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ABSTRACT: Setting regulatory limits for arsenic in food is complicated, owing to the enormous diversity of arsenic metabolism in
humans, lack of knowledge about the toxicity of these chemicals, and lack of accurate arsenic speciation data on foodstuffs.
Identification and quantification of the toxic arsenic compounds are imperative to understanding the risk associated with exposure to
arsenic from dietary intake, which, in turn, underscores the need for speciation analysis of the food. Arsenic speciation in seafood is
challenging, owing to its existence in myriads of chemical forms and oxidation states. Interconversions occurring between chemical
forms, matrix complexity, lack of standards and certified reference materials, and lack of widely accepted measurement protocols
present additional challenges. This review covers the current analytical techniques for diverse arsenic species. The requirement for
high-quality arsenic speciation data that is essential for establishing legislation and setting regulatory limits for arsenic in food is

explored.
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1. INTRODUCTION

Marine organisms are sources of staple and functional food.
However, they are also the main dietary source of total arsenic
exposure in humans, excluding regions with widespread
elevated drinking water contamination.' Arsenic occurs
naturally in seafood in a variety of organic chemical forms.
There are hydrophilic arsenicals, such as arsenobetaine (AsB),
arsenic-containing ribofuranosides commonly referred to as
arsenosugars (AsSugar), and also lipophilic arsenicals, like
arsenolipids (AsLipids), besides inorganic arsenic (iAs) that is
known to be toxic. Total arsenic as an indicator for dietary risk
is inadequate,” and an accurate account for the myriads of
arsenic species in seafood presents a considerable challenge for
food safety regulatory authorities.’

Current regulations for arsenic exposure focus mainly on iAs,
a well-characterized Class A carcinogen.® Setting of standards
for arsenic in food is complicated, owing to the enormous
metabolic diversity of organoarsenicals in humans and lack of
reliable speciation data on dietary sources.” Furthermore, the
regulatory limits for iAs are derived from studies of high
exposure from regions with endemic contamination of drinking
water.”® iAs is 100% bioavailable in drinking water. Therefore,
the mode of action and exposure levels invalidate the
significance of these risk assessments with regard to seafood
as a source of arsenic exposure.” Additionally, a lack of data on
arsenic toxicity in humans and other mammals from intake of
significant amounts of seafood'’ provides supporting evidence
against arsenic acute toxicity.9 However, because consumption
of seafood may result in production of metabolites that are
important in arsenic-induced carcinogenicity, it may be
prudent to assess the effects of chronic exposure to arsenic
in seafood and the contribution to long-term cancer risk.”
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The intricate distribution of arsenic in marine organisms
implies that evaluation of risk focusing primarily on iAs may
provide a warped outlook.” In addition, myriads of compounds
where arsenic is attached to an organic group have been
detected in seafood, besides toxic iAs. These organoarsenic
compounds constitute more than 85% of the total arsenic
content in most seafood, especially fish. 7' "% Therefore,
considering only the iAs fraction in determining toxicity
might underestimate the risk, because the major fraction
containing arsenic may be present in a form with potential and
unknown toxicity.” This would contravene the precautionary
principle of risk assessment that errs on the side of caution,
because focusing only on iAs, especially for seaweed, where
arsenosugars with unknown toxicities predominate, would
misrepresent the level of potential toxicity.”

Seafood is considered safe owing to the benign nature of
AsB that predominates and the low levels of iAs. Knowledge of
arsenic speciation is the key because the chemical form of
arsenic controls its bioavailability, mobility, and toxicity."” The
need for speciation data to fully assess the environmental,
biological, or toxicological role of elements has been embraced
by the scientific community.” The challenge remains how to
practically implement these ideas into the food regulatory
framework, with the case of arsenic being particularly complex,
owing to its presence in foods in a myriad of chemical forms
and as a result of the scarcity of information on the toxicity and
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Figure 1. Analytical procedure for arsenic speciation in seafood.
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metabolism of such arsenicals.” The requirement to establish
regulations in relation to toxic arsenic in food and to collate
additional arsenic speciation data was underscored by the
European Food Safety Authority (EFSA) in their 2009
review.'*

