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ABSTRACT 23 

Nail samples are an alternative to hair for long-term monitoring of drug use, although there 24 
are a limited number of studies about its applicability. This study presents the development 25 
and validation of a LC-MS/MS method for the determination of five antipsychotic drugs 26 
(clozapine, haloperidol, levomepromazine, olanzapine and quetiapine) in nail and in hair 27 
samples. Samples were washed with dichloromethane, pulverized with a ball mill, and 28 
incubated in water:acetonitrile (50:50 v/v) with horizontal agitation for 90 min. Then, samples 29 
were purified by solid phase extraction with OASIS MCX cartridges and analysed by LC-MS/MS. 30 
The analytical method was fully validated in nails and in hair, including: limits of detection (2.5 31 
pg/mg and 2.5-10 pg/mg, respectively), limits of quantification (LOQ) (10 pg/mg and 10-20 32 
pg/mg, respectively), linearity (LOQ to 10000 pg/mg), selectivity (no endogenous or exogenous 33 
interferences), accuracy (97.4-106.9% and 97.3-108.2%, respectively), imprecision (<7.9% and 34 
<8.6%, respectively), extraction efficiency (62.3% to 109.8% and 45.1% to 83.6%, respectively), 35 
matrix effect (-35.6% to 654.4% and -71.0% to -10.8%, respectively) and autosampler stability 36 
after 72 h (%loss <12.4%). Moreover, paired fingernail, toenail and hair samples from 13 37 
patients under chronic treatment were analysed, and concentrations in the different matrices 38 
were compared. Concentrations in real samples ranged from 11.3 to 8306 pg/mg in fingernails, 39 
from 12.7 to 1755.4 pg/mg in toenails and from 17.6 to 24045.4 pg/mg in hair. Hair 40 
concentrations were generally higher than nail concentrations; however, a variable pattern 41 
was found in fingernails and toenails depending on the case. In addition, concentrations in 42 
paired hair and nail samples from a patient under chronic treatment with quetiapine at 43 
different doses were studied for 1-year.  44 
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 1. Introduction 58 

Keratinized biological matrices, like hair and nails, are able to incorporate and accumulate 59 
substances over time, allowing to perform a retrospective investigation of past drug 60 
consumption. Hair has been extensively investigated for decades and nowadays is commonly 61 
used for routine analysis in Clinical and Forensic Toxicology to achieve a wider window of 62 
detection (from weeks to months) in comparison with traditional biological matrices, or when 63 
sampling cannot be performed immediately after intake [1,2]. On the contrary, nails have 64 
recently been studied as an alternative to hair for long-term substances detection in different 65 
forensic applications such as postmortem cases [3], in retrospective monitoring of abstinence 66 
[4] or chemsex [5], mainly when this matrix is not available (alopecia, during chemotherapy…) 67 
[4,6]. Nevertheless, there are still very few studies about drug incorporation into nails and nail 68 
results interpretation. 69 

Substances are incorporated into nails through diffusion from the blood supply during nail 70 
growth. However, unlike hair, nails grow continuously and in two directions: approximately 71 
80% of the nail is generated in the germinal matrix, while the other 20% is formed in the nail 72 
bed, contributing to the growth in nail thickness from the proximal to the distal end [7,8]. A 73 
third incorporation path, similarly to hair, is external contamination via sweat [8-10]. These 74 
incorporation pathways were observed in two different studies after the analysis of nail 75 
samples following a single dose of zolpidem [8,9]. So, in cases of chronic consumption, 76 
detected concentrations are a sum of internal and external incorporation [11].  77 

Different analytical methods for the detection of drugs in nails have been published to date 78 
[7,12,13]. Methods for amphetamines, ketamine, cocaine and cannabinoids used mainly GC-79 
MS [14-17]. For opioids, caffeine, nicotine and cotinine, both GC-MS and LC-MS or LC-MS/MS 80 
were employed [18,19]. For ethyl glucuronide, endogenous steroid hormones, sedative and 81 
antipsychotic drugs, LC-MS/MS was the main technique [13,20-23]. More recently, UPLC-82 
MS/MS methods have been published for the determination of classic drugs and new 83 
psychoactive substances [4,24]. 84 

Antipsychotic drugs are used for the treatment of schizophrenia, bipolar affective disorders, 85 
unipolar depression (off-label use) and anxiety disorders [25]. Interest in the determination of 86 
these drugs in keratinized matrices is double: on the one hand to study adherence to 87 
treatment in chronic patients [26] and, on the other, in forensic cases to investigate the cause 88 
of death [25,27]. In the last two decades, several methods have been published for the analysis 89 
of antipsychotics in hair [28-36], while only 3 authors described the use of nails for the 90 
detection of these drugs [22,34,37,38]. Uematsu et al. [34] developed a method for the 91 
detection of haloperidol in hair samples and applied it to 20 nail samples. Chen et al. [22,37] 92 
published two studies comparing concentrations of clozapine in hair and nails, one in 16 93 
psychiatric patients [22] and another comparing concentration results in hair and nails of a 94 
cadaver [37]. Finally, Kovatsi et al. [38] published a method for the detection of asenapine in 95 
hair and nail samples but did not apply the method to the analysis of real samples.  96 

Therefore, the aim of this work was to develop and validate a method for the detection of 5 97 
antipsychotic drugs in both nail and hair samples, and to study the viability of nail samples as 98 
an alternative to hair analysis by comparing concentrations in paired nail and hair samples. 99 



2. Materials and methods 100 

2.1 Chemicals and reagents 101 

Reference standards for quetiapine, haloperidol and clozapine at 1 mg/mL in methanol, and 102 
quetiapine-d8, haloperidol-d4 and clozapine-d4 at 0.1 mg/mL in methanol were purchased from 103 
Cerilliant (Round Rock, TX, USA). Olanzapine and olanzapine-d4 at 1mg/mL and 0.1 mg/mL in 104 
acetonitrile, respectively, were also purchased from Cerilliant (Round Rock, TX, USA). 105 
Levomepromazine maleate in solid form was obtained from Sigma-Aldrich (San Luis, Missouri, 106 
USA). 107 

LC-MS grade acetonitrile (ACN) and methanol, HPLC grade dichloromethane (DCM) and 2-108 
propanol, and reagent grade formic acid (FA) 98–100%, were purchased from Scharlau 109 
(Sentmenat, Spain). Ammonium hydroxide (NH4OH) 32% were obtained from VWR (Radnor, 110 
Pennsylvania, USA). Water was purified with a Milli-Q water system (Millipore, Le-Mont-sur-111 
Lausanne, Switzerland). Oasis MCX cartridges were obtained from Waters Corp. (Milford, MA, 112 
USA). 113 

2.2 Nail and hair samples 114 

Blank nail and hair samples for the preparation of calibration curves and quality control (QC) 115 
samples were voluntarily donated by the laboratory staff. Authentic specimens (fingernails, 116 
toenails and hair samples) from patients under chronic treatment with the studied 117 
antipsychotic drugs were collected at the University Hospital of Santiago de Compostela from 118 
July of 2018 to August of 2019.  119 

Fingernail and toenail samples were obtained by cutting the overhang of the nails (nail 120 
clippings) as close as possible to the nail bed and stored separately in plastic bags at room 121 
temperature. Nail clippers were cleaned prior to use with a cleaning wipe. Hair samples were 122 
collected by cutting a hair lock as close as possible to the scalp from the posterior vertex region 123 
of the head. The proximal part was indicated using a string, and samples were stored at room 124 
temperature in paper envelopes. In addition, data about treatment (currently prescribed drugs 125 
and their dosage) and demographic characteristics were collected.  126 

This study was approved by the Galician Clinical Research Ethics Committee (Xunta de Galicia, 127 
Spain) (Registration code: 2018/336), and all participants signed an informed consent for their 128 
participation. 129 

2.3 Preparation of calibration and QC working solutions 130 

Different working solutions were prepared for calibrators and for QC samples. For 131 
levomepromazine, an initial solution at 1 mg/mL was prepared by dissolving the solid standard 132 
in methanol. A working solution at 10 µg/mL containing all the analytes, except olanzapine 133 
which is unstable in methanolic solution, was prepared by dilution of the individual solutions at 134 
1 mg/mL with methanol. This solution was diluted with methanol to obtain working solutions 135 
at 5, 1, 0.5, 0.1, 0.05 and 0.01 µg/mL. A working solution of olanzapine at 10 µg/mL was 136 
prepared separately by dilution with ACN, and further diluted to the previously mentioned 137 
concentrations with ACN to obtain the working solutions. 138 



