
Citation: Urge, A.Y.; Pampanin, D.M.;

Martino, M.E.; Knudsen, D.L.;

Brede, C. Salting-Out Assisted

Liquid-Liquid Extraction for

UPLC-MS/MS Determination of

Thyroxine and Steroid Hormones in

Human Serum and Fish Plasma.

Separations 2023, 10, 240. https://

doi.org/10.3390/separations10040240

Academic Editor: Wojciech

Piekoszewski

Received: 13 March 2023

Revised: 30 March 2023

Accepted: 3 April 2023

Published: 5 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Salting-Out Assisted Liquid-Liquid Extraction for
UPLC-MS/MS Determination of Thyroxine and Steroid
Hormones in Human Serum and Fish Plasma
Alemnesh Yirda Urge 1,2, Daniela Maria Pampanin 1, Maria Elena Martino 2, David Lausten Knudsen 3

and Cato Brede 1,3,4,*

1 Department of Chemistry, Bioscience and Environmental Engineering, University of Stavanger,
N-4036 Stavanger, Norway; alemyirda@gmail.com (A.Y.U.); daniela.m.pampanin@uis.no (D.M.P.)

2 Department of Comparative Biomedicine and Food Science, University of Padua, 35122 Padua, Italy;
mariaelena.martino@unipd.it

3 Fishlab AS, N-4015 Stavanger, Norway; david.knudsen@fishlab.no
4 Department of Medical Biochemistry, Stavanger University Hospital, N-4068 Stavanger, Norway
* Correspondence: cato.brede@uis.no

Abstract: Measuring the level of steroid and thyroxine hormones is key to understanding organism
health conditions. Liquid chromatography coupled with tandem mass spectrometry has become
the method of choice for such hormone analyses in clinical laboratories. Detection of hormones at
low levels typically requires a time-consuming sample preparation, such as liquid-liquid extraction
followed by solvent evaporation and re-solubilization of the sample extract. Instead, we applied
salting-out assisted liquid-liquid extraction (SALLE) for the extraction of thyroxine, testosterone,
cortisone, and cortisol from human serum and fish plasma samples. SALLE allowed direct injection
of sample extracts. Sodium chloride and ammonium sulfate were evaluated as salting-out reagents
together with four different organic solvents. High extraction recovery and reduced matrix interfer-
ence were achieved by using ammonium sulfate together with 10% methanol in acetonitrile. Limits
of quantification were in the range of 0.1–0.2 ng/mL and signal responses were linear (R2 > 0.997)
up to at least 100 ng/mL for all hormones. The method was applied for hormone measurements
in fish plasma. In conclusion, SALLE combines the simplicity of crude protein precipitation with
the high analyte enrichment of a liquid-liquid extraction. Here we have presented it as a novel
sample preparation method for clinical laboratories where mass spectrometry is utilized in the field
of endocrinology.

Keywords: endocrinology; serum; plasma; steroid hormones; thyroxine; liquid chromatography;
mass spectrometry; salting-out assisted; liquid-liquid extraction

1. Introduction

Physiological stress response includes the communication between tissues and cells
that can occur via the central nervous system. This is accomplished in humans through
the release of chemical messengers (namely, hormones) from the endocrine system [1].
The biosynthesis of cortisol is controlled by the hypothalamic-pituitary-adrenal axis (HPA-
axis) [2]. Cortisol released from the adrenal glands follows a diurnal pattern with high
serum concentrations in the morning and low serum concentrations during sleep. Disrup-
tion of the HPA-axis by disease, such as in Cushing’s disease, is the main indication for the
measurement of circulating cortisol in humans.

Under stressful conditions fish also launch neurochemical signaling, such as the
release of cortisol into the blood circulation via the activation of the hypothalamic-pituitary-
interrenal axis (HPI-axis) [3]. Therefore, stressful conditions are measurable through
hormone quantifications, for example, cortisol measurement is typically applied to evaluate
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stress in fish [4]. Previous studies have demonstrated that cortisol is responsible for both
glucocorticoid and mineralocorticoid functions in teleost fish [5,6]. Cortisol therefore also
plays a vital role in metabolic processes like osmoregulation, growth, and reproduction,
as well as affecting healing and repair mechanisms in the skin, and proliferation and
differentiation of gill epithelium cells. During seawater preadaptation (smoltification) of
anadromous fish like Atlantic salmon (Salmo salar), plasma levels of glucocorticoids such
as cortisol, cortisone, and corticosterone rise significantly [7,8].