Speciation analysis of seafood samples requires analytical
methods that can quantitatively characterize diverse forms of
arsenic from dietary sources; however, matrix complexity and
the general dominance of AsB are an impediment.”> ™" It is
also imperative that the arsenic species in the sample are
maintained in the form that they naturally occur in food."
This requires analytical methods that prevent species
interconversions. Unfortunately, there is currently no robust,
simple, and affordable method available.””” Systematic assess-
ment of methods is essential for reliable arsenic speciation in
seafood.”’ A practical approach in arsenic speciation analysis
comprises four main aspects: extraction, separation, detection,
and characterization (identification).® Every analytical step
must be optimized with special attention to interferants,
including doubly charged species, isobaric polyatomic species,
and organic signal enhancers."

Organic arsenic species display great diversity, and therefore,
it becomes almost impossible to routinely identify and
determine their relative composition in seafood in the
conformity assessment scheme, where regulatory limits are
established. This motivated the suggestion by Feldmann et al.
to develop a routine analytical approach that categorizes
arsenic species into three fractions based on the International
Agency for Research on Cancer (IARC) classification of the
carcinogenicity of arsenic species.2 The three categories are (1)
toxic inorganic arsenic fraction, which is determined as
arsenate after oxidation, (2) AsB, which is established as
non-toxic, and (3) leftover arsenicals, which may contain

arsenosugars and other non-water extractable, lipophilic
arsenicals with potential and unknown acute toxicity.”

AsSugars and AsLipids have attracted a lot of interest
because little is known about their toxicity to humans.
AsSugars occur in high concentrations (10—40 ug g~ of dry
weight)** in marine organisms, including those used as human
food, and there is considerable interest regarding their
toxicological behavior.”> Studies suggest that AsSugars exhibit
no acute cytotoxicity or mutagenicity; however, these
compounds may be metabolized within humans to form
toxic metabolites.”* Dimethylarsinic acid (DMA), a known
tumor promotor and metabolite of iAs,”**° is also a metabolite
of AsSugars, and studies have revealed elevated levels of DMA
in human urine after consumption of seafood containing high
levels of AsSugars.””**

The cellular toxicity of three arsenic-containing hydro-
carbons (AsHC), namely, AsHC 332, AsHC 360, and AsHC
444, was investigated in cultured human bladder (UROtsa)
and liver (HepG2) cells.”” The three AsHC showed toxicity
comparable to that of arsenite.”””' Similar studies were
performed on two arsenic-containing fatty acids (AsFA),
namely, AsFA 362 and AsFA 388, which were found to be
less toxic than AsHC and arsenite, although they demonstrated
significant effects at the micromolar level.”" ™'

These latest findings underscore the urgent and dire need for
more speciation and toxicological information on organo-
arsenic compounds and drive the development of robust
methods for routine analysis that will support the establish-
ment and implementation of regulatory requirements in food,
especially seafood.”* A risk-based approach should be adapted
in the development of a new regulatory framework targeting
the known toxic arsenicals, i.e., iAs, AsHC 332, AsHC 360,
AsHC 444, AsFA 362, and AsFA 388. This new approach
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should also pay attention to the neglected area of arsenic
speciation research, enhancement of extraction eﬂiciency.é’”’32
The proportion of non-extractable arsenicals is considerable,
especially in seafoods, and this portion may contain potentially
toxic forms of arsenic with unknown identities.”

Arsenic speciation analysis should be performed with the
objective of understanding the presence and proportions of the
various arsenicals from dietary sources. ! However, the major
challenge, especially with respect to organoarsenicals, is the
availability of standards and certified reference materials
(CRMs). Therefore, owing to the general variabilities in
toxicities based on the chemical forms present, significant risk
assessment related to arsenic must exploit speciation data,
which entails the deployment of reliable, robust, and widely
accepted analytical methods.”

