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bstract

An analytical method for determining essential elements (Zn, Fe and Cu) and toxic elements (Cr, Pb and U) on single hair strands by laser ablation
nductively coupled plasma mass spectrometry (LA-ICP-SFMS) using a double focusing sector field mass spectrometer was developed. Results
btained directly using LA-ICP-SFMS of hair were compared with those measured by inductively coupled plasma quadrupole mass spectrometry
ICP-QMS) of solutions of digested hair samples and the analytical methods were found to agree well.

Different quantification strategies for trace element determination in hair samples such as external calibration, standard addition and isotope
ilution were compared and demonstrated for uranium. For uranium determination in powdered hair by LA-ICP-MS solution-based calibration
as applied by coupling the laser ablation chamber to an ultrasonic nebulizer.
The significance of single hair analysis by LA-ICP-SFMS was demonstrated by a case study of a person who changed living environment.

ifferences in the uranium content observed along the single hair strand correlated with the changes in the level of uranium in drinking water. The
ranium concentration in a single hair decreased from 212 to 18 ng g−1 with a change in the uranium concentration in drinking water from 2000 to

−1
0 ng l . In addition, measurements of uranium isotope ratios showed a natural isotopic composition throughout the whole period in the drinking
ater, as well as in the hair samples.
This paper demonstrates the potential use of laser ablation ICP-MS to provide measurements on a single hair strand and its potential to become

very powerful tool in hair analysis for biological monitoring.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Biomonitoring medical samples with respect to essential and
oxic elements is gaining importance as a tool for studying the
ffect of deficiency or excess of elements on our health and their
ontribution to the development of different diseases [1–4]. In
eneral, the majority of investigations of heavy metals in medi-
al samples deal with blood and urine analysis but hair samples
an also be used for the sensitive biomonitoring of environ-
ental exposure or ingestion through food or drinking water.

he analysis of hair samples has several advantages over the
nalysis of blood and urine. First, hair is stable and robust and
ts composition does not change over time. Second, it does not
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equire special storage or handling. Third, unlike blood sam-
les, sampling is painless, very easy and requires no specific
rofessional skills. Finally, hair has the unique ability to reflect
he total body intake over an extended period and it is possible
o trace changes over time depending on the length of the hair.
herefore, hair is an excellent candidate for the biomonitoring
f metals, particularly for the detection of trace impurities.

For the last two decades, hair analysis has been used for metal
etermination in medical research [1–5], where the concentra-
ion of elements in the hair of healthy subjects was compared
o that of people with different diseases. Trace elements in hair
ere investigated in the criminology field [6,7] where it was

nalyzed for traces of cocaine. An interesting application is in

rchaeology [8], where the hair of an ancient iceman was ana-
yzed and information on his diet, environmental [9–12] and
ccupational exposure [13,14] to different trace elements could
e detected. Furthermore, hair analysis is also used in medical

mailto:s.becker@fz-juelich.de
dx.doi.org/10.1016/j.ijms.2006.09.018
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esearch to explore the connection between the concentration
f metals in hair and different diseases such as autism [1] and
pilepsy [3].

The determination of trace metals in hair has been performed
sing different analytical techniques, most of them involving
ulk measurements after total digestion of the sample. Methods
or the determination of metal concentrations in hair samples
fter digestion include atomic absorption spectroscopy (AAS)
15], inductively coupled plasma mass spectrometry (ICP-MS)
16,17] and inductively coupled plasma atomic emission spec-
rometry (ICP-AES) [18]. Another approach for the analysis of
olid hair samples, or of samples after milling and homogeniz-
ng, is bulk analysis. One powerful technique for bulk analysis
s laser ablation ICP-MS (LA-ICP-MS), as demonstrated by
odushkin and Axelsson [16,17] for the determination of 71
lements in hair and nails samples. The multi-element analy-
is of trace elements in hair samples there was carried out after
retreatment of the samples. For quantification purposes, tablets
rom powdered certified reference material (from the Institute of
eophysical and Geochemical Exploration, Langfang, China)

19] were prepared. Other analytical techniques for the direct
nalysis of hair samples include X-ray fluorescence (XRF) [20],
-ray fluorescence excited by synchrotron radiation (SRXRF)

21], neutron activation analysis (NAA) [22] and instrumental
eutron activation analysis (INAA) [23].

