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Abstract
A common method to quantify chronic stress is the analysis of stress markers in keratinized matrices such as hair or nail. In 
this study, we aimed to validate a sensitive liquid chromatography–tandem mass spectrometry (LC–MS/MS) method for the 
combined quantification of steroid hormones and endocannabinoids (eCBs) in the keratinized matrix nail. Furthermore, we 
aimed to investigate the suitability of the nail matrix for the detection of these stress markers in a pilot study. An LC–MS/
MS method was used for the simultaneous identification and quantification of four eCBs (2-arachidonoylglycerol (2-AG), 
anandamide (AEA), oleoylethanolamide (OEA), palmitoylethanolamide (PEA)) and five steroid hormones (cortisol, corti-
sone, androstenedione, progesterone, testosterone) in human nails using a surrogate analyte method for each analyte. The 
method was validated in terms of selectivity, response factor, linearity, limit of quantification (LOQ), precision, accuracy, 
matrix effect, recovery, robustness, and autosampler stability. Nail samples were extracted for 1 h with methanol following 
a clean-up with a fully automated supported liquid extraction (SLE). The influence of nail weight on the quantification was 
investigated by using 0.5–20 mg of nail sample. As a proof of concept, nail samples (N = 57) were analyzed from a cohort 
representing newborns (1 month old), children (between 1 and 10 years), and adults (up to 43 years). It could be shown 
that the established workflow using a 1 hour extraction and clean-up by SLE was very robust and resulted in a short sample 
preparation time. The LC–MS/MS method was successfully validated. Matrix effects with ion enhancement occurred mainly 
for 2-AG. Sample weights below 5 mg showed variations in quantification for some analytes. Certain analytes such as PEA 
and progesterone could be accurately quantified at a sample weight lower than 5 mg. This is the first study where steroids and 
eCBs could be simultaneously detected and quantified in infant and adult nails. These results show that nails may serve as an 
alternative keratinized matrix (compared to hair) for the retrospective monitoring of cumulative eCB and steroid hormone 
levels. The combined assessment of eCBs and steroids from nails could provide a new approach to gain new insights into 
stress exposure in newborns and adults.
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eCB  Endocannabinoid
HPA  Hypothalamic–pituitary–adrenal axis
LC–MS/MS  Liquid chromatography–tandem mass 

spectrometry
LOQ  Limit of quantification
MeOH  Methanol
OEA  Oleoylethanolamide
PEA  Palmitoylethanolamide
QC  Quality control
SLE  Supported liquid extraction

Introduction

Stress activates amongst other systems the hypotha-
lamic–pituitary–adrenal (HPA) axis, which is a key regu-
lator in numerous physical and psychological reactions [1, 
2]. Cortisol, the end product of the HPA axis, is one of the 
most prominent stress hormones in humans, and is currently 
known as a valid biomarker for stress [3].

The stress response is balanced through the endocan-
nabinoid system, which acts against the stress emotions of 
anxiety, anger, and fear [4]. The endocannabinoid system 
is a neuromodulatory system consisting of cannabinoid 
(CB) receptors and their endogenous ligands [5]. Stress 
exposure may change the concentrations of the two main 
endocannabinoid (eCB) molecules anandamide (AEA) and 
2-arachidonoylglycerol (2-AG) which are mediated by CB1 
and CB2 receptors [6, 7]. ECBs support the adaptation to a 
challenging environment, increase tissue regeneration, and 
thus have been hypothesized to play an important role in 
processes involved in stress adaptation and resilience [8]. 
It seems that OEA and PEA concentrations change under 
chronic stress and could therefore play a key modulatory role 
in stress resilience [9–11]. Blood, urine, and saliva are most 
commonly used to monitor stress hormones as reviewed by 
Lewis [12]. However, such methods have the disadvantage 
that the hormone concentrations change during the day 
according to their circadian rhythms [13]. In addition, these 
matrices are subject to high individual fluctuation and prone 
to bacterial overgrowth [14, 15]. Alternative matrices that 
can reflect cumulative steroid levels over a longer period of 
time are hair and nails [16, 17]. For instance, Tegethoff et al. 
analyzed fetal steroid exposure in utero from infant nails and 
showed that determination of fetal stress biology in nails is 
possible [18]. However, while steroids have been determined 
in nails [16, 18, 19], eCBs have not been previously analyzed 
in this matrix. The measurement of very low endogenous 
steroid and eCB concentrations from keratinized matrices 
such as hair and nails presents analytical challenges. Nowa-
days, sensitive liquid chromatography–tandem mass spec-
trometry (LC–MS/MS) is mainly used for the quantification 
of eCBs and steroid hormones in hair [17, 20]. The lack 

of real analyte-free matrices makes the quantification of 
endogenous compounds complex and challenging. Common 
approaches that are used for the quantification of endog-
enous compounds are standard addition, surrogate matrix, 
or surrogate analytes [21]. The approach of surrogate ana-
lytes has previously been used to overcome the problem of 
having no analyte-free hair matrix for the quantification of 
steroid hormones [16, 22, 23]. A surrogate analyte is a stable 
isotope–labeled analyte, which does not occur naturally in 
the samples. It has the same physicochemical properties as 
the endogenous compound, and thus, a calibration with the 
surrogate analyte can be used for quantification.

