC-MS/MS to
develop a pseudotargeted lipidomics method. Using UHPSFC-
Q-TOF in MSE mode, the tandem mass spectra of the lipids
were acquired. Then the multiple reaction monitoring (MRM)
transitions of the lipidome were defined and verified by UHPSFC-
QqQ, which was used to establish the final method. With this
approach, the number of lipids quantified was higher than in the
targeted analysis. Moreover, working in MRM mode the sensitiv-
ity was higher than in untargeted approaches. Compared with
pseudotargeted lipidomics methods based on UHPLC-MS/MS,
isomer separation was improved, the analysis time was lower,
and the sensitivity was higher, with detection limits in the range
of 0.900-1.00 x 10° pg/mL. The proposed method was applied

to the lipidomics study of the therapeutic effects of liquiritin on
depression.

Unsaturated fatty acids (UFAs) play an important role in biologi-
cal systems as they are essential in some cellular processes and
the position of double bonds is important to understand their
biological functions. Nevertheless, determining the double bond
location in UFAs is challenging due to the structural similarities
between the UFAs and the stability of these bonds. Usually, this
determination is accomplished by including a chemical derivati-
zation or ion-activation step, previously to the chromatographic
analysis with MS/MS detection. Chen et al. [83] developed an
SFC-Q-TOF-MS method to determine the position of the double
bonds in UFAs. They designed a chromatographic system where
a microreactor, based on the Paterno-Biichi reaction, was online
connected to the SFC equipment (Figure 3). The derivatization
took place after the column but before the MS detector. Different
derivatization reagents were checked and benzaldehyde was
finally selected. With this approach, they could identify different
UFA isomers based on the position of the double bonds. The
method was applied to the analysis of free FAs in human plasma.
Twenty FAs, including seven saturated and 13 unsaturated were
identified.

An important aspect of metabolomics and lipidomics is the
possibility of comparing the quantitative data obtained with
different systems and methodological approaches. In an attempt
to harmonize the data obtained from lipidomic analyses, Cho-
cholouskova et al. [84] performed an intra-laboratory comparison
employing four different platforms: two Q-TOF mass spectrom-
eters, from the same vendor, connected to HILIC-UHPLC and
UHPSFC. They evaluated the quantitative differences in the
lipidome analysis of 268 human plasma samples obtained from
renal cell carcinoma patients and healthy volunteers. The number
of lipids detected employing UHPSFC was higher than employing
HILIC-UHPLC because non-polar lipid classes and ceramides
elute in the void volume of the HILIC-UHPLC system. On the
other hand, the lipid profile was similar in all the systems. The
overall differences in lipidome quantitation using the different
chromatographic modes, expressed as the mean RSD for all lipid
species in all samples, was below 30% and could be reduced
using the normalization to a reference sample with defined lipid
concentrations (NIST standard plasma). Moreover, the results
of the renal cell carcinoma diagnostic study were to a high
degree comparable among all platforms, both for non-normalized
and normalized data. Considering method validation, Wolrab
et al. [85] found similarities between the results obtained using
UHPSFC-MS and HILIC-UHPLC-MS, for the analysis of eight
lipid classes in human plasma and serum, which reinforces the
applicability of UHPSFC-MS in lipidomic quantitation of polar
and non-polar lipids.

The applications of SFC in metabolomics and lipidomics, during
the last 5 years, are summarized in Tables 1 and 2.

5.2 | Pharmaceuticals and Clinical Analysis

The pharmaceutical industry was one of the first to embrace SFC,

especially for enantiomeric separations and preparative purposes
[18, 86-89]. In most cases, SFC was applied to the quality control
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FIGURE 3 | Schematic diagram of SFC-PB-Q-TOF MS system for double bonds identification with benzaldehyde in unsaturated fatty acids (UFAs).
(A) The experimental apparatus used for lipid identification. (B) Derivatization reaction scheme of double bonds with benzaldehyde and subsequent

CID fragmentation. Reproduced with permission [83]. 2023 Elsevier.

of drug substances, such as to assess the purity of the active
ingredients and to impurity profiling; but also SFC provided good
results, at preparative or semipreparative scales, in the earliest
stages of the development of a drug candidate. Nowadays, SFC is
also applied to determine pharmaceuticals in biological samples
for pharmacokinetics or toxicological studies.