All of these analytical techniques can be used for hair analysis
ut they all have some disadvantages. The measurements reflect
he average composition of trace elements in the hair sample and
everal strands of hair are required for each sample. As a result,
patially resolved information in one single hair is unavailable
nd therefore the data does reflect temporal changes in the intake
f the analyte.

In the last 3 years, hair analysis has progressed and works
nvestigating the transformation of hair content with time have
een published. Highly sensitive methods have been utilized
o achieve this goal. Induction heating electrothermal vaporizer
CP-MS (ETV-ICP-MS) [24] was applied for mercury analysis
f single human hair strands. For quantification purposes, the
nalytical data were calculated relative to a standard of pow-
ered hair used for external calibration. The reported limit of
etection was in the range of 20–30 pg based on 0.6 mg sample.
ime-of-flight secondary ion mass spectrometry (ToF-SIMS)
as used to measure the elemental distribution in human hair

25]. The elements Na, K, Al, Si, Mg, Ca, Ti and Fe were ana-
yzed and it was shown that the surface of hair samples can act
s a sink for species to which it is exposed to in the environment.
IMS with multiple ion collectors (NanoSIMS 50, CAMECA)
as used for imaging arsenic traces in hair [26]. A cross-section

canning of hair was performed. The analysis allowed distin-
uishing of intoxication from surface pollution of the sample.
ith synchrotron radiation, the cross-sectional and longitudinal

istribution of some major and minor elements was determined
n hair samples taken from haemodialysed patients [27] and laser

blation ICP-MS with dynamic reaction cell (DRC) was used
o measure Hg and Pt in one individual hair after these ele-

ents were ingested [28]; the hair samples analyzed reflected
he forensic evidence in both cases. It was also found that the

h
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oncentration in the outer and inner part of hair varied similarly
ith time.
This field of single hair analysis is continuing to expand,

ut until now the literature has not dealt with the quantification
f elements in a single hair strand collected from a “normal”
opulation; it has focused instead on special cases, where the
mount of the tested element was high.

In the present work, the suitability of LA-ICP-MS for hair
nalysis will be considered by measuring essential elements and
oxic elements at trace concentration levels in hair samples taken
rom a “normal” population. In addition, as a continuation of pre-
ious works on the biological monitoring of uranium [9–11,29],
pecial attention will be focused on uranium determination in
air samples by LA-ICP-MS. Different analytical quantifica-
ion procedures, such as standard addition and isotope dilution
or external calibration and standard addition to the sample as
reviously reported by our laboratory [30–34] were used and
valuated in order to find the most suitable procedure for the
uantification of uranium in hair. Due to the radioactive prop-
rty of uranium and the potential use of the method in exposure
onitoring, the ability to track differences in the 235U/238U iso-

ope ratio in uranium will be discussed.

. Experimental

.1. ICP-MS instrumentation

A double focusing sector field ICP-MS (ICP-SFMS, ELE-
ENT, Thermo Electron GmbH, Bremen, Germany) coupled
ith commercial laser ablation system LSX-200 (CETAC LSX-
00, CETAC Technologies, Inc., Omaha, NE, USA) was used
or the analysis of human hair as powder or as single hairs. Mass
pectrometric measurements were carried out at low mass res-
lutions (m/�m ≈ 300) for the isotope ratio study of uranium
nd medium mass resolutions (m/�m ≈ 4400) for quantifica-
ion studies. In order to apply solution-based calibration as the
uantification technique, an ultrasonic nebulizer (U-6000AT,
ETAC Technologies, Inc.) was coupled to the LA-ICP-SFMS

nstrument. The experimental arrangement of solution-based
alibration using a USN in LA-ICP-SFMS is shown in Fig. 1.

Multi-element analyses on digested human hair samples were
erformed by a quadrupole-based ICP-MS (ICP-QMS, ELAN
000, Perkin-Elmer SCIEX, Concord, Ontario, Canada). Sulfur,
hich is a matrix element in hair, was selected as an internal stan-
ard element. Hair contains a high amount of sulfur because the
mino acid cysteine is a key component of the keratin proteins
n hair fiber (approximately 14%). Therefore, the experimental
arameters were optimized to maximum 32S+ ion intensity for
uantitative measurements and with respect to 238U+ for isotopic
atio studies of uranium. The optimized experimental parame-
ers are summarized in Table 1.