The hypothalamic-pituitary-thyroid axis (HPT-axis), under the regulation of the thy-
roid gland, is responsible for the production of two essential hormones: triiodothyronine
(T3) and tetraiodothyronine (thyroxine, T4) [9–11]. Thyroid hormones (THs) play impor-
tant roles in fish biology, including growth and differentiation, maintenance of the body
homeostasis, environmental adaptation, body fluid balance, nutrient metabolism, and meta-
morphosis for migration from freshwater to seawater (smoltification) in the larvae [9,10,12].
Furthermore, THs have a major role in the stress response of fish [13]. Recently Deal
and Volkoff discovered that the nutritional status affected the thyroid axis and appetite
regulators in goldfish [14]. Since steroid and thyroid hormones control such a wide range
of metabolic responses, it is possible to gain insights into the physiological status of a fish
by measuring the level of these hormones and their metabolites. Steroid hormones like
cortisol, cortisone, and testosterone, but also THs, like thyroxine, could potentially be used
as biomarkers of stress, sexual maturation, and smoltification [15].

The concentrations of steroid hormones [16–18] and THs [19] in biofluids have previ-
ously been measured mostly by immunoassay methods. However, those methods suffer
from well-known issues such as antibody cross-reactivity with interference [20], limited
multiplex capabilities, and inadequate selectivity for the detection of hormones at trace
levels [21–23]. Clinical laboratories may therefore prefer to use ultra-performance liquid
chromatography coupled with tandem mass spectrometry (UPLC-MS/MS) to overcome
these issues. Methods based on UPLC-MS/MS are known to provide high selectivity and
sensitivity for measurements of several hormones in the same analysis [19,24–26]. However,
the bioanalytical method for small molecules, such as hormones in whole blood, plasma, or
serum, needs pre-treatment to clean up the sample to remove potential interferences [27].
Solid-phase extraction (SPE) is one of the common sample preparation techniques widely
used in the extraction of thyroxine and steroid hormones from fish plasma [19,28]. The
main disadvantages of SPE are the high costs and a time-consuming procedure. Liquid-
liquid extraction (LLE) is another useful sample extraction technique [26,29,30] that is
considerably less expensive than SPE. However, in LLE, the solvent extract needs to be
dried by evaporation, followed by re-solubilization with a water-miscible solvent that is
compatible with the reversed phase LC separation.

UPLC-MS/MS analyses in clinical laboratories often require lengthy, demanding, and
solvent-consuming steps such as LLE and SPE. Quicker and more direct sample preparation
methods should be developed, ideally with less consumption of solvent. In the present
work, we have therefore explored salting-out assisted liquid-liquid extraction (SALLE) for
the measurement of thyroxine and steroid hormones in human serum and fish plasma.
SALLE is basically a type of LLE but uses a water-miscible solvent instead of a non-polar
solvent [31–35]. Usually, the addition of water-miscible solvents to serum is done to achieve
protein precipitation (PPT) which is a straightforward but crude type of sample preparation.
However, when adding enough salt into mixtures like these, the ion strength increases to
such an extent that the solvent may no longer be miscible, and a phase separation occurs.
Analytes with better solubility in the polar solvent will then be highly partitioned into
the solvent phase. Therefore, by using water-miscible solvents and a salt-induced phase
separation, SALLE combines the simplicity of PPT with the high extraction efficiency of LLE.
The main advantage of the SALLE method over LLE is the possibility of using more polar
extraction solvents to further increase extraction recovery of less hydrophobic analytes.
With SALLE it is also possible to evaporate the solvent extract to achieve higher analyte
enrichment. However, changing solvent is not necessary when using SALLE because the
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polar solvent can be injected directly into a reversed-phase LC separation column. An
excellent illustration of these advantages can be found in a recent paper, where SALLE was
found to be superior to LLE and PPT for the extraction of a wide range of phytochemicals
from rat plasma [31]. Measurement of steroid hormones, including testosterone, in fish
tissue, has also been reported previously with the application of SALLE [36]. However, so
far there have not been any reports on the use of SALLE for the measurement of thyroxine
or steroid hormones in serum and plasma.

We optimized SALLE for the UPLC-MS/MS measurement of thyroxine, cortisol,
cortisone, and testosterone in human serum. In these experiments, either acetonitrile,
acetone, 1-propanol, or 2-propanol were mixed with serum followed by the addition
of saturated salt to induce phase separation. Relative extraction recovery and relative
matrix effects were investigated by post-extraction spiking with isotopic labeled internal
standards, similar to previously described experiments [37,38]. Saturated solutions of either
ammonium sulfate or sodium chloride were evaluated as salting-out reagents. Fine-tuning
of the SALLE method involved both a reduction of the acetonitrile solvent volume and
the addition of a small amount of methanol, to increase analyte signal responses. The final
method was validated by investigation of analytical performance characteristics such as
repeatability, reproducibility, the limit of quantification (LOQ), as well as method recovery.
As part of method validation, the advantages of the final SALLE protocol could be verified
by comparing results with PPT and LLE. Finally, these hormones were quantified in the
plasma of farmed Atlantic salmon kept in different net cages, to observe differences between
groups. To the best of our knowledge, this is the first report on the use of SALLE for the
simultaneous measurement of steroid hormones and thyroxine in serum or plasma.

