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bstract

In the present study, we developed a reference material (RM) using authentic hair samples for the determination of methamphetamine (MA) and
ts main metabolite, amphetamine (AP) in human hair. MA abusers’ hair samples were collected, homogenized and finally bottled. The concentration
f each bottle was determined using two extraction methods, agitation with 1% HCl in methanol at 38 ◦C and ultrasonication with methanol/5 M HCl
20:1), followed by gas chromatography/mass spectrometry (GC–MS) after derivatization with trifluoroacetic anhydride (TFAA). Both analytical
rocedures were fully validated and their extraction efficiency was compared. The homogeneity of analytes was evaluated and their property
alues were determined with their uncertainties. The two methods were acceptable to analyze MA and AP in human hair through the validation

nd comparative studies using spiked and authentic hair samples as well as NIST SRM 2379 certified reference material. Satisfying homogeneity
as reached for MA and AP in the prepared RM. Finally, a human hair RM containing MA and AP is prepared at the level of 7.64 ± 1.24 and
.54 ± 0.07 ng/mg, respectively. This material can be useful in forensic laboratories for internal quality control and external quality assurance.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

Methamphetamine (MA) has received the most attention as
drug of abuse in Korea. It undergoes some N-demethylation to
mphetamine (AP), its major active metabolite [1]. Thus, both
A and AP are analyzed in various specimens to prove an indi-

idual’s MA abuse. Especially, hair analysis for MA is critical
ecause it is accepted by law enforcement agencies as one of
mportant corroborative facts for MA abuse in Korea. The hair

nalysis provides information not only on chronic drug use but
lso on drug use period according to the rate of hair growth
2], which has a key effect on legal decision. Therefore, quality
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ssurance becomes a major issue in hair testing in the forensic
eld.

As part of quality control, the need for a reference material
RM) for drug analysis has rapidly increased in forensic and
linical laboratories. Several RMs have been developed in the
orm of lyophilized urine and powdered or segmented hair so that
hey can be employed to evaluate the accuracy and precision of
nalytical methods in the area of drugs of abuse [3–6]. In order to
roduce a certified reference material (CRM) assessing material
omogeneity and stability as well as assigning property values
ased on the results of measurements are the most essential parts
7–11]. Among them, the homogeneity of the drug distribution
n hair reference materials is a major concern so that hair was
ulverized or cut into short segments [3,4]. On the other hand,

he stability of drugs in biological fluid samples seems to be
onsidered more significantly due to vulnerability by improper
ransport, handling or sample storage conditions [12]. However,
he hair sample is indefinitely stable and little influenced by the
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reservation, storage and transportation condition. It is reported
hat the analytes spiked in hair lasted up to a year in a harsh
ondition [4,13]. Thus, it is assumed that stability tests in hair
Ms were not considered significantly in most studies.

In 2003, the National Institute of Standards and Techno-
ogy (NIST) developed two standard reference materials for
rugs of abuse in human hair, SRM 2379 spiked with cocaine,
enzoylecgonine, cocaethylene, phencyclidine, AP and MA as
ell as SRM 2380 spiked with codeine, morphine, monoacetyl-
orphine and tetrahydrocannabinol, which are commercially

vailable. They were prepared by soaking drug-free human hair
n DMSO solutions containing chemicals [3]. These RMs are
ery useful for method development and validation, quality
ontrol and proficiency tests because they have the certified
alues of the analytes. However, it is recommended that authen-
ic hair should be used for quality control since spiked control
amples cannot substitute for the actual hair of a drug user
14]. The spiked ones may have different characteristics, such
s extraction efficiency, metabolite-to-parent drug ratios, etc.,
rom authentic ones. Therefore, we planned to produce a candi-
ate for a CRM for the determination of MA and AP in human
air using authentic hair samples. From this point of view, it
as a more crucial issue to obtain the hair sample with unifor-
ed concentration of MA and AP in a pool of MA abusers’

air samples since the amounts of MA and its metabolite, AP
n the hair samples collected from actual drug users can vary
rastically between individuals, between hairs of an individual
r even along hair shaft, depending on drug use patterns [13].