.2. Sample preparation and standard solutions
Hair samples were taken from three individuals without any
istory of environmental exposure. The protocol for the removal
f external contamination from the hair samples involved rinsing
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Fig. 1. Schematic of LA-ICP-SFMS by coupling a CETAC LSX-200 [32]

ith 5 ml of acetone (HPLC grade, Merck, Darmstadt, Germany)
or 10 min. The liquid was then decanted and the procedure was
epeated twice with 5 ml of water, before the hair samples were
ashed with acetone and finally rinsed once again with water.
fter that the samples were left to dry.
In brief, 40–70 mg of the hair were weighed in a 15-ml screw-
apped, polypropylene test tube (Blue Max, Becton Dickinson,
SA) and the samples were digested by adding 2 ml of con-

entrated nitric acid (supragrade and purified by sub-boiling
istillation, Merck) and 1 ml of 30% hydrogen peroxide (Supra-

able 1
ptimized operating parameters of the experimental systems

CP-MS ELEMENT
ICP-SFMS

ELAN 6000
ICP-QMS

ebulizer type PFA-100 Micromist
F power (W) 1250 1300
ooling gas flow rate (l min−1) 18 14
uxiliary gas flow rate (l min−1) 0.6 0.8
ebulizer gas flow rate (l min−1) 1.2 0.88
etection mode Dual
uto lens On
canning mode Peak hopping Peak hopping
xtraction lens potential (V) 2000
ass window (%) 10 10
ass resolution, m/�m 300/4400 300

ltrasonic nebulizer CETAC U-6000AT

ample uptake rate (ml min−1) 2
eater temperature (◦C) 140
ooler temperature (◦C) 3

aser ablation CETAC LSX-200

avelength (nm) 266 (of Nd-YAG laser)
ethod Single line scan

ulse duration (ns) 20
epetition frequency (Hz) 20
pot size (�m) 300
aser energy per pulse (mJ) 2.2
can speed (�m s−1) 30
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a double focusing sector field ICP-MS (Thermo Electron, Bremen [43]).

ur, Merck). Placing the vials in a hot (80–90 ◦C) water bath
xpedited the digestion, which then took 10 min (caution: the
crew cap must be placed loosely on the tube to allow the
verpressure from digestion products to escape). The digestion
rocedure of hair samples was described in detail by Gonnen et
l. [29]. Finally, the samples were diluted with water to yield a
nal volume of 15 ml. A blank vial that went through the whole
rocess of rinsing and digestion was prepared for each batch of
amples.

Samples for single hair analysis were made by fixing rinsed
airs (1 cm in length) one by one on a carbon patch (description
f the patch is given in the standard preparation section). Correc-
ions for variations in ablation efficiency and plasma variation
ere made by internal standardization using the matrix element

ulfur. A schematic of sample preparation procedures is sum-
arized in Fig. 2.
For the quantification of Zn, Fe, Cu, Cr, Pb and U, multi-

lement standard solutions (ICP Multi Element Standard IV and
I from Merck) were used.
Samples for the standard addition mode were prepared by

iluting the Merck uranium standard to the following concen-
rations: 100, 200 and 500 �g g−1 in 50 mg samples of rinsed
nd powdered hair.

All dilutions were made with high-purity deionized water
18 M� cm−1), obtained from Milli-Q-Plus water purifier (Mil-
ipore Billerica, MA, USA). All chemicals used were of supra-
rade (Merck). Nitric acid was further purified by sub-boiling
istillation.

.3. Quantification strategies

Several quantification strategies for LA-ICP-MS, such as
xternal calibration (with homemade standard), standard addi-
ion and solution-based calibration were developed. In addition,

CP-MS was used for trace analysis of essential and toxic ele-
ents in hair samples after digestion by ICP-MS.
A schematic summary of the quantification strategies is given

n Fig. 3.
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Fig. 2. Schematic of sample preparation of hair samples by digestion, of single hair fiber and of powered hair samples.