2. Materials and Methods
2.1. Chemicals

Analytical grade formic acid (99–100%), HPLC grade acetonitrile (ACN), methanol
(MeOH), 1-propanol, 2-propanol, and methyl tert-butyl ether (MTBE) were purchased from
VWR International (Radnor, PA, USA). Thyroxine (99%), testosterone (99.5%), deuterium (D)
labeled cortisol (D4 cortisol), D-labeled cortisone (D8 cortisone), and D-labeled testosterone
(D3 testosterone) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The two
steroid hormones, cortisol (99.4%) and cortisone (97.9%) were obtained from Alfa Aesar
(Ward Hill, MA, USA). 13C6 labeled thyroxine (13C6 thyroxine) was obtained from Toronto
Research Chemicals (Toronto, ON, Canada). Analytical grade sodium chloride (NaCl) and
ammonium sulfate ((NH4)2SO4) were purchased from Merck KGaA (Darmstadt, Germany).
The Autonorm TM Immunoassay serum Liq L−1 (LOT 1605243) was provided by Sero AS
(Billingstad, Norway). The purified water to 18.2 MOhm was from Elga lab water (High
Wycombe, United Kingdom).

2.2. Stock and Calibration Standards Solutions

Separate stock solutions in methanol were initially prepared with the following concen-
trations: Cortisol (1.20 mg/mL), cortisone (1.15 mg/mL), and testosterone (1.08 mg/mL).
Intermediate stock solutions were made from these by dilution of 1 mL into 25 mL methanol.
The thyroxine (T4) stock solution was prepared with a concentration of 0.038 mg/mL in a
25 mL solvent mixture comprising of 10 mL water, 1 mL of 25% ammonium hydroxide, and
14 mL methanol. From a common mixture of stock solutions in methanol, the calibration
standard solutions were prepared in water containing 20% (v/v) methanol at eight con-
centration levels within the ranges 0–100 ng/mL for cortisol, cortisone, and testosterone,
and 0–200 ng/mL for T4. The internal standard working solution (ISTD) was prepared in
methanol with the following concentrations: 67 ng/mL for D4 cortisol, 87 ng/mL for D8
cortisone, 72 ng/mL for D3 testosterone, and 48 ng/mL for 13C6 thyroxine.
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2.3. Samples

The method was developed and validated by using the Autonorm Immunoassay Liq
L−1 commercial quality control human serum (Sero AS, Billingstad, Norway). Plasma
samples from adult Atlantic salmon were derived from three different open net pens of
a commercial fish farm in southern Norway on the 23rd of June 2020 with a sea water
temperature of 18.2 ◦C. The average weights of the fish were 1810, 2077, and 2085 g
respectively from nets 1 to 3. Fish kept in nets 2 and 3 received a standard commercial feed
containing 38% fat, while fish in net 1 received a feed with slightly higher levels of certain
vitamins and immune-stimulating components. Before collecting blood as part of routine
health monitoring, fish were transported live to the central barge at the fish farm by boat and
then anesthetized by an overdose with Finquel (MS-222) before sampling. This procedure
was lawful according to the Norwegian national aquaculture operations regulations (§34 of
Akvakulturdriftskriften, https://lovdata.no/LTI/forskrift/2008-06-17-822 (accessed on 4th
of April 2023)). Blood samples were taken by Vacuette containers (Greiner Bio-One GmbH,
Kremsmünster, Austria), containing lithium-heparin anticoagulant. After centrifugation,
fish plasma was kept frozen (−18 ◦C) until analysis.

2.4. Sample Preparation

Both the optimization experiments and the final SALLE method were carried out
in standard 2 mL microcentrifuge tubes made of polypropylene (cat# PCRP-020-500,
Teknolab AS, Ski, Norway). For instrumental analysis, the solvent extracts were trans-
ferred to autosampler micro-vials with PTFE-lined caps (cat# 548-0440 and cat# 548-0034,
VWR International, Leuven, Germany). The following steps were included in the final
SALLE protocol:

1. Pipetting into a microcentrifuge tube:

a 150 µL sample of either human serum, fish plasma, calibration standard, or
blank water

b 25 µL internal standard solution in methanol (ISTD)
c 100 µL saturated ammonium sulfate
d 225 µL acetonitrile (ACN).

2. Capping the tube, shaking for 1 min, and centrifuging for 10 min at 2300 G.
3. Pipetting 100 µL from the top phase solvent to an autosampler micro-vial, capping,

and putting it into the UPLC-MS/MS instrument.

2.5. Instrumental Method Development

The UPLC-MS/MS instrumental analysis was performed with an Acquity ultra per-
formance liquid chromatography (UPLC) system coupled with a Quattro Premier XE mass
spectrometer (Waters, Milford. MA, USA). Chromatographic separation was achieved by
gradient elution using a reversed-phase Acquity BEH C18 column with a 2.1 mm inner
diameter (ID) and 100 mm length, containing 1.7 µm particles (Waters). Column and
autosampler temperatures were 50 ◦C and 10 ◦C, respectively. The mobile phase was
a mixture of (A) water containing 0.2% (v/v) formic acid and (B) methanol. Following
injection of 10 µL sample extract, stepwise linear gradient elution was: 1% B (0 min), 50% B
(0.1 min), 70% B (1.7 min), 80% B (2.1 min), 99% B (3.1–5 min), and 1% B (5.1–7 min). The
mobile phase flow rate was 0.2 mL/min, except from 5.1 to 6.9 min where it was increased
to 0.4 mL/min to faster regenerate the column. Data acquisition and processing were done
by using MassLynx 4.1 (Waters).

