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Abstract
An automated system for hydride generation - cryotrapping- gas chromatography - atomic absorption
spectrometry with the multiatomizer is described. Arsines are preconcentrated and separated in a
Chromosorb filled U-tube. An automated cryotrapping unit, employing nitrogen gas formed upon
heating in the detection phase for the displacement of the cooling liquid nitrogen, has been developed.
The conditions for separation of arsines in a Chromosorb filled U-tube have been optimized. A
complete separation of signals from arsine, methylarsine, dimethylarsine, and trimethylarsine has
been achieved within a 60 s reading window. The limits of detection for methylated arsenicals tested
were 4 ng l−1. Selective hydride generation is applied for the oxidation state specific speciation
analysis of inorganic and methylated arsenicals. The arsines are generated either exclusively from
trivalent or from both tri- and pentavalent inorganic and methylated arsenicals depending on the
presence of L-cysteine as a prereductant and/or reaction modifier. A TRIS buffer reaction medium
is proposed to overcome narrow optimum concentration range observed for the L-cysteine modified
reaction in HCl medium. The system provides uniform peak area sensitivity for all As species.
Consequently, the calibration with a single form of As is possible. This method permits a high-
throughput speciation analysis of metabolites of inorganic arsenic in relatively complex biological
matrices such as cell culture systems without sample pretreatment, thus preserving the distribution
of tri- and pentavalent species.
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1. Introduction
Inorganic As (iAs) is the prevalent form of As in the environment. Human metabolism of iAs
involves the reduction of As(V) to As(III) and the oxidative methylation of As(III)-species that
yields methylated arsenicals containing either As(III) or As(V)[1–3]. Toxicities of tri- and
pentavalent iAs and methylated arsenicals differ significantly [4–6]. Therefore, developing
methods for the oxidation state specific speciation analysis of As in biological matrices has
become a key issue for As toxicology and analytical chemistry. Although the iAs(III)/iAs(V)
analysis is very common, the reports on the oxidation state specific speciation analysis of
methylated species -methylarsonite (MAs(III)), dimethylarsinite (DMAs(III)), methylarsonate
(MAs(V)) dimethylarsinate (DMAs(V)) and trimethylarsine oxide (TMAs(V)O)- remain very
scarce [1,7,8]. One of the possible analytical approaches is an oxidation state selective hydride
generation followed by a cryotrapping and gas chromatography (HG-CT), i.e., trapping of
volatile arsines under liquid nitrogen and their subsequent volatilization by gradual heating
and separation according to boiling points and chromatographic properties of the trap [1], with
the detection by methods of analytical atomic spectroscopy. The HG-CT can be used for
analysis of arsenicals which produce volatile arsines upon reaction with sodium borohydride,
including all known metabolites of iAs found in mammalian species [1,9]. Another advantage
of HG-CT as compared to a chromatography separation of As species prior to detection
approach usually by inductively coupled plasma- mass spectrometry (ICP MS) or hydride
generation - atomic fluorescence [7] is that the analysis in important complex biological
matrices such as urine or cell lysates can be performed directly with minimum sample
pretreatment. This is especially important when dealing with unstable MAs(III) and DMAs
(III) species which have been shown to quickly oxidize to MAs(V) and DMAs(V), respectively,
even at temperatures below 0°C [10,11]. Notably, combined with atomic absorption
spectrometry (AAS), the HG-CT approach is capable of a direct oxidation state specific
speciation analysis of As in complex protein-containing matrices, including cell lysates [1]).
This type of matrices would require extraction of protein-bound As-species if analyzed by
HPLC-coupled techniques. Importantly, simplicity and a relatively low cost may make this
method attractive for research teams working in the arseniasis endemic areas in developing
countries.

The identification of tri- and pentavalent iAs and methylated arsenicals using the HG-CT
approach requires in fact a two-dimensional analysis. The first dimension, the cryotrapping
and separation of arsines generated from iAs, MAs, DMAs and TMAs(V)O species, regardless
of the oxidation state of As, has been well developed and documented [1,9,12,13] and reviewed
[14]. The main drawback that has prevented a widespread application of the HG-CT based
methods is the labor intensiveness associated with the switching from cooling to heating of the
cryogenic trap, which is often controlled manually. The systems controlling the cooling of the
cryogenic trap by liquid N2 via vacuum pump [15], placing the cooling bath on mechanical
[16] or pneumatic [14,17] stand, or the use of precooled nitrogen gas as cooling medium [18]
solve to some extent this problem, but did not find wide application.

The second dimension, distinguishing between tri- and pentavalent arsenicals, is provided by
the selective HG. It is usually based on the pH specific efficiency of generation of arsines from
respective valencies. This approach takes advantage of the fact that generation of arsines is
greatly enhanced from protonated substrate species [19] and that the pK values for iAs(III)-
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and iAs(V) [15,20] and supposedly also for tri- and pentavalent MAs and DMAs species
significantly differ. In practice, at low pH (around 1) the reaction with borohydride generates
arsines from both tri- and pentavalent arsenicals, whereas at high pH (above 6) pentavalent
arsenicals are ionized and arsines can be formed only from trivalent arsenicals. It shall be noted
that the change of reaction mixture pH after mixing with reductant solution must be taken into
account. The amounts of As(III)- and As(V)-species can then be calculated from differences
between signals obtained at low and high pH [1,15]. This approach has widely been used for
the analysis of iAs(III) and iAs(V) [21,22]. Only recent work has shown that the pH-specific
HG can also been applied for the analysis of methylated tri- and pentavalent arsenicals [1,9,
10].

