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A B S T R A C T

Ketamine has gained popularity in Europe as a new psychoactive substance due to its dissociative effects, which 
are sought after by users at raves, for unprescribed treatment of psychological issues, and in drug-facilitated 
crimes. Forensic experts often face challenges in proving drug use, and hair offers distinct advantages as a 
sample, revealing both long-term consumption and recent abuse. However, due to its complex nature, hair re
quires pretreatment to remove interferences and enhance analytical sensitivity.

This study employs a miniaturised version of the “Quick, Easy, Cheap, Rugged, and Safe” (QuEChERS) 
extraction method, commonly used in food and environmental analyses. The method uses 1 mL of 5 % formic 
acid in acetonitrile and 250 mg ammonium formate as solvent and salt partitioning agents, along with 50 mg 
magnesium sulphate and 10 mg primary-secondary amine for dispersive solid-phase extraction. After this clean- 
up process, samples were analysed using gas chromatography coupled with tandem mass spectrometry.

Following optimisation, the method was validated for detecting ketamine and its primary metabolite, nor
ketamine. A limit of detection of 0.01 ng/mg was achieved for ketamine, and 0.8 ng/mg for norketamine, with 
limits of quantification of 0.05 ng/mg and 0.8 ng/mg, respectively. This established a working range of 0.05–5 
ng/mg for ketamine and 0.8–5 ng/mg for norketamine. Recovery rates ranged from 47–76 % for ketamine and 
14–27 % for norketamine.

The method was then applied to real samples from drug users, proving the effectiveness of the µ-QuEChERS 
technique as a sustainable clean-up method. Despite its miniaturisation, it retained the performance of the 
original QuEChERS protocol and allowed obtaining high sensitivity, enabling analyte detection at a concentra
tion below the Society of Hair Testing’s cut-off value of 0.2 ng/mg.

1. Introduction

Arylcyclohexylamines are considered a drug group within new psy
choactive drugs by the European Union Drug Agency, anchored on the 
synthesis of phencyclidine (PCP) in 1956 as analgesic by Parke-Davis 
which was later considered a schedule II in the Controlled Substances 
Act of the Drug Enforcement Administration (DEA) [1]. After the 

adverse psychological effects caused by the multiple interactions in the 
Central Nervous System (CNS) [2,3], it was discontinued and a new 
compound named CI-581, now known as ketamine (KET), began clinical 
trials as a safer substitute for PCP[4]. KET possesses less side effects 
compared to the predecessor, creating a state of dissociative anaesthesia 
without the delirium caused by PCP and had a shorter half-life [5,6] but 
practitioners remained cautious about post-operative dissociative 
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permanence leading to initial decrease in medicinal utilization, which 
nowadays has been restored due to better knowledge and substance 
control [7,8]. Nonetheless, KET became a sought-after substance in 
illicit markets precisely due to its psychotomimetic effects, being 
considered one of the pioneer new psychoactive substances in Europe, 
and now a schedule III-controlled substance in America [9,10]. These 
side-effects are caused by the non-competitive interaction with the PCP 
binding site of the NMDA receptors, leading to an allosteric trans
formation blocking the ion transport that these channels are responsible 
for, leading to the characteristic dissociative state, confusion and 
euphoria caused by the drug [5,11]. Hence consumers range from hos
pital and veterinary workers and associates with access to the pharma
ceutical compound, to rave and electronic dance parties’ goers, creating 
a large dissemination through society due to the movement expansion 
[6,8,10]. The consumer trend requires that forensic analysts focus on 
this drug, since it imposes a threat to society due to the dissociative state, 
euphoria and confusion it induces, leading to misfortunate events like 
violent crimes, sexual assaults, medical malpractice, impaired driving 
and other incidents [12–14].

A forensic specialist thrives due to the wide array of methodologies 
and constant improvement in the analysis applied to biological matrices. 
Besides the classical matrices like blood and derivates and urine, alter
native matrices can be advantageous and thus have gained a spotlight in 
recent years. From these, hair has emerged as a trend as it allows 
differentiating chronical from single use and provides information on 
consumption patterns via segmental analysis. However, hair has disad
vantages, being one of them its inherent complexity, often requiring 
clean-up in the sample pre-treatment process [15–18]. Analysts have 
developed diversified strategies for these analytes’ extraction and 
detection in hair samples, aiming at detecting low concentrations and 
enabling identifying drug users by application of cut-off levels (0.2 ng of 
KET per mg of hair) [18]. Different approaches have been employed, 
from solid-liquid extraction with different solvents [19,20], coupling of 
other techniques like microwave assisted extraction [21], or cryogenic 
grinding [22] and solid-phase extraction (SPE) [23,24]. These method
ologies often allow obtaining high sensitivity with good recoveries, 
however with poor performance in other aspects, for instance by using 
hazardous reagents, equipment that increase the complexity of sample 
treatment and high amounts of expensive and discardable products. In 
this context, is noticeable a gap in laboratories of routine analysis for 
workflow approaches that can achieve considerable results, whilst 
keeping the cost per analysis low, with minimal production of residues 
and waste.