For the QC samples, two working solutions at 10 µg/mL were prepared, one containing 139 
olanzapine in ACN and another containing the rest of the analytes in methanol. Both were 140 
further diluted to obtain solutions at 7.5, 0.75 and 0.03 µg/mL.  141 

Two internal standard (IStd) solutions at 1 µg/mL, one containing olanzapine-d6 and the other 142 
the remaining deuterated analytes, were prepared in acetonitrile and methanol, respectively. 143 

Calibrators at 10, 20, 50, 100, 500, 1000, 5000 and 10000 pg/mg were prepared by addition of 144 
30 µL or 60 µL of the appropriate working solution to 30 mg of blank nail powder, and of 25 µL 145 
or 50 µL to 25 mg of blank hair powder. QC samples at low (30 pg/mg), medium (750 pg/mg) 146 
and high (7500 pg/mg) concentrations were prepared by addition of 30 or 25 µL of the QC 147 
working solutions to 30 or 25 mg of blank nail or hair powder, respectively. 148 

2.4 Nails and hair decontamination, incubation and extraction 149 

Nail and hair samples were decontaminated with 3 consecutive 2 mL of DCM washes (vortex 150 
mixing for 2 min each). The last wash solvent was dried under nitrogen stream in a TurboVap 151 
LV evaporator (Zymark, Hopkinton, MA, USA) after the addition of 25 µL of the IStd mixtures, 152 
reconstituted in 100 µL of mobile phase, and 20 µL were injected into the LC-MS/MS. 153 

Decontaminated samples were dried in an oven at 80°C (5-10 min), and 30 mg of nail or 25 mg 154 
of hair were pulverized with a ball mill (Precellys, Montigny le Bretonneux, France) by one 155 
cycle of 3x60s at 6500 rpm for hair and two cycles for nails. After the addition of 25 µL of the 156 
IStd mixtures, the powder was incubated with 1.5 mL water:ACN (50:50, v/v) with horizontal 157 
agitation for 90 min. After incubation, the sample was centrifuged, and the supernatant 158 
evaporated with a nitrogen stream at 35°C. The sample was reconstituted in 200 µL of 159 
methanol and 2 mL of FA 2% in water, and submitted to solid phase extraction (SPE) using 160 
Oasis MCX cartridges previously conditioned with 2 mL of methanol and 2 mL of water. After 161 
loading the sample, two washing steps with 2 mL of FA 2% in water and 2 mL of 162 
water:methanol (50:50, v/v) were applied, and the cartridge was subsequently dried for 10 163 
min. Elution was performed by addition of 3 mL of DCM:2-propanol:NH4OH (75:24.5:0.5, 164 
v/v/v). The eluate was evaporated and reconstituted in 100 µL of ammonium formate with 165 
0.1% FA:ACN (70:30, v/v). After centrifugation at 14,500 rpm for 10 min with a MinispinTM Plus 166 
(Eppendorf Ibérica, San Sebastián de los Reyes, Spain), 20 µL of the supernatant were injected 167 
into the LC-MS/MS. 168 

2.5 LC-MS/MS 169 

The HPLC system was an Alliance 2795 Separation Module with an Alliance series column 170 
heater/cooler coupled to a Quattro Micro™ API triple quadrupole (Waters Corp.). 171 
Chromatographic separation was performed using an XBridge (2.1 mm x 100 mm, 3 μm) 172 
analytical column (Phenomenex, Torrance, CA, USA), with an XBridge BEH Shield RP18 (2.1x5 173 
mm, 3.5 μm) guard column, at 30°C. Ammonium formate with 0.1% FA (A) and ACN (B) were 174 
used as mobile phase at a flow rate of 0.3 mL/min with the following gradient: starting with 175 
20% B, increasing to 40% B over 2 min and to 50% B at 2.5 min, reaching 80% B at 6 min, and 176 
returning to initial conditions at  6.5 min. Total chromatographic run was 8 min. A divert valve 177 
was set to direct the flow to the MS from 0.5 to 6 min and the remaining time to waste. 178 



Injection into the MS was operated in electrospray in positive mode (ESI+). Optimal cone 179 
voltage, precursor-to-product ion transitions and collision energies were selected by 180 
performing a direct infusion of each individual analyte into the MS connected with a “T” valco 181 
to the LC effluent. The MS conditions were: capillary voltage, 2 kV; source block temperature, 182 
125°C; desolvation gas (nitrogen) temperature, 300°C; desolvation and cone gas (nitrogen) 183 
flow rate, 500 and 50 L/h, respectively. Argon was employed to promote analyte 184 
fragmentation in the collision cell.  185 

Data acquisition was controlled with Masslynx 4.0 software and processed with Quanlynx 186 
software (Waters Corp.). 187 

2.6 Method validation in nails and hair  188 

Validation of the method was performed separately in nail and hair samples according to the 189 
recommendations of the Scientific Working Group for Forensic Toxicology (SWGTOX) [39]. 190 
Validated parameters and their acceptance criteria are detailed in Table 1. 191 

2.7 Data analysis 192 

Statistical analysis was performed using SPSS software (24.0 version, SPSS Inc., Chicago, IL, 193 
USA). Normality of the data was tested using the Shapiro-Wilk test. Results are presented as 194 
mean±standard deviation (SD) for normal data, and as median [interquartile range (IQR)] for 195 
non-normal data. Since one of the studied matrices (fingernails) did not follow a normal 196 
distribution, concentrations were presented as median [IQR], and correlations between 197 
concentrations in the different matrices, weight and dosage (for those patients under active 198 
treatment) were assessed using Spearman correlation. A p-value <0.05 was considered 199 
statistically significant. 200 

3. Results 201 

3.1 Method development and validation 202 

An analytical method for the detection of quetiapine, haloperidol, levomepromazine, clozapine 203 
and olanzapine in nail and hair samples was developed, employing the same LC-MS/MS 204 
conditions in both cases. Chromatographic elution of all the analytes was achieved in 4.5 min 205 
(Figure 1), with a total chromatographic run of 8 min. For MS detection, the most abundant 206 
MRM transition was used for quantification, and a second transition was monitored for 207 
qualification purposes, to fulfil the European Union identification criteria [40]. MRM conditions 208 
are shown in Table 2. 209 

For sample pre-treatment (hair or nails) different incubation solvents, including methanol, 2M 210 
sodium hydroxide, ACN, and a mixture of ACN and water in different proportions, were tested. 211 
Heating, agitation and sonication were evaluated at different time points (15, 30, 90 or 180 212 
min). Specific tested conditions are detailed in Supplementary Table S2. Best results for both 213 
types of samples were obtained with water:ACN (50:50, v:v) and 90 min of agitation (data not 214 
shown). Finally, the sample was submitted to SPE with MCX cartridges employing the 215 
previously described method, using again the same protocol for hair or nail samples. 216 



Once optimized, the methodology was fully validated in both matrices. The acceptance criteria 217 
were fulfilled for all parameters.  218 

Linearity was verified by least square regression using 1/x-weighing factor in both matrices, 219 
showing a linear dynamic range from the LOQ to 10000 pg/mg for all analytes. LOD in nails was 220 
2.5 pg/mg for all the analytes, and in hair 2.5 pg/mg for haloperidol and clozapine, 5 pg/mg for 221 
quetiapine and olanzapine, and 10 pg/mg for levomepromazine. LOQ in nails was 10 pg/mg for 222 
all the analytes, and in hair 10 pg/mg for all the analytes except for levomepromazine, for 223 
which the LOQ was 20 pg/mg. At the LOQ, accuracy was 97.0%-111.7% and 98.5%-108.0% of 224 
the nominal concentration in nails and hair, respectively. Moreover, %CV was 4.4%-8.4% and 225 
3.7%-12.4% in nails and hair, respectively. A representative chromatogram of the quantifier 226 
transition for each analyte at the LOQ in hair (1A) and nail (1B) samples is shown in Figure 1. 227 

Selectivity was confirmed because no quantifiable peaks were detected in 10 different nail and 228 
10 different hair samples, nor in the blank samples fortified with common drugs of abuse and 229 
medicines at the retention time of each analyte. Moreover, there was no evidence of carryover 230 
since the blank samples (n=3) analysed after the injection of the upper limit of quantification 231 
point calculated a concentration <LOD.  232 