Alternatively, selective HG in the presence or absence of L-cysteine has successfully been used
for speciation analysis of iAs(III) and iAs(V) [16,23,24], but not yet for tri- and pentavalent
methylated species. The enhancing effect of L-cysteine on HG of As compounds is well
established [13,25–29]. L-cysteine reduces pentavalent arsenicals to trivalency and reacts with
trivalent arsenicals, forming arsinothiol derivatives [26,27,30]. It has also been suggested that
L-cysteine is enhancing the HG performance by forming borane complexes with borohydride
[19,30,31]. Importantly, uniform signals are obtained from iAs, MAs(V) and DMAs(V) species
after L-cysteine treatment. [13,26,27]. However, the optimal conditions for the HG reactions
in the presence and absence of L-cysteine significantly differ. The HG with L-cysteine
treatment, up to now almost exclusively performed from HCl medium, suffers from a very
narrow optimum of acid concentration (0.01–0.1 M) [13,16,26,27,29,30,32] for efficient
generation, which is causing inconvenience and risk of error in analysis of practical samples.

A HG method, based on the continuous arrangement of the chemical reaction and on the batch
arrangement of the gas-liquid separation suits best HG-CT [16] and also all kinds of inatomizer
trapping [33]. Even though the concentration of acid and individual intermediates of
tetrahydroborate hydrolysis change along the length of the reaction coil they do not change
with time in any given section of the apparatus, allowing better control of the chemical reaction
conditions. This is an advantage compared to the batch methods of HG. At the same time, no
hydride is lost as the waste liquid remains in the gas-liquid separator (GLS) for the whole
hydride generation and cryotrapping phase, allowing for very long reaction and hydride release
times. This is an advantage compared to the conventional continuous flow methods of HG
which employ the continuous arrangement of the gas-liquid separation.

Flame-in-tube atomizers are usually employed for atomization of hydrides evolved from a
cryogenic trap [34,35]. The reason is that the more sensitive atomizer - conventional externally
heated quartz tube is unsuitable for this task because of a demand of hydrogen and oxygen in
the atomizer [22] for analyte atomization. The demand is usually covered in the case of direct
transfer of generated hydride to the atomizer [22] but generally not in the case of the cryogenic
trap collection. The use of the conventional externally heated quartz tube for atomization of
arsines released from the cryogenic trap [12,15] is rather an exception. Indeed, the sensitivity
estimated from published chromatograms [12], substantially lower than reported in the
literature [36] for the same atomizer, indicates unsatisfactory performance of the atomizer for
this task. The best suited atomizer for this task appears to be the multiple microflame quartz
tube atomizer (multiatomizer) [37,38]. Besides the inherent advantages, i.e. prevention of the
calibration curvature and substantially better resistance to atomization interferences, the
multiatomizer incorporates its own introduction of oxygen and it provides the same sensitivity
as the conventional externally heated quartz tube.

The aim of the paper is to develop a method for the oxidation state specific analysis of
methylated As species in biological samples. The use of buffered medium for L-cysteine
treatment is proposed and investigated. L-cysteine based selective HG is compared to
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traditional pH specific HG and the possibility of calibration on single As form is explored. An
automated HG-CT system was developed for the task, featuring HG in flow arrangement with
batch gas-liquid separation and the multiatomizer for atomization of arsines.

2. Experimental
2.1. Instrumentation

AAnalyst 800 AAS spectrometer (Perkin-Elmer, Norwalk, Mass, U.S.A.) equipped with FIAS
400 flow injection accessory (FIAS) was employed, except for analyses in biological matrix
when identical HG-CT system on Model 5100 AAS spectrometer (Perkin-Elmer, Norwalk,
Mass, U.S.A.) equipped with FIAS 200 flow injection accessory was used. Arsenic
electrodeless discharge lamps System II (Perkin-Elmer) at 390 mA was used as the radiation
source on both spectrometers. The slit width was 0.7 nm. If explicitly stated, deuterium
background correction was used. Signals were exported as ASCII files into Origin Pro 7.5
(Origin Lab Corp.) software for further processing. For the direct transfer method with hydrides
generated in the conventional continuous flow arrangement, a Perkin–Elmer 503 AAS
spectrometer was utilized with Arsenic electrodeless discharge lamps System I (Perkin-Elmer)
operated at 8 W. Signals from Perkin–Elmer 503 were recorded by a strip-chart recorder.

2.2. Multiatomizer
The multiatomizer was identical to that described previously (model MM5 in Ref. [38]). The
inner tube of the optical bar of the atomizer used in this study was 120 mm long with 7 mm
i.d and fourteen orifices having diameter between 0.1 a 1 mm [38]. The atomizer was heated
to 900°C by the FIAS heating device. 35 ml min−1 of air as outer gas for the atomizer was
used.

2.3. Automated system for hydride generation and cryotrapping
A scheme of the system for HG-CT-AAS, built around the Perkin-Elmer FIAS 400 unit, is
shown in Fig. 1. All gas flows were controlled by mass flow controllers (FMA-2400 or 2600
Series, Omega Engineering, Stamford, CT, USA). The sampling loop of 500 µl was used if
not specified otherwise. The manifold was built using PEEK T-pieces (0.75 mm bore) and
1/4-28 threaded connectors. The PTFE tubing was used as follows: 1/16" o.d./ 0.75 mm i.d.
for the liquid leads, 1/16" o.d./ 0.5 mm i.d for the He/H2 inlet; 1/16" o.d./ 0.75 mm and 1 mm
i.d for the mixing coil (280 mm-120 µl) and reaction coil (150 mm-120 µl), respectively;
1/8"o.d./ 1/16" i.d. for GLS to U-tube and U-tube to atomizer connections (150 mm each).