In the present study, we developed a RM as a candidate for
CRM using MA abusers’ hair samples. In order to evaluate

omogeneity, the concentration of each bottle was determined
sing two extraction methods, one based upon agitation with 1%
Cl in methanol at 38 ◦C and one based upon ultrasonication
ith methanol/5 M HCl (20:1). Finally, the property values of
A and AP in the produced RM were established with their

ncertainties.

. Experimental

.1. Chemicals

Dichloromethane, methanol, ethyl acetate and hydrochloric
cid (HCl) were analytical grade. MA, AP, MA-d5 and AP-d5
ere obtained from Cerilliant (TX, USA) and trifluoroacetic

nhydride (TFAA) was purchased from Sigma–Aldrich (MO,
SA).

.2. Preparation of a RM

Hair samples were collected from about 200 suspected drug
ddicts arrested by the police and submitted to the National Ins-
itute of Scientific Investigation in Korea. The specimens were
rst analyzed to report results to the police and then the remai-

ing hair of each specimen was used to make a hair pool. This
esearch was conducted according to the guideline of the Natio-
al Institute of Scientific Investigation Ethics Committee. All the
ubjects were Korean with originally black hair and the roots of

s
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air were removed. The specimens, where the MA concentra-
ions ranged from 0.5 to 50 ng/mg, were mixed to create a pool.
he hair was washed in a sufficient volume of dichloromethane

or 2 min twice, dried at room temperature and cut into less than
cm. Then, it was stirred for 60 min in a large volume of distil-

ed water to produce a homogenous mixture [13]. After drying
gain, the hair was segmented into about 1 mm, sieved, blended
nd finally bottled (103 vials, ca. 100 mg each). Additional 68
ottles of blank material were also prepared with drug-free hair
n the same manner. The materials were kept at room temperature
efore analysis.

.3. Method validation

The analytical methods were validated using spiked drug-free
air according to Eurachem Guide [15] and following para-
eters were evaluated: selectivity/specificity, linearity, limit of

etection (LOD) and quantification (LOQ), recovery, intra- and
nter-assay precision and accuracy. In order to demonstrate linea-
ity five sets of calibrators (0.25, 0.5, 1, 2.5, 5, 7.5 and 10 ng/mg)
ere prepared and analyzed. For the LOD and LOQ determina-

ion, hair samples spiked with MA and AP of the concentrations
elow 0.25 ng/mg were evaluated and the analyte concentrations
f which the signal-to-noise ratios greater than 3 and 10 were
hosen for each. The recovery of MA and AP was determined
y comparing the analysis of extracted and non-extracted spiked
amples at low (1 ng/mg) and high (8 ng/mg) concentrations.

ethod precision and accuracy were examined by analyzing
air samples spiked with low (1 ng/mg), medium (4 ng/mg) and
igh (8 ng/mg) concentrations of MA and AP, respectively. The
ix aliquots of each sample were analyzed on the first day,
ollowed by triplicates for the four consecutive days. Authen-
ic hair from a post-mortem case and NIST SRM 2379 were
sed to compare two extraction methods and to verify analytical
ethods.

.3.1. Agitation-based method
The agitation-based method was conducted as previously

escribed [16]. Briefly, triplicate samples from one MA abu-
er’s hair and NIST SRM 2379 were accurately weighed (ca.
0 mg) and washed twice with distilled water and metha-
ol, respectively. After dried, they were cut into very small
ieces of less than 1 mm and agitated with 3 ml of 1% HCl
n methanol for 20 h at 38 ◦C. MA-d5 and AP-d5 were added
s internal standards. The hair extract was evaporated to dry-
ess at 45 ◦C under N2 gas and then the residue was derivatized
ith 100 �l of TFAA/ethyl acetate (1:1) at 65 ◦C for 15 min.
he excess derivatizing reagent was removed under N2 gas at
5 ◦C and the residue was reconstituted in ethanol for GC–MS
nalysis.