The present study aimed to validate a sensitive LC–MS/
MS method for the simultaneous quantification of eCBs and 
steroid hormones in human fingernail clippings using surro-
gate analytes. The aim was to find a suitable and simple sam-
ple preparation for nails to simultaneously analyze a panel 
of endogenous stress hormones including steroids and eCBs 
and prove the applicability of the method.

Materials and methods

The analytical procedure is summarized in Scheme 1.

Chemicals

OEA, PEA, the deuterated standards  D9-progesterone and 
 D7-cortisone, and 13C-labeled standards 13C3-androsten-
edione, 13C3-testosterone, and 13C3-progesterone were 
purchased from Sigma-Aldrich (Buchs, Switzerland). 
13C3-cortisol and 13C3-cortisone were purchased from Iso-
science (Ambler, USA). AEA, 2-AG, and the deuterated 
eCBs  (D4-AEA,  D5-2-AG,  D4-OEA,  D4-PEA, and  D11-AEA) 
were purchased from Cayman Chemicals (Ann Arbor, USA). 
Water and methanol (MeOH) were of LC–MS grade (Chro-
masolv®) and purchased from Sigma-Aldrich (Buchs SG, 
Switzerland). Acetone, ethyl acetate, and ammonium fluo-
ride were purchased from Merck (Darmstadt, Germany). 
Reconstitution solution consisted of 0.2 mM  NH4F in water/
methanol 97/3 v/v, respectively. Isolute® SLE + columns 
were purchased from Biotage® (Uppsala, Sweden). All 
chemicals were of highest analytical grade.

Preparation of standard stock solutions

Final standard concentrations of 1  ng/µL of each ana-
lyte were prepared in methanol for the steroid hormones 
and in acetonitrile for the eCBs. The internal standard 
mixture  (D7-cortisone,   D9-progesterone,  D11-AEA) was 
prepared in acetonitrile at a final concentration of 40 pg/
µL for  D9-progesterone and  D11-AEA and 80 pg/µL for 
 D7-cortisone. For calibration and validation experiments, 
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stock solutions were prepared in different concentrations: 
0.2, 2, 4 and 20 pg/μL for  D4-AEA and 13C3-testosterone; 
0.2, 2, 20 and 200 pg/μL for 13C3-cortisone, 13C3-andros-
tenedione, and 13C3-progesterone; 0.2, 2 and 20 pg/μL for 
13C3-cortisol; 2, 20 and 200 pg/μL for  D5-2-AG and 2, 200, 
1000, and 10,000 pg/μL for  D4-PEA and  D4-OEA. The stock 
solutions were used to spike nail samples for calibration 
and quality control (QC) samples. All stock solutions were 
stored at – 20 °C until use. A summary of analytes, surrogate 
analytes, and internal standards can be found in Table S1 in 
Supplemental.

Nail sample preparation and extraction

Nails for validation and proof of principle were collected 
from volunteers who gave verbal consent. For children’s 
nails, we received the informed consent of the parents. The 
present study was performed in full accordance with Swiss 
laws, particularly those pertaining to the use of human mate-
rials in research. A statement of the Ethics Board of the 
Canton of Zurich (document BASEC-no. Req-2017–00946) 
was obtained. For validation experiments, several different 
nail pools from healthy volunteers were prepared as follows: 
nails were pooled from different volunteers, transferred into 
5 mL glass vials and washed for 3 min with 2 mL deion-
ized water, followed by washing for 2 min with the same 
amount of acetone. The washing was done to remove sur-
face contamination from the nail samples. The vials were 

