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Abstract

Online SPE LC-MS with '3C3-cortisol as a surrogate analyte was developed, validated and applied for obtaining hair cortisol
levels of 114 healthy volunteers. The first 3 cm from a posterior vertex position were analyzed as three individual segments
resulting in 310 hair cortisol levels, which were used, after log transformation, to predict a range of values observed in future.
The median value of hair cortisol was 4.76 pg/mg. The employed method allowed simple processing, high throughput and
may be readily expanded to analyze additional steroid compounds in hair.
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Introduction

Cortisol is a glucocorticoid hormone with major effect
upon a range of physiological homeostatic mechanisms. It
plays an important role in stressful situations when stressors
activate the hypothalamic—pituitary—adrenocortical (HPA)
system.

Cortisol has been routinely analyzed in the laboratory
from saliva, serum/plasma, and/or urine. However, the
HPA axis represents a highly dynamic system influenced by
several factors and expose circadian rhythmicity. The most
widely analyzed saliva or plasma reflect only acutely cir-
culating cortisol levels, urine provides usually 24-h assess-
ments of levels through the day. Measurements in the above-
mentioned body fluids are limited in the temporal range of
assessment. Cirimele et al. were first who detected cortisol
and other glucocorticoids in hair (Cirimele et al. 2000). Cor-
tisol is being constantly incorporated into a growing hair
shaft and, accordingly, can allow the unique possibility to
assess the long-term systemic levels and obtain a retrospec-
tive index of long-term hormone secretion. Based on an
average hair growth rate of 1 cm per month (Wennig 2000),
it is possible to distribute the hair along the length of indi-
vidual segments and determine the concentration of cortisol
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reflecting secretion in the monitored period. But due to a
rapid decrease of cortisol in hair, the measure may be limited
to the past 6 months (Kirschbaum et al. 2009).

Concerning the diagnostic value, differences in cortisol
levels can be used to evaluate disturbances of the HPA axis.
It may serve in the diagnosis of Cushing’s syndrome disease
but it may also be useful as a marker of successful therapy.
Changes in cortisol levels have been observed in mental
diseases, e.g., depression, general anxiety disorder or post-
traumatic stress disorder as well as physical diseases where
it could serve as a marker for diagnosis or risk stratification
(Russell et al. 2012).

Commonly used methods for a hair steroid analysis are
immunoassays; principally enzyme-linked immunosorbent
assays (ELISA). The major disadvantage of immunoas-
says is low specificity. Given to high structural similarity
of steroid compounds, there is a risk of cross-reactions
inside the immuno-complex that may overestimate the tar-
get concentration. In this context, cortisone especially has
been observed as a major source of interference in immu-
noassays research of salivary cortisol (Miller et al. 2013).
These approaches are often unsuitable for clinical applica-
tions that require a low detection limit (Taieb et al. 2002).
Much higher specificity is provided by liquid chromatog-
raphy—mass spectrometry (LC-MS). Compared to immu-
noassays with specificity to only a single analyte, LC-MS
proves to measure a panel of multiple steroid hormones
simultaneously, currently 28 steroids (Dong et al. 2017).
LC-MS offers other advantages, such as high sensitivity,
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wide dynamic range, high throughput, and an option for
automated sample preparation (Gao et al. 2016) Current
and potential future applications of hair cortisol analysis
have been summarized in a review by Wester and Rossum
(Wester and van Rossum 2015), however; the exact physi-
ological range of hair cortisol concentration has not yet
been established.

In general, cortisol content in hair is very low. Raul et al.
reported cortisol concentration ranged from 5.2 to 91 pg/
mg with a mean value of 19 pg/mg. LC-MS/MS with elec-
trospray ionization (ESI) in the positive mode was used
for quantification; limit of detection (LOD) and limit of
quantitation (LOQ) was 1 and 5 pg/mg, respectively (Raul
et al. 2004). Another study reported a median cortisol level
of 8.8 pg/mg for elementary school girls with a range of
5-1330.5 pg/mg (Vanaelst et al. 2013). Though, only 39 of
168 samples were higher than LOQ (5 pg/mg). Hair cortisol
levels 12.7 + 14 pg/mg in hair samples of healthy volunteers
with an age range of 4-63 years were obtained by LC-MS/
MS/MS (Quinete et al. 2015). The broad range of physi-
ological values is likely affected by the fact that the mecha-
nism of cortisol incorporation into the hair shaft has yet not
been fully revealed.