2.6. Method Validation

The newly developed SALLE method was evaluated and validated according to the
Eurachem Guide [39]. The linearity correlation coefficient (R2 > 0.99) was first established
from the ratio of peak area to correspondent internal standard area for each analyte. Limits
of detection (LOD) and limit of quantification (LOQ) were calculated from the mean

https://lovdata.no/LTI/forskrift/2008-06-17-822
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and standard deviation from 10 replicates of a blank sample. Furthermore, the intra-day
precision was investigated by calculating the variation between samples run within the
same day, while the inter-day precision was calculated from the result of consecutive five
working days with identical concentration and sample preparation procedures by the
same analyst. To calculate the analyte recovery and accuracy of the established analytical
procedure, three quality control human serum samples were prepared by spiking with
a stock solution containing different concentrations of individual analytes as, low (i.e.,
19 ng/mL of cortisol, 18 ng/mL of cortisone, 17 ng/mL of testosterone, and 40 ng/mL T4),
medium (i.e., 29 ng/mL of cortisol, 28 ng/mL of cortisone, 26 ng/mL of testosterone, and
60 ng/mL T4) and high (i.e., 48 ng/mL of cortisol, 46 ng/mL of cortisone, 43 ng/mL of
testosterone, and 100 ng/mL T4) concentrations. According to the product specifications,
the assigned concentrations of hormones already present in this serum were as follows:
94 ng/mL of cortisol, 6.2 ng/mL of testosterone, and 65 ng/mL of T4. The recovery was
investigated by comparing the ratio of the concentration of the spiked sample with the
ratio of the non-spiked sample. The accuracy was calculated from the relative bias of the
spiked sample.

For comparing the final SALLE protocol with PPT and LLE, both matrix effects and
relative peak areas could be evaluated by adding the ISTD after the extractions. In the
SALLE and PPT protocols, 100 µL of sample extract was removed from the extraction vial
before adding ISTD. In the LLE protocol, as much as 200 µL MTBE solvent extract was
evaporated to dryness before adding 100 µL acetonitrile and ISTD. For estimating matrix
effects, internal standard peak areas were divided by the average internal standard peak
area measured in solutions of ISTD added to 100 µL acetonitrile. The following pipetting
steps were applied for the extractions:

• SALLE:

◦ 150 µL quality control human serum
◦ 25 µL methanol (instead of ISTD)
◦ 100 µL saturated ammonium sulfate
◦ 225 µL ACN

• PPT:

◦ 150 µL quality control human serum
◦ 25 µL methanol (instead of ISTD)
◦ 325 µL ACN

• LLE:

◦ 150 µL quality control human serum
◦ 25 µL methanol (instead of ISTD)
◦ 325 µL MTBE

2.7. Data Analysis

Instrumental analysis and data processing was performed by using the MassLynx 4.1
and TargetLynx software (Waters). Peak integration and internal standard calibration were
set up in TargetLynx, by using the primary MRM transition of the analytes in conjunction
with one internal standard MRM transition, and data was subsequently exported as a text
file. Data analysis and presentation were further performed by using Microsoft Office
and OriginPro 2021b software (OriginLab Corporation, Northampton, MA, USA). Analyte
solubility in various solvents was theoretically predicted by using the HSPiP 5.4.05 software
(https://www.hansen-solubility.com/HSPiP (accessed on 4th of April 2023)), which is
based on the Hansen solubility parameters [40].

https://www.hansen-solubility.com/HSPiP
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3. Results
3.1. UPLC-MS/MS Instrumental Method

In the mass spectrometer, analytes were ionized and converted into protonated molecu-
lar ions by positive electrospray ionization (ESI+) with a capillary voltage of 3 kV. Detection
was done by multiple reaction monitoring (MRM) with the transitions previously reported
for cortisone, cortisol, and testosterone [41]. A total of three MRM transitions were explored
for thyroxine. The one with the highest signal response (777.69 > 731.7) was chosen for
the quantification of thyroxine. Optimized MRM transitions for analytes and their internal
standards are shown in Table 1.

Table 1. Optimized multiple reaction monitoring (MRM) transitions (parent ion to daughter ion),
dwell times, cone voltage, collision energy (CE), and retention times for detection and quantification
of analytes and isotopic labeled internal standards.