GLS with forced outlet [22] was used as it can handle overpressure caused by the resistance
of the U tube (typically 0.2–0.3 bar). The plastic GLS shown in Fig. 1 was a polypropylene 50
ml screw-cup with a custom made acrylic lid with two 1/16" and one 1/8" inlets. The PTFE
tubing was secured by 1/4-28 Rheodyne RheFlex flat bottom flangeless fittings. The mixture
from reaction coil is led into half of the vial’s height by a tube through the lid, so that it enters
near tangentially close to the wall and does not strike the wall to minimize aerosol production.
The waste outlet starts at the cone-shaped bottom. Gas outlet tube opening is located in the
free volume at approximately 3/4 of vial’s height. The GLS can accommodate up to 20 ml of
liquid, which translates into 5 ml of sample volume in a single generation cycle (with equal
flows of sample/carrier, buffer and reducing solution).

Two 305 mm long glass U-tubes having i.d./o.d. of 4 mm/6 mm (broad U-tube) and 2.5 mm/
4.5 mm (narrow U-tube), respectively, were tested in the course of study. They were loosely
filled with 2.8 g and 0.8 g of Chromosorb WAW-DCMS 45/60 (15% OV-3), respectively.
After packing, the U-tubes were treated with 50 µl Rejuv-8 silylating reagent (Sigma) and
flushed with helium for several hours. Both U-tubes were evenly wrapped with a Ni80/Cr20
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wire (0.51 mm diameter/5.275 Ω m−1, Omega Engineering, Stamford, CT, U.S.A.) providing
a total resistance of 15 Ω and 20 Ω, respectively, for broad and narrow U-tube, covering the
entire Chromosorb column. Heating voltage from 30 to 60 V was used.

The U-tube was inserted into a sealed glass flask (GF in Fig. 1) with evacuated double-wall
(40 mm i.d, 300 mm deep) having an inlet at the bottom and an outlet near the top. Both ends
of the U-tube and leads for the heating wire were glued into a cork stopper closing gas-tight
the flask. A FIAS-controlled solenoid valve (SV in Fig. 1) was connected to the flask outlet.
The glass flask with evacuated double-wall was immersed into 4.3-liter Dewar flask (135 mm
i.d.; DWF in Fig. 1), filled with liquid nitrogen, and covered with a polyethylene foam lid.
Approximately 0.5 liter of liquid nitrogen was added into Dewar flask every 10 cycles (once
an hour) to keep the nitrogen level within a 50 mm range around 3/4 of the U-tube height.

2.4. Procedure
When using L-cysteine for non-selective generation of arsines from both tri- and pentavalent
arsenicals, solid L-cysteine hydrochloride to final concentration of 2% m/v was added to
samples and/or standards at least one hour prior to analysis. Resulting HCl concentration in
sample solutions thus was 0.11 M.

2.4.1. Direct transfer mode—A simplified direct transfer version of the setup was
employed in some experiments to supply hydride from generator directly to the atomizer
aligned in the optical path of the Perkin–Elmer 503 spectrometer. Hydride generation was thus
performed in the conventional continuous flow arrangement. Two continuously running
peristaltic pumps (Reglo Digital 4/12, Ismatec, Switzerland) replaced the FIAS unit; the
injection vent and cryotrapping unit were omitted in this case. The flow rate in individual
channels was 1 ml min−1, waste pump rate was balanced so that there was a pool of liquid
inside the GLS. Longer reaction coil (1000 mm- 785 µl) was used. The flow rate of carrier Ar
of 75 ml min−1 was maintained throughout the analysis, with 25 ml min−1 originating from
NaBH4 decomposition. The outlet from the GLS was directly connected to the atomizer by
150 mm long PTFE tubing of 1/8" o.d./ 1/16" i.d. Steady-state signals were recorded. Averages
of at least 3 replicate measurements with the standard deviations as error bars are shown in
Fig. 3. and Fig. 4.

2.4.2. Cryotrapping mode—The automated system is controlled by the FIAS unit. The
FIAS program is shown in Table 1. The flow rate of carrier He (75 ml min−1 if not stated
otherwise) and H2 (15 ml min−1) was maintained throughout.

Cryotrapping stage: In the Prefill step (P in Table 1), the sampling loop is loaded by the
sample solution at the rate of 2.5 ml min−1. Simultaneously, there are three reagent flows
pumped at the same flow rate of 1.0 ml min−1: water to the Carrier channel, the TRIS buffer
solution to the Acid/Buffer channel and the reducing solution to the Reductant channel. In step
1 (see Table 1), the sample is injected to the flow of carrier water. Pump 2 is switched off so
that there is no flow of the reacted solution from the GLS. Step 2 allows 90 s of waiting time
to ensure complete generation of arsines and their transport into the U- tube; reaction mixture
remains in the GLS. In the course of all these steps, U-tube heating is off and solenoid valve
is open. The level of liquid nitrogen inside the glass cylinder containing the U-tube is the same
as in the outside Dewar flask and the U-tube has the temperature of liquid nitrogen.