Fig. 3. Schematic of the analytical procedures used in this work including trace analysis of essential and toxic elements, distribution analysis, determination of the
concentration and isotope ratios of uranium.
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and solution analysis of digested hair for the same elements, as
shown in Figs. 4 and 5. Thus, it may be expected that the level of
trace elements in hair samples collected from people who do not
change their dietary habits or living environment will have quite

Table 2
Concentration of Zn, Fe, Cu, Cr, Pb and U in single hair strands from three
volunteers (�g g−1)

Person A Person B Person C Published range [17]

Zn 32.7 ± 4.0 26.4 ± 2.1 44.9 ± 5.3 40–327
Fe 52.8 ± 3.1 28.3 ± 3.1 26.1 ± 1.0 3–900
H. Sela et al. / International Journal o

.3.1. Standard addition calibration in LA-ICP-MS
The standard addition mode was applied for the trace analy-

is of uranium in hair samples whereby the laboratory standards
with different uranium concentrations from 100 to 500 �g g−1

o cover the calibration range) were prepared by adding solu-
ion to powdered hair samples, homogenizing and drying. Then,
hese samples for calibration were analyzed directly by LA-ICP-

S. The calibration curve for uranium was obtained from these
easurements.

.3.2. Solution-based calibration in LA-ICP-MS

.3.2.1. Standard addition technique for uranium determina-
ion. The standard addition technique was developed in our lab-
ratory for the multi-element trace analysis of high purity met-
ls, semiconductors and insulators, where no matrix-matched
tandard reference materials were available [35]. Thereby, the
ranium standard solutions (with different concentrations of
nalytes) were nebulized successively using an ultrasonic neb-
lizer (USN) with desolvator during the laser ablation of the
owdered hair samples. The concentration of trace elements was
etermined by means of the calibration curves, in our case for
ranium.

The standard solutions for calibration were prepared by dilut-
ng the uranium calibration standard from Merck to the following
oncentrations: 0.003, 0.006 and 0.012 ng ml−1.

.3.2.2. Isotope dilution technique. In addition, uranium was
etermined in the powdered hair sample by isotope dilu-
ion technique using an isotope-enriched tracer solution
235U/238U—0.9996980). As an isotopic-enriched reference
aterial, uranium CCLU-500 solution was applied (this labora-

ory standard was established by calibration against the NIST-
00 SRM by TIMS [36]).

The concentration of uranium in the solution was chosen so
s to obtain an isotope ratio as near as possible to one in the
ixture of sample and tracer solution.

.4. Isotope ratio measurements of uranium in hair samples
y LA-ICP-MS

Uranium isotope ratio measurements were carried out for
ome of the hair samples by LA-ICP-MS in a line scan. A labora-
ory standard solution of uranium NBS-3164 (0.5 ng ml−1) with
atural isotopic composition was used to optimize the experi-
ental parameters for isotope ratio measurements.

.5. Preparation of synthetic laboratory standards

Since no commercial, certified, matrix-matched reference
aterial with all of the elements measured was available and

ince it was decided to use a single hair as a reference standard
n this work, a synthetic standard was prepared. A 2 cm long
air sample from the scalp of a healthy male adult was treated

ccording to Section 2.2. Part of the sample was dissolved, ana-
yzed by ICP-MS and all elements were quantified and compared
o the certified solution standard as mentioned below. A pow-
er standard was prepared from another part of the hair sample

C
C
P
U
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fter rinsing by milling 100–200 mg of the hair with SPEX 6700
REEZER/MILL (SPEX Industries, Inc., Metuchen, NJ, USA).
he homogeneous powder was placed on carbon tabs (PLANO
mbH, Wetzlar, Germany). In addition, the single hair sample
as fixed on carbon tabs for LA-ICP-SFMS studies. Both solid

amples and the laboratory standards were analyzed by LA-ICP-
FMS.

. Results and discussion

.1. Trace analysis in a single hair strand by LA-ICP-SFMS

For the quantification of analytical data, solid standard ref-
rence materials were applied, using a homemade laboratory
tandard and sulfur as an internal standard matrix element.