As cortisol is normally present in hair, it is difficult to
achieve a high throughput methodology using an authentic
matrix calibration curve. A method of the standard addi-
tion should be used instead (Tsakelidou et al. 2017). Some
authors have considered a distal segment of hair as an ana-
lyte-free matrix even that ascertained cortisol concentration
(1.2 pg/mg) was found in the 4 cm segment of the distal end
of 20 cm long human hair (Binz et al. 2016). In such cases,
the matrix varies from sample to sample and a lack of a ref-
erence material made all the validation studies ambiguous.
Cortisol added to the solution of “blank hair” might behave
differently and may significantly contribute to the high vari-
ation of hair cortisol, especially at low concentration levels.
Hence, spiking with known amounts of reference standards
should be avoided if the method of standard addition is not
used for each sample. Alternatively, the results should be
associated with the synthetic matrix only (Doroschuk et al.
2016).

The only approach using an authentic matrix and a sur-
rogate analyte was demonstrated by Binz et al. (Binz et al.
2016) even as using a surrogate analyte might prove very
advantageous in the analysis of endogenous compounds in
challenging matrices and allows for facile method develop-
ment when there is no analyte-free matrix available. The
response of the isotopically labeled 13C3-cortisol as a sur-
rogate analyte was consistent and nearly identical with that
of cortisol. Moreover, a method of a calibration curve in
the authentic matrix could have been employed without the
risk of deteriorating the results. The authors compared both
approaches and validated the surrogate analyte method to
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unambiguously determine the lowest cortisol levels in all
hair samples.

In the present study, we aimed to assess a prediction inter-
val based on data of hair cortisol in the local adult popula-
tion using an approach based on online SPE LC-MS/MS
with 13C-labeled cortisol as a surrogate analyte.

Results and discussion
Online SPE LC-MS

An automated on-line SPE LC-MS provided high through-
put of samples and minimized the retention time fluctuation
as the autosampler loop (void volume > 100 ul) was excluded
from the separation pathway. Moreover, we have, to our best
knowledge, presented an inexpensive approach of utilizing
a guard column cartridge (2 pcs) as a trapping column for
the SPE purification/enrichment for the first time. The first 2
min of a chromatogram served for trapping and washing of
the sample, which was done by a continuous flow of 2 mL
of 10% MeOH from the secondary pump. When detection at
260 nm was used instead of MS the compounds originating
from the washing step of SPE were eluted during the first
milliliter of 10% MeOH (data not shown).

Representative LC/MS chromatograms are shown
in Fig. 1. Figure 1a shows a hair sample from the hair pool;
Fig. 1b, ¢ show a hair pool sample spiked with '3C;-cortisol
and Dg-cortisone, and Fig. 1d shows a representative hair
sample of a participant with spiked Dg-cortisone. In most
cases, the endogenous cortisol levels in hair pool were below
limits of detection, however; as the sample matrix was not
homogenous there were cases when the quantitation would
have been ruined if the surrogate cortisol calibration had
not been used. The response factor for '3C;-cortisol/cortisol
was 0.94. Peaks of cortisol and cortisone were chromato-
graphically resolved to eliminate errors resulting from very
similar mass-to-charge ratios of target compounds. This
was achieved by employing > 50% MeOH in the mobile
phase during a single gradient run. On the other hand, the
system backpressure was relatively high (~300 bar), which
may shorten the analytical column lifetime. The separation
conditions were chosen to allow the simple introduction of
additional steroid compounds into the method in future. Due
to the high MeOH content in the mobile phase, it might be
advantageous to employ a heating gradient inside the ESI
chamber (Sener et al. 2017).
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Fig.1 Online SPE LC-MS chromatograms of a a hair pool sample,
b a hair pool sample spiked with *C;-labeled cortisol (1.25 pg/mg),
¢ a hair pool sample spiked with 3C;-labeled cortisol (12.5 pg/mg),
and d a real hair sample (8 mg). Two SRM transitions for '*C,-cor-