Results for accuracy, intra-assay, inter-assay and total imprecision are summarized in Table 3. 233 
Accuracy was satisfied for all the analytes, with calculated concentrations within 97.4-106.9% 234 
of the nominal concentration in nails, and within 97.3-108.2% in hair. Intra-assay, inter-assay 235 
and total imprecision were <7.3%, <5% and <7.9% respectively, in nail samples; and <5.9%, 236 
<8% and <8.6% in hair samples. 237 

Matrix effect, extraction efficiency and process efficiency results are indicated in Table 4. 238 
Matrix effect ranged from -35.6% to 654.4% in nails and from -71.0% to -10.8% in hair, with 239 
their respective IStd showing similar effects. Extraction recovery was satisfactory, ranging from 240 
62.3% to 109.8% in nail samples, and from 45.1% to 83.6% in hair samples. Process efficiency 241 
ranged from 47.9% to 620.1% in nail samples, and from 17.7% to 74.1% in hair samples. 242 

Finally, all the analytes showed to be stable after 72 h in the autosampler, with a %loss <12.4% 243 
and <11% in nails and hair, respectively (Supplementary Table S3).  244 

3.2 Application to real samples 245 

Nail and hair specimens from 13 patients under treatment with one or more of the studied 246 
antipsychotic drugs were analysed with the described method. Paired fingernail, toenail and 247 
hair samples for each patient were obtained at the same time. Ten participants provided all 248 
three samples, while the other 3 provided only one or two samples. For hair samples the 249 
proximal 2 cm segment was analysed, and in cases where the length was sufficient (n=4), the 250 
next 2 cm were also analysed (distal segment). In addition, one of the participants provided 251 
samples for one year, at different timepoints (6 fingernail samples, 4 toenail samples and 7 252 
hair samples), allowing to study the evolution of concentrations over time. 253 

Of the 13 patients, 4 were female and 9 were male, with ages ranging from 25 to 77 years old 254 
(Mean±SD= 52.5±18.5), and weights between 44 and 100 kg (Mean±SD= 78±17). Poly-255 
medication was common in these patients, 4 of them received two antipsychotic drugs and 256 



one received four. Administrated dosages are indicated in Table 5, showing a wide range of 257 
values, depending on the drug and the presence of poly-medication.  258 

The most frequently detected drug was quetiapine (n=11), followed by haloperidol (n=5), 259 
olanzapine (n=5), levomepromazine (n=4) and clozapine (n=3). Detailed results for each drug 260 
are presented in Table 5. No external contamination was detected for any sample. 261 

3.2.1 Nail and hair concentrations for each drug  262 

Quetiapine 263 

Eleven cases were positive for quetiapine, although only 8 were under active treatment at the 264 
moment of sampling. All of them tested positive in the three matrices, when available, and the 265 
median highest concentrations were observed in hair (2305.4 [3635.8] pg/mg), followed by 266 
toenails (928.4 [639.7] pg/mg) and fingernails (845.3 [1714.5] pg/mg). Segmental hair analysis 267 
(n=2) showed similar concentrations in both segments for one case and concentration in the 268 
distal segment five times lower than in the proximal segment, although the distal segment was 269 
dyed red. 270 

Of the 3 patients that were not under active treatment with quetiapine at the moment of 271 
sampling, 2 donated hair, and both cases tested negative. Fingernails were available in the 3 272 
cases, but only 1 specimen tested positive (37.9 pg/mg). Finally, the 2 samples that tested 273 
negative in fingernails tested positive in toenails (41.4 [35.5] pg/mg).  274 

Correlations between concentrations in the three different matrices, between concentrations in 275 
each matrix and quetiapine dose, and between concentrations in each matrix and patients’ 276 
weight were investigated for those patients under active treatment. A statistically significant 277 
correlation was found between fingernail and toenail concentrations (Spearman ρ= 0. 857), and 278 
between quetiapine fingernail or hair concentrations and patient weight (Spearman ρ= 0.865 279 
and ρ= 0.886, respectively). 280 
 281 

Haloperidol 282 

Five cases were positive for haloperidol, and all of them tested positive in hair samples (22.6-283 
24045.4 pg/mg). However, nail samples were only positive in those cases under active 284 
treatment at the time of sample collection (n=3). In paired samples, the highest concentrations 285 
were found in hair (>20 times higher, 1877.7-24045.4 pg/mg), while similar or higher 286 
concentrations were observed in toenails (351.1-615 pg/mg) than in fingernails (283.5-340.5 287 
pg/mg). 288 

Olanzapine 289 

Olanzapine was detected in 5 cases, all of them under active treatment. In the 3 cases where 290 
all the samples were available similar concentrations were found in hair and fingernails, while 291 
toenail concentrations varied, showing much higher concentrations in toenails in two cases 292 
and a lower concentration in one. In addition, one patient who had started treatment two 293 
weeks before sampling (no hair sample available) tested positive in toenails and in fingernails, 294 



but at low concentrations (29.9 pg/mg and <LOQ, respectively). In another case the toenail 295 
sample was not available, and concentrations in fingernails (448.3 pg/mg) were higher than in 296 
hair (56.4 pg/mg). Finally, only in one case hair was segmented, with higher concentrations in 297 
the proximal segment (132.4 pg/mg) than the distal (17.6 pg/mg). 298 

Levomepromazine 299 

Four cases were positive for levomepromazine, half of them under active treatment. These 2 300 
cases showed much higher concentrations in hair than in nails (4.5-8 times higher); and the 301 
concentration in fingernails was similar to that observed in toenails in one case, and 2.6 times 302 
lower than the concentration in toenails in the other. Of the two cases that were not under 303 
active treatment, one was negative in hair and positive in fingernails (toenail not available), 304 
but the other had much higher concentration in hair than in nails (13-16 times higher). For the 305 
only case with proximal and distal hair samples, the concentrations in both segments were 306 
very similar. 307 

Clozapine 308 

Three cases were positive for clozapine. Only one was under active treatment, and tested 309 
positive in all matrices, with the highest concentration in the distal hair segment (6327.3 310 
pg/mg), followed by the proximal hair segment (4313.5 pg/mg), toenails (1220.2 pg/mg) and 311 
fingernails (618.8 pg/mg). In the other two cases, concentrations close to the LOQ or negative 312 
were found. 313 

3.2.2 Evolution of quetiapine concentrations over time 314 

One patient provided nail and hair samples over a year period. Evolution of quetiapine 315 
concentrations and doses over time is shown in Figure 2. The patient started treatment with 316 
100 mg/day of quetiapine three weeks before the first sample was collected, and increased to 317 
200 mg/day before the second sample was taken (7 months after starting treatment). After 10 318 
months of treatment (May-19), the dose decreased again to 100 mg/day. Seven hair, 6 319 
fingernail and 4 toenail samples were collected during this period.  320 

Concentrations were always higher in hair than in nails, and similar between fingernail and 321 
toenail samples, although with a different pattern over time. Three weeks after starting 322 
treatment, quetiapine was detected in all matrices, but at low concentrations (263.4 pg/mg in 323 
hair, 58.7 pg/mg in fingernails and 88.5 in toenails). Concentrations increased notably in 324 
samples collected 7 months later (4623.07 pg/mg in hair and 1706.95 pg/mg in toenails), one 325 
week after doubling the dose (Feb-19). Although the dose remained unchanged for the next 3 326 
months, hair concentrations detected in the third and fourth samples (Apr-19 and May-19) 327 
were lower than those found in the second sample (1.4-1.8 times lower). Nevertheless, hair 328 
concentrations increased over time until reaching again the highest concentration in sample 5 329 
(Jun-19) (4744.5 pg/mg in hair, 2338.4 pg/mg in fingernails and 928.4 in toenails). In addition, 330 
in samples collected in Jun-19, the concentrations in fingernails and toenails were not similar 331 
as in the previous paired samples (2.5 times higher in fingernails). Finally, two months after 332 
decreasing the dose, a descending trend can be seen in hair, while the last fingernail sample 333 
showed an unexplained increase in concentration.  334 