This review paper aims to provide an overview of the current
state of practice in arsenic speciation analysis of edible marine
species, which include seafood and seaweed from extraction to
detection, quantitation, and characterization (Figure 1), while
highlighting the general analytical considerations. Thioarsen-
icals are not covered in this review because they have been
discussed in other reviews.”*** Discussions in this review will
focus on hydrophilic organoarsenicals, like methylated
arsenicals and arsenic-containing ribofuranosides, and lip-
ophilic organoarsenicals, like arsenic-containing hydrocarbons
(As-HCs), arsenic-containing fatty acids (As-FAs), and
arsenosugar phospholipids (As-PLs), collectively called arsen-
olipids.

2. SAMPLE HANDLING AND PRETREATMENT

Sample pretreatment is a crucial step in speciation analysis
because of the complex nature of seafood matrices and the low
limits of detection required. Sample handling and pretreatment
are critically important in arsenic speciation and need to be
carefully optimized to guarantee species integrity.'> Factors
such as pH, temperature, light, microbial activity, and
container material are critical for sample handling and have a
direct effect on species stability.® Procedures such as freezing,
cooling, acidification, sterilization, deaeration, and storage in
the dark have been recommended for preservation of species
integrity.‘?’7

2.1. Cleaning. Macroalgae often need to be cleaned to
remove surface material and epiphytes before analysis, because
they may contain arsenic species that can bias speciation
results."” Cleaning of seaweeds may be achieved using a dilute
saline solution that does not disrupt cells as a result of osmotic
pressure differences.’® It is however impossible to completely
eliminate contaminating organisms in some samples. For
example, seaweeds contain symbiotic fungi that are part of the
plant matrix and cannot be removed by washing or
scrapping."’9 AsB is an arsenic species not known to be
produced by seaweeds but likely to be produced by associated
epiphytes, yet several studies have reported its presence in
seaweeds.”*’

Marine animals need to be depurated before analysis
because their digestive systems may contain sediment particles
or undigested plant and animal tissues, which can contain
arsenic species that can bias speciation results. For example,
many fish that fed on seagrass epiphytes contain undigested
seagrass blades, which contain mostly iAs,” and if the seagrass
material is not depurated, elevated levels of iAs will be reported
in marine animals.

2.2. Freeze Drying. For marine samples where bacteria
naturally exist, storage at low temperatures or even
lyophilization may be required to prevent biological activity
that could modify the nature of the sample.*’ Other key issues
that must be considered and which have implications on the
speciation pattern observed include storage conditions and
storage time.'” Total arsenic and oxo-methylated arsenic
species have been shown to be stable for long periods in frozen
and freeze-dried tissues of marine animals and marine
algae.42_44 However, Dahl et al. demonstrated that a decrease
in the arsenic concentration may occur in blue mussels that are
frozen for periods greater than 1—3 months.*

Some degradation of arsenic species in unfrozen samples
may occur as a result of microbial action. For example, the
production of (CH;);As as a degradation product has been
reported in fish.” Freeze-dried samples are unlikely to result in
arsenic speciation alteration because microbial or chemical
conversion cannot occur in dried samples as long as they are
desiccated.”” However, although most arsenic species are
stable in frozen samples, freezing and thawing of seaweed
samples before drying and extraction may result in the loss of
organoarsenicals. Therefore, seaweed samples should not be
frozen and thawed before freeze drying."’

2.3. Homogenization. Most seafood samples are often
cleaned, freeze-dried, and homogenized by cryogenic grindinﬁ.
However, the particle size is rarely specified or characterized. 3
The particle size is critical because it determines the extraction
efficiency based on sample wetting, which is directly
proportional to the surface area of the sample that comes
into contact with the extractant. For example, Narukawa et
al,*® showed that the extraction efficiency of arsenic from rice
with deionized water decreased by 10—30% when the particle
size increased from <150 to 500 mm. Similarly, Alava et al.*’
showed that extractable arsenic from rice increased from 70%
for whole grain to about 80% for the particle size below 1 mm,
to 90% for the particle size below 0.5 mm, and to 100% when
the particle size was reduced to a powder. Even though the
studies were performed on rice, which is not a seafood, the
importance of the particle size on arsenic extraction was
demonstrated.