Compound
Name

Molecule
Mass (Da)

Parent ion
(m/z)

Daughter
Ion (m/z)

Dwell Time
(s)

Cone
Voltage (V)

CE
(eV)

Retention
Time (min)

Cortisol 362.21 363.2 121.1 0.015 33 23 2.87
D4 Cortisol 367.2 121.1 0.015 33 23 2.87

Cortisone 360.19 361.2 163.1 0.015 38 25 2.7
D8 Cortisone 369.2 169 0.015 38 25 2.7

Testosterone 288.21 289.3 97.1 0.015 33 20 3.63
D3Testosterone 292.2 97.1 0.015 33 20 3.63

Thyroxine 776.87
777.69 731.7 0.015 45 25 3.2
777.69 604.9 0.015 45 40 3.2
777.69 351 0.015 45 45 3.2

13C6 thyroxine 783.69 737.7 0.015 45 25 3.2

3.2. Exploring Solvents for the SALLE Method

SALLE optimization experiments were conducted by using saturated sodium chloride
(NaCl) to assist the phase separation of solvent from the aqueous serum sample. Four dif-
ferent water-soluble organic solvents were tested: Acetonitrile (ACN), acetone, 1-propanol,
and 2-propanol. Relative extraction recovery and relative matrix effects were investigated
by post-extraction spiking with the internal standard (ISTD) working solution, similar to
previously described experiments [37,38]. The amount of acetone was doubled to achieve
clear phase separation. In these experiments, 300 µL solvent was added to a vial containing
150 µL of serum and 300 µL saturated NaCl. After the extraction, 100 µL of the solvent top
phase was transferred to a new vial and mixed with a small volume (20 µL) of ISTD before
the UPLC-MS/MS analysis. Therefore, it was possible to assess the relative extraction
recovery by using the peak area ratio of the analyte and internal standard, as this ratio
will be proportional to the concentration of analyte in the solvent extract. In the same
experiment, information about relative matrix effects was obtained by the peak area of
the internal standard, which was inversely proportional to the ion suppression caused by
co-extracted matrix components. The highest internal standard peak areas, and hence the
lowest ion suppression effects, were observed with ACN as the SALLE solvent (Figure 1A).
Except for thyroxine, ACN also produced the highest extraction recoveries in the SALLE
experiments (Figure 1B). 2-propanol was the solvent that produced the highest extraction
recovery of T4 from the serum sample. ACN was found to be the most suitable solvent
for SALLE, due to the observation of the lowest matrix effects combined with overall high
extraction recovery for most of the analytes.
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Figure 1. Results from post-extraction spiking experiments revealing the effect of using different
solvents. Relative internal standard peak areas (A) show the relative degrees of matrix effects causing
ion suppression noticed by peak area reduction. Relative analyte response (B) is the relative peak area
ratio (analyte/internal standard) and is directly proportional to relative extraction recovery. Data are
reported as mean + standard deviation, n = 3.

3.3. Ammonium Sulphate vs. Sodium Chloride

The phase separation with 300 µL acetonitrile was achieved when adding 300 µL of
saturated NaCl to 150 µL of serum, as described above. With saturated (NH4)2SO4, it was
possible to obtain a clear top solvent phase, by adding much less salt solution volume,
typically in the range of 50–250 µL. The effect of salt concentration was investigated for
producing maximum extraction recovery and minimum ion suppression. To 150 µL of
serum and 300 µL ACN, the following volumes of saturated (NH4)2SO4 were added: 50,
100, 120, and 150 µL. This corresponded to salt concentrations of 17%, 33%, 40%, and 50%
respectively (Figure 2A). Increasing the amount of (NH4)2SO4 resulted in a shrinking of
the top solvent phase. Having this fact, slightly increasing the salt concentration from 38%
to 42% resulted in the concentrated organic phase and clear phase separation. However, in
our previous experiment, we observed that adding high concertation of NaCl increased the
volume of the top phase.
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methanol concentration in the acetonitrile.
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3.4. Reducing Solvent Volume

The next goal was to increase the concentration of analyte in the top phase (namely,
analyte enrichment) to reach high extraction recovery for improved detectability. Accord-
ingly, the experiment was performed using different volumes of ACN (i.e., 250, 300, 400,
500, and 700 µL), which were added to the vial containing 150 µL of serum sample and
before the addition of saturated (NH4)2SO4 (40%). Previous experiments found ACN with
(NH4)2SO4 to produce high extraction efficiency and reduced matrix effects. Here, it was
found that optimum analyte detectability was achieved when 250 µL of ACN was used
(Figure 2B). This resulted in increasing analyte concentration and peak area, without losing
signal caused by matrix effects. However, a further reduction in ACN solvent volume
could in theory improve analyte detectability even more but was not practical due to the
need for solvent removal from the 2 mL vials of a rather wide neck ID. In addition to ACN,
a small amount of methanol was added to modify the solvent polarity. This resulted in
increased extraction recovery as shown in Figure 2C.