Volatilization stage: In step 3 (Table 1), the solenoid valve closes and the heating starts. The
liquid nitrogen is displaced in few seconds from the U-tube compartment of the glass flask GF
by the nitrogen gas evolved upon heating. After 20 s, in step 4, a 58 s long reading period (the
longest possible allowed by the spectrometer software) is initiated. As the U-tube warms up,
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hydrides (arsines) evaporate according to their boiling points and separate on the
chromatographic packing and enter the atomizer. In the middle of the reading period, the U-
tube heating is shortly interrupted (step 5) to obtain better resolution of dimethyl- and trimethyl-
arsine. In step 6 afterwards, the U-tube is further heated up to approximately 150°C to remove
all the moisture; the use of membrane dryer device (Perma Pure, Toms River, N.J., U.S.A.)
was found unnecessary provided that U tube was heated to sufficient temperature. In step 7,
U-tube heating switches off and solenoid valve opens to allow the liquid nitrogen to re-enter
the U-tube compartment. At the same time, the spent reaction mixture is pumped out of the
GLS. At the end of the cycle, in step 8, the pump 2 is switched off to reset the FIAS for next
run.

The total time of the procedure is 338 s. The liquid nitrogen consumption was approximately
50 ml per cycle.

2.5. Reagents
Deionized water (<0.2 µS cm−1,ULTRAPURE, Watrex) was used for all solutions . The
reducing solution containing 1% NaBH4 (Fluka, Buchs, Switzerland) in 0.1% (m/v) NaOH
(p.a., Lachema, Brno, Czech Rep.) was prepared daily. For analysis of samples containing cell
culture medium and cell lysates containing Triton X 100 surfactant, Antifoam B emulsion (2
ml of 1% (v/v) solution per 100 ml) was added to the reducing solution to prevent foaming. A
0.75 M Tris(hydroxymethyl)aminomethane (TRIS) - HCl buffer (pH 6) was prepared from a
reagent grade Trizma® hydrochloride (Sigma) and pH adjusted to 6 by NaOH. A 0.1 M citrate
buffer (pH 6) was prepared by mixing of 95 ml and 415 ml of 0.1 M solutions of citric acid
( Lachema) and sodium citrate (Lachema), respectively. A phosphate buffer (pH 5.8) was
prepared by dissolving 43.3g of Na2HPO4.12 H2O (Lachema) and 8.3g of citric acid in 1l of
water. Other reagents included HCl (p.a., Merck, Darmstadt, Germany ) and a biochemistry
grade L-cysteine hydrochloride monohydrate (Merck).

2.6. Standards
A 1000 µg l−1 As AAS standard solution (Merck, Darmstadt, Germany) was used as iAs(V)
stock standard solution. A stock solution of 1000 µg As l−1 was prepared for each of other
arsenic species in water using following compounds: As2O3 , Lachema, Czech republic (iAs
(III)); Na2CH3AsO3.6H2O, Chem. Service, West Chester, PA, USA (MAs(V)); H
(CH3)2AsO2, Strem Chemicals, Inc., Newburyport, MA, USA (DMAs(V)). (CH3AsO)4 (MAs
(III)), (CH3)2As.(GS)- glutathione complex [39] and (CH3)2As.I (DMAs(III)) and (CH3)3AsO
(TMAs(V)O)[40] were obtained courtesy of Dr. William Cullen (University of British
Columbia, Vancouver, Canada). Working standards were prepared for individual species by
serial dilution of the stock solutions in water. Mixed standards were used only in the last
dilution, i.e. at the ng ml−1 level. For trivalent species, water for standard preparation was
deaerated by purging with nitrogen for at least one hour. Stored at 4°C, standard solutions were
stable for several weeks except for MAs(III) and DMAs(III) which had to be prepared fresh
for experiments.

It was found that the As content in methylated species can differ from expected value by as
much as 20% and standardization of the solutions was found necessary. The total As content
was determined in approximately 100 µg l−1 solutions of individual species by liquid sampling
graphite furnace- AAS, using a Perkin-Elmer Analyst 800 instrument with graphite furnace
atomizer. End-capped transversely heated tubes permanently modified by 4 µg of Ir were used
at the program and conditions recommended by the manufacturer. Assuming that the sensitivity
for individual As forms are identical in the graphite furnace- AAS, the values found was taken
as the true content. It shall be stressed that the results were consistent over several preparations
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of standard solutions, and therefore not due to errors in the preparation of standards, with the
exception of the DMAs(III) (iodide complex) form where high variability was experienced.

2.7. Biological matrices
Human hepatocellular carcinoma (HepG2) cells were cultured in 6-well culture plates in
DMEM medium (Sigma) containing 5% fetal bovine serum (Sigma). Cells were cultured to
confluence for 24 h at 37°C in a cell culture incubator. After incubation, medium was collected
and cells were lysed in 250 µL of 0.5% Triton X100 in deionised water. Collected media and
cell lysates were kept at −20°C until analyzed. Prior analysis, cell lysates and media were
diluted with deionised water.

3. Results and Discussion
3.1. System optimization and performance

The cryotrapping parameters were optimized with respect to chromatogram resolution and with
the necessity to cover all the analyte peaks within the AAS instrument reading window of 58
s. The relevant parameters are the flow rate of the carrier gas, the U-tube heating rate and,
finally, the U-tube internal diameter.