shaken by hand during the washing process. The washing 
solutions were decanted and disposed, and the nail samples 
were dried overnight at room temperature. For preparation 
of nail pools, the dried nail samples were homogenized in 
a steel cylinder (20 mm diameter) for 10 min at 30 Hz with 
one milling ball, resulting in a fine powder. For validation, 
different amounts (0.5 to 20 mg) of pulverized nail sam-
ples were used for the different experiments (details for 
validation and the pools can be found in Supplemental). 
For the authentic samples, 10–20 mg of nail clippings were 
weighted into a 1.5-mL Eppendorf tube after washing and 
drying and 3 milling balls (stainless steel, diameter 5 mm) 
were added. The exact amount of nail that was used per 
sample is indicated in Table S2. For some samples, less than 
10 mg was used. For pulverization, the samples were milled 
for 10 min at a frequency of 30 Hz. For extraction, 50 μL 
internal standard mixture and 1 mL methanol were added to 
the pulverized nail sample. The samples were briefly shaken 
and placed in a sonication bath for 1 h (35 kHz, 600 W) 
at a temperature of 55 °C for extraction. The extract was 
transferred into a column rack (24 × 6 mL) from Biotage® 
Extrahera (Biotage, Uppsala, Sweden) for supported liquid 
extraction (SLE). Sample extracts were automatically loaded 
onto Isolute SLE + columns and allowed to absorb for 5 min. 
Analytes were then eluted two times with 2.5 mL ethyl ace-
tate with a wait time of 5 min in between. The extracts were 
dried in a Turbovap® (Biotage, Uppsala, Sweden) with a 
set bath temperature of 35 °C for 1 h and resuspended in 60 

Scheme 1  Workflow of sample preparation and analytical measurement for the combined analysis of steroids and endocannabinoids in nails
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μL MeOH and 140 μL reconstitution solution (eluent B). 
For extraction efficiency, varying extraction times and nail 
weights were tested (see “Results” section).

Method validation

The validation was performed in accordance with the guide-
lines of the Society of Toxicological and Forensic Chem-
istry (GTFCh) [24]. 20 mg of a nail pool was used for the 
validation experiments and QC samples. The following 
parameters were evaluated: response factor (for the surro-
gate analytes), selectivity, linearity, limit of quantification 
(LOQ), accuracy, precision, matrix effect, recovery, robust-
ness, and autosampler stability. For validation, the approach 
of using a surrogate analyte was applied as described before 
[16, 22, 25, 26]. Four deuterated standards were chosen 
as surrogate analytes for the eCBs  (D4-AEA,  D5-2-AG, 
 D4-OEA, and  D4-PEA), and five stable isotope–labeled 
standards were chosen for the steroid hormones (13C3-cor-
tisol, 13C3-cortisone, 13C3-androstenedione, 13C3-proges-
terone, 13C3-testosterone). The internal standard contained 
 D7-cortisone,  D9-progesterone, and  D11-AEA. For all sur-
rogate analytes, the response factor was calculated by the 
ratio of the responses found for the surrogate and authentic 
analytes. If the response factor was not 1, it was incorpo-
rated into the regression line of the calibration curve in 
order to get the correct result for the quantification of the 
endogenous analyte. The selectivity was determined in nail 
matrix for the surrogate analytes and in neat solutions for 
all analytes. Therefore, unspiked “blank” nail samples were 
extracted and the transitions of the surrogate analytes were 
evaluated for interferences. Furthermore, 25 µL of 1 ng/
µL standard solutions of analytes and surrogate analytes 
were mixed separately with 350 µL mobile phase A and 
analyzed. For each sample, the different transitions were 
evaluated for possible cross-interferences of the transitions 
or with matrix. In general, validation parameters for steroid 
hormones and eCBs were determined as follows: for linear-
ity, seven calibrators with increasing concentrations and an 
unspiked sample were prepared. The calibration range for 
 D5-2-AG was 5 to 200 pg/mg; for  D4-AEA and 13C3-testos-
terone 0.1 to 10 pg/mg; for  D4-OEA 20 to 10,000 pg/mg; for 
 D4-PEA 500 to 10,000 pg/mg; for 13C3-cortisol 0.3 to 50 pg/
mg; for 13C3-cortisone 1 to 500 pg/mg; for 13C3-androsten-
edione 0.1 to 500 pg/mg and for 13C3-progesterone 0.3 to 
500 pg/mg. The regression lines (R2) were calculated for 
 D4-OEA and  D4-PEA with a quadratic model. For the other 
surrogate analytes, a simple linear model with 1/x weight-
ing and no weighting for eCBs was used. The LOQ was 
calculated and determined applying signal-to-noise ratios 
of 10:1 or higher, respectively. For accuracy and precision, 
duplicates of a nail pool with different end concentrations 
(low, medium, and high concentration ranges) according to 