Linearity, LOD, and LOQ

Calibration was carried out using a '*C;-labeled cortisol.
The calibration curve showed linearity in the entire range
1-100 pg/mg. The square of the correlation coefficient
(R?) of the calibration curve was 0.9995. The intercept
was tested by regression analysis and found insignificant
(p value 0.076, ¢ =0.05). The LOD and LOQ were found
0.3 and 0.8 pg/mg for '3C;-cortisol with a signal-noise
ratio of 3:1 (LOD) and 10:1 (LOQ), respectively. The LOD
and LOQ were in a similar range than previously pub-
lished methods with LC-MS. A calibration curve from
1 to 100 pg/mg was used to determine cortisol levels in
authentic hair samples as the cortisol concentrations in
hair normally exceed 1 pg/mg.

Recovery and matrix effect

The data for recovery and matrix effects are summarized in
Table 1. Recovery was 91.4, 100.2 and 90.1% for the low,
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tisol (tg=6.3 min), cortisol (fg=6.3 min), and IS Dg-cortisone
(tg=5.8 min) are represented by the upper, middle, and lower frames,
respectively. Please notice, that the endogenous cortisol was found in
the hair pool sample at rather low, however, detectable levels

Table 1 Recovery and matrix effect, (N=15)

13C;-cortisol

Low (5 pg/mg) Medium High
(20 pg/mg) (100 pg/
mg)
Recovery (%) 91.4 100 90.1
RSD (%) 11 8.8 9.0
Matrix effect (%) 116 97.4 106
RSD (%) 6.2 9.6 5.8

medium and high concentration, respectively, with the rel-
ative standard deviation (RSD) below 12%. Matrix effects
were not observed for 13C3-cortis01 (=75 and £ 125%).

Precision and accuracy
The results for accuracy and precision for 13C3-cortisol as an

analyte are summarized in Table 2. In this case, all the data
met the required criteria (RSD < 15%).
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Table 2 Accuracy and precision, on 5 consecutive days

B¢;-cortisol Low (5 pg/mg) Medium High
(20 pg/mg) (100 pg/
mg)

Characteristics (N=25)

Mean (pg/mg) 5.09 20.2 102

SD (pg/mg) 0.307 1.46 6.01
Accuracy

Variance (pg/mg) 0.090 0.20 2.0

Bias (%) 1.7 1.0 2.0
Intraday precision (N=15)

RSD (%) 35 6.2 49
Interday precision (N=25)

RSD (%) 6.0 7.2 59

Clinical application

To indicate a range of hair cortisol values, which might be
applicable as a reference range, a series of 114 volunteers
(40 men, 74 women, age 19-27 years) has been analyzed
for hair cortisol levels, see Table 3. Such effort was already
made by other groups, however; a range of expected values
should be determined among the population it is going to
be applied to. As we plan to correlate hair cortisol levels of
people with disorders associated with high levels of corti-
sol in the organism, we had to compare the range obtained
with local population with that assessed by other groups.
Although we attempted to minimize within individual vari-
ation in hair growth by taking hair from the vertex posterior
region of the head, hair growth rates may vary among indi-
viduals. Furthermore, the participants in this cohort at this
phase have a mean age of 20.5 years; therefore, it may not
be possible to generalize the findings of this study to older
adults, even as the age-related variability appears mostly in
the range 0.5-18 years (Binz et al. 2018).

The original data were log-transformed to obtain nor-
mal distribution, which was used to obtain re-transformed
mean (4.76 pg/mg), standard deviation (1.88 pg/mg), and a
prediction interval (a¢=0.05; 1.22-18.7 pg/mg) in the first
three centimeters of hair (Table 3). The prediction interval
could be defined as an estimate of an interval in which future

observations will fall, with a certain probability and it was
very similar to the 2.5-97.5 quantile interval.