3.5. Method Validation

Results from method validation are shown in Table 2. Both linearity and linear ranges
of the method were determined by using the calibration standard solution. Acceptable
linearity was observed for all analytes, with coefficients of determination (R2) ranging from
0.997 to 0.999. Recovery testing indicated mostly acceptable bias at different spiking levels.
The intra and inter-day variation of the method was evaluated by analyzing ten (n = 10)
replicates of quality control (QC) samples. Relative standard deviation (RSD%) was found
to be < 15% across all hormones. However, the RSD for cortisol was relatively high (17%) for
the intermediate precision. This was caused by a minor interference in the MRM channel for
the D4 cortisol internal standard. The LOQs were sufficiently low for the measurement of
these hormones in human serum and fish plasma. MRM-chromatograms from the analysis
of calibration standard, human serum, and fish plasma are shown in Figure 3. These were
all fully processed by the final SALLE protocol. The standard sample (Figure 3A) was
prepared with the following analyte concentrations: 10.8 ng/mL testosterone, 25.0 ng/mL
thyroxine, 12.0 ng/mL cortisol, and 11.5 ng/mL cortisone. The measured levels in the
human serum sample (Figure 3B) were as follows: 5.1 ng/mL testosterone, 82.3 ng/mL
thyroxine, 83.0 ng/mL cortisol, and 14.5 ng/mL cortisone. The measured levels in the fish
plasma sample (Figure 3C) were as follows: 0.2 ng/mL testosterone, 2.1 ng/mL thyroxine,
98.7 ng/mL cortisol, and 32.9 ng/mL cortisone.

Table 2. Precision is expressed by the relative standard deviation (RSD %), relative bias (%), the limit
of detection (LOD), the limit of quantification (LOQ), linearity, and linear range.

Parameters Thyroxine Cortisol Cortisone Testosterone

Precision
(RSD %)

Repeatability 13 14 14 13
Intermediate 13 17 14 13

Relative bias (%)
low 76 127 96 96
medium 92 55 81 90
high 95 75 87 102

LOD (ng/mL) 0.04 0.02 0.07 0.01
LOQ (ng/mL) 0.18 0.15 0.12 0.08
Linearity (R2) 0.997–0.999 0.998–0.999 0.998–0.999 0.999
Liner range (ng/mL) 0.18–200 0.15–100 0.12–100 0.08–100
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Figure 3. MRM-chromatograms in the order of top to bottom of testosterone, thyroxine, cortisol,
cortisone, and isotopically labeled internal standards combined. (A) standard sample containing:
10.8 ng/mL testosterone, 25.0 ng/mL thyroxine, 12.0 ng/mL cortisol, and 11.5 ng/mL cortisone.
(B) human serum containing: 5.1 ng/mL testosterone, 82.3 ng/mL thyroxine, 83.0 ng/mL cortisol,
and 14.5 ng/mL cortisone. (C) fish plasma containing: 0.2 ng/mL testosterone, 2.1 ng/mL thyroxine,
98.7 ng/mL cortisol, and 32.9 ng/mL cortisone.
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We conducted an experiment to compare the final SALLE protocol with both PPT using
acetonitrile and LLE using methyl tert-butyl ether (MTBE). The same amount of isotopically
labeled internal standard was added to equal volumes (100 µL) of solvent extracts, which
allowed the calculation of matrix effects. Except for thyroxine, the highest internal standard
areas were observed for SALLE (Figure 4A). Quite insignificant ion suppression was
observed for PPT and LLE, while SALLE appeared to be associated with ion enhancement
for detection of cortisol, cortisone, and testosterone. When compared to PPT, both LLE
and SALLE produced much higher peak areas for the endogenous hormones extracted
from the human serum control sample (Figure 4B). The analyte responses relative to the
highest among all extraction methods are directly proportional to the relative extraction
recoveries. In this experiment, these were calculated to be: LLE (cortisol 96%, cortisone
97%, testosterone 98%, and thyroxine 7%), PPT (cortisol 39%, cortisone 40%, testosterone
38%, and thyroxine 56%), and SALLE (cortisol 66%, cortisone 71%, testosterone 66%, and
thyroxine 97%).
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Figure 4. Comparison of the final SALLE protocol with both LLE using MTBE and PPT using ACN,
for the extraction of thyroxine and steroid hormones from a human serum control sample. (A) shows
matrix effects (%) relative to measurement in pure acetonitrile and (B) shows average peak area (%)
relative to the highest peak area among all the extraction methods. Data are reported as mean +
standard deviation, n = 4.



Separations 2023, 10, 240 12 of 17

3.6. Measurements in Fish Plasma

The final aim of the study was to evaluate the future application of the validated
method for fish plasma samples and to test if it was possible to observe significant dif-
ferences at the group level. The mean level of cortisol was found to be noticeably higher
in fish plasma obtained from net number 2 (Table 3). Cortisone, which is a metabolite of
cortisol, was also elevated in fish plasma from the same net. A significantly higher mean
level of thyroxine was found in fish plasma from net 1 as compared to net 3. No significant
differences were observed in the mean testosterone levels across groups.

Table 3. The mean value of total thyroxine, cortisol, cortisone, and testosterone in the fish plasma
samples from three different nets. Results are reported as mean + standard error (SE).