substance classes were prepared by spiking with different 
stock solutions. The measurements were carried out on six 
consecutive days. The bias as well as the intra- and inter-day 
precision was calculated for each analyte in each matrix. For 
matrix effect and recovery, six replicates from a nail pool at 
two different concentration levels (low and high) were ana-
lyzed. For the matrix effect, the ratio of peak areas of spiked 
nail (A) to spiked solvent (B) at the same concentration was 
compared (matrix effect = (A/B) × 100). For recovery, the 
ratio of the peak area of spiked matrix before (C) and after 
(D) extraction was compared (recovery = (C/D) × 100). For 
robustness, six replicates of an authentic nail pool were 
analyzed and the mean value of detectable analytes plus the 
relative standard deviation was determined. For stability, six 
spiked QC samples at low, medium, and high concentra-
tion levels (same as accuracy and precision) were prepared 
and pooled for each concentration level. The pools were 
aliquoted and placed in the autosampler (4 °C) at different 
positions in the time frame representing a standard batch 
(24 samples). Furthermore, an authentic pool was prepared 
and also measured in the same way.

LC–MS/MS analysis

An LC–MS/MS device was used for the analysis of the 
sample extracts as described in a previous publication [22]. 
In brief, separation of the analytes was carried out with a 
Prominence UFLC system (Shimadzu, Kyoto, Japan) by 
injecting 10 µL of the samples onto a Phenomenex® Kine-
tex® XB-C18 (2.6 µm, 50 × 2.10 mm) column. The mobile 
phase consisted of 0.2 mM  NH4F in water/methanol 97/3 
v/v respectively (A) and 0.2 mM  NH4F in water/methanol 
3/97 v/v (B), and the flow rate was 0.40 mL/min. The col-
umn oven temperature was kept at 40 °C. The following 
gradient was applied: 0–40% B for 0–0.1 min, isocratic 
40% from 0.1 to 1 min, 40–70% B from 1 to 5 min, iso-
cratic 70% for 5–6 min, 70–80% from 6 to 7 min, isocratic 
80% for 7–11 min, 80–90% from 11 to 14 min, isocratic 
99% B from 14.1 to 17 min, 99–40% B from 17 to 19 min 
followed by an equilibration step of 1 min. Analyte detec-
tion was performed using a QTRAP® 6500 + linear ion 
trap quadrupole mass spectrometer (Sciex®, Darmstadt, 
Germany) with an electrospray ionization (ESI) source. 
Positive ESI mode and multiple reaction monitoring mode 
(MRM) with an ion spray voltage of 4500 V were used 
for quantification. The method parameters are listed in 
Table S3 in Supplemental. The curtain gas was fixed at 20 
psi, the collision gas was set to high, and the ion source 
gases 1 and 2 were at 70 psi and 50 psi, respectively. The 
source temperature was set to 600 °C. Analyst® software 
(version 1.6.3, Sciex, Darmstadt, Germany) was used for 
instrument control and data analysis.
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Statistical analysis

For statistical analysis, GraphPad Prism 7.0 (GraphPad Soft-
ware, San Diego, CA, USA) was used. The Shapiro–Wilk 
normality test revealed that the data were not normally dis-
tributed. Group comparisons were conducted using the Wil-
coxon signed-rank test for paired samples and Mann–Whit-
ney test for unpaired samples. Correlation coefficients were 
assessed using Spearman correlation. p values > 0.05 were 
considered as not statistically significant (ns), p < 0.05 (*) as 
significant, p < 0.01 (**) as very significant, and p < 0.001 
(***) and p < 0.0001 (****) as extremely significant.

Results

Analytical LC–MS/MS method

An existing LC–MS/MS method for detection of steroids 
and eCBs in hair was used as a starting point for method 
validation [22]. The method was adapted by replacing eCB 
analytes with deuterated analytes to apply the approach of 
surrogate analytes for each authentic analyte. The chroma-
tographic conditions remained unchanged. For steroid hor-
mones (cortisone, cortisol, androstenedione, testosterone, 
and progesterone), 13C-labeled analogs were used as sur-
rogate analytes, and for the eCBs (AEA, 1-AG/2-AG, OEA, 
and PEA), deuterated analogs were used. Figure 1 shows 
a chromatogram of the surrogate analytes and Table S1 in 
Supplemental summarizes each authentic analyte, its sur-
rogate analyte, and the internal standard. Good separation 
could be achieved for every analyte in a total run time of 
16 min.