The advantages described when using SFC methods are the
short analysis times, resulting in higher throughput, the use
of small injection volumes, which facilitates the analysis of
samples for which only small quantities are available, and
the possibility of injecting the extracts without the removal of
the organic solvent, reducing the number of sample treatment
steps.

Usually, the compounds studied are small molecules in plasma or
serum samples and the method developed is applied to pharma-
cokinetics studies. An important aspect of the pharmacokinetic
study of chiral drugs is the evaluation of chiral inversions in vivo
and in vitro. Chen et al. [90] used SFC-MS/MS to investigate
the possible chiral inversion of three chiral drug candidates.
The enantiomeric separation was achieved on polysaccharide-
based stationary phases with analysis times lower than 5 min
(Figure 4). The successful results obtained demonstrated the
utility of SFC-MS/MS in drug discovery. Other most complex
molecules, such as monoclonal antibodies, have also been ana-
lyzed using SFC. The glycoform of a therapeutic monoclonal
antibody (mAb) plays an important role in its pharmacokinetics
and safety, but the complete analysis of the glycan structure
is a challenging task due to its complexity. Haga et al. [91]
developed an SFC-MS/MS method for glycan profiling and it
was applied to the glycan structural analysis of mAbs. Sample
treatment included the peracetylation of glycans, to increase
their solubility in CO,. The separation was performed on a
Shim-pack UC-Phenyl (2.1 x 150 mm, 3 pm) column achieving
the quantitative analysis of 102 glycan structures in 8 min.
This is clearly an advantage compared to previously published

works in which about 20 structures were detected in 45 min
using LC-MS/MS. Moreover, the method sensitivity was high,
with detection and quantification limits of 5 and 10 attomoles,
respectively.

Table 3 summarizes the applications of SFC in pharmaceutical
and clinical analysis during the last 5 years.

5.3 | Doping Control and Toxicological Analysis

The potential of SFC in doping and toxicological analysis has been
also shown in the last few years. Considering doping analysis, one
of the first applications was the use of chiral SFC to determine
clenbuterol enantiomers in urine, to distinguish deliberate from
accidental consumption [92]. Since then, the published SFC
methods have increased progressively and have been recently
reviewed [93]. Although both GC and UHPLC-MS/MS are the
analytical techniques most broadly employed in doping analysis,
SFC has provided satisfactory results, especially in the analysis of
highly polar compounds that are poorly retained in RP-LC. On the
other hand, SFC offers complementary separations to LC, which
is useful not only for confirmation but also for screening analysis.

The use of SFC in routine anti-doping analysis has been studied
in several works. In this way, Wuest et al. [94] developed an
SFC-MS/MS method to determine 197 drugs and metabolites
prohibited in sports. The column employed was based on 2-
ethylpirydine and the modifier was methanol:water (96.5:3.5,
viv) with 5 mM ammonium acetate, delivered in a gradient
mode (from 2 % to 62.5%). They analyzed more than 1000
urine samples using the “dilute and shoot” approach. The
method was satisfactorily validated and the matrix effect was
negligible. The results obtained proved that it was robust for
routine anti-doping analysis. Moreover, compared with RP-LC-
based methods, it provided similar performance for most of the
compounds analyzed, being advantageous for the analysis of the
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FIGURE 4 | Chiral analysis of GNE-A (mixture of I and II)
and its epimer metabolites (III and IV). (A) Reversed-phase lig-
uid chromatography-multiple reaction monitoring (RPLC-MRM) chro-
matogram of GNE-A (mixture of I and II) (B) Supercritical fluid
chromatography (SFC)-MRM chromatogram of I, II, III, and IV from
a mixture of reference standards. (C) SFC-MRM ion chromatogram of
blank rat plasma. (D) Spiked plasma samples with 1.0 ng/mL for each
diastereomer. (E) SFC-MRM ion chromatogram of a 6-h post-dosed
selected plasma sample for a subject dosed with GNE-A. Reproduced with
permission [90]. 2019 Elsevier.