Carrier He flow rate was tested between 30 and 200 ml min−1 while the carrier H2 flow rate
of 15 ml min−1 (to ensure H2 presence in the atomizer) was kept constant. The peak area
sensitivity at He flow rate of 75 ml min−1 increased 2.2 times compared to that at 200 ml
min−1. Although the full width at half maximum (FWHM) of all peaks was not significantly
affected by the flow rate, the peak tailing is slightly more pronounced at the lower flow rate
and became intolerable at flow rates below 75 ml min−1 which was the lowest flow rate without
significantly worse separation of the arsenicals.

U-tube heating rate is the critical parameter controlling retention times and peak shapes. With
increased heating rate, peaks are getting narrower and appearing at shorter relative retention
times, however, their resolution is slightly worse. Due to the limitation of the reading window
duration, heating rate can be utilized for optimization of retention times within the reading
window, but not of the resolution.

The narrower U-tube improves the resolution due to reduced temperature gradients over the
U-tube cross section in the heating stage. The resolution of the peaks was significantly
improved with the narrow U-tube (2.5 mm i.d.). Because the separation of di- and
trimethylarsine was difficult even in the narrow U-tube, a 7 s long U-tube heating interruption
(step 5 in Table 1) at the time of dimethylarsine appearance was employed to delay the
trimethylarsine retention time and to allow complete separation. Careful timing of this break
was necessary not to cause the dimethylarsine peak broadening.

The typical separation in a form of chromatogram of mixed standard of pentavalent forms
obtained with L-cysteine prereduction at optimized conditions is illustrated in Fig. 2. Typically,
standard deviation of retention times was better than 0.2, 0.35, 0.45 and 0.5 s, respectively, for
arsine, methylarsine, dimethylarsine and trimethylarsine peaks. Regarding the other
characteristics of individual peaks, the best repeatability yielded peak area: relative standard
deviation (RSD) better than 2, 3.5, 6 and 7 %, respectively, for arsine, methylarsine,
dimethylarsine and trimethylarsine peaks. RSD of peak heights and of FWHM was
approximately two times higher. After re-packing or re-silylation of the U-tube and between
different U-tubes or when re-wrapping the resistance wire, the peak shapes, retention times
and FWHM may vary, although the resolution quality remains comparable to the illustration
in Fig. 2. The retention times then varied from those of the typical chromatogram (Fig. 2) within
2 s. Overall, FWHM of arsine and methylarsine peaks were between 1.5 and 3.0 s.
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Dimethylarsine and trimethylarsine peaks were generally slightly broader with FWHM
between 2.0 and 3.5 s. The exact timing of the heating break (step 5 in Table 1) has to be
carefully re-optimized for each U-tube setup, otherwise the width of dimethylarsine and/or
trimethylarsine peaks can be substantially increased.

Deuterium background correction was used to correct for non-specific absorption signal (see
Section 3.3). Limit of detection (LOD) was about 0.06 ng for methylated forms. LOD of 0.18
ng was achieved for total iAs, due to blank contamination. Since background correction is not
required to determine methylated forms, their LOD was estimated from measurements
performed in the absence of background correction. The LOD’s achieved (methylated forms)
were thus 0.02 ng (40 ng l−1). It should be highlighted that, assuming the same total masses of
individual forms, there was no significant difference between chromatograms obtained from
0.5 ml and 5 ml sample volumes. Consequently, the concentration LODs of methylated forms
were improved to 4 ng l−1 when increasing sample volume to 5 ml.

The reported LODs make a considerable improvement compared to 0.22 - 0.4 ng (peak heigth
LOD’s) and 0.2–0.6 ng reported in Refs. [1] and [15], respectively, for HG-CT-AAS. The
improvement is mainly due to better performance of the multiatomizer in terms of sensitivity
as well as of lower baseline noise. These values also compare well with the relative LOD’s
published for HPLC-ICP MS technique, e.g. [41,42], where high sensitivity of the detector is
hindered by very small sample volumes permitted by a separation step.

3.2. Selective HG to distinguish between tri- and pentavalent arsenicals
In order to find optimal conditions for the generation of individual arsines, hydrides were
generated in the direct transfer version of the setup (see Experimental). Then the performance
of the completely automated HG-CT-AAS system was examined using aqueous As standards
and biological matrices.

Since it is impossible in reality to generate arsine selectively from pentavalent forms in the
presence of trivalent forms, the selective HG procedure is based on the following scheme:
determination of trivalent forms in one sample aliquot (Aliquot A) and of the sum of the both
forms in the second aliquot (Aliquot B). Then the content of the pentavalent arsenicals is
calculated by difference. The trivalent forms are determined by selecting conditions of HG for
complete conversion of the trivalent form to hydride and, simultaneously, preventing HG from
the higher valency. The sum of the both forms may be determined either by selecting conditions
of HG for complete reduction of both forms to hydride or after pre-reduction of the form with
higher valency. It should be highlighted that it is ideal if sensitivities of the both forms in aliquot
B are equal each to other and also equal to sensitivity of the trivalent form in aliquot A. In that
case, the single species standardization can be used, i.e. for the estimate of both forms it is
sufficient to determine sensitivity of the pentavalent form in aliquot B or of the trivalent form
in either of the aliquots.

To approach the ideal situation, two sets of experimental conditions were sought for aliquots
A and B, respectively: (A) conditions for selective generation of arsines exclusively from
trivalent arsenicals, and (B) conditions for non-selective generation of arsines from both tri-
and pentavalent arsenicals.