Extraction efficiency

We first tested the extraction efficiency from the authentic 
nail pools. A previously published method for extraction of 

eCBs from hair was used [22]. In brief, methanolic extrac-
tion was performed in an ultrasonic bath at 55 °C for 4 h. 
Additionally, different solvents (methanol, acetone, toluene, 
and the solvent mixture acetone/methanol 1/5 v/v as well as 
various methanol/toluene mixtures, 10/1 v/v, 5/1 v/v, and 
3/1 v/v) were tested for extraction but no improvement com-
pared to methanolic extraction could be achieved (data not 
shown). Furthermore, different extraction times were evalu-
ated and after extraction for 1 h, saturation could be reached 
for all the analytes (Fig. 2). In conclusion, the extraction 
time could be shortened to 1 h compared to the protocol for 
hair extraction.

Validation

The validation was performed in accordance with the guide-
lines of the Society of Toxicological and Forensic Chemis-
try (GTFCh) for validation in hair [24]. The validation was 
carried out with the help of surrogate analytes  (D4-AEA, 
 D5-2-AG,  D4-OEA,  D4-PEA, 13C3-cortisol, 13C3-cortisone, 
13C3-androstenedione, 13C3-progesterone, and 13C3-testoster-
one). The response factor was determined for every surro-
gate and authentic analyte. The results are shown in Table S4 
in Supplemental. The ideal theoretical response factor would 
be 1. All analytes showed a variation from the labeled to 
the authentic analytes. Therefore, the regression line of the 
calibration curve was corrected by the response factor. OEA 
showed the biggest variation from the theoretical value of 
1. The selectivity of the method could be proven for all ana-
lytes. Unspiked nail samples were measured, and no interfer-
ences at the retention time of the surrogate analytes could be 
detected. Furthermore, selectivity was tested in neat solution 
for surrogate and authentic analytes to confirm that no false-
positive signal would appear. The selectivity of  D4-AEA in 
a neat solution is exemplified in Fig S1 in Supplemental.

A summary of the calibration curves and LOQ is pro-
vided in supplemental Table S5. Linearity was good for 
all analytes with a correlation coefficient (R2) of more than 

Fig. 1  Final chromatogram 
of the scheduled LC–MS/
MS method obtained from a 
neat solution mix of 1 ng/μL. 
1 = 13C3-cortisone, 2 = 13C3-cor-
tisol, 3 = 13C3-androstenedione, 
4 = 13C3-testosterone, 5 = 13C3-pro-
gesterone, 6 =  D4-AEA, 
7a/b =  D5-1-AG/2-AG, 
8 =  D4-PEA, 9 =  D4-OEA

6205Endocannabinoid and steroid analysis in infant and adult nails by LC–MS/MS
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0.98. The equation for the calibration curve was quadratic 
for the analytes  D4-OEA and  D4-PEA and linear for the 
other analytes. Matrix effects (ion enhancement or ion sup-
pression) were observed for some analytes but were still 
in the acceptable range of 70–130% for all analytes (Fig-
ure S2 in Supplemental and Table S6) except for  D5-2-AG, 
which showed an ion enhancement of 67 and 65%. The 
results for accuracy and precision are summarized in 
Table S6 in Supplemental. The accuracy for all analytes 
was in an acceptable range of ± 20%. The precision was in 
the range of ± 20% for these analytes. For robustness, six 
replicates of a homogenous and authentic nail pool were 
measured. The mean and the relative standard deviation 
were calculated and are displayed in Table S7. The relative 
standard deviations ranged from 0.5 to 20.2% which is in 
an acceptable range. The same pool was analyzed with 
every measured batch for validation and authentic pools 
during this whole project which was conducted within a 
time frame of over 6 months. The stability of the pool was 
monitored over this time frame and was shown to be sta-
ble (deviation below 20%). The stability of the processed 
samples (QCs and an authentic pool) in the autosampler 
(at 4 °C) was monitored after 24 h, representing a stand-
ard batch (see Table S13). No significant instability was 
observed for 24 h for any of the analytes (data shown in 
Table S13). All analytes were stable in the authentic pool 
over the period of the batch analysis.

Effect of nail weight

The effect of nail weight on the steroid and eCB concentra-
tions was tested by analyzing different amounts of sample 
weight from homogenized nail pools. Five different pools 
were extracted with increasing sample weight (0.5, 1, 3, 
5, 10 and 20 mg; data shown in Tables S8–S12). In a rep-
resentative sample, analyte concentrations were stable for 
most of the substances with 5 mg or higher sample weight 
(Fig. 3). Lower sample weight mostly resulted in higher ana-
lyte concentrations.

Proof of concept: measurement of authentic nail 
samples

The newly adapted and validated analytical method was 
applied to authentic nail samples to analyze steroid and 
eCB concentrations in the nail matrix of healthy volunteers. 
Therefore, 57 authentic nail samples (37 nail samples of 12 
children, age range: 1 month–8 years; 20 nail samples of 4 
mothers and 2 fathers, age range: 32–43 years; for details, 
see Table S2) were analyzed. Table 1 shows the mean and 
median concentrations of all samples.