 335 

4. Discussion 336 

A LC-MS/MS method for the detection of 5 antipsychotic drugs in nail and hair samples was 337 
developed and fully validated. Analytes showed a higher degree of ion suppression in hair than 338 
in nails. Moreover, matrix effect for olanzapine in nails presented an extremely high ion 339 
enhancement at the low QC but not at the high QC. This effect can be compensated with the 340 
use of the deuterated analogue (olanzapine-d8) as IS since it shows the same behaviour as 341 
olanzapine. In addition, matrix effect experiments showed high %CV for some of the 342 
compounds. However, the same pattern was observed for the corresponding deuterated IS. 343 
High values of %CV indicate a high inter-sample variability and highlight the importance of 344 
using the deuterated analogue as IS. Finally, a low process efficiency in hair samples was 345 
observed for most of the compounds, but it was enough to reach an LOQ of 10-20 pg/mg. 346 
Despite these issues, all validation parameters showed satisfactory results. 347 

Only four methods have been previously published for the determination of antipsychotics in 348 
nails samples [22,34,37,38], all of them focused on the determination of a single analyte. The 349 
LOQ achieved by Chen et al. [37] for clozapine was similar to ours (10 pg/mg); however, much 350 
higher LOQs were reported in the other 2 published methods [500 pg/mg and 625 pg/mL 351 
(immunoassay method) for clozapine and haloperidol, respectively] [22,34].  352 

The detection of antipsychotics in hair samples has been more extensively studied 353 
[30,31,33,35,36]. Some previously published methods detected only one or two antipsychotic 354 
drugs simultaneously, with higher LOQ values compared to ours. Specifically, LOQs of 90 355 
pg/mg for quetiapine [33], and 100 pg/mg for clozapine [35] and haloperidol [30] were 356 
reported in methodologies for the determination of a single drug; while Weinmann et al. [36] 357 
detected clozapine and haloperidol at LOQs of 51 pg/mg and 39 pg/mg, respectively. However, 358 
Fisichella et al. [31] analysed 87 psychoactive drugs, including the five antipsychotics detected 359 
in the present study, achieving LOQs of 6.1 pg/mg for clozapine, 1.6 pg/mg for haloperidol, 360 
11.7 pg/mg for levomepromazine, 10.5 pg/mg for olanzapine and 31.1 pg/mg for quetiapine. 361 
Concentrations of antipsychotic drugs in hair samples in these papers were similar to those 362 
found in the present study. 363 

Our analytical method was successfully applied to the analysis of samples from 13 patients 364 
under antipsychotic treatment. For haloperidol, levomepromazine and clozapine, the highest 365 
concentrations in patients under active treatment were detected in hair, followed by toenails, 366 
and the lowest concentrations were observed in fingernails. Quetiapine concentrations were 367 
also higher in hair than in nails but fingernail/toenail ratio varied case-by-case. Nevertheless, 368 
when only samples from patients under active treatment were compared, a correlation was 369 
found between concentrations in fingernails and toenails (Spearman ρ= 0.857, n=7). However, 370 
this correlation should be considered with caution and further evaluated due to the limited 371 
number of studied cases. On the other hand, olanzapine concentrations did not follow this 372 
distribution, with varying concentrations in each matrix depending on the patient. The analysis 373 
of a higher number of samples for this compound would help to determine the distribution 374 
pattern for this drug. Moreover, since extraction recovery for olanzapine in our method was 375 
very different between nail and hair samples, no definite conclusion can be reached about the 376 



correlation of this analyte in both matrices. Similarly, other authors also found a higher 377 
concentration in hair samples compared with nails for cocaine, codeine and morphine 378 
[16,41,42], while the opposite was found for amphetamines and methadone [42]. For 379 
antipsychotics, the first studies were from Uematsu et al. [34,43], who analysed hair and nail 380 
samples from patients under haloperidol treatment. Nail concentrations in patients with a 381 
fixed daily dose for more than four months were higher than those found in our study (670 to 382 
16890 pg/mg vs 107.3 to 615.0 pg/mg), although similar doses were administrated in both 383 
studies. They also found higher concentrations of haloperidol in hair than in nails (2330-384 
245000 pg/mg vs. 670-16890 pg/mg) [34]. In a posterior study, Uematsu et al. [43] compared 385 
levels of haloperidol in grizzled hair and nails from 7 individuals. They observed that, in the 386 
same individual, concentrations in black hair were ten times higher than those in white hair, 387 
and fingernail concentrations were 3.4% of those found in black hair. The most likely 388 
explanation, under the authors, is that since antipsychotics are alkaline molecules, they bind to 389 
the melanin present in hair and accumulate in larger concentrations in this matrix compared to 390 
nails. In our study, where all the specimens were from patients with dark hair, higher 391 
concentrations were also found in hair compared to nails for all antipsychotics except for 392 
olanzapine. 393 

More recently, Chen et al. [22] analysed 16 paired nail and hair samples from patients under 394 
treatment with clozapine, and found higher concentrations in hair (16700-59200 pg/mg) than 395 
in nails (1600-14140 pg/mg), with a statistically significant correlation between both matrices. 396 
Moreover, in a different study, Chen et al. [37] analysed fingernails, toenails and hair (six 397 
segments) of a bloated cadaver and, again, they found the highest clozapine concentrations in 398 
hair (145.4-686.3 pg/mg); however, in contrast to what we found in our samples, clozapine 399 
concentrations in fingernails (89.0-538.5 pg/mg) were higher than those observed in toenails 400 
(64.6-130.1 pg/mg). In this second study [37], clozapine hair and nail concentrations were 401 
much lower than those reported previously [22], which were clearly affected for the 402 
immersion of the cadaver in a river during a long time. The soaking in water obviously reduced 403 
clozapine concentrations in these samples. 404 

Segmental hair analysis could be performed for cases AP5, AP6, AP10 and AP11. In 4 out of 8 405 
of the analytes detected in those cases (quetiapine in AP6, clozapine in AP10, and haloperidol 406 
and levomepromazine in AP11), similar concentrations were observed in both hair segments, 407 
and subjects were under treatment with these drugs. On the other hand, in case AP6 lower 408 
concentrations of haloperidol and higher concentrations of olanzapine were found in the 409 
proximal segment, pointing to a possible change in medication in the last months. Lastly, in 410 
case AP5, where the distal segment was red dyed, haloperidol and quetiapine concentrations 411 
in the distal segment were lower than what would be expected, probably due to the cosmetic 412 
treatment. 413 

Correlations between dose and antipsychotic concentrations in the three biological matrices 414 
were studied only for quetiapine due to the higher number of positive samples for this drug. 415 
No significant correlation between current dose and quetiapine concentration was found in 416 
any matrix. This could be due to a change in the medication history, since only information 417 
about current dosage was available, and keratinized matrices reflect consumption in the past 418 
1-6 months. On the contrary, Uematsu et al. [34] found that both nail and hair concentrations 419 



significantly correlated with the administered dose, despite not being significantly correlated 420 
between them. In patients who were no longer under treatment with any drug, positive results 421 
were still obtained in one or two of the matrices, proving the wide window of detection in 422 
these matrices. Nevertheless, low analyte concentrations were detected in these cases. 423 
Weinmann et al. [36] did not find a correlation between hair concentration, dosage nor 424 
melanin content, and hypothesized that body-fat content could be the cause for this finding. 425 
BMI data of our participants was not available, but a significant correlation between 426 
quetiapine concentrations in fingernails and hair and patient weight was found, indicating that 427 
this could be the case.  428 

To the best of our knowledge, the evolution of drug concentrations over time in paired hair 429 
and nail samples from a patient under chronic treatment has not been previously studied. In 430 
our study, samples from the same individual under chronic treatment with quetiapine were 431 
collected from the beginning of the treatment and over a year period (Figure 2). The presence 432 
of quetiapine in the keratinized matrices was detected 3 weeks after the beginning of the 433 
treatment. Although it is common to assume a hair growth rate of 1 cm/month, scalp hair 434 
growth ranges between 0.6 to 1.4 cm/month [2], so the detection of quetiapine in the first hair 435 
sample could be explained by a fast growth rate in this individual as well as some incorporation 436 
via sweat contamination. Meanwhile, nail growth is slower than hair growth (an average of 3 437 
mm/month for fingernails and 1 mm/month for toenails is generally accepted [12]), so 438 
incorporation through the nail matrix would not be detected until 10 to 18 weeks after the 439 
beginning of the treatment [6]. However, in addition to the longitudinal growth, the nail also 440 
grows in thickness from the nail bed. In fact, previous studies have reported that incorporation 441 
into the nail bed could be detected 2 to 3 weeks after intake. Moreover, incorporation via 442 
sweat contamination is especially significant in nail samples, being possible to detect drugs in 443 
nail clippings even 24 h after intake [8]. Therefore, the detection of quetiapine in nail samples 444 
three weeks after the beginning of the treatment could be explained by the combination of 445 
the incorporation of this drug through the nail bed as well as sweat contamination. The 446 
following hair and nail samples collected from this patient showed a fluctuation in quetiapine 447 
concentrations over time, even when the same dosage was administrated for more than 6 448 
months. In addition, when the dosage was halved, a decrease was detected in hair 449 
concentrations after 3 months but not in fingernails, probably for a delay in the window of 450 
detection of fingernails compared with hair. There is not a clear explanation for these 451 
fluctuations in quetiapine concentrations, although intraindividual variations (comorbidities, 452 
concomitant drugs…) could be the reason for these differences. 453 