.3.2. Ultrasonication-based method
The ultrasonication-based method was carried out using a
light modification of a method described elsewhere [17]. The
xtraction method was performed in the same manner as shown
n Section 2.3.1 except ultrasonication with 3 ml of metha-
ol/5 M HCl (20:1) for 1 h followed by storing the solution at
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oom temperature overnight instead of agitation with 3 ml of 1%
Cl in methanol for 20 h at 38 ◦C.

.3.3. GC–MS analysis
The analysis of every hair sample was performed on an

gilent 6890/5973 GC–MS system. The GC was equipped with
30-m-long, 0.25-mm-i.d., 0.25-�m-film-thickness HP-5MS

apillary column. The inlet temperature was 260 ◦C and the
elium flow rate was 1.0 ml/min. The oven was programmed to
perate at an initial temperature of 100 ◦C for 1 min, to increase
he temperature to 270 ◦C at a heating rate of 20 ◦C/min and to
old at 270 ◦C for 10 min. The MS was operated in selected ion
onitoring (SIM) mode. The TFAA derivatized ions for MA,
P, MA-d5 and AP-d5 were as follows: MA, m/z 154, 118, 110,
1; AP, m/z 140, 118, 91; MA-d5, 158, 122; AP-d5, 144, 122
16].

.4. Homogeneity test

In order to evaluate the homogeneity among the bottles, three
ortions from ten bottles for each, randomly selected from a
atch, were taken and the concentration of each sample was
etermined using the two different analytical methods as shown
n Section 2.3. Statistical analysis was carried out and the uncer-
ainties of MA and AP for the two methods were calculated using
one-way analysis of variance (ANOVA) [9,18].

.5. Characterization

Three portions from three bottles for each, representative
f the batch, were randomly chosen and analyzed using the
ame method as Section 2.3. The uncertainties of MA and
P for the two methods were calculated in compliance with

he EURACHEM/CITAC Guide [19]. The major components
ontributing to their uncertainties were the amount of MA or
P in the test sample, the weight of the test sample and the
ethod precision, which were based on the equation to calcu-

ate the mesurand from intermediate values. Statistical analysis
as carried out using an ANOVA. Finally, the property values
f MA and AP in the produced RM were established with their
ombined uncertainties [11,18].

. Results

.1. Method validation results

Results of the validation of the methods are summarized in
ables 1 and 2, including calibration results of five calibrations of
even standards. No interferences were detected at the retention
imes of the analytes and the internal standards in both methods
data not shown). Results of intra- and inter-assay precision and
ccuracy were satisfactory for MA and AP, less than 20% for the
ow-concentration samples (1 ng/mg) and less than 10% for the
edium-concentration (4 ng/mg) and high-concentration ones
8 ng/mg). Recovery was over 90% and R2 of the calibration
urves was higher than 0.998 in every occasion. The LODs by the
gitation-based method were 0.25 and 0.125 ng/mg for MA and Ta
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Table 3
Results of the comparison of the extraction methods using an authentic hair
sample

Extraction method Concentration (mean ± S.D., ng/mg)

Agitation (n = 3)
MA 7.55 ± 0.48
AP 0.59 ± 0.03

Ultrasonication (n = 3)