The Quick Easy Cheap Rugged and Safe (QuEChERS) approach is an 
extraction and clean-up technique devised for pesticide residues in the 
food and environmental fields. The technique is composed of two major 
steps, a partition based on salting-out and a dispersive solid-phase 
extraction, resulting in a cost-effective, versatile and easy to apply 
method with overall diminished constrains in the workflow [25,26]. 
Besides these, QuEChERS represents a sample treatment procedure that 
is commonly employed in analysis routine laboratories, since it is the 
official method for pesticide residues in Europe (European Standard EN 
15662) and the USA (AOAC 2007.01 [27]). The method also complies 
with several principles of green chemistry [28], as it commonly uses 
fewer toxic reagents and allows miniaturisation [29].

Due to these characteristics, the extraction technique and its varia
tions have expanded into other areas, including forensic analysis 
[30–33] and in specific hair [34–36]. This application comes to fruition 
from technique effect on a broad range of interferents by conjugating 
diverse chemical, physical and mechanical interventions on the sample, 
affecting not only the macromolecules of its composition, but also other 
contaminants that have the capacity to impregnate hair due to the 
natural exposure of the matrix. This association between the clean-up 
capacity of the technique and the nature of hair, as well as the gap 
beforementioned in routine hair testing, calls for the application of this 
type of approach to the analysis of KET in hair.

The aim of this study was to develop a QuEChERS clean-up method 
for determining KET and its primary metabolite, norketamine (NKET), 
in hair, using gas chromatography coupled with tandem mass spec
trometry for analysis.

2. Materials and methods

2.1. Reagents and standards

The analytical standards for KET and NKET, along with the deuter
ated internal standard (IS) NKET-d4, were obtained from LGC Pro
mochem (Barcelona, Spain). Acetic acid, methanol, dichloromethane, 
and acetonitrile were acquired from Fisher Scientific (Loughborough, 
UK). Potassium dihydrogen phosphate and dipotassium phosphate were 
purchased from Enzymatic (Santo Antão do Tojal, Portugal). Formic 
acid and ammonium acetate were sourced from Sigma-Aldrich (Sintra, 
Portugal), while the primary secondary amine (PSA), magnesium sul
phate, sodium acetate, and ammonium formate were obtained from 
Laborspirit (Sintra, Portugal). Deionised water was supplied by a Milli-Q 
system (Millipore, Billerica, MA, USA).

The standard stock solutions had a concentration of 100 μg/mL. 
Working solutions were prepared by diluting these to concentrations of 
100 ng/mL, 1 μg/mL, and 10 μg/mL in methanol, while the IS solution 
was prepared in the same way, diluting the 100 μg/mL stock to 5 μg/mL.

2.2. Hair samples

The experimental procedure required blank hair samples for opti
misation and validation, which were collected from laboratory staff at 
the Health Sciences Research Centre (Covilhã, Portugal) and acquain
tances who had not been exposed to KET in any form. Real hair samples 
were obtained from drug users at an electronic music festival held be
tween the 22nd and 29th of July 2022. Collection was performed in 
accordance with the Declaration of Helsinki, and the study was 
approved by the Ethics Committee of Universidade da Beira Interior 
(reference CE-UBI-Pj-2022–04).

All samples were collected from the vertex posterior, as close to the 
scalp as possible, using decontaminated scissors. The samples were 
stored in paper envelopes at ambient temperature, protected from direct 
sunlight, and properly labelled (without any identification of the sample 
donor).