3.2.1. pH specific hydride generation—The selectivity of arsine generation from iAs(III)
and iAs(V) has traditionally been achieved by the pH specific HG [22]. Devesa et al. [1]
described a successful speciation analysis of trivalent and pentavalent forms of iAs, and also
of MAs and DMAs. They used the batch arrangements of HG with TRIS buffer (pH 6) or 1M
HCl as reaction medium for selective or non-selective HG, respectively. However, in the
conventional continuous flow arrangement iAs(V) yields markedly lower sensitivity than iAs
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(III) with 1M HCl (i.e. 2M HCl in Acid/Buffer channel) as reaction medium. In fact, as shown
in Fig. 3 iAs(V) provides lower sensitivity than iAs(III) at all concentrations of HCl. This is
compatible with the earlier reports on the slow conversion of iAs(V) to hydride [22]( probably
due to worse accessibility of anayte atom to reduction by hydridic hydrogen of borohydride
[19]) - the reaction time in the reaction coil is obviously too short for the slow reaction. With
1M HCl as reaction medium, larger reaction coils were therefore tested in order to prolong the
reaction time. Increasing the reaction coil length from 1 m (volume 0.8 ml, residence time
approximately 0.8 s) to 5 m (volume 4 ml, residence time 4 s) did not improve the situation
markedly but the coil 3 m long, 2.4 mm i.d. (volume 15 ml, residence time 15 s) provided
similar sensitivities for both forms. However, the use of such a long reaction coil is not
convenient because of the increased risk of liquid phase interferences [22].

When using the flow method with batch gas-liquid separation for HG (with cryotrapping)
instead of the conventional continuous flow arrangement, the difference in sensitivities of the
both forms with 1M HCl as reaction medium was lower than shown in Fig. 3, however, a
difference in sensitivities of trivalent and pentavalent forms in aliquot B persisted (See also
Table 3). In summary, the pH specific hydride generation with the continuous flow arrangement
of HG cannot meet the condition for the single species standardization - it is necessary to
determine all the individual sensitivities: trivalent form in aliquot A, pentavalent form in aliquot
B and trivalent form in aliquot B, for each species- iAs, MAs and DMAs.

3.2.2. Selective HG by L-cysteine treatment in buffered media—The alternative to
the problematic pH specific approach to the selective HG is the use of L-cysteine for non-
selective generation of arsines from both tri- and pentavalent arsenicals from aliquot B. The
selective generation of arsines from trivalent arsenicals (aliquot A) is performed in the same
way as in the previous case: by maintaining the reaction acidity at pH high enough to prevent
arsine formation from pentavalent arsenicals.

Fig. 4 illustrates the advantage of this approach, the identical sensitivity of both inorganic forms
converted to arsine in the presence of L-cysteine. However, it also demonstrates the narrow
optimum acidity range already mentioned in the Introduction. When a "final" pH of the reaction
mixture was measured after the reaction, without the addition of HCl in the Acid/Buffer
channel, the pH was 9.2. Supposedly, the acidity of the reaction mixture should be maintained
at lower pH to achieve the maximum efficiency of the conversion of analyte to arsine. The
addition of low concentration of HCl (0.05M in our case, along with 0.11 M HCl present as a
result of 2% L-cysteine hydrochloride treatment of the sample) serves to maintain the optimum
acidity of the reaction mixture. In the real samples, the optimum concentration of acid may
vary depending on sample matrix, and since the optimum is very narrow, this may lead to
errors.

A more convenient way to maintain the optimum acidity is to use a buffer. For the sake of
simplicity, the same buffer should be used for both aliquots A or B; a TRIS buffer appears to
be particularly suitable as its maximum buffering capacity is in the slightly basic region. The
acidity at individual HG phases using the 0.75 M TRIS buffer (pH 6), as used for aliquot A,
was therefore measured for water standards and biological sample matrices (see Experimental).
Regardless if the sample was treated with L-cysteine (intial pH 1.5, increasing to 1.9 after
addition of TRIS buffer ) or not (initial pH 6–8, changing approx. to 6.5 after addition of TRIS
buffer), the final pH of the reaction mixture was between 7.4–7.8.

In the ideal case, the buffer should provide the same sensitivity of tri- and pentavalent As forms
in aliquot B and trivalent form in aliquot A. Further, the pentavalent form in aliquot A should
not yield any signal. Besides TRIS, sensitivities for citrate and phosphate buffers were also
tested. The sensitivity found with in the direct transfer version of the experimental set-up (see
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Experimental) for a given buffer introduced to the Acid/Buffer channel of the hydride generator
was related to that for tri- and pentavalent inorganic forms with L-cysteine treatment at the
optimum acidity, i.e. with 0.05 M HCl in the Acid/Buffer channel (Fig. 4). 0.2 M phosphate
buffer (pH 5.8) and 0.75 M TRIS buffer (pH 6) performed optimally: no significant signal of
pentavalent forms and sensitivities close to 100% for trivalent forms in aliquot A as well as
for both forms in aliquot B. 0.1 M citrate buffer (pH 6) was found unacceptable since it yielded
only 30% sensitivity of iAs(III) in aliquot A. The TRIS buffer was employed further because
of higher iAs(V) blank levels in the phosphate buffer.

Table 2 shows relative sensitivities of individual forms in both aliquots with TRIS buffer. The
repeatability of the measurements was 5% or better. Taking into account the uncertainty of As
content in the standards (see Experimental section), following conclusions can be made: (i)
All As forms with the exception of TMAs(V)O in aliquot B and the trivalent forms and TMA
(V)O in aliquot A are converted to corresponding hydrides with the same efficiency and (ii)
all the hydrides, i.e. arsine, methylarsine, dimethylarsine and trimethylarsine, are atomized in
the multiatomizer with the same efficiency. Therefore, the procedure of selective HG based
on L-cysteine treatment and TRIS buffer meets the condition for the single species
standardization. Once the individual As hydrides can be separated, it is sufficient to determine
sensitivity either of any As form (with the exception of TMAs(V)O) in aliquot B or of any
trivalent form (or TMAs(V)O) in aliquot A. All forms can be quantified then, based on this
value.