To reveal the relationship of the hair cortisol concentra-
tion with the physical state of the organism, we asked the
participant with the value of hair cortisol, which was marked
as an outlier, to be sampled again after a 3-month period. In
this case, the hair sample was obtained from three posterior
vertex positions approximately 2 cm from each other (left,
middle, and right) in two replicates; each of the hair strands
was cut into six 1 cm segments. Essentially, it could have
represented hair cortisol concentrations approximately over
the past 6 months (Table 4). Despite the high variability
between individual sampling locations, it may be clearly
stated that hair cortisol had been increased in the time of
the first sampling (4—6 cm) and was probably lowered by a
washing-out effect. The values from the 1-3 cm may suggest
that the overall cortisol balance in the organism has been
settled and that the former values had been momentarily
increased. However, the participant was not able to provide
any additional information on the cause of the elevated val-
ues. Careful interpretation has to be made as, according to
another study, the participant could have been identified as
a person with Cushing’s syndrome (cut-off=31.1 pg/mg)
(Wester et al. 2017).

Materials and methods
Chemicals and calibration standards

Reagents, stock solutions of 13C3-Cortisol (2,3,4-13C3)
(100 pg/mL), deuterated Dg-cortisone (2,2,4,6,6,9,12,12-
Dy), formic acid (HCOOH), and methanol (MeOH, LC-MS)
were obtained from Sigma Aldrich (Switzerland). All water
used was of an ultra-pure grade supplied by an in-house
Milli-Q system (Millipore, MA, USA).

A stock solution of deuterated internal standard (IS)
Dg-cortisone was prepared at the final concentration of
100 ng/mL and was also used as a working solution. A
stock solution of a stable isotope-labeled form of the ana-
lyte, 1*C5-cortisol, was prepared in methanol to a concen-
tration of 50 ng/mL. Working standard solutions were
prepared by diluting the stock solution 13C3-c0rtis.ol toa

Table 3 Hair cortisol concentration (pg/mg) of the study participants (N=114) containing mean (X), median (), re-transformed mean (Xy), re-
transformed standard deviation (SDg), prediction interval (PI), and a 2.5-97.5 quantile interval (Qys)

Hair segment N % X M XR SDg PI Qos

Istcm 114 100 6.02 4.86 4.85 1.84 1.44-16.3 1.45-16.5
2nd cm 101 88.6 7.13 4.90 5.00 2.03 1.22-20.6 1.35-17.8
3rd cm 95 83.3 6.63 4.20 4.59 2.09 1.05-20.0 1.13-23.1
3 cm length 310 - 6.57 4.76 4.76 1.88 1.22-18.7 1.32-19.4
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Table 4 H.air cortisol Position Hair segment
concentrations (pg/mg) of
a single sample cut into 6 1cm 2cm 3cm 4 cm 5cm 6 cm
segments in two replicates
Left
A 7.82 8.45 8.13 13.7 27.6 352
B 7.58 10.2 9.62 13.1 20.2 22.7
X 7.70 9.33 8.87 13.4 239 29.0
SD 0.168 1.24 1.05 0.44 523 8.82
RSD (%) 2.18 13.3 11.8 3.26 219 30.5
Middle
A 8.82 10.2 16.0 41.0 60.2 52.4
B 11.0 28.2 23.5 51.8 73.1 61.1
X 9.90 19.2 19.7 46.4 66.7 56.8
SD 1.53 12.7 5.29 7.63 9.13 6.11
RSD (%) 154 66.4 26.8 16.4 13.7 10.8
Right
A 114 11.1 114 12.6 18.9 19.0
B 10.7 12.3 13.5 14.5 21.3 19.9
X 11.1 11.7 12.5 13.6 20.1 19.5
SD 0.506 0.810 1.50 1.37 1.63 0.616
RSD (%) 4.57 6.92 12.0 10.1 8.13 3.17

Values of the mean (X), standard deviation (SD), and relative standard deviation (RSD) were calculated

concentration of 0.08, 0.4, 0.8, 1.6, and 8 ng/mL resulting
in the final concentration levels in the calibration curve of
1-100 pg/mg.