The main limitations of this study were the scarce real cases available to compare drug 454 
concentrations and distribution in the different matrices, especially for some of the analytes, 455 
and the lack of detailed information about previous dosage administrated before sample 456 
collection. However, this is the first study to deepen in the knowledge about antipsychotic 457 
drugs in keratinized matrices, and to compare quetiapine concentrations over time in the 458 
three keratinized samples. 459 

 460 

 461 



5. Conclusion 462 

The present work describes a LC-MS/MS method for the simultaneous determination of the 463 
most commonly prescribed antipsychotic drugs in Spain in hair and, to the best of our 464 
knowledge, for the first time in nails. The method was successfully validated and applied to 465 
nail and hair specimens from 13 patients under antipsychotic treatment. Drug distribution in 466 
paired samples was studied, detecting usually higher concentrations in hair than in nails, and 467 
higher concentrations in toenails than in fingernails. In addition, drug concentrations over time 468 
in paired nail and hair samples from a patient under chronic treatment were described for the 469 
first time. We conclude that nail samples could be used as an alternative to hair for 470 
antipsychotic drugs when long-term exposure detection is needed. 471 

 472 

Acknowledgments  473 

M. Cobo and E. Lendoiro would like to thank Consellería de Cultura, Educación e Ordenación 474 
Universitaria, Xunta de Galicia, for their predoctoral contract (ED481A-2019/021) and 475 
postdoctoral contract (ED481D-2019/025), respectively. The authors also wish to thank the 476 
Xunta de Galicia (Galicia, Spain) for the Competitive Reference Groups Help (ED431C 2017/05). 477 
In addition, the authors would like to thank the sanitary team involved in the collection of the 478 
samples at the University Hospital of Santiago de Compostela, Spain, and all the patients who 479 
voluntarily participated in this study. 480 

Funding 481 

This research did not receive any specific grant from funding agencies in the public, 482 
commercial, or not-for-profit sectors. 483 

 484 

References 485 

[1] L. Patteet, D. Cappelle, K.E. Maudens, C.L. Crunelle, B. Sabbe, H. Neels, Advances in 486 
detection of antipsychotics in biological matrices, Clin. Chim. Acta. 441 (2015) 11-22 487 
https://doi.org/10.1016/j.cca.2014.12.008 488 
[2] F. Pragst, M.A. Balikova, State of the art in hair analysis for detection of drug and alcohol 489 
abuse, Clin. Chim. Acta. 370 (2006) 17-49 https://doi.org/10.1016/j.cca.2006.02.019 490 
[3] F. Krumbiegel, M Hastedt, M. Tsokos, Nails are a potential alternative matrix to hair for 491 
drug analysis in general unknown screenings by liquid-chromatography quadrupole time-of-492 
flight mass spectrometry, Forensic Sci. Med. Pathol. 10 (2014) 496-503 493 
https://doi.org/10.1007/s12024-014-9588-x 494 
[4] M.M. Madry, A. E. Steuer, M. Vonmoos, B.B. Quednow, M.R. Baumgartner, T. Kraemer, 495 
Retrospective monitoring of long-term recreational and dependent cocaine use in toenail 496 
clippings/scrappings as an alternative to hair, Bioanalysis. 6 (23) (2014) 3183-3196 497 
https://doi.org/10.4155/bio.14.207 498 



[5] F.P. Busardò, M. Gottardi, R. Pacifici, M.R. Varì, A. Tini, A.R. Volpe, R. Giorgetti, S. Pichini, 499 
Nails analysis for drugs used in the context of chemsex: A pilot study, J. Anal. Toxicol. 44 (1) 500 
(2020) 69-74 https://doi.org/10.1093/jat/bkz009  501 
[6] V. Cirimele, P. Kintz, P. Mangin, Detection of amphetamines in fingernails: an alternative to 502 
hair analysis, Arch. Toxicol. 70 (1995) 68-69 https://doi.org/10.1007/BF03035462 503 
[7] A. Palmeri, S. Pichini, R. Pacifici, P. Zuccaro, A. Lopez, Drugs in nails: physiology, 504 
pharmacokinetics and forensic toxicology, Clin. Pharmacokinet. 38 (2) (2000) 95-110 505 
https://doi.org/10.2165/00003088-200038020-00001 506 
[8] M. M. Madry, A. E. Steuer, T. M. Binz, M. R. Baumgartner, T. Kraemer, Systematic 507 
investigation of the incorporation mechanisms of zolpidem in fingernails, Drug. Test. Anal. 6 508 
(2014) 533-541  https://doi.org/10.1002/dta.1558 509 
[9] C. Hang, X. Ping, S. Min, Long-term follow-up analysis of zolpidem in fingernails after a 510 
single oral dose, Anal. Bional. Chem. 405 (2013) 7281-7289 https://doi.org/10.1007/s00216-511 
013-7188-3 512 
[10] M.R. Baumgartner, Nails: an adequate alternative matrix in forensic toxicology for drug 513 
analysis?, Bioanalysis. 6(17) (2014) 2189-2191 https://doi.org/10.4155/bio.14.165 514 
[11] R. Solimini, A. Minutillo, C. Kyriakou, S. Pichini, R. Pacifici, F.P. Busardò, Nails in forensic 515 
toxicology: an update, Curr. Pharm. Des. 23(36) (2017) 5468-5479 516 
https://doi.org/10.2174/1381612823666170704123126 517 
[12] D. Cappelle, M. Yegles, H. Neels, A. L. N. van Nuijs, M. De Doncker, A. Maudens, A. Covaci, 518 
C. L. Crunelle, Nail analysis for the detection of drugs of abuse and pharmaceuticals: a review, 519 
Forensic Toxicol. 33 (2015) 12-36 https://doi.org/10.1007/s11419-014-0258-1 520 
[13] C.D. Voegel, M. Hofmann, T. Kraemer, M. R. Baumgartner, T. M. Binz, Endogenous steroid 521 
hormones in hair: Investigations on different hair types, pigmentation effects and correlation 522 
to nails, Steroids 154 (2020) 108547 https://doi.org/10.1016/j.steroids.2019.108547 523 
[14] D. L. Lin, R. M. Yin, H. C. Liu, C. Y. Wang, R. H. Liu, Deposition characteristics of 524 
methamphetamine and amphetamine in fingernail clippings and hair sections, J. Anal. Toxicol. 525 
8 (2004) 411-417 https://doi.org/10.1093/jat/28.6.411 526 
[15] J. Y. Kim, S. H. Shin, M. K. In, Determination of amphetamine-type stimulants, ketamine 527 
and metabolites in fingernails by gas chromatography-mass spectrometry, Forensic Sci. Int. 528 
194 (2010) 108-114 https://doi.org/10.1016/j.forsciint.2009.10.023 529 
[16] J. D. Ropero-Miller, B. A. Goldberger, E. J. Cone, R. E. Joseph Jr, The disposition of cocaine 530 
and opiate analytes in hair and fingernails of humans following cocaine and codeine 531 
administration, J. Anal. Toxicol. 24 (2000) 496-508 https://doi.org/10.1093/jat/24.7.496 532 
[17] J. Y. Kim, J. C. Cheong, M. K. Kim, J. I. Lee, M. K. In, Simultaneous determination of 533 
amphetamine-type stimulants and cannabinoids in fingernails by gas chromatography-mass 534 
spectrometry, Arch. Pharm. Res. 31 (2008) 805-813 https://doi.org/10.1007/s12272-001-535 
1230-5 536 
[18] N. P. Lemos, R. A. Anderson, R. Valentini, F. Tagliaro, R. T. Scott, Analysis of morphine by 537 
RIA and HPLC in fingernail clippings obtained from heroin users, J. Forensic Sci. 45 (2000) 407-538 
412  https://doi.org/10.1520/JFS14695J 539 
[19] W. K. Al-Delaimy, G. N. Mahoney, F. E. Speizer, W. C. Willett, Toenail nicotine levels as a 540 
biomarker of tobacco smoke exposure, Cancer Epidem. Biomar. 11 (2002) 1400-1404  541 
[20] L. Morini, M. Colucci, M. G. Ruberto, A. Groppi, Determination of ethyl glucuronide in 542 
nails by liquid chromatography tandem mass spectrometry as a potential new biomarker for 543 