The essential and toxic elements in single hair samples taken
rom three volunteers were analyzed and the results obtained are
ummarized in Table 2. The measured concentrations of Zn, Fe,
u, Cr, Pb and U were compared with data from the literature.

n the hair samples investigated, the concentration of essential
lements in hair was in 10–50 �g g−1 range, while for toxic ele-
ents it varied from 0.08 to 5 �g g−1. The results were found to

e within the range of concentrations published in the literature.
owever, for five of the elements, the measured concentrations
ad a lower range, except for zinc, which was found to be even
ower in two samples than in the literature. It should be noted
hat the published range includes different populations, while
he present study focuses on three random, “normal”, unexposed
eople and these differences are therefore reasonable. The mean
elative standard deviation of the results from the five replicate
nalyses of single hairs lies in the range of 10–25%, which is
imilar to the RSD reported by Rodushkin and Axelsson [19]
or wisps of hair analysis by LA-ICP-MS. In the present work,
he diameter of the laser spot used was 300 �m. The diameter
f the hair samples varied between 50 and 70 �m. Therefore, all
aterial was ablated. The position of the ablated point along the

air strand was not cross-section dependent.
Another aspect that should be borne in mind is that only

small section from the same part of the scalp and length of
he hair is analyzed in single-hair measurements, and this part

ay not be representative of the entire strand. Nevertheless,
ood agreement was found between laser ablation of single hairs
u 13.5 ± 4.0 10.1 ± 1.0 25.6 ± 0.3 0.3–293
r 1.0 ± 0.1 0.5 ± 0.04 0.7 ± 0.05 0.03–33
b 4.7 ± 0.6 1.6 ± 0.07 2.0 ± 0.2 0.22–7.26

0.1 ± 0.04 0.06 ± 0.03 0.25 ± 0.01 0.005–1.28
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Fig. 4. The average concentration of essential elem

uniform distribution even if they were collected from different
arts of the scalp. Once again it should be emphasized that the
esults presented above were for people who are not occupa-
ionally or environmentally exposed, i.e., “normal” levels of the
race elements.

The above facts and conclusions are true for iron, copper,
hromium, lead and uranium. Zinc was exceptional due to the
act that the measured concentration was not only lower than

he range quoted in the literature, but the standard deviation
f the results was higher than for the other five elements. This
ould be due to the unique behavior and role of zinc in hair
37,38] or possibly to cross contamination in the experimen-

i
M
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Fig. 5. The average concentration of toxic elements in
n single strands of human hair from three subjects.

al system. Its metabolism and function in the human body
nd has been widely studied. As reported, zinc is an essen-
ial element in the human body and plays an important role
n both activating enzyme systems and as a cofactor of several

etallo-enzymes [37,38]. It has been previously noted that the
oncentration of zinc in hair depends on sex, age and seasonal
ariations, and therefore results are sensitive to such variations
39,40]. The data shown in Figs. 4 and 5 and the results given

n Table 2 demonstrate the potential of using laser ablation ICP-

S technique for single hair analysis not just in special cases
here the concentration is high but also for unexposed “normal”
ersons.

single strands of human hair of three subjects.
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Table 3
Comparison of different methods for measurement of uranium in powdered hair
standard (ng g−1)

Analysis
method

Calibration strategy U concentration
(ng g−1)

LOD
(ng g−1)

ICP-MS External calibration of
digested samples

22.6 ± 2.5 0.2

LA-ICP-MS Standard addition 19.4 ± 4.1 1.2
LA-ICP-MS Isotope dilution 20.2 ± 0.3 2.0
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made and the mass bias factor (assuming an exponential correc-
tion [41]) was determined using a laboratory-standard solution
H. Sela et al. / International Journal o

.2. Uranium analysis

This part focuses on the ability to measure uranium con-
entrations in hair using laser ablation ICP-MS. The question
hether a change in dietary habits or living environment, that

nvolves a change in the intake of trace elements, would be
eflected in hair analysis is especially intriguing. This assess-
ent made it possible to detect changes in the concentration of

ranium in hair in correlation with changes in the uranium level
n the environment, as discussed below.

.2.1. Uranium concentration determination
Different quantification strategies in LA-ICP-MS, which

ere developed for geological samples [41] were applied to
owdered hair standards. In addition, quantification methods
sing solid homemade standard reference materials, as previ-
usly described, combined with an internal matrix standard,
ere also tested.