Statistical analysis of eCBs and steroid concentrations 
in nails of children and parents showed a significant differ-
ence for 2-AG and AEA (Mann–Whitney test; Fig. 4). No 
significant difference could be found for the other analytes.

Fig. 2  Extraction efficiency from an authentic nail pool (ratio peak area/IS area) depending on different incubation times (N = 2)
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Correlations for eCBs and steroid hormones were calcu-
lated. AEA showed a significant, positive correlation with 
2-AG (r = 0.52, p < 0.0001), OEA was significantly and 
positively correlated with PEA (r = 0.80, p < 0.0001), and 
a positive correlation was found between cortisol and corti-
sone (r = 0.69, p < 0.0001) and progesterone and androsten-
edione (r = 0.69, p < 0.0001). In addition, a significant cor-
relation was found between AEA and cortisone (r = 0.55, 
p < 0.0001). Correlations of eCBs with each other have 
been found in hair before [22, 27]. These results indicate 
that the effects seem to be similar in keratinized matrices. 
For nail analysis, it is important to determine whether there 
are significant differences of steroid concentrations in the 
right and left hand. A comparison between substance con-
centrations in fingernails from the left and right hand of 
four to eight individuals is shown in Table 2. The analyte 

concentrations of each hand (left and right) showed no sig-
nificant differences (p > 0.05) except for 2-AG (p < 0.05).

Discussion

In recent years, nail cortisol has emerged as a promising 
biomarker for researching the consequences of chronic 
stress exposure on HPA axis function [28]. The additional 
inclusion of eCBs as potential indicators for stress adapta-
tion processes opens up new possibilities for future stress 
research. This pilot study intended to generate the first 
empirical values of eCBs in nails and to establish nails as 
a suitable matrix for the retrospective and simultaneous 
monitoring of cumulative steroid hormone and eCB levels 
using a validated and sensitive LC–MS/MS method. In the 

Fig. 3  Concentration of endogenous analytes in homogenized nail pools at different sample weights. The error bars at the end of the bars repre-
sent the standard deviation (N = 2)
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Table 1  Mean and median 
(range) analyte concentrations 
in nails of children and parents. 
N refers to the number of 
samples

n.d. not detectable

Analytes Children Mothers Fathers
Mean; median (range)
[pg/mg]

Mean; median (range)
[pg/mg]

Mean; median (range)
[pg/mg]

2-AG 39.4; 32.5 (16.9–164)
N = 36

25.8; 29.7 (7.7–41.3)
N = 16

24.4; 24.5 (13.6–34.9)
N = 4

AEA 1.8; 1.7 (0.9–4.5)
N = 32

0.7; 0.7 (0.5–1.0)
N = 16

1.2; 1.1 (0.6–2.2)
N = 4

OEA 922; 835 (346–2163)
N = 37

892; 885 (206–1565)
N = 16

1197; 909 (653–2317)
N = 4

PEA 2747; 2159 (728–6694)
N = 37

3232; 3767 (679–5833)
N = 16

2714; 2153 (1030–5520)
N = 4

Cortisol 1.4; 1.3 (0.4–4.2)
N = 24

1.0; 1.0 (0.4–1.9)
N = 15

1.9; 1.6 (0.4–3.8)
N = 4

Cortisone 13.8; 5.6 (1.5–143)
N = 37

2.9; 2.8 (1.5–4.3)
N = 15

4.1; 3.7 (1.9–6.9)
N = 4

Androstenedione 0.9; 0.6 (0.4–2.1)
N = 14

0.7; 0.7 (0.4–1.3)
N = 16

0.6; 0.6 (0.4–0.8)
N = 4

Progesterone 1.8; 1.5 (0.5–8.5)
N = 33

2.9; 1.3 (0.7–12.8)
N = 16

1.6; 1.6 (1.0–2.1)
N = 4

Testosterone 0.4; 0.4 (0.3–0.5)
N = 2

n.d 0.6; 0.5 (0.4–0.8)
N = 4

Fig. 4  Statistical analysis of 
eCB levels in children and par-
ents. Box plots with median and 
interquartile range and 10% and 
90% percentiles. The statistical 
analysis was conducted using 
the Mann–Whitney test. The 
significance level is indicated 
with asterisks

Table 2  Mean and median 
(range) analyte concentrations 
in the left and right hand 
and Spearman correlation 
between the left and right hand. 
N = number of pairs

n.d. not detectable

Analytes Left hand Right hand N Spearman r
Mean; median (range)
[pg/mg]