2.3. Chromatographic and mass spectrometric conditions

An Agilent Technologies HP 7890A GC system coupled to an Agilent 
Technologies 7000B QqQ MS (Waldbronn, Germany) was selected for 
the chromatographic analysis. A capillary column with a length of 30 m, 
an internal diameter of 0.25 mm, and a film thickness of 0.25 µm, 
consisting of (5 %-phenyl)-methylpolysiloxane from Agilent J&W (Santa 
Clara, CA, USA) was used. The initial temperature of 150 ◦C was held for 
0.5 min before increasing 5 ◦C per minute to a final temperature of 
280 ◦C, which was maintained for 1 min, resulting in a total run time of 
27.5 min. The inlet temperature was set at 250 ◦C, and 2 µL of the sample 
was injected in splitless mode, with a helium carrier gas flow of 0.8 mL/ 
min. The source and detector temperatures were maintained at 230 ◦C 
and 250 ◦C, respectively, while in the collision cell, the helium and ni
trogen flows were set to 1.5 mL/min and 2.5 mL/min, respectively. 
Electron ionisation mode was used, with a current of 35 µA and an en
ergy of 70 eV. Data analysis was performed using MassHunter Work
station software version B.02.01 from Agilent Technologies.

The transitions, retention times, collision energies, and dwell times 
are detailed in Table 1.

2.4. Sample preparation

The sample preparation procedure began with hair decontamination 
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by consecutively washing the samples in dichloromethane, deionised 
water and methanol for 15 min each on a tube roller. After each wash, 
the solvent was discarded, and the samples were dried with paper. 
Following the final wash, the hair was left to dry overnight.

Once dried, the hair was cut into small segments, and 50 mg of the 
sample was weighed into a glass tube. To this, 2 mL of methanol was 
added. The mixture was homogenised using a vortex mixer and then 
heated to 65 ◦C overnight. The supernatant was transferred to a new 
glass tube, and 10 µL of IS at a concentration of 5 µg/mL was added. The 
solvent was then evaporated under a nitrogen stream. Finally, the 
extract was reconstituted in 1 mL of 0.1 M phosphate buffer at pH 5.5 
before proceeding with the clean-up procedure.

2.5. QuEChERS optimisation

To optimise the performance of the QuEChERS method, the parti
tioning efficiency of various salts and solvents was evaluated using 
Friedman’s Two-Way Analysis of Variance for Related Samples in SPSS 
Statistics. Subsequently, a Design of Experiments (DOE) approach was 
employed in Minitab version 17 to refine the quantities of salts and 
solvents. The selected variables included solvent volume, salting-out salt 
quantity, d-SPE salt quantity, and d-SPE sorbent quantity.

The final µ-QuEChERS protocol was as follows: 1 mL of the recon
stituted sample in phosphate buffer was mixed with 250 mg of ammo
nium formate and 1 mL of 5 % formic acid in acetonitrile. The mixture 
was agitated using a vortex mixer for 10 s, followed by centrifugation at 
3500 rpm for 2 min. The resulting supernatant was collected, and 50 mg 
of magnesium sulphate along with 10 mg of PSA was added. After 
repeating the agitation and centrifugation steps, the supernatant was 
collected again and evaporated under a nitrogen stream. Finally, the 
extract was reconstituted in 30 µL of methanol and injected into the gas 
chromatographic system.

3. Results and discussion

3.1. QuEChERS clean-up method development and optimisation

The QuEChERS method relies on the interactions between parti
tioning components—solvents, salts, and sorbents—and their interac
tion with the sample matrix to effectively extract the analyte [37,38]. 
Consequently, the development of this technique requires a systematic 
approach, beginning with an evaluation of each component’s capacity to 
remove interferents, followed by the selection of the most suitable ma
terials. Finally, the optimisation of component quantities is essential to 
enhance extraction efficiency.

3.1.1. QuEChERS partition components selection
As a starting point, a previously validated QuEChERS method 

developed in the laboratory [39] was employed, adapted and mini
aturised from the AOAC 2007.01 official method for pesticides [27]. 

This method was applied following the complete hair preparation pro
cedure described in Section 2.4 and served as the foundation for 
developing the clean-up step of hair extracts fortified with KET. Modi
fications were required to tailor this protocol to the analysis of KET in 
hair using gas chromatography-tandem mass spectrometry (GC–MS/ 
MS). Key differences from the AOAC official method included the sam
ple amount, salt quantities in the salting-out step (while maintaining 
their ratios), adjustments to d-SPE salt quantities, the use of vortex 
mixing, and centrifugation parameters. Although previously validated 
for other analytes in different matrices and for liquid chromatography, 
the method required optimisation to address the specific characteristics 
of KET in hair.

To guide this optimisation, a literature review was conducted to 
identify appropriate partitioning components [26,29,36,40]. The study 
was divided into two stages: (1) evaluation of the clean-up capacity of 
different salts in the salting-out step, and (2) evaluating the same 
characteristic for different salting-out solvents. The choice of d-SPE 
components is discussed at the end of this section.