All standard and stock solutions were individually
diluted with methanol and stored at — 20 °C until use.

Hair sample collection and preparation

The hair samples were taken from healthy volunteers
following the basic criteria for collection defined by the
Society of Hair Testing (Cooper et al. 2012). The protocol
was approved by the Masaryk University Ethical Commit-
tee, and all participants gave written informed consent.
The hair strands with a thickness of several millimeters
in diameter were cut with fine scissors from a posterior
vertex position as closely as possible to the scalp. Subse-
quently, they were tagged on the proximal side and stored
individually in a folded piece of paper in labeled foiled
bags. Until the day of analysis, the hair strands were stored
at room temperature in a dry environment away from direct
sunlight. For the analysis, the first 3 cm of the proximal
segment was cut into 1 cm segments. A minimum of § mg
of each segment was weighted to evaluate and determine
the level of cortisol.

Four centimeters of the distal end of 20 cm long human
hair was used as authentic matrix. The hair was cut into
snippets, homogenized and used as a hair pool during the
method development.

Hair sample extraction

Prior to analysis, the hair samples were manually washed in
vials by shaking them two times with 2 ml of isopropanol for
1 min at room temperature. Subsequently, they were dried on
a piece of filter paper and uniformly mixed with a laboratory
tweezer to ensure maximum homogeneity. Approximately
8 mg of washed and dry hair was carefully transferred into a
glass tube. Sequentially, 1800 ul of methanol and 10 pl of IS
from the working solution (100 ng/mL) were added.
Calibration curve standards were prepared following
the same procedure using the hair pool matrix. The 8-mg
hair sample was spiked with '3C,-cortisol (100 L from the
working standard solutions resulting in final concentrations
of 1-100 pg/mg) and 10 pl of IS from the working solution
(100 ng/mL) was added prior to incubation. The hair was
incubated for 18 h at room temperature, in darkness and
without shaking. Afterward, 1600 ul of the extract was trans-
ferred into a new tube and fully evaporated at 40 °C under a
constant stream of nitrogen. The residue was reconstituted
in 500 pl of 20% MeOH, vortexed for 1 min, and trans-
ferred into the LC-MS vials. A volume of 50 ul was directly
injected into the online SPE LC-MS/MS system for analysis.

Online SPE LC-MS
The online SPE LC-MS method for analysis of cortisol

was developed using a Dionex Ultimate 3000RS (Ther-
moScientific, CA, USA) module, equipped with a binary
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high-pressure gradient pump (HPG), a quaternary low-
pressure gradient pump (LPG) connected to an auto-sampler
(AS), and a column oven with a 6-port, two-way valve. The
trapping column (SPE column) consisted of a mounted guard
column holder (Phenomenex, CA, USA) with two pieces of
a SecurityGuard™ cartridge (2 x4 mm, C18, Phenomenex,
CA, USA). With the switching valve in the sample loading
position (A), the LPG pump was used to load within 2 min
50 ul of the samples on the SPE column operating at room
temperature using 10% MeOH in water at 1 ml/min. From
2 to 2.5 min (Fig. 2), the valve automatically switched to its
alternate position (B) and then back to the loading position
(A), allowing the analytes to be transferred (in a backflush
mode) from the SPE column onto the analytical column
(2.1 mmXx 100 mm, 2.7 pm C18 Ascentis, Phenomenex,
CA, USA), shielded by a guard column (C18, 2 X2 mm,
Phenomenex, CA, USA), both operated at 20+ 0.1 °C. The
HPG binary mobile phase system consisted of water with
0.1% formic acid (v/v) and MeOH. The flow-rate was set