chronic alcohol abuse and binge drinking behaviour, Anal. Bioanal. Chem. 402 (2012) 1865-544 
1870 https://doi.org/10.1007/s00216-011-5609-8 545 
[21] R. C. Irving, S. J. Dickson, The detection of sedatives in hair and nail samples using tandem 546 
LC-MS-MS, Forensic Sci. Int. 166 (2007) 58-67 https://doi.org/10.1016/j.forsciint.2006.03.027 547 
[22] H. Chen, P. Xiang, Q. Sun, M. Shen, Comparison of clozapine in nail and hair of psychiatric 548 
patients determined with LC-MS/MS, Acta Pharm. Sin. 47(9) (2012) 1193-1199  549 
[23] M. Moretti, L. Andrello, S. Visonà, C. Vignali, A. Groppi, F. Freni, A. Osculati, L. Tajana, L. 550 
Morini, Evaluation of benzodiazepines and zolpidem in nails and their stability after prolonged 551 
exposure to chlorinated water, J. Pharm. Biomed. Anal. 152 (2018) 137-142 552 
https://doi.org/10.1016/j.jpba.2018.01.051 553 
[24] G. Mannocchi, A. Di Trana, A. Tini, S. Zaami, M. Gottardi, S. Pichini, F.P. Busardò, 554 
Development and validation of fast UHPLC-MS/MS screening method for 87 NPS and 32 other 555 
drugs of abuse in hair and nails: application to real cases, Anal. Bioanal. Chem. (2020) 556 
https://doi.org/10.1007/s00216-020-02462-6 557 
[25] J. Lally, J. H. MacCabe, Antipsychotic medication in schizophrenia: a review, Brit. Med. 558 
Bull. 114 (2015) 169-179 https://doi.org/10.1093/bmb/ldv017 559 
[26] V. Avataneo, A. D’Avolio, J. Cusato, M. Cantù, A. De Nicolò, LC-MS application for 560 
therapeutic drug monitoring in alternative matrices, J. Pharm. Biomed. Anal. 166 (2019) 40-51 561 
https://doi.org/10.1016/j.jpba.2018.12.040 562 
[27] O. H. Drummer, Requirements for bioanalytical procedures in postmortem toxicology, 563 
Anal. Bioanal. Chem. 388 (2007) 1495-1503 https://doi.org/10.1007/s00216-007-1238-7 564 
[28] M. K. K. Nielsen, S. S. Johansen, P. W. Dalsgaard, K. Linnet, Simultaneous screening and 565 
quantification of 52 common pharmaceuticals and drugs of abuse in hair using UPLC-TOF-MS, 566 
Forensic Sci. Int. 196 (2010) 85-92 https://doi.org/10.1016/j.forsciint.2009.12.027 567 
[29] D. Favretto, S. Vogliardi, G. Stocchero, A. Nalesso, M. Tucci, S. D. Ferrara, High 568 
performance liquid chromatography-high resolution mass spectrometry and micropulverized 569 
extraction for the quantification of amphetamines, cocaine, opioids, benzodiazepines, 570 
antidepressants and hallucinogens in 2.5 mg hair samples, J. Chromatogr. A 1218 (2011) 6583-571 
6595 https://doi.org/10.1016/j.chroma.2011.07.050 572 
[30] D. Favretto, G. Stocchero, A. Nalesso, S. Vogliardi, R. Boscolo-Berto, M. Montisci, S. D. 573 
Ferrara, Monitoring Haloperidol Exposure in Body Fluids and Hair of Children by Liquid 574 
Chromatography-High-Resolution Mass Spectrometry, Ther. Drug Monit. 35 (2013) 493-501 575 
https://doi.org/10.1097/FTD.0b013e3182892d11 576 
[31] M. Fisichella, L. Morini, C. Sempio, A. Groppi, Validation of a multianalyte LC-MS/MS 577 
method for screening and quantification of 87 psychoactive drugs and their metabolites in 578 
hair, Anal. Bioanal. Chem. 406 (2014) 3497-3506 https://doi.org/10.1007/s00216-014-7763-2 579 
[32] C. Montesano, S. S. Johansen, M. K. K. Nielsen, Validation of a method for the targeted 580 
analysis of 96 drugs in hair by UPLC-MS/MS, J. Pharmaceut. Biomed. 88 (2014) 295-306 581 
https://doi.org/10.1016/j.jpba.2013.08.050 582 
[33] T. M. Binz, M. Yegles, S. Schneider, H. Neels, C. L. Crunelle, Time resolved analysis of 583 
quetiapine and 7-OH-quetiapine in hair using LC/MS-MS, For. Sci. Int. 242 (2014) 200-203 584 
https://doi.org/10.1016/j.forsciint.2014.07.002 585 
[34] T. Uematsu, R. Sato, K. Suzuki, S. Yamaguchi, M. Nakashima, Human scalp hair as 586 
evidence of individual dosage history of haloperidol: method and retrospective study, Eur. J. 587 
Clin. Pharmacol. 37 (1989) 239-244 https://doi.org/10.1007/BF00679777 588 



[35] V. Cirimele, P. Kintz, O. Gosselin, B. Ludes, Clozapine dose-concentration relationships in 589 
plasma, hair and sweat specimens of schizophrenic patients, For. Sci. Int. 107 (2000) 289-300 590 
https://doi.org/10.1016/S0379-0738(99)00172-3 591 
[36] W. Weinmann, C. Müller, S. Vogt, A. Frei, LC-MS-MS Analysis of the Neuroleptics 592 
Clozapine, Flupentixol, Haloperidol, Penfuridol, Thioridazine and Zuclopenthixol in Hair 593 
Obtained from Psychiatric Patients, J. Anal. Toxicol. 26 (2002) 303-307 594 
https://doi.org/10.1093/jat/26.5.303 595 
[37] H. Chen, P. Xiang, M. Shen, Determination of clozapine in hair and nail: The role of 596 
keratinous biological materials in the identification of a bloated cadaver case, J. Forensic Leg. 597 
Med. 22 (2014) 62-67 https://doi.org/10.1016/j.jflm.2013.12.009 598 
[38] L. Kovatsi, A. Titopoulou, A. Tsakalof, V. Samanidou, HPLC Analysis of Antipsychotic 599 
Asenapine in Alternative Biomatrices: Hair and Nail Clippings, J. Liq. Chromatogr. R. T. 38 600 
(2015) 1666-1670 https://doi.org/10.1080/10826076.2015.1089894 601 
[39] Scientific Working Group for Forensic Toxicology (SWGTOX), Standard Practices for 602 
Method Validation in Forensic Toxicology, J. Anal. Toxicol. 37(7) (2013) 452-474 603 
https://www.doi.org/10.1093/jat/bkt054 604 
[40] EuropeanUnionDecision 2002/657/EC (17/8/2002), Off. J. Eur. Commun. 221 (2002) 8 605 
[41] M. Cingolani, S. Scavella, R. Mencarelli, D. Mirtella, R. Froldi, D. Rodriguez, Simultaneous 606 
detection and quantitation of morphine, 6-acetylmorphine, and cocaine in toenails: 607 
comparison with hair analysis, J. Anal. Toxicol. 28 (2004) 128-131 608 
https://doi.org/10.1093/jat/28.2.128 609 
[42] D. Cappelle, S. De Keukeleire, H. Neels, F. Been, M. De Doncker, G. Dom, C. L. Crunelle, A. 610 
Covaci, A. L. N. van Nuijs, Keratinous matrices for the assessment of drugs of abuse 611 
consumption: a correlation study between hair and nails, Drug Test. Anal. 10 (2018) 1110-612 
1118  https://doi.org/10.1002/dta.2356 613 
[43] T. Uematsu, R. Sato, O. Fujimori, M. Nakashima, Human scalp hair as evidence of 614 
individual dosage history of haloperidol: a posible linkage of haloperidol excretion into hair 615 
with hair pigment, Arch. Dermatol. Res. 282 (1990) 120-125 616 
https://doi.org/10.1007/BF00493470 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 