Initially, salts were selected based on their capacity for efficient 
phase separation with acetonitrile, a solvent pre-emptively chosen to 
integrate the organic layer during partitioning derived from its capacity 
of separation from the aqueous layer [25]. From literature, a mixture of 
magnesium sulphate (MgSO4) and sodium acetate (NaOAc), and 
ammonium acetate (NH4OAc) individually, were chosen for their 
established performance in QuEChERS protocols. Additionally, ammo
nium formate (NH4HCO2) was included due to its high volatility, which 
reduces interferences in analysis and improves chromatography [40]. To 
evaluate these salts’ partitioning capacity, three experiments were 
conducted using the initial protocol, varying the salts as follows: (1) 0.4 
g MgSO4 with 0.1 g NaOAc, (2) 0.5 g NH4OAc, and (3) 0.5 g NH4HCO2. 
Each experiment was performed in triplicate, and the mean abundances 
were statistically analysed using Friedman’s test in SPSS Statistics soft
ware, a non-parametric test for pairwise comparison for the significance 
of the response obtained from each experiment. The analysis indicated a 
significant difference between NH4OAc and NH4HCO2, while the MgSO4 
and NaOAc combination was deemed unsuitable, since it was obtained a 
significance level of 0.662 for both pairwise comparisons of the com
bination for an established level of 0.05 (Supplementary material 
Fig. S1). NH4HCO2 was ultimately selected for its superior volatility, 
which minimised equipment contamination, improved overall analyte 
recovery and whilst achieving higher relative abundance (Supplemen
tary material Fig. S2). In contrast, MgSO4 was noted to cause deposition 
in the GC liner, negatively impacting analysis due to its low volatility 
[26].

For the solvent study, acetonitrile was the primary candidate due to 
its proven compatibility with aqueous solutions, as previously 
mentioned. Alternative solvents found in literature, such as ethyl ace
tate, dichloromethane, and hexane were excluded to prioritise the 
method’s environmental sustainability. Methanol, while a viable option 
for dissolving KET and its metabolite NKET, was not considered due to 
challenges in phase separation. Acidification of the solvent is a common 
strategy for alkaline analytes like KET [26]; therefore, in the same style 
as the salts experiment, three solvents were tested: (1) acetonitrile, (2) 1 
% acetic acid in acetonitrile, and (3) 5 % formic acid in acetonitrile. The 
statistical analysis revealed a significant difference between 1 % acetic 
acid in acetonitrile and 5 % formic acid in acetonitrile (Supplementary 
material Fig. S3), with the latter yielding higher relative abundance 
(Supplementary material Fig. S4). Thus, 5 % formic acid in acetonitrile 
was selected as the extraction solvent.

In the d-SPE step, primary-secondary amine (PSA), octadecyl silica 
(C18), and graphitised carbon black (GCB) were considered based on the 
literature. GCB is primarily used for samples with high pigment content, 
such as carotenoids and chlorophyll, while C18 is effective for lipid-rich 
samples. PSA was selected for its broad-spectrum activity, capable of 
removing sugars, lipids, organic acids, fatty acids, and certain pigments 
[26]. Although MgSO4 was associated with low volatility issues, its 

Table 1 
MS detection parameters.

Analyte Transitions 
(m/z)

Retention time 
(minutes)

Collision 
Energy (eV)

Dwell time 
(ms)

NKET- 
d4

169.2 − >

134.0
10.09 20 50

KET 181.0 − >

116.1*
10.69 20 50

181.0 − >

151.0
10.69 10 50

NKET 194.4 − >

131.0*
10.09 20 50

194.4 − >

166.0
10.09 20 50

*Quantifying transition
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ability to reduce water content made it a valuable component in the d- 
SPE step, particularly given the smaller quantities required compared to 
the salting-out step [25].

3.1.2. QuEChERS optimisation with DOE factorial design
Once the solvents and reagents were selected, the quantities of each 

constituent were optimised. To achieve this, a DOE approach was 
employed, utilising a 2-level full factorial design. The parameters and 
their respective low and high limits were established based on previous 
literature (Table 2).

The experiments, designed by the software to assess the interaction 
of multiple factors, were executed accordingly, with the respective re
sponses recorded. Analysis of the Pareto chart (Fig. 1) revealed no sig
nificant variation in the clean-up procedure. From the main effects plot, 
it was observed that the solvent volume was the most influential factor, 
with a higher solvent volume resulting in a greater response. A similar 
trend was noted for the amount of NH4HCO2, while the quantities of PSA 
and MgSO4 exhibited an opposite effect (Fig. 2). The interaction plot 
further indicated that no factor significantly influenced the others 
within the limits stablished for the DOE (Fig. 3).

These results would typically allow for the selection of conditions 
yielding the optimal clean-up procedure; however, the lack of signifi
cance suggests that, within the set limits, the quantities of the individual 
components, and their interactions, do not play a substantial role. 
Consequently, the decision was made to adopt the most efficient 
method, using the lowest limit values for all factors for the remainder of 
the study.

It is important to note that the results presented above pertain to a 
second DOE experiment. During the first experiment, it became 
apparent that handling a larger number of samples, along with the high 
RPM applied during the centrifugation steps, caused the glass tubes to 
collapse. Since phase separation was efficiently achieved in both steps, 
the decision was made to reduce both the centrifugation speed and 
duration to 3500 RPM for 2 min, which the tubes could withstand for the 
remainder of the study.

Hence, the final µ-QuEChERS protocol consists of the addition of 
0.25 g of NH4HCO2 and 1 mL of 5 % formic acid to the reconstituted 
sample prior to agitation in the vortex mixer and centrifugation as 
previously mentioned. After collection of the organic layer, 0.05g of 
MgSO4 and 0.01g of PSA were added and after new agitation and 
centrifugation, the supernatant was evaporated under nitrogen stream, 
and finally reconstituted in 30 µL of methanol for chromatographic 
analysis.

3.2. Validation

The validation of the analytical method was carried out taking into 
consideration the guidelines provided by the Society of Hair Testing 
(SoHT) for drug testing in hair [18] and following the ANSI/ASB Stan
dard 036 (1st edition) — Standard Practices for Method Validation in 
Forensic Toxicology [41]. The validation process involved assessing 
several parameters, including selectivity, linearity, limits, precision 
(intra-day, inter-day, and intermediate), accuracy, and recovery.

3.2.1. Selectivity
Selectivity refers to the ability of a method to determine the analyte 

in isolation from any interferents originating from the matrix or its pre- 

treatment. According to established guidelines, selectivity was assessed 
using blank samples from ten different origins without the addition of 
the IS, to demonstrate the absence of interferents at the relevant 
retention times and transitions. Additionally, a pooled sample contain
ing the IS and a mixture of KET and NKET at the lower limit of quan
tification (LLOQ) was included for comparison. The results showed no 
significant interferents at the retention times or in the transitions of 
either ion. Consequently, the method was deemed selective for both 
analytes.

3.2.2. Linearity and limits
To assess linearity, a pool of the ten blank samples previously 

examined for selectivity was fortified to establish a working range, 
which included six calibrators for each analyte. The working range for 
KET was 0.05–5 ng/mg, and for NKET, it was 0.8–5 ng/mg. These 
working ranges were evaluated over a five-day period to establish a 
mathematical correlation between the analyte’s-to-IS peak area ratio 
and analyte concentration. Weighted linear regression was used to 
construct the model, addressing the heterocedasticity of the wide 
working ranges. The criteria for a valid calibration model include an R2 
of at least 0.99 and a bias not exceeding 20 % for any calibrator. Table 3
summarizes the results obtained for linearity and limits.

The working range represents the concentration levels that the lab
oratory typically expects to encounter in routine analysis. In this study, 
the working ranges for both compounds are wide (one and two orders of 
magnitude for KET and NKET, respectively), offering a versatile range 
capable of detecting both chronic and occasional KET users. Further
more, for KET, the cut-off value of 0.2 ng/mg, as stipulated by the SOHT 
guidelines, is well within this range, allowing for the effective identifi
cation of drug users [18]. Although the linearity for NKET did not obtain 
the same results as those of KET, the guidelines clearly state that no cut- 
off value has been established for the metabolite. The identification of 
NKET, regardless of its concentration, is sufficient to confirm KET 
consumption.

The LLOQ is defined as the lowest concentration that can be quan
tified with acceptable precision and accuracy. It corresponds to the 
lowest non-zero calibrator within the working range. In this study, the 
LLOQ values were 0.05 ng/mg for KET and 0.8 ng/mg for NKET (Fig. 4).

The limit of detection (LOD) is determined as the lowest concen
tration at which the analyte can be reliably detected, where the peak is 
distinguishable from the background noise. The LOD is typically defined 
by a signal-to-noise ratio of at least 3.3, with reproducibility established 
through duplicate measurements over three independent runs. This 
approach was applied to determine the LOD for KET, which was 0.01 
ng/mg. For NKET, the LOD was the same as the LLOQ, 0.8 ng/mg.

It is worth noting that, despite the variety of approaches developed 
for hair analysis, none of the previously reported methods employed 
QuEChERS as clean-up technique. This highlights the novelty of the 
method developed in this study, which integrates QuEChERS for clean- 
up. Chang et al. [21] obtained a LOD and lower limit of quantitation 
(LLOQ) of 0.0005 ng/mg and 0.002 ng/mg, respectively, using 
microwave-assisted extraction with 10 mg of sample in methanol and 
TFA, followed by LC-MS/MS for detection. Although this approach 
yielded higher sensitivity with a smaller sample size and without a 
clean-up step, the use of a strong acid was required to achieve these 
results.

Additionally, Barreto et al. [24] employed an online SPE system 
coupled with LC-MS/MS after phosphate buffer extraction, achieving a 
LOD of 0.008 ng/mg and 0.015 ng/mg, and a LOQ of 0.02 ng/mg and 
0.04 ng/mg for KET and NKET, respectively, with 30 mg of hair. SPE is a 
commonly used solution for extraction and clean-up but has the disad
vantage of employing single-use cartridges.

Rhee et al. [23] developed another extraction method, using a 
mixture of methanol, acetonitrile, and ammonium formate, without 
incorporating a clean-up step. Using just 2.5 mg of sample, the method 
achieved a LOQ of 0.1 ng/mg and a LOD of 0.02 ng/mg for both 

Table 2 
Parameters and limits for the factorial design.

Factor Low High

5 % formic acid in acetonitrile volume (mL) 1 5
NH4HCO2 amount (g) 0.250 1
MgSO4 amount (g) 0.050 0.3
PSA amount (g) 0.010 0.1
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analytes.

3.2.3. Precision and accuracy
A trustworthy analysis is one that can measure concentrations 

repeatedly, obtaining results that are close to the true value with mini
mal dispersion between measurements. This reliability is characterised 
by bias, which refers to the proximity between the mean of the mea
surements and the actual value (often termed relative error), and pre
cision, which indicates the variability across multiple measurements. 
When both bias and precision criteria are met, the method can be 
considered precise and accurate.

Blank samples were spiked with four concentrations per analyte and 
tested over a five-day protocol to evaluate low, medium, and high 
concentrations within the working range. The acceptance criteria for 
both parameters require that all values fall below 20 %.

Intraday precision and bias evaluate the deviation of results and their 
proximity to the nominal value within a single run, using triplicates for 
low, medium, and high concentrations over five days. The studied 
concentrations were 0.05, 0.2, 1 and 5 ng/mg for KET and 0.8, 1, 3 and 

5 ng/mg for NKET.
In this study, the cut-off value was also used as a quality control. 

Interday precision and bias assess the same characteristics across 
different runs over five days, using the same concentration levels. The 
intermediate precision represents a comprehensive evaluation, calcu
lated as the mean of all quality control (n = 3) values obtained 
throughout the entire five-day protocol.

Table 4 summarises all data on precision and accuracy.

3.2.4. Recovery
To evaluate the recovery capability of the method, a protocol was 

developed using three concentrations—low, medium, and high—for 
each analyte (0.2, 1 and 5 ng/mg for KET; 0.8, 3 and 5 ng/mg for NKET). 
By fortifying the sample with a mixture of analytes before and after the 
clean-up procedure, this parameter could be analysed. The recovery 
rates ranged from 47–76 % for KET and 14–27 % for NKET, which were 
considered satisfactory (Table 5).

The developed method demonstrated high sensitivity with a low 
sample volume under miniaturized conditions, a crucial consideration 

Fig. 1. Pareto chart of the standardized effects.

Fig. 2. Main effects plot for response.
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when designing environmentally sustainable methods. To provide a 
clearer perspective on its performance, a comparison with other studies 
is presented in Table 6. The comparison focused on methods targeting 
the same analytes, utilizing the same matrix, and employing MS/MS for 
the detection of KET and NKET.

The first method presented [1], focused on the extraction of KET and 
other analytes from 10 mg of hair using a methanolic extraction, assisted 
by microwave and trifluoroacetic acid (TFA). Although the LLOQ, LOD 
and recoveries from a small sample amount are interesting, it is 
impossible to overlook the use of a toxic reagent like TFA. Zhuo et al. 
[2], also achieved noticeable results, however had to increase the 
complexity of the extraction methodology with cryogenic grinding, 
making the method less captivating in the routine perspective. Other 
studies [3,4], focused on the use of SPE for the extraction of this NPS and 
its metabolite, using a smaller amount of hair than the presented in this 
study, whilst achieving lower values for the LOD and LLOQ. However, 
one of the major disadvantages of SPE cartridges is the cost, and these 
materials are not reusable creating a large footprint per extraction. Be
sides, all the above methods and others that achieve fascinating results 
via liquid base extractions with small volumes of solvents and sample 
[5–7] use LC-MS/MS systems as the chromatographic solution. 
Although, as shown, this equipment allows obtaining great results due to 
associated technologic advancements, it is impossible to overlook the 
cost of these units, not only for acquiring but also for maintenance. 
Besides this, LC uses great amounts of solvents for the mobile phase and 
thus creates a large amount of waste. Additionally, a microextraction by 
packed sorbent (MEPS)-based approach provides a solution with high 
sensitivity that uses low amount of solvents and by reutilization, is a 

low-cost clean-up technique that creates small amounts of waste, and by 
associating with GC–MS/MS, the analysis cost is also much more 
interesting when compared to LC. However, its adaptation to routine 
analysis presents challenges, as manual MEPS allows processing only 
one sample at a time, which leads to a rapidly increasing workload when 
handling multiple samples [8].

These characteristics demonstrate the hurdle of combining green, 
safe, applicability in routine and cost-effective techniques in a single 
methodology.

The µ-QuEChERS method, in contrast, supports the processing of 
multiple samples simultaneously without compromising workflow effi
ciency. It generates minimal waste and avoids the use of highly toxic 
reagents, thanks to the miniaturization of the QuEChERS technique. 
Moreover, the sample pre-treatment stage does not require complex 
equipment, making it accessible and user-friendly, and importantly, this 
developed method achieved low LLOQ and LOD values, an appropriate 
working range, and retained a green and comparatively cheap 
methodology.

Beyond its environmental and cost benefits, the method is versatile 
and can be easily applied to a wide range of sample types. This indicates 
that it is a feasible miniaturized solution that could be seamlessly inte
grated into routine forensic workflows. Furthermore, the method’s 
linear range incorporates the cut-off value for KET (0.2 ng/mg) as pro
posed by the SOHT.

3.3. Method application to real samples

The developed method was applied to hair samples from individuals 

Fig. 3. Interaction plot for response.

Table 3 
Linearity data (n = 5).

Analyte Regression model Working range (ng/mg) Slope Intercept R2 LLOQ (ng/mg) LOD (ng/mg)

KET 1/x 0.05–5 5.1609±
1.5288

− 0.1532±
0.1341

0.9938±
0.0034

0.05 0.01

NKET 0.8–5 0.1833±
0.0337

− 0.0117±
0.0086

0.9943±
0.0025

0.8 0.8
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who attended an alternative music festival in Portugal in 2023. Table 7
describes the concentrations found for both analytes.

These values provide a significant basis for interpreting drug con
sumption. For instance, in the first sample, the high concentration of the 

main drug allows for the inference of possible chronic use, given that the 
values reported in the literature for consumers range between 0.1 and 
99.3 ng/mg [19]. In the remaining samples, KET was detected, but it was 
below the cut-off values proposed by the SOHT. NKET was not detected 

Fig. 4. Chromatograms of selected fragments obtained after extraction of a blank: (A) and a spiked at the LLOQ (B).
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in any sample. To verify the performance of the proposed method, these 
same samples were sent to an accredited laboratory for hair analysis. 
The concentrations obtained from the real samples were identical to 
those obtained using the proposed method.

4. Conclusion

This study focused on developing a novel clean-up technique for hair 
samples by adapting an approach previously utilized in the analytical 
fields. Due to the complexity of hair as a matrix, the QuEChERS method 
proved highly effective in concentrating KET, achieving exceptional 
sensitivity when properly executed.

Through careful optimization of the pretreatment process, the 
miniaturization of the clean-up method was successfully accomplished, 
surpassing initial expectations for the technique. Achieving a minia
turized method that is both user-friendly and capable of delivering high 
sensitivity is a rare achievement, as most miniaturized techniques face 
challenges in maintaining adequate sensitivity when applied to routine 
analysis. This progress represents a notable contribution to green 
chemistry.

The method validation demonstrated its robustness, with detection 
and quantification limits, and linearity comparable to existing processes. 
Its successful application to real samples further confirmed the method’s 
effectiveness.

These findings are promising, and this approach may be applied to 
the analysis of other drugs of abuse in hair samples. The key factor ap
pears to be the proper optimisation of the QuEChERS protocol, which 
has helped overcoming analysis hurdles, namely those related to the 
high level of complexity of biological samples.

To our knowledge, this is the first study to utilize µ-QuEChERS as a 
clean-up method for detecting KET and NKET in hair, opening a new 
path for future research in this field.

Table 4 
Precision and accuracy.

Parameter Analyte Nominal concentration (ng/mg) CV% BIAS%

Intraday 
(n = 5)

KET 0.05 9.28 7.16
0.2 17.51 − 6.12
1 12.70 − 0.47
5 14.47 5.38

NKET 0.8 9.35 − 2.23
1 4.95 − 0.22
3 7.44 11.67
5 6.21 6.59

Intermediate 
(n = 15)

KET 0.05 5.18 3.01
0.2 12.46 − 5.98
1 12.12 − 10.83
5 14.20 − 13.47

NKET 0.8 3.79 − 2.83
1 1.94 − 0.11
3 10.50 − 7.36
5 2.28 1.71

Interday 
(n = 5)

KET 0.05 7.59 5.16
0.2 14.93 − 10.43
1 13.10 − 8.83
5 1.07 0.77

NKET 0.8 8.59 6.37
1 9.61 − 7.01
3 3.58 2.60
5 3.40 2.50

Table 5 
Recoveries (n = 3).

Analyte Concentration (ng/mg) Recovery %

KET 0.2 76.35 ± 3.16
1 52.43 ± 3.45
5 47.47 ± 4.56

NKET 0.8 14.43 ± 4.25
3 20.82 ± 2.34
5 27.05 ± 1.61

Table 6 
Methods to determine KET and NKET in hair samples.

Analytes Hair 
amount 
(mg)

Extraction technique Clean-up technique Linear 
range (ng/ 
mg)

LLOQ 
(ng/mg)

LOD 
(ng/mg)

Recovery Chromatographic 
technique

Reference

KET 10 Microwave-assisted extraction 
with methanol and TFA (85:15)

N.S. 0.002–1 0.002 0.0005 91–98 LC-MS/MS [21]
NKET 94–98
KET 10 Methanolic extraction N.S. 0.05–5 0.05 0.02 75–94 UHPLC-MS/MS [42]
NKET 92–95
KET 50 Methanolic extraction with 

cryogenic grinding
N.S. 0.05–10 0.05 0.02 92–108 UHPLC-MS/MS [22]

NKET 72–93
KET 30 Extraction with phosphate 

buffer (pH 6)
Online SPE (Strata-X- 
C Mixed-mode)

0.02–10 0.02 0.008 103–104 LC-MS/MS [24]
NKET 0.04–4 0.04 0.015 96–100
KET 3 Bond elut SPE N.S. 0.01–10 0.01 0.001 N.S. LC-MS/MS [23]
NKET
KET 2.5 Extraction with methanol: 

acetonitrile: 20 mM ammonium 
formate (25:25:50)

N.S. 0.1–200 0.1 0.02 97 ± 15 LC-MS/MS [19]
NKET 96 ± 25

KET 20 Extraction with 0.01 % formic 
acid

N.S. 0.5–25 0.5 0.1 66–87 LC-MS/MS [20]
NKET 85–99
KET 50 Methanolic extraction MEPS M1 (4 mg; 80 

% C8 and 20 % SCX)
0.05–10 0.05 0.01 39–60 GC–MS/MS [43]

NKET 0.05 32–43
KET 50 Methanolic extraction µ-QuEChERS 0.05–5 0.05 0.01 47–76 GC–MS/MS This work
NKET 0.8–5 0.8 0.8 14–27

Table 7 
KET and NKET concentrations found in real hair samples.

Sample Concentration (ng/mg) Accredited Laboratory concentration 
(ng/mg)

KET NKET KET NKET

1 12.55 Not detected 15.89 Not detected
2 Not detected Not detected Not detected Not detected
3 < LLOQ Not detected < LLOQ (0.05) Not detected
4 0.15 Not detected 0.11 Not detected
5 0.12 Not detected 0.10 Not detected
6 0.05 Not detected 0.06 Not detected
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5. Informed Consent Statement.

This study was approved by the Ethics Committees of the Centro 
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the study.
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