Mean + SE (ng/mL)

N n Thyroxine Cortisol Cortisone Testosterone

Net 1 9 3 2.28 + 0.38 a 14.1 + 1.8 b 13.8 + 1.1 a 0.32 + 0.04 a

Net 2 9 3 1.79 + 0.25 ab 89.2 + 7.9 a 32.9 + 0.7 b 0.28 + 0.04 a

Net 3 9 3 1.23 + 0.19 b 21.1 + 2.2 b 18.5 + 1.4 c 0.32 + 0.04 a

Note: N = number of samples from each net, n = number of replicates. For each analyte in the same column, two
mean values are significantly different (p < 0.05) between nets when they have different superscripts (a–c).

4. Discussion

MS detection was with positive electrospray ionization (ESI+), similar to previous
studies [19,25,30,42]. MRM transitions were based on the [M+H]+ protonated molecular
ion. No significant levels of sodium adducts [M+Na]+ or ammonium adducts [M+NH4]+

were detected for any of the analytes. The LC separation was achieved with 7 min cycle
time, including column equilibration. Hence, the current method was suitable for analyzing
a relatively large number of samples in a short period of time and had a high throughput
in comparison with other approaches [19,29,43,44]. In exploiting the potential of this fast
LC separation, steps for a quick and effective sample preparation method were required.

The first and most important parameter to consider when developing the SALLE
method is the selection of extraction solvent and salting-out reagent. We conducted a series
of post-extraction spiking experiments, where isotopic labeled internal standards were
added after the extraction. The relative matrix effects were assessed by the relative peak
areas of the isotopic labeled internal standards (Figure 1A). In the same experiments, the
peak area ratio of the analyte to the internal standard was recorded (analyte response).
Thus, the experiments also produced information about relative analyte responses, which
are proportional to relative analyte extraction recoveries (Figure 1B). The combination of
these two parameters was originally referred to as process efficiency [37]. We observed
the highest extraction recovery into ACN for cortisol, cortisone, and testosterone, while
thyroxine was most efficiently extracted into 2-propanol (Figure 1B). Interestingly, this
observation correlated with the basic solubility theory of “like dissolves like”. Indeed,
the Hansen solubility parameters (HSP) for thyroxine had a better match with 2-propanol
than with acetonitrile, especially regarding a rather high hydrogen bonding (Table 4). On
the other hand, ACN is low on hydrogen bonding and high on polarity and thus would
provide a better overall δP and δH match for cortisol and cortisone. Testosterone is low on
both polarity and hydrogen bonding, and therefore its solubility parameters are located
somewhat between the two solvents. As observed, ACN was only slightly more efficient
than 2-propanol for extracting testosterone.

We found ACN to be the best extraction solvent due to its ability to produce a clear
top phase, high extraction recovery for most (Figure 1B), and lowest ion suppression for all
hormones (Figure 1A). The serum contains matrix components such as proteins and lipids,
including triglycerides and phospholipids. With SALLE, we observed protein partitioning
into the bottom aqueous phase and some protein precipitation in the layer between the
two phases. A special advantage of using ACN for sample extractions is the fact that
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triglycerides that are very soluble in non-polar solvents are virtually insoluble in ACN.
Furthermore, ACN is known to be a poor solvent for phospholipids in comparison with
some other water-miscible solvents such as methanol or ethanol [45]. Phospholipids are
common interferences and are often detrimental to the analysis of plasma samples by
LC-MS [30]. In the present work, ACN was yet again found to be a good solvent for SALLE,
similar to previous findings [31,32,38]. Additionally, its low boiling point, low viscosity,
low toxicity, and effective deproteinization has made ACN a popular general-purpose
solvent for LC-MS/MS work [35,46]. The selection of a suitable salt for phase separation
is another important issue for the application of SALLE. In this study, the efficiency of
(NH4)2SO4 was high both in terms of phase separation and prevention of emulsions, when
compared with NaCl. This may be due to (NH4)2SO4 having a high solubility in water and
thus increasing ionic strength [46]. The SALLE method with ACN as extraction solvent
and (NH4)2SO4 as salting-out reagent was, therefore, further optimized in terms of salt
concentration, the volume of organic solvent, and the addition of methanol. Methanol
was added to increase the extractability of analytes. In our study, it was found that 10%
methanol could be added to the ACN for providing a satisfactory high extraction recovery
while keeping ion suppression at a minimum. In contrast, Li et al. [31] reported that the
addition of 10% methanol to ACN resulted in ion suppression when compared to ACN
alone. However, in their work, the salt added was ammonium acetate and not (NH4)2SO4
as in the present work. Further fine-tuning of the SALLE method by decreasing solvent
volume resulted in enhanced analyte detectability. An ACN volume of only 250 µL resulted
in a very concentrated top phase and provided a practical minimum volume for manual
removal of the solvent or direct injection in the UPLC-MS/MS. The optimum extraction
efficiency was achieved when 40% of saturated (NH4)2SO4 (i.e 100 µL of salt solution) and
250 µL of ACN were added. At a lower salt concentration, the water started entering the
top phase.