Figure 1. MRM chromatograms of the quantifier transition of quetiapine, haloperidol, 628 
levomepromazine, clozapine and olanzapine in a blank hair (1A) and nail (1B) samples fortified 629 
at the LOQ. 630 

 631 

 632 

Figure 2. Quetiapine dose and fingernails, toenails and hair concentrations over 1-year period. 633 
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Table 1. Validated parameters and acceptance criteria. 635 

Parameter Procedure Acceptance criteria 

Linearity 5 calibration curves in 5 different 
days 

r2≥0.99 
Calibrators residuals ±20% 

LOD 
Analysis of blank nail/hair samples 
at decreasing concentrations in 2 

different days (n=6)  

Two MRM transitions with a 
signal to noise ratio >3 and 

adequate ion ratio [33] 

LOQ 
Analysis of blank samples at the 

lowest calibrator concentration in 2 
different days (n=6)  

Two MRM transitions with a 
signal to noise ratio >10, 80%-

120% of nominal 
concentration and %CV<20% 

Selectivity 

Endogenous interferences: 10 blank 
samples from different sources 

spiked with IStd 
Exogenous interferences: Blank 

samples fortified with 36 common 
drugs of abuse and medicines at 25 

ng/mg.* 

No interferences detected 

Carryover 
Analysis of a blank matrix sample 

immediately after the upper limit of 
quantification point (n=3) 

Calculated concentration 
<LOD 

Accuracy 

Analysis of 3 replicates at low, 
medium and high QC 

concentrations in 5 different days 
(n=15) 

80%-120% of the nominal 
concentration 

Intra-assay, inter-assay 
and total imprecision 

Analysis of 3 replicates at low, 
medium and high QC 

concentrations in 5 different days 
(n=15) 

%CV<20% 

Matrix effect 

At low and high QC concentrations, 
comparing mean peak areas in 

blank samples (n=10) fortified after 
extraction with mean peak areas of 
the analytes fortified in the mobile 

phase (n=10) 

- 

Extraction efficiency 

At low and high QC concentrations, 
comparing mean peak areas in 
blank samples fortified before 
extraction (n=10) with blank 

samples fortified after extraction 
(n=10) 

- 

Process efficiency 

At low and high QC concentrations, 
comparing mean peak areas in 
blank samples fortified before 

extraction (n=10) with mean peak 
areas of the analytes fortified in the 

mobile phase (n=10) 

- 

Autosampler stability 

At low, medium and high QC 
concentrations (n=3 each), 

comparing freshly prepared QC 
samples and after 72 hours in the 

autosampler at 6°C 

Re-injected samples 
quantified within ±20% of 
freshly prepared samples 

*The list of exogenous interferences is detailed in Supplementary Table S1 



 636 

Table 2. MRM transitions, cone voltage (CV), collision energy (CE), retention time (Rt) and 637 
internal standard (IStd) selected for each analyte. 638 

Analyte MRM transition CV (v) CE (eV) Rt IStd 

Olanzapine 313.23->256.2 
313.23->84.1 

35 
35 

42 
22 1.2 Olanzapine-d8 

Olanzapine-d8 321.37->261.3 40 25 1.3  

Clozapine 327.16->192.2 
327.16->270.1 

35 
35 

38 
22 3 Clozapine-d4 

Clozapine-d4 331.34->272.5  40 23 2.9  

Quetiapine 
384.22->253.2 
384.22->279.2 

35 
35 

22 
26 3.4 Quetiapine-d8 

Quetiapine-d8 392.36->258.3  35 23 3.3  

Haloperidol 376.24->165.1 
376.24->123.1  

35 
35 

24 
38 4.12 Haloperidol-d4 

Haloperidol-d4 380.35->169.3 40 23 4.12  

Levomepromazine 329.24->100.1 
329.24->167.1 

30 
30 

18 
50 4.4 Quetiapine-d8 

 639 

Table 3. Imprecision and accuracy in nail and hair samples at low (30 pg/mg), medium (750 640 
pg/mg) and high (7500 pg/mg) QC concentrations. 641 

 
Analyte 

Intra-assay 
imprecision (%CV) 

Inter-assay 
imprecision (%CV) 

Total imprecision 
(%CV) Accuracy (n=15; %) 

LOW MEDIUM HIGH LOW MEDIUM HIGH LOW MEDIUM HIGH LOW MEDIUM HIGH 

N
ai

l 
sa

m
pl

es
 Quetiapine 3.1 2.8 2.5 1.2 3.1 1.5 3.3 4.2 2.9 98.4 106.9 97.4 

Haloperidol 3.8 2.6 2.0 0.0 3.5 3.1 3.8 4.4 3.7 102.0 104.8 102.0 
Levomepromazine 7.0 7.3 3.9 0.0 3.2 4.9 7.0 7.9 6.3 96.7 98.4 99.0 
Clozapine 3.1 1.9 2.9 1.7 1.3 5.0 3.5 2.3 5.8 99.1 106.6 98.1 
Olanzapine 4.9 2.3 4.5 0.0 3.4 3.4 4.9 4.1 5.6 98.3 97.9 99.0 

Ha
ir 

sa
m

pl
es

 Quetiapine 3.4 3.2 4.8 1.7 2.4 0.0 3.8 4.0 4.8 97.3 104.3 97.3 
Haloperidol 2.7 2.0 4.0 2.3 1.5 1.9 3.5 2.5 4.4 101.5 106.7 102.9 
Levomepromazine 4.7 5.9 3.2 6.2 3.1 8.0 7.7 6.7 8.6 100.7 108.2 103.1 
Clozapine 3.7 2.8 4.0 2.7 1.6 3.4 4.6 3.2 5.2 99.5 105.1 101.9 
Olanzapine 3.6 4.3 1.9 4.0 0.0 2.3 5.3 4.3 3.0 100.4 99.8 101.9 

 642 

 643 

 644 
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Table 4. Matrix effect, extraction recovery and process efficiency at low (30 pg/mg) and high 650 
(7500 pg/mg) QC concentrations in nail and hair samples. 651 

Analyte Concentration 

Nail samples Hair samples 

Extraction 
recovery [% 

(%CV)] (n=10) 

Matrix effect [% 
(%CV)] (n=10) 

Process 
efficiency 
[% (%CV)] 

(n=10) 

Extraction 
recovery 

[% (%CV)] 
(n=10) 

Matrix effect 
[% (%CV)] 

(n=10) 

Process 
efficiency [% 

(%CV)] 
(n=10) 

Quetiapine 

LOW 79.7 (20.8) 25.5 (10.9) 
100.0 
(12.2) 

66.9 (30.1) -38.1 (20.9) 41.4 (4.3) 

HIGH 77.7 (5.8) -9.5 (6.1) 70.3 (5.1) 83.6 (6.3) -12.7 (5.5) 73.1 (4.7) 

Quetiapine-d8 
LOW 75.4 (20.3) 20.5 (9.3) 90.8 (14.1) 67.9 (28.7) -36.9 (21.0) 42.8 (2.4) 

HIGH 74.7 (8.3) -10.9 (6.5) 66.5 (4.7) 83.1 (5.1) -10.8 (6.1) 74.1 (2.1) 

Haloperidol 

LOW 85.6 (20.0) -7.5 (15.9) 79.1 (4.1) 63.7 (32.8) -56.8 (24.2) 27.5 (4.5) 

HIGH 73.2 (11.9) -24.3 (8.3) 55.4 (3.9) 75.8 (21.3) -38.5 (23.6) 46.6 (5.5) 

Haloperidol-d4 
LOW 76.6 (20.9) -12.6 (15.2) 67.0 (2.8) 63.5 (34.7) -55.1 (24.5) 28.5 (3.2) 

HIGH 71.2 (11.4) -26.8 (8.8) 52.1 (2.8) 74.5 (20.2) -37.8 (23.3) 46.4 (2.3) 