.2.2. The standard addition technique
In this quantification method, standard solutions (with dif-

erent concentrations of the analyte) were added to the sam-
le (powdered hair) in the sample preparation stage and were
omogenized well in the sample. The concentration of the trace
lement (uranium in this case) was determined from the calibra-
ion curve, which was based on the standard addition samples
hat were ablated according to the same procedure. The normal-
zed ion intensity of uranium agreed well with its concentration
nd the correlation coefficient (R2) was found to be 0.9975.

.2.3. Solution-based calibration in LA-ICP-MS by single
as flow injection

The main advantage of this arrangement, as shown previ-
usly [41], is the possibility of optimizing the gas flow rate to
btain maximum signal intensity. This was observed at a carrier-
as flow rate of 1 l min−1 for the transport of ablated material
o the ICP-MS, and an optimal mixing of nebulized standard
olution and laser-ablated solid sample directly in the ablation
hamber. Two strategies for solution-based calibration in LA-
CP-MS were used in this work: standard addition (since no
lank sample exists) that is useful when the amount of sample
s large, and isotope dilution, which is commonly used for the
nalysis of small sample amounts. Both techniques are similar
o the calibration methods used in solution analysis by ICP-MS.

.2.3.1. The analyte standard addition mode. This quantifica-
ion method was developed for multi-element trace analysis of
igh-purity metals, where neither matrix-matched standard ref-
rence materials nor high purity blank samples were available
41]. In the present study, the analyte addition technique was
sed and the standard solutions (with different concentrations of
nalyte) were nebulized successively using an USN and the sam-

le (powdered hair) was ablated with a focused laser beam during
olution calibration. The concentration of the trace element (ura-
ium in this case) can be determined from the intercept of the
alibration curve. For this experiment, the correlation between

o
p
e
i

A-ICP-MS Solution-based
calibration

22.1 ± 1.9 2.0

he measured uranium ion intensity and its concentration was
ound to have a coefficient (R2) of 0.9915.

.2.3.2. The isotope dilution technique. The calibration tech-
ique chosen for the determination of trace impurities in small
ample sizes using LA-ICP-MS was the isotope dilution tech-
ique. It was applied in the present work to determine the con-
entration of uranium in small amounts of powdered hair sam-
les. In on-line isotope dilution with LA-ICP-MS, an isotope-
nriched spike 235U solution (CCLU-500, 235U spike sample)
as nebulized using the ultrasonic nebulizer (USN) for 1 min,

hen the hair sample was ablated (to evaluate the results) and an
dditional ablation of the hair sample together with nebuliza-
ion of the spike solution was carried out. The change in isotope
atios was measured using mass spectrometry.

Table 3 compares the results for uranium content in the pow-
ered hair standard obtained for LA-ICP-MS using different
alibration modes and measured by ICP-QMS after digestion.
ach result represents the average and standard deviation of mea-
urements of three samples from the same batch. The detection
imits for different analytical procedures were compared. The
owest detection limit for uranium determination (0.2 ng g−1)
as observed for ICP-MS analysis of digested hair samples.
he detection limits for LA-ICP-MS were one order of magni-

ude higher than for ICP-MS of the digested samples. However,
he analysis time and sample preparation of the laser ablation
echniques were shorter then the solution-based analysis. In
ddition, the digestion procedure requires larger sample quan-
ities. If the results from the digested samples are taken as the
arget value, then the solution-based calibration gives the closest
alue, although the results from all three laser ablation methods
re within the standard deviation of the measurements.

.2.4. Uranium isotope ratio measurements
Isotope ratio measurements of uranium were performed for

he homemade standard. The standard was analyzed by ICP-MS,
s a solution after digestion. Mass discrimination correction was
f uranium NBS-3164 (0.5 ng ml−1) with a natural isotopic com-
osition. The homemade powdered standard was used in later
xperiments as a natural isotopic composition standard for the
sotopic determination along a single hair by LA-ICP-SFMS.
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ig. 6. (a) The 235U/238U isotope ratio measured along a single hair strand c
oncentrations along a single hair strand collected from an individual who chan