Table 4. Hansen solubility parameters for solvents and hormones [40].

Hansen Solubility Parameters

Substance δD (Dispersion) δP (Polarity) δH (Hydrogen Bonding)

Thyroxine
Testosterone

23.4
18.6

5.2
5.4

13.5
6.2

Cortisol
Cortisone

19.2
19.7

10.1
11.8

9.2
7.8

Acetonitrile 15.3 18 6.1

Methanol 14.7 12.3 22.3

Acetone 15.5 10.4 7

1-propanol 16 6.8 17.4

2-propanol 15.8 6.1 16.4

MTBE 14.8 4.3 5

The optimized SALLE method for UPLC-MS/MS analysis was validated according
to the Eurachem guideline. This showed high linearity (R2 > 0.997) for all hormones. The
LOD and LOQ also showed that the method is sensitive enough to detect and quantify
hormones in small concentrations. The LODs for testosterone and cortisol were comparable
with the LODs previously reported [26,30].

The comparison of SALLE with PPT and LLE revealed very high peak areas for
all hormones extracted by the new method (Figure 4B). Interestingly, the extraction of
thyroxine from serum by using LLE resulted in a very low peak area. Such a low extraction
recovery was likely due to the poor solubility of thyroxine in the non-polar MTBE, as
evidenced by the large difference in δH between thyroxine and MTBE (Table 4). Clearly,
thyroxine is extracted more efficiently by SALLE, where the extraction solvent is ACN.
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Although ACN is more polar than MTBE, this observation could not be fully explained
by comparison of HSPs, because the difference in solubility between thyroxine and ACN
still seems to be quite large (Table 4). However, thyroxine has three ionizable functional
groups which will make its solubility somewhat more difficult to predict. Theoretical
enrichment factors across the extraction experiments were as follows: 44% (SALLE), 20%
(PPT), and 62% (LLE). Except for thyroxine, these theoretical enrichment factors correlated
with the average relative extraction recoveries, as shown by linear correlation coefficients
and significance levels: Cortisol (r = 0.995, p = 0.064), cortisone (r = 0.999, p = 0.014), and
testosterone (r = 0.992, p = 0.079). Based on theoretical enrichment factors, and the observed
relative extraction recoveries, it was expected that peak areas would in fact be higher for
LLE than for SALLE. Interestingly, a rather high degree of ion enhancement was observed
for the extraction of cortisol, cortisone, and testosterone by SALLE (Figure 4A). This caused
peak areas to be more comparable for SALLE and LLE, when extracting these steroid
hormones from the human serum sample (Figure 4B).

The new method was applied to Atlantic salmon plasma samples. Significantly
elevated mean plasma levels of cortisol and cortisone indicated a higher stress level in
fish from net 2. In lack of in-house established normal reference ranges, we compared this
elevated cortisol level of 89.2 ± 7.9 ng/mL with findings of other studies. In one previous
report, the baseline levels of cortisol in the plasma of Atlantic salmon were found to be
below 50 ng/mL [47]. Furthermore, it has been shown that cortisol elevations in fish plasma
in response to acute stressors can range from 30 to 300 ng/mL [7]. The reason behind the
increased level in net 2 is unknown, as no different care was given to fish at that site. It is
known that greater cortisol levels can be found after brief handling, as shown in rainbow
trout. Anadromous salmonid fishes, for example, appear to be especially sensitive to certain
stressors, particularly physical disturbances [7]. At present we can only hypothesize that
the stress was caused by handling and/or transportation, such as an extended time for the
live fish kept in the tank during transportation from sea to the central barge. The routine
health monitoring of these fish did not reveal any differences between the nets. However,
it will be important to follow up on similar stress events in the future, as they could lead to
decreased immune competence and be a sign of impaired health of the fish [48]. In future
work, it will also be interesting to study the correlation with cortisol measurements in
alternative sample materials, such as fish feces [49].

Our new method is about to be implemented for future medical research at Stavanger
University Hospital in Norway. Here, the preliminary investigations from the analysis
of 29 human serum samples have shown low relative mean bias for cortisol (7%) and
testosterone (−3%) in comparison with other laboratories participating in the same quality
control program. We are planning to expand the current SALLE method to include more
steroid hormones for measurement in human serum samples and to report data on their
method validation.

5. Conclusions

SALLE was optimized for thyroxine and steroid hormone measurement and was
performed simply by mixing human serum or fish plasma with internal standard, saturated
ammonium sulfate, and acetonitrile. After shaking and centrifugation, the solvent extract
was injected directly into the UPLC-MS/MS instrument. The new method was briefly vali-
dated and applied for measurement in fish plasma. It enabled the discovery of significant
differences in hormone levels across fish net cages and indicated a higher stress level in one
net. By including many steroid hormones of clinical interest and by using robot pipetting
into microplates, we believe SALLE can become a useful tool for endocrinology research in
clinical laboratories.
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