A
w
w
t
L
t

1
n
a
t
8
c
b
(
w
t
e

t
v
a

x

i
c
c
t
b
r
w

3

M
w
o
s

h
a
w
A
0
v

MA 8.22 ± 0.69
AP 0.57 ± 0.04

P, respectively, and those by the ultrasonication-based method
ere 0.125 ng/mg for both. The LOQs by the former method
ere 0.25 and 0.125 ng/mg for MA and AP, respectively, and

hose by the latter were 0.25 ng/mg for both. The calculated
ODs and LOQs were considered adequate for the purpose of

he study.
To compare the extraction efficacy between agitation with

% HCl in methanol at 38 ◦C and ultrasonication with metha-
ol/5 M HCl (20:1), both MA and AP in authentic hair from
post-mortem case were determined. The average concentra-

ions of MA and AP were 7.55 and 0.59 ng/mg by agitation and
.22 and 0.57 ng/mg by ultrasonication for each. The average
oncentration of MA was slightly higher in the ultrasonication-
ase method and that of AP was in the agitation-based method
Table 3). However, the F-tests for comparison of variances
ere not significant (p > 0.05), indicating that the two extrac-

ion procedures have no serious difference and good extraction
fficacy.

Table 4 shows the certified values and their expanded uncer-
ainties of MA and AP in NIST SRM 2379 and the calculated
alues and uncertainties by the two procedures. To verify the
nalytical methods, the following expression was used: |x̄cert −

¯calc| ≤ 2
√

U2
cert + U2

calc where x̄cert is the certified value, x̄calc

s the calculated value, Ucert is the expanded uncertainty of the
ertified value and Ucalc is the expanded uncertainty of the cal-
ulated value. The average concentrations of MA and AP by
he agitation-based method were 5.34 and 5.42 ng/mg and those
y the ultrasonication-based method were 5.24 and 5.27 ng/mg,
espectively. The results obtained using the above approaches
ere all acceptable.

.2. Homogeneity

No significant differences were found for the concentration of
A and AP in homogeneity test because the calculated F-values
ere lower than the critical F-values (Table 5). The uncertainties
f homogeneity were calculated using the following expression:
bb = √

(Mamong − Mwithin)/n where sbb is between-bottle
omogeneity standard deviation, M is mean square (ANOVA)
nd n is number of observations. As a result, the uncertainties
ere 0.31 ng/mg (3.9%) and 0.00 ng/mg (0.72%) for MA and

P by the agitation-based method and 0.18 ng/mg (2.3%) and
.02 ng/mg (2.8%) by the ultrasonication-based one, respecti-
ely.
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Table 4
Verification of the analytical methods using a CRM (NIST SRM 2379)

Certified value Calculated value

MAa APa MAa,b APa,b MAa,c APa,c

Concentration (mean, ng/mg) 5.20 6.00 5.34 5.42 5.24 5.27
U (ng/mg) 0.27 0.32 0.38 0.34 0.59 0.34

U: expanded uncertainty.
a Analyte.
b Agitation-based method (n = 3).
c Ultrasonication-based method (n = 3).

Table 5
Results of homogeneity test of MA and AP (concentration (mean ± S.D., ng/mg, n = 3)) in the prepared RM using the agitation- and ultrasonication-based methods

Agitationa Ultrasonicationa

MAb APb MAb APb

Bottle no.
3 7.16 ± 0.29 0.55 ± 0.01 7.47 ± 0.80 0.57 ± 0.07
15 7.06 ± 0.39 0.52 ± 0.05 8.19 ± 0.65 0.60 ± 0.08
27 7.71 ± 0.22 0.54 ± 0.06 7.48 ± 0.51 0.54 ± 0.04
31 7.92 ± 0.50 0.51 ± 0.00 7.99 ± 0.01 0.57 ± 0.02
46 7.63 ± 0.58 0.51 ± 0.04 7.52 ± 0.54 0.51 ± 0.02
52 8.09 ± 0.24 0.54 ± 0.03 7.53 ± 0.21 0.51 ± 0.03
60 8.61 ± 1.00 0.58 ± 0.04 8.02 ± 0.13 0.55 ± 0.04
76 7.59 ± 1.03 0.50 ± 0.04 7.87 ± 0.14 0.53 ± 0.03
88 7.87 ± 0.61 0.54 ± 0.03 7.21 ± 0.45 0.52 ± 0.05
95 8.09 ± 0.27 0.54 ± 0.05 7.96 ± 0.41 0.55 ± 0.03

Fcalc 1.8 1.0 1.5 1.3
Fcrit 2.4 2.4 2.4 2.4
uh (ng/mg) 0.31 0.00 0.18 0.02

Fcalc: calculated F-value; Fcrit: critical F-value of α = 5%; uh: uncertainty of homogeneity.
a Extraction method.
b Analyte.