.3. Distribution measurements of uranium along a hair
trand by LA-ICP-MS

The suitability of LA-ICPMS for the investigation of vari-
tions in concentration of uranium throughout the length of a
air strand was tested. For this purpose, the test subject was a
erson who changed living environments and who experienced
sharp decrease in the uranium content of drinking water from
to 0.035 �g l−1. A single hair, including its root, was washed

ccording to the procedure described above, and cut to 1 cm long
ections. The pieces were placed on a carbon pad and each one
as analyzed by LA-ICP-SFMS. The experiment was repeated

or a few hair strands. Fig. 6b presents the amount of uranium in
he hair (triangles and solid line) and its concentration in water
dotted lines) as a function of the distance from the scalp or the
oot of the hair. It was assumed that the hair growth rate is 1 cm
er month, as reported by Lafleur [42]. By converting the dis-
ance from the scalp into time (hair closer to the scalp is newer),
he transition from a high uranium concentration in drinking
ater to a low concentration can be clearly seen. After 2 months

6 cm from the scalp), the drinking water containing 2 �g l−1

ranium was replaced by water with a low uranium content
0.035 �g l−1) and the effect on the uranium hair content started
lmost immediately, reaching a stable low level after 4 months.
he 235U/238U isotopic ratio in the hair and in drinking water
as determined for the period of the experiment. The mass bias
orrection (assuming an exponential correction [41]) was deter-
ined using a natural isotopic composition homemade standard

or single hair analysis by LA-ICP-SFMS and using a labora-
ory standard solution of uranium NBS-3164 (0.5 ng ml−1) with

i

d
v

ed from an individual who changed residence area. (b) Changes in uranium
esidence area in relation to uranium content in drinking water.

natural isotopic composition for the water investigated by ICP-
S [43]. The ratio along the hair was analyzed, and as shown

n Fig. 6a, the isotopic composition did not change during this
eriod and was natural. This indicates that the source of uranium
n the hair was mainly in the drinking water.

. Conclusions

Laser ablation ICPMS has been proven to be a very useful
ool for direct measurements of trace elements in a single hair
trand. The limit of detection for digested hair samples, as shown
n Table 3, was better than the LOD obtained by the other laser
blation techniques. However, laser ablation has several advan-
ages that make it a very unique and useful technique. First,
he laser ablation technique does not require sample prepara-
ion (except for the removal of surface contamination). Second,
he measurements are simple to perform and less time consum-
ng than digestion and the analysis of liquid samples. Third,
here is need for only one hair fiber for the analysis, and finally
nd most importantly, this approach makes it possible to con-
eniently track changes in concentration that occur over time.
hus, intake effects of toxic elements on the human body can
e monitored using hair samples as a bioassay medium, even
everal weeks or months after the exposure. In addition, chronic
xposure due to changes in dietary habits or environmental fac-
ors can be distinguished from acute, or accidental, exposure

ncidents.

The results show good agreement between ablated and
igested hair samples for essential and toxic elements. This pro-
ides a new approach to biological monitoring by hair analysis,
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ince it makes the comparison of different components possible
sing the same technique for hair from the “normal” population,
s well as special cases and exposed individuals. Thus, elements
hat differ by several orders of magnitude may be measured
imultaneously.

A change in uranium along hair was also observed by LA-
CP-MS measurement. The change in uranium contents with the
istance from the scalp correlates well with the intake of uranium
n drinking water. It is important to note that the isotope ratio
235U/238U) was constant and natural [44], since the source was
rban tap water. The results show natural isotopic ratio which is
ot surprising, as mentioned above, but the ability to measured
sotopic ratio was demonstrated here. This ability opens a new
ay to isotopic forensics investigation and monitoring. Another

mportant application of this powerful tool is supervision over
ime after exposure accidents.

Comparing different quantification strategies of laser abla-
ion ICP-MS analysis, e.g., solution-based calibration, external
tandardization and standard addition, led to the conclusion that
tandard addition is the preferred calibration method for ura-
ium determination in hair by laser ablation ICP-MS. This was
roven for a “normal” homemade laboratory standard, where
he uranium content was low. Therefore, we can assume that
t is the best choice if a sensitive, easy and quick method is
equired.

The power to measure elements of different magnitudes in
he same sample at the same time in a single hair fiber and the
bility to derive time-resolved information lends this method
reat potential, and makes it a very strong tool in hair analysis,
or biological monitoring in a variety of research fields. In view
f these advantages, laser ablation ICP-MS has the potential
o become the method of choice for hair analysis, as well as

routine research tool for the assessment of a “normal” and
xposed population.
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