In contrast to other pentavalent forms, TMAs(V)O yields full sensitivity in the absence of L-
cysteine in aliquot A. The reason is that TMAs(V)O does not have to be protonated, as it is
present in the solution as a neutral species active enough for HG reaction [19]. The presence
of L-cysteine decreased its sensitivity to approximately one third (Tab. 2), in agreement with
earlier report [29]. Therefore, quantitative determination of TMAs(V)O should be performed
without L-cysteine treatment although its qualitative presence is revealed also in the L-cysteine
modified samples.

On-line L-cysteine addition would significantly enhance performance of the selective HG
procedure. To test feasibility of the on-line addition in the buffered media, the influence of the
time elapsed between addition of L-cysteine to the sample solution on the response of iAs(V),
MAs(V) and DMAs(V) was investigated with the cryotrapping mode procedure. As shown in
Fig. 5 (the time interval between data points is given by the duration of the measurement cycle),
the complete L-cysteine derivatization at room temperature takes 60 minutes for MAs(V),
whereas only 20 and 5 minutes is necessary for iAs(V) and DMAs(V), respectively. This
corresponds to the data published previously for generation from HCl media [28,29]. Once the
derivatization was complete, all species yielded constant signal till the end of investigated time
interval, i.e. 150 minutes (Fig. 5). In conclusion, the on-line L-cysteine addition at room
temperature is not feasible since the time required for the pentavalent arsenicals to prereduce
and/or form complexes is too long.

3.3. Non-specific signal
In aliquot B, a non-specific absorption signal was experienced on the chromatograms,
manifesting itself as a peak with retention time approximately 3 s longer than for iAs and
partially coincided with the iAs peak. The height of the non-specific peak was approximately
0.01, corresponding to apparent As mass roughly 0.06 ng. The source must be a chemical
species generated in the hydride generator from L-cysteine (no signal in otherwise identical
aliquot A) having probably the boiling point close to AsH3. Deuterium background correction
was capable of solving the problem proving that the unidentified species did not contain As.
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Also the baseline drifts, typically approximately to absorbance 0.005 - 0.01 at the end of the
measurement interval were eliminated by the deuterium background correction.

3.4. Single species standardization, sensitivity and limits of detection
As discussed above for the direct transfer arrangement, the selective HG based on L-cysteine
treatment and TRIS buffer meets the condition for the single species standardization. The
feasibility of the single species standardization was therefore verified for the cryotrapping
mode procedure.

The relative peak area sensitivities of all forms in both aliquots are shown in Table 3. The
sensitivities of individual forms show good uniformity with L-cysteine treatment (Aliquot B).
In aliquot A, slightly lower sensitivities were observed for methylated trivalent forms. We
believe that the difference is due to partial oxidation of the trivalent standards to pentavalent
forms, as the lowest sensitivity of 74% was achieved for DMAs(III) (as iodide complex) which
is most prone to oxidation [11]. The sensitivity of all forms observed in the course of several
months was in the range of 0.9–1.3 s per ng As (except TMAs(V)O with L-cysteine treatment-
see Sec.3.2.2).

Uniform sensitivity of all forms proves superb performance of the whole system. Hydrides of
all forms are generated with equal (presumably close to complete) efficiency in presented
buffer- L-cysteine scheme. The transport, trapping and desorption efficiency is equal for arsine,
mono-, di-, and trimethylarsine, as is the atomization efficiency in the multiatomizer.

The sensitivity of all individual forms was also tested in real matrices: in cell culture medium
diluted 1:10 and in cell lysate diluted 1:5, spiked by As species. Similar sensitivities were found
as in aqueous standards as illustrated in Table 3. The only exception were the trivalent forms
in cell lysate matrix in aliquot A, where gradual oxidation of trivalent to pentavalent forms was
observed (DMAs(III) >> MAs(III) > iAs(III)). Gradual decrease of signals for several
replicates in the course of the measurements was experienced in this case, reflected in high
relative standard deviations (see Table 3).

A traditional way of Aliquot B, i.e. the measurements at low pH (in 1 M HCl) was also tested
with results clearly inferior to L-cysteine treatment (see Table 3). Pentavalent species and
DMAs(III) yielded 14–37% lower sensitivity compared to iAs(III) in water, and even higher
differences were observed in the cell culture medium and cell lysate matrices. Moreover,
differences in sensitivity were found between water standards and these matrices .

The observations indicate that the single-species standardization might be applied for the
cryotrapping mode procedure employing the L-cysteine treatment- to quantify iAs(III) iAs(V),
MAs(III) , MAs(V), DMAs(III), DMAs(V), it is sufficient to determine sensitivity in a standard
solution of the most stable and the most easily available As forms, i.e. of iAsIII or iAs(V), in
the presence of L-cysteine, i.e. in aliquot B. This is very convenient since the availability of
trivalent methylated As compounds is very problematic and the solutions of those forms are
not stable so that it is hardly feasible to prepare those standards for daily analyses. In fact a
standardization by one reliable single-species standard brings more accurate results than use
multiple-species standards of unreliable oxidation state or even As content, as long as the
conditions for the single species standardization are fulfilled.