Table 6
Results of characterization of MA and AP in the prepared RM using the agitation- and ultrasonication-based methods

Agitationa Ultrasonicationa

MAb APb MAb APb

Concentration (mean ± S.D., ng/mg, n = 9) 7.63 ± 0.54 0.53 ± 0.04 7.65 ± 0.57 0.54 ± 0.05
uc 0.27 0.02 0.43 0.02

uc: uncertainty of characterization.
a Extraction method.
b Analyte.

Table 7
Internal certification of the prepared RM

Analyte Certified value (ng/mg)

Mean U

M
A

U

3
p

m

i
p
0
m
u

a
e

k

A 7.64 1.24
P 0.54 0.07

: expanded uncertainty.

.3. Characterization and internal certification of the

repared RM

Table 6 shows the property values of MA and AP deter-
ined by the two methods and their uncertainties and Fig. 1

f
b
h
t

llustrates the SIM chromatograms from an aliquot of the
repared RM. The uncertainties were 0.27 ng/mg (3.5%) and
.02 ng/mg (3.1%) for MA and AP by the agitation-based
ethod and 0.43 ng/mg (5.6%) and 0.02 ng/mg (3.3%) by the

ltrasonication-based method, respectively (n = 9 for each).
To derive the certified values of MA and AP, the

rithmetic means were calculated (n = 18) and the
xpanded uncertainties were established as URM =√

u2
habm + u2

hubm + u2
cabm + u2

cubm where k is coverage

actor (k = 2), uhabm is the uncertainty in the homogeneity test
y the agitation-based method, uhubm is the uncertainty in the
omogeneity test by the ultrasonication-based method, ucabm is
he uncertainty in the characterization by the agitation-based



38 S. Lee et al. / J. Chromatogr. B  865 (2008) 33–39

F tion-b
M

m
t
o
r
s

4

t
q
y
t
l
b
l
e
p
t
[

u
t
w
[
t
t
n
o
t

d
t

p
i

a
t
h
A
l
r
o
d
m
m
d
m
p
u
e

o
I
e
m
a
u
t
t
d
w

ig. 1. SIM chromatograms of MA and AP in the prepared RM using the agita
A: 7.63 ± 0.54 ng/mg; 3, AP: 0.54 ± 0.05 ng/mg; 4, MA: 7.65 ± 0.57 ng/mg.

ethod and ucubm is the uncertainty in the characterization by
he ultrasonication-based method. The expanded uncertainties
f MA and AP were 1.24 ng/mg (16%) and 0.07 ng/mg (13%),
espectively. Finally, the certified values were obtained as
hown in Table 7.

. Discussion

A RM is an important tool for method validation, calibra-
ion, estimation of measurement uncertainty, training, internal
uality control and external quality assurance [20]. In recent
ears the demand for accurate RMs has increased because
he reliability of data has a great effect on administrative and
egal consequences. Since 1980s, several human hair RMs have
een developed and utilized to evaluate analytical methodo-
ogies but most of the RMs are for determination of heavy
lements [3,21–26]. For drugs of abuse, proficiency testing
rograms have been accomplished since early 1990s using for-
ified and/or authentic hair samples that ensure homogeneity
13,27–32].

In this study, human hair RM for MA and AP was prepared
sing a pool of authentic hair samples with the different concen-
rations of MA and AP. In order to obtain uniformity, the samples
ere incubated in distilled water with a stirring bar for an hour

13], cut into very short pieces (about 1 mm), sieved and blended
horoughly. In both the homogeneity and characterization tests,
he results from the two methods were in good agreement with
o significant variance. Furthermore, the expanded uncertainties
f MA and AP (16% and 13% for each) were small enough for

he purpose of this study.