early eluting LC-MS/MS compounds. Losaco et al. [95] studied
the retention time variability of a UHPSFC-MS/MS analytical
method for 51 doping compounds in standard solutions and in
human urine samples, over four months. They employed three
different stationary phases: Torus 2- Picolylamine, UPC2 Viridis
BEH, and Acquity UPLC HSS C18 SB. The inter-moth RSD were
0.5% and 1.3% for the Torus 2-PIC column and Viridis BEH silica,
respectively, similar to those obtained with UHPLC-MS/MS. On
the contrary, using the HSS C18 SB column the RSD was higher.
Despite this, the results showed the potential of the method for
routine analysis.

Ton-exchange separations have scarcely been studied in SFC.
Xhaferaj et al. [96] developed a SFC-MS/MS method to determine
highly polar and ionic analytes in urine samples. They employed
an ion-exchange stationary phase and a mixture of additives
(water, ammonium formate, and formic acid) added to the
organic modifier, thus the interaction mechanisms included ion-
exchange and mixed mode. Method validation was satisfactorily
performed and the quantification limits ranged from 0.005
to 2.5 mg/L. Considering the HPLC-MS/MS existing methods,
the SFC-MS/MS method provided comparable results and the
author considered the method suitable for anti-doping or forensic
analysis.

In toxicological analysis, chiral separations play an important role
because in some cases common drugs of abuse are also used
therapeutically, this is the case of amphetamine. The prescribed
drug is composed of one enantiomer while the illegal drug is
racemic. In this case, the enantiomeric analysis is necessary to
distinguish between legal and illegal intake. In other cases, the
enantiomers of a drug can have different legal restrictions and
also the development of enantiomeric methods of analysis is of
utmost importance. Chiral SFC has been successfully applied to
the enantiomeric analysis of chiral drugs in urine, serum, plasma,
or post-mortem samples, obtaining high enantioresolutions in
short analysis times (2-4 min) [54, 97-99]. Usually, sample
treatment consists of an LLE or SPE extraction, but other newer
approaches such as dried matrix spots using Whatman paper [97]
or electromembrane extraction [99] have also been applied.

Table 4 summarizes the applications of SFC in doping and
toxicological analysis during the last 5 years.

6 | Summary and Outlook

While LC or GC are the first choices for bioanalysis, the interest
in SFC has increased in recent years owing to the advances in
instrumentation, the hyphenation of MS, and the development
of innovative methodologies. The commercialization of new
stationary phases and the possibility of using columns packed
with sub-2 um particles have improved the chromatographic per-
formance and reduced the analysis time, consequently increasing
its use in bioanalysis applications, with UHPSFC showing similar
performances to UHPLC. In addition, the possibility of analyzing,
in the same run, compounds with a broad range of polarities
is one of the main advantages. In this way, the use of water
as an additive and the use of wide elution gradients where the
percentage of organic modifier increases from a small value to
100%, applying UC conditions, have had an important impact on
SFC applicability. Nowadays, SFC can be used to analyze very
different compounds, from nonpolar to highly polar and even
ionic ones. All of this, using the same instrument, column, and
mobile phase components.

The matrix effect in SFC-MS has been reported to be similar to
LC-MS. It depends on the type of compounds and sample to be
analyzed and, obviously, on the sample treatment. Concerning
sample treatment, another advantage of SFC in bioanalysis
applications is that is not necessary to remove the organic solvent
used for extraction. Frequently, the described sample treatment
is very simple, like protein precipitation or “dilute and shoot”
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approaches. Moreover, instruments where SFE is online coupled
to SFC have also been commercialized.

We expect that the use of SFC in bioanalysis will increase in
the future, as well as the studies of its suitability in routine
analysis. Moreover, new instrumental improvements related to
the ability to withstand high pressures, especially when using
columns packed with sub-2 um particles, and the reduction of
the system void volume are required. This will provide faster and
more efficient separations.
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