3.5. Method selectivity and stability of standard solutions
The selectivity of presented method is limited by its principle- multiple compounds may
produce identical volatile product- (methyl substituted) arsine. In the case of tri- and
pentavalent compounds, those are distinguished by different reaction conditions. As those
compounds readily change valency, sample storage and any pretreatment is of paramount
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importance. The lowest stability exhibited the DMAs(III) (iodide complex) standards, where
oxidation of working standards was observed within one hour and even the stock standards
could not be stored frozen overnight. MAs(III) working standards had to be prepared fresh
daily, standards of other species were found stable for several weeks at 100 ng ml−1 level
(stored at 4°C). We did not observe any changes in the methylation of individual forms in stock
standard solutions upon storage at 4°C for several months, except for MAs(III), which partially
disproportionates to iAs and DMAs (28% iAs(III), 14% iAs(V), 14% MAs(III), 38% MAs(V),
6% DMAs(V) found, similarly as described by Gong et al.[11]).

The presence of thiols such as cysteine or glutathione in the biological matrix may result in
reduction of pentavalent arsenicals and formation of complexes [43], possibly unstable [44],
which manifests itself as presence of trivalent arsenicals (which, of course, is technically true).
This must be taken into account in metabolic studies.

The reports of trivalent methylated arsenicals are often challenged [7,45]. One possible source
of error might originate from thioderivates of oxo-species, such as dimethylthioarsinic acid
(DMTA), found in the sheep urine [46]. The DMTA and analogously obtained monomethylated
specie were reported HG active to some extent even at pH 6 [47][48], producing mainly
dimethylarsine and monomethylarsine, respectively, with rather low efficiency, and thus
interfering with DMAs(III) determination. Considering that the DMTA was reported to change
into DMAs inaqueous solutions [45], it is possible that signals observed from DMTA can be
in fact those of DMAs, and further investigation of HG properties of DMTA and its stability
is necessary to clarify this issue.

Another group of compounds possibly interfering in HG based techniques are arsenosugars,
which may be also HG active. 5–20% of signal compared to iAs at pH1[47,49] was reported,
producing mainly dimethylarsine [47].

4. Conclusions
It can be concluded that the described automated HG-CT system improves the throughput of
the method while retaining the quality of the separation of individual peaks, making it user
friendly. This makes the automated system more attractive for a routine speciation analysis,
possibly in connection with even more sensitive detectors, atomic fluorescence or ICP-MS.

The selective HG procedure based on L-cysteine treatment is capable of resolution of valency
of inorganic as well as methylated arsenic species. Uniform sensitivity obtained for all forms
using the described procedure permits standardization by a single form of As. This is especially
important as the not commercially available MAs(III) and DMAs(III) species are prone to very
quick oxidation in standard solutions.

Proposed generation from buffered medium does not require to keep sample acidity in narrow
range, overcoming the main disadvantage of the L-cysteine treatment. This approach, allowing
more control over the pH of the reaction mixture, may be beneficiary also for chemical vapour
generation of other elements, especially cadmium.

The selective HG procedure proved capable of determination of tri- and pentavalent methylated
species in biological matrix. Excellent limits of detection are obtained with simple
instrumentation. Ref. [48] presents further application of described system for speciation
analysis of all major human metabolites of iAs in complex biological matrices. The application
of the method for As speciation analysis in urines is imminent. Further developments may
include the improvement of separation, especially dimethylarsine and trimethylarsine. On-line
reaction modification of selective hydride generation would be desired, replacing L-cysteine
by other agents reacting possibly faster with arsenicals.
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More research is necessary concerning other arsenic species, especially thioderivates and
arsenosugars, and their HG activity at different pH conditions and in presence of L-cysteine,
as the data published on HG properties of these potentially interfering compounds and their
presence in the matrices of interest do not permit a comprehensive critical discussion of
toxicological importance of this issue yet. Another subject of extreme caution is the sample
treatment and storage to preserve the oxidation state of methylated arsenicals.
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Fig. 1.
Experimental setup of automated HG-CT-AAS. PP1, PP2: FIAS peristaltic pump. Legend:
INJ: Injection vent (500 µl loop); MC: Mixing coil; RC: Reaction coil; GLS: Phase separator;
DWF: Dewar flask; GF: Glass flask; TI: Thermal insulation; R4, R5: FIAS remotes; SW1,
SW2: Relay switches; AT: Autotransformer; ST:Separating transformer; V: Voltmetrer; SV:
Solenoid valve; RT: Rotameter tube for gas outlet monitoring.
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Fig. 2.
The signals for 2.5 mm U-tube. Peaks from left to right: 1 ng iAs(V), 0.9 ng MAs(V), 1 ng
DMAs(V), 1 ng TMAs(V)O; with L-cysteine treatment.
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Fig. 3.
The influence of HCl concentration in Acid/Buffer channel on signal of iAs(III) and iAs(V)
(direct transfer mode, 20 ng ml−1 As)
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Fig. 4.
The influence of HCl concentration in Acid/Buffer channel on iAs(III)/ iAs(V) signal with L-
cysteine treatment (direct transfer mode, 20 ng ml−1 As)
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Fig. 5.
L-cysteine treatment of pentavalent forms as function of time. HG-CT-AAS, TRIS buffer, iAs
(V)- MAs(V)-DMAs(V), 1 ng each form. Responses are related to the steady state value (65–
95 min.).
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