Mean; median (range)
[pg/mg]

r (significance)

2-AG 30.5; 32.4 (18.8–41.3) 27.4; 29.2 (17.5–36.5) 8 0.90 (p < 0.01)
AEA 1.3; 1.2 (0.5–2.1) 1.1; 1.1 (0.7–1.9) 8 0.90 (p < 0.01)
OEA 1038.0; 1007 (516.5–1890) 1016.0; 924.4 (679.5–1567) 8 0.81 (p < 0.05)
PEA 3926.0; 3898 (2159–6694) 4071.0; 3608 (2880–6511) 8 0.76 (p < 0.05)
Cortisol 1.0; 1.1 (0.8–1.5) 1.1; 1.1 (0.7–1.4) 4 1.00 (p < 0.05)
Cortisone 4.0; 3.6 (2.5–6.6) 4.5; 4.2 (2.7–7.5) 8 0.85 (p < 0.05)
Androstenedione 0.7; 0.5 (0.4–1.1) 0.8; 0.8 (0.5–1.3) 6 0.99 (p < 0.05)
Progesterone 4.0; 1.2 (0.8–12.8) 2.6; 1.6 (0.9–8.2) 8 0.76 (p < 0.05)
Testosterone n.d n.d – –
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current study, the sample preparation including methanolic 
extraction was successfully established for nail samples. The 
method could be optimized to an incubation time of 1 h in 
comparison to hair samples [22]. This improvement does 
not only save time, but also reduces the exposure to plastic 
and glass surfaces, which may potentially adsorb the target 
substances [29]. Furthermore, the extraction solvent is very 
important for efficient extraction. Keratinized matrices, such 
as nails, require a solvent that both dissolves the analytes suf-
ficiently and simultaneously swells the matrix. After differ-
ent solvents were tested, methanol was found to be the most 
efficient extraction reagent. Because extraction from kerati-
nized matrices can also incorporate interfering substances, 
further clean-up steps are required. Voegel et al. [22] have 
already shown that supported liquid extraction (SLE) ena-
bles an efficient clean-up and recovery of all analytes in the 
keratinized matrix hair and can decrease background noise. 
The same approach was now successfully used in nails. The 
publication by Voegel et al. showed that using surrogate 
analytes for steroid analytics [22] is an elegant way to quan-
tify endogenous substances when no analyte-free matrix is 
available. The analytical method described here has been 
optimized by using surrogate analytes (13C-labeled and deu-
terated) for each authentic analyte, which now enables the 
accurate quantification of a full panel (steroids and eCBs) 
of endogenous substances from nails. For the quantification 
of OEA, it has to be taken into account that vaccenic acid 
(cis11-18:1) ethanolamide (VEA) has the same mass and the 
same fragmentation pattern as OEA and was found in rat and 
human plasma [30]. It cannot be excluded that VEA is pre-
sent in human nails. The LC–MS/MS method was success-
fully validated and performed in adaption to the guidelines 
of the GTFCh for validation in hair [31]. Matrix effects with 
ion enhancement occurred for 2-AG, OEA, and PEA. Accu-
racy and precision were in the accepted range of ± 20% for 
all substances. Robustness and stability experiments using 
QCs and authentic pools proved that the analytes are stable 
in the course of sample preparation and allow an adequate 
quantification.

Systematic studies in the field of nail analysis are still 
scarce [19, 32]. Our results show that depending on nail 
weight, the substance concentrations can vary. Neverthe-
less, for some analytes (cortisol, cortisone, 2-AG, AEA and 
PEA), the substance concentrations were very stable. We 
suggest that the minimum amount of nail samples for a reli-
able detection of all analytes should be 5 mg, as it seems that 
for very small amounts (< 1 mg) the variation becomes more 
significant. For some analytes (e.g., progesterone), even 0.5 
to 3 mg produced reliable data. Interestingly, some analytes 
showed higher concentrations when small sample amounts 
were used, which could also be interpreted as a matrix 
effect. Our study is the first to systematically investigate the 
effect of nail weight on the analyte concentration. Even if 