3. EXTRACTION

Extraction is the key analytical step in arsenic speciation
analysis because it releases the target analytes from the matrix
to a solvent that must be amenable with the detection method
of choice.”® Regardless of the effectiveness of separation
techniques or the sensitivity of the detectors, the limiting step
that determines the quality of the analytical results is sample
preparation, in particular, extraction and sample cleanup.”’
Extraction methods have been developed focusing on
enhanced efficiency with reduced extraction solvent volumes
and reduced extraction times.*' Arsenicals are difficult to
extract in solid tissues, making optimization of methods for
each matrix type a necessity.

High extraction efficiencies are desirable and are not only
dependent upon the species and type of tissue examined but
may show variability for different species of the same
familgr.so"’1 For example, fish tissues gave 90—100% extrac-
tion,”> > while oyster and red and brown algae allowed 85—
100% extraction with a water/methanol mixture.”**° Quanti-
tative extraction is possible in a few cases, but complete
extraction of arsenic in seaweed or fatty seafood is mostly
challenging.” Extraction techniques should be designed with
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the aim of achieving the highest recovery, maintaining the
integrity of analyte species, and ensuring that the composition
of the extractants are compatible with the intended separation
and detection methods.”*"**

3.1. Extraction Techniques. There are many approaches
and techniques employed in extraction of arsenic species from
marine dietary sources. Environmental considerations, such as
low toxicity of the extractants and low waste generation, have
been the driving force toward improving the classical
extraction techniques to obtain faster, more reliable, and
environmentally friendly methods.” Different procedures are
used, includi(r)lé) optimization of solvent polarity, sample

acidification'®® to enhance recoveries of the species,
enzymatic hydrolysis (EH),°"*> and use of chelating
agents.63_66

The classic sample extraction technique is solvent extraction
using different solvents and/or solvent mixtures, with micro-
walve,67 magnetic stirring,68 sonication,69’70 heating,71 or
physical shaking'®®® applied to aid in solvent extraction.””
Solvent extraction as a stand-alone technique is less used
because it is characterized with long extraction times, use of
large volumes of toxic solvents, and low preconcentration
factors.”> Modern extraction techniques tend to reduce solvent
consumption, e.g., by supercritical fluid extraction (SFE),”*”
accelerated solvent extraction (ASE) or pressurized liquid
extraction (PLE),*"7°7® and microwave-assisted extraction
(MAE),*”7*7%? and make use of solvent-free methods, such as
solid-phase microextraction (SPME),*’ or sorbent extraction
phases, which is the case for matrix solid-phase dispersion
(MSPD),*” and physical treatments, as in ultrasound probe
sonication (UPS).** Most of the modern extraction techniques
have demonstrated higher capabilities for organic analyte
extraction from complex matrices, like seafood, by simulta-
neously performing both the extraction and cleanup stages.”

3.1.1. Solvent Extraction. Solvent extraction by mechanical
shaking or magnetic stirrin 088586 o1 assisted procedures by
ultrasound water baths®”*® has widely been used in the
quantitative extraction of polar arsenicals in seafood and
marine-based products; however, the procedure is laborious,
time-consuming, and less efficient for lipophilic samples.”**
Marine samples are complex, and there is no single method or
extractant that exists with the capability to extract all of the
arsenic species.80’90 Common extraction solvents for marine
samples include ultrapure water,””>*?'™® methanol—
water,”>?>71% hexane,'”' 7' dilute acids,”*'% and chloro-
form. 23107

A number of approaches, which involve a combination of
several polar and nonpolar organic solvents as extractants, have
been reported to achieve successful extraction of arsenic
species from seafood.””'*V1%%19%1% Eor example, a mixture of
methanol/dichloromethane (DCM)'*"'**''° and methanol/
chloroform”