LMZ 

LOW 76.1 (12.8) 36.6 (12.9) 
103.9 
(22.8) 

45.1 (28.1) -32.6 (21.0) 30.4 (6.6) 

HIGH 62.3 (6.9) -6.9 (5.0) 58.0 (5.7) 70.5 (11.1) -14.4 (12.9) 60.3 (5.4) 

Clozapine 

LOW 91.7 (44.7) 17.7 (32.7) 
108.0 
(14.5) 

64.8 (42.8) -47.2 (36.3) 34.2 (5.3) 

HIGH 73.5 (16.3) -14.4 (9.4) 62.9 (5.8) 82.9 (11.2) -15.1 (10.7) 70.4 (4.9) 

Clozapine-d4 
LOW 71.0 (48.6) 5.0 (31.5) 74.6 (14.5) 66.0 (39.8) -40.3 (38.9) 39.4 (5.3) 

HIGH 69.2 (18.3) -16.7 (10.4) 57.7 (5.0) 78.5 (9.6) -11.5 (12.2) 69.5 (1.3) 

Olanzapine 

LOW 109.8 (30.2) 268.6 (26.5) 
404.6 
(56.8) 

52.1 (35.3) -59.4 (29.3) 21.1 (9.0) 

HIGH 74.4 (25.5) -35.6 (20.4) 47.9 (12.8) 64.2 (19.2) -70.8 (15.7) 18.8 (2.3) 

Olanzapine-d8 
LOW 82.2 (48.2) 654.4 (32.7) 

620.1 
(157.1) 

45.3 (36.5) -60.9 (31.9) 17.7 (8.9) 

HIGH 91.1 (25.5) -16.2 (17.5) 76.4 (58.5) 61.7 (19.2) -71.0 (16.9) 17.9 (3.0) 

LMZ: levomepromazine 
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Table 5. Fingernail, toenail and proximal and distal hair concentrations (pg/mg) of haloperidol, 655 
levomepromazine, clozapine, olanzapine and quetiapine in real samples. 656 

Quetiapine 

Case Dose  
(mg/day) Fingernails Toenails Proximal 

Hair  Distal Hair  

AP4 NT 37.9 N/A NEG N/A 
AP12 NT NEG 59.1 NEG N/A 
AP3 NT NEG 23.6 N/A N/A 
AP5 100 80.3 <LOQ 191.4 38.6 
AP8 100 1794.8 928.4 3515.8 N/A 

AP13 150 8306.3 1147.5 4090.3 N/A 
AP6 200 77.5 359.4 454.4 490.5 
AP2 250‡ 1150.2 1316.2 2305.4 N/A 
AP1 300 562.8 676.5 N/A N/A 
AP7 600 N/A 1755.4 1862.8 N/A 
AP9 1800 845.3 813.5 4328.6 N/A 

Haloperidol 

Case Dose  
(mg/day) Fingernails Toenails Proximal 

Hair  Distal Hair  

AP5 NT NEG NEG 1144.0 351.9 
AP6 NT NEG NEG 22.6 80.1 

AP11 10 283.5 615.0 21797.7 24045.4 
AP9 30 340.5 351.1 18424.8 N/A 
AP7 100 

mg/month* 
N/A 107.3 1877.7 N/A 

Olanzapine 

Case Dose 
 (mg/day) Fingernails Toenails Proximal 

Hair  Distal Hair  

AP6 10 106.9 553.9 132.4 17.6 
AP3 15 <LOQ 29.9 N/A N/A 
AP4 30† 448.3 N/A 56.4 N/A 
AP9 60 145.2 92.7 266.2 N/A 

AP12 450 
mg/month* 102.2 1034.9 85.3 N/A 

Levomepromazine 

Case Dose  
(mg/day) Fingernails Toenails Proximal 

Hair  Distal Hair  

AP4 NT 86.5 N/A NEG N/A 
AP12 NT <LOQ 12.7 164.8 N/A 
AP9 100 227.8 379.1 3072.5 N/A 

AP11 200 608.5 1562.2 7216.0 7562.2 
Clozapine 

Case Dose  
(mg/day) Fingernails Toenails Proximal 

Hair  Distal Hair  

AP9 NT <LOQ 14.1 <LOQ N/A 
AP12 NT 11.3 NEG <LOQ N/A 
AP10 400 618.8 1220.2 4313.5 6327.3 

NEG= Negative sample 
N/A = Sample not available 
NT = Not currently under treatment with the indicated drug 
†Changed from 5 mg/day ten days before sampling 
‡Changed from 200 mg/day one month before recollection 
*Dose administered monthly via intramuscular injection 
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Supplementary Table 1. List of common drugs of abuse and medicines included in the study o 658 
exogenous interferences at 25 ng/mg   659 

 660 
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 662 

 663 

 664 

  665 

Group Compounds 

Opioids Codeine, methadone, morphine, 6-acetylmorphine, 
fentanyl 

Methadone Methadone and 2-ethylidene-1,5-dimethyl-3,3-
diphenylpirrolidine 

Amphetamines 

Amphetamine, methamphetamine, 3,4-
methylendioxiamphetamine (MDA), 3,4-
methylendioximethamphetamine (MDMA) and 3,4-
methylendioxiethylamphetamine (MDEA) 

Cocaine Cocaine, cocaethylene, benzoylecgonine and ecgonine 
methyl esther 

Other drugs of abuse Lysergic acid diethylamide (LSD), ketamine, norketamine 
and gamma-hydroxybutyric acid (GHB) 

Nicotine Nicotine and cotinine 

Antidepressants Amitriptyline and paroxetine 

Benzodiazepines 

Alprazolam, temazepam, lormetazepam, lorazepam, 
flunitrazepam, 7-aminoflunitrazepam, clonazepam, 
diazepam, nordiazepam, oxazepam, triazolam, 
nitrazepam and bromazepam 

Nonsteroidal anti-inflammatory 
drugs Ibuprofen, acetaminophen, diclofenac and naproxen 

Other medicines Zolpidem, zopiclone and omeprazol 



Supplementary Table 2. Conditions tested during sample pre-treatment optimization. 666 

INCUBATION 

NaOH Heating at 40ºC 90 min 

MeOH Sonication 30 min 
Agitation 90 min 

ACN Agitation 90 min 

ACN:Water 

70:30 Agitation 90 min 
50:50 Agitation 90 min 
50:50 Sonication 15 min 
50:50 Sonication 30 min 
50:50 Sonication 60 min 
50:50 Agitation 180 min 
50:50 Agitation + Incubation at 25ºC 180 min + 15 h 
50:50 Agitation + Incubation at 50ºC 180 min + 15 h 

EXTRACTION 

SPE with OASIS MAX 
(60 mg) 

W1: 5% NH4OH in MeOH 
W2: MeOH 
E: FA 2% in MeOH 

SPE with OASIS HLB 
(60 mg) 

W1: FA 2% in water 
W2: MeOH 
E: 5% NH4OH in MeOH 

SPE with OASIS MCX 
(60 mg) 

W1: FA 2% in water 
W2: MeOH 
E: 5% NH4OH in MeOH 

SPE with OASIS MCX 
(60 mg) 

W1: FA 2% in water 
W2: MeOH:Water 50:50 
E: DCM:IPA:NH4OH 75:24.5:0.5 

SPE: Solid phase extraction; W1: First wash solvent; W2: Second wash solvent; E: Elution solvent 
 667 
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Supplementary Table 3. Autosampler stability (%loss) in nail and hair samples at low (30 679 
pg/mg), medium (750 pg/mg) and high (7500 pg/mg) QC concentrations. 680 

Analyte Concentration %Loss 
Nail samples Hair samples 

Quetiapine 
LOW 1.60 2.16 

MEDIUM 2.43 5.43 
HIGH 0.69 0.84 

Haloperidol 
LOW -9.09 10.65 

MEDIUM -1.76 9.54 
HIGH -3.77 11.26 

Levomepromazine 
LOW -8.20 -0.83 

MEDIUM -12.31 -8.27 
HIGH -12.03 -0.68 

Clozapine 
LOW -9.29 7.82 

MEDIUM -3.67 8.75 
HIGH -8.11 7.51 

Olanzapine 
LOW -0.62 -10.72 

MEDIUM -6.87 4.21 
HIGH -3.33 3.99 
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