to 0.2 ml/min and the following 12-min gradient program
was employed. The initial 50% of MeOH was kept constant
for 2 min and then linearly increased from 50 to 85% over
the next 7.5 min. It was held at 85% for 1 min, followed by
equilibration under the initial conditions for another 1.5 min.
From 4.0 to 8.5 min, the SPE column was regenerated using
100% MeOH and then re-equilibrated using 10% MeOH.
The outlet of the analytical column was connected to a
Bruker EVOQ Qube triple quadrupole mass spectrometer
(Germany) operated in the negative heated-electrospray
ionization mode with the following parameters: Spray volt-
age 3500 V, cone temperature 350 °C, cone gas flow 20
psi, heated probe temperature 350 °C, probe gas flow 40 psi
(nitrogen), and nebulizer gas flow 50 psi (nitrogen). Argon
was used as collision gas. All other parameters were set at
default values provided by the manufacturer. The flow from
LC was diverted to waste in the range of 0-5 and 8.5-12 min.
Target compounds were scanned in the selected reaction
monitoring mode (SRM) as fragments of ionic adducts with

Washing | Transfer Acquisition
valve A B A
position

HPG 8%
pump 50 % /___’—‘-—_
pump 10 % I |

MS Divert Analyze Divert

0 2.0 2.5 40 50 75 85 12 min

Fig.2 Switching valves positions. a Loading and washing. b Sample transfer. The table specifies individual times of events during a single sam-

ple run

@ Springer



Chemical Papers (2019) 73:151-158

157

formic acid [M+HCOO]™!: cortisol 407.1-331.1 (12 eV)
and 407.1-297.1 (29 eV); cortisol 1°C; 410.1-334.1 (12 eV)
and 410.1-300.1 (29 eV); Dg-cortisone 413.3-337.1 (10 eV)
and 413.1-139.1 (36 eV). Dwell time for each transition
was 50 ms.

Method validation

As the validation for using the '*C;-cortisol calibration
instead of endogenous cortisol calibration was done by Binz
et al. 2016, we have validated only the parameters related to
the 13C3—cortisol calibration. Statistica (v13, TIBCO Soft-
ware Inc.) was used for data processing.

LOD and LOQ

Five calibration levels (1-100 pg/mg) were used. Three
replicates for each calibration level (1, 5, 10, 20, 100 pg/
mg) were analyzed. The calibration curve was estimated by
the least-squares regression procedure. LOD and LOQ were
determined for '*C;-cortisol by analyzing the lowest calibra-
tion point of calibration and calculating a theoretical signal-
to-noise ratio of 3:1 for LOD and 10:1 for LOQ. The values
were verified by measuring '*C;-cortisol samples using the
calculated concentrations.

Accuracy, precision, matrix effects, and recovery

Accuracy and precision of the method were evaluated by
measuring five replicates of a QC sample at three differ-
ent concentration levels (low 5 pg/mg, medium 20 pg/
mg, high 100 pg/mg) on 5 consecutive days. Matrix effect
was measured by comparing the calculated concentra-
tion of 13’C3—cortisol spiked hair after extraction (A) to
the spiked solvent at the same concentration (B) (Matrix
effect=A/B x 100). Recovery was measured by comparing
the calculated concentration of '3C,-cortisol from spiked
hair before extraction (C) to spiked hair after extraction (D)
(recovery = C/D x 100). Five replicates at low (5 pg/mg),
medium (20 pg/mg) and high (100 pg/mg) concentration
levels were used for both parameters.

Conclusions

An online SPE LC-MS with a surrogate analyte was devel-
oped and validated to analyze the hair cortisol concentration.
A range and median concentration levels of physiological
values correspond to those previously published in the litera-
ture. Cortisol in hair represents a long-term value of cortisol
in the organism even that the incorporation mechanism has
not been fully uncovered yet. We have obtained a predic-
tion interval for hair cortisol to help differentiate between

short-term physical stress-related issues and long-term
non-physiological conditions, such as Cushing’s syndrome.
Hence, when hair cortisol values are being determined we
recommend analyzing a longer segment of a hair strand to
obtain a decline curve, which might negate the enormous
individual and sampling variability. Careful interpretation
of hair cortisol levels within the prediction interval should
be considered as well.
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