the reason for the observed effect is still unclear, the results 
show that a relatively small amount (5 mg) of nails can 
yield stable results. This is important in newborn research, 
where only tiny nail samples are available. Further research 
using small sample amounts is needed in order to interpret 
this result. In this proof-of-concept study, 57 samples were 
measured and evaluated. To the best of our knowledge, this 
is the first time that eCBs were successfully detected in 
child and adult nails and these data are the first data that 
are received in this field of research. Of note, testosterone 
could not be detected in a number of samples, mostly in 
those from women and children. Testosterone is a male sex 
hormone [33], and concentrations in women and children are 
known to be very low. Thus, the limitations in testosterone 
measurements in women and children can be most certainly 
ascribed to limited sensitivity at the concentration range in 
these samples [34]. As presented in Table 1 and Fig. 2, there 
is a significant concentration difference between children’s 
and parents’ nail concentrations for 2-AG and AEA. For 
the other substances, there were no significant differences. 
Whether this difference is correlated to age can only be spec-
ulated, and further analysis has to be done to investigate age 
effects on stress marker concentrations in nails. In any case, 
it is important to consider age-dependent eCB levels in nails, 
similar to what has been suggested for hair [22, 35, 36]. As 
can be seen in Table S2, the children’s nail samples did not 
always have a weight of 5 mg, and one infant nail sample 
(mixture of left and right hands) weighed only about 2.5 mg. 
This is an important observation for future studies, as our 
findings show that in small infants it is necessary to collect 
repeated nail clippings to have enough sample material for 
a robust measurement. There were no significant concentra-
tion differences between the left and right hand for most of 
the substances. Similar results have been found previously 
for testosterone and cortisol in nails [16, 35], indicating that 
sample collection does not need to be limited to one hand 
alone, providing an advantage for sample collection. The 
relative ratio of measured analyte concentrations in nails 
(data not shown) was in good accordance with concentra-
tions published previously in hair [22]. Yet, compared to 
hair analyses, the concentrations of endogenous analytes in 
nails are lower. This is also in accordance with other findings 
[23, 26]. The difference in analyte concentrations in nail and 
hair samples might be explained by several factors, such as 
melanin binding, physicochemical properties of the incor-
porated substances, incorporation mechanisms, and surfaces 
of the two different matrices. Furthermore, hair grows with a 
growth rate of roughly 1 cm/month [37] which is about two 
to three times faster than fingernails with 0.4 cm/month [38, 
39]. Three routes for substance incorporation into the nail 
matrix have been suggested: with the primary mechanism 
through the germinal nail matrix, followed by incorporation 
from the nail bed and contamination from sweat [40, 41]. 
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Thus, due to the continuous nail matrix keratinization, sub-
stances are distributed over the entire nail as summarized by 
Baswan et al. [42]. This study has several strengths: Due to 
the surrogate analytes, the quantity of both steroid hormones 
and eCBs could be accurately determined in nails. The find-
ings were reliable even though only small amounts of nail 
matrix were available. It is easy to both collect and store 
nails in a reliable and reproducible manner. We were able to 
involve samples of both men and women as well as children.

Limitations

However, there are also limitations of the study. Due to the 
lack of large reliable studies including nail analyses, the 
findings are difficult to compare and normative values still 
need to be generated. Furthermore, quantification of endog-
enous compounds like eCBs is analytically challenging. In 
our opinion, the approach of the surrogate analyte quanti-
fication is the best approach so far, but the lack of internal 
standards for each analyte is still a drawback. Furthermore, 
the influence of detergents, hand cream, or nail polish on 
hormone analysis in nails is still unclear and needs further 
investigation. Our study only included a limited number of 
samples, and the nail weights of some newborn samples 
were below 5 mg. The recommended sample weight from 
our study to get reliable results is 5 mg. We are aware of the 
fact that this might still be a high amount when investigat-
ing newborn fingernails. Nevertheless, this is the first time 
that nine different stress markers could be detected from one 
sample, which constitutes a major improvement for stress 
analysis. One suggestion to obtain enough sample weight 
would therefore be to collect the first 5–6 nail cuts of the 
newborns. These nail cuts could be subsequently pooled and 
analyzed. As mentioned above, analyte concentrations can 
vary if the sample amount is too small. For a better conclu-
sion, further studies with larger sample sizes are needed. 
Also, the establishment of normative or cut-off values would 
be highly beneficial. However, data suggest that nail matrix 
analysis might be a promising substitute for other keratinized 
matrices [43]. The correlation of nail concentrations to hair 
concentrations would be very interesting, but in our indi-
viduals, there was either no hair available (newborns, some 
males) or mainly cosmetically treated (women).

Conclusion

A sensitive LC–MS/MS method was successfully established and 
validated for the simultaneous quantification of four eCBs and 
five steroid hormones in human fingernail clippings. This is the 
first time that eCBs could be determined and quantified in nails. 
The combined assessment of steroids and eCB concentrations 

from fingernail samples can be used for the retrospective meas-
urement of these substances in adults and children and might 
be a promising new research tool for gaining further important 
insights into the psychophysiological mechanisms of stress.
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