Hair is a solid matrix surrounded by keratinized cells. The
rugs are firmly incorporated in the matrix and partly bound
o intracellular components of the hair cells, such as melanin,

f
u
a
r

ased (A) and ultrasonication-based (B) methods. 1, AP: 0.53 ± 0.04 ng/mg; 2,

roteins or lipids. Therefore, the extraction of drugs from hair
s the most sensible step of hair testing procedures.

In practice, there are several ways of drug solubilization, such
s incubation in an acidic or basic solution (e.g. NaOH), incuba-
ion in an organic solvent (generally methanol with or without
ydrochloric acid) and digestion in an enzymatic solution, etc.
fter drugs are extracted by incubating the hair sample in NaOH,

iquid–liquid extraction (LLE) or solid-phase extraction (SPE) is
equired. The NaOH incubation step destroys the protein matrix
f hair completely and the additional LLE or SPE step may pro-
uce lower recovery of analytes [33]. However, our preparation
ethod is very simple. It involves placing hair samples in the
ethanol solution, followed by agitation or ultrasonication, and

oes not need further purification. Moreover, since this method
aintains the shape of hair, the effect of interferences, such as

roteins, lipids, etc. can be minimized. Therefore, agitation or
ltrasonication in the methanol solution can be considered as an
ffective method to extract MA and AP from hair.

The inappropriate choice of extraction or digestion method is
ne of the main sources to frustrate the analysis of drugs in hair.
n other words, the extraction yield considerably depends on
xtraction manners [34]. Thus, MA and AP in hair were deter-
ined using two different extraction methods, one based upon

gitation with 1% HCl in methanol at 38 ◦C and one based upon
ltrasonication with methanol/5 M HCl (20:1) in this study. In
he comparative study of the two procedures using authentic hair,
he concentrations of MA and AP were not significantly different
epending on the type of methods. Therefore, both procedures
ere included our official standard operating procedure (SOP)
or analyzing MA and AP in human hair [35]. Nevertheless, the
ltrasonication procedure left more dirty dry extract than the
gitation one and it is also reported that methanol sonication
esulted in ‘dirty’ chromatograms [36].
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Our RM prepared by homogenizing authentic hair reflects
he real condition of hair better than others by soaking drug-free
air in solution containing chemicals. Since all the specimens
ame from Koreans with originally black hair, the discrepancy of
nalytical results due to race or hair color can be eliminated for
riental people as using our RM. Moreover, although the forti-
ed RM has a different metabolite-to-parent drug ratio from real
air, our RM has the average value of it, which can be used as one
f criteria for obtaining a positive result [37]. The metabolite-to-
arent drug ratio of MA was calculated from the homogeneity
est: 0.07 ± 0.01 (7%) by the agitation-based method (n = 30);
.07 ± 0.00 (7%) by the ultrasonication-based method (n = 30).
hese results were similar with other reports: average 9% in
444 MA abusers and 5.9–12.8% in one post-mortem case
38,39].

Even though hair is an extremely stable matrix, further study
or stability was required to set the shelf-life, which is one
ssential element to be included in the label of a CRM.

. Conclusions

This research work shows that both the agitation- and
ltrasonication-based method are acceptable to analyze both MA
nd AP in human hair through the validation and comparative
tudies using spiked and authentic hair samples as well as NIST
RM 2379. With these two procedures, a human hair pre-CRM
ontaining MA and AP is prepared at the level of 7.64 ± 1.24 and
.54 ± 0.07 ng/mg, respectively, using authentic hair specimens
nd satisfying homogeneity was reached for the two analytes.
his material can be useful for forensic laboratories in inter-
al quality control and external quality assurance and provided
ladly to any laboratories for their internal quality control and
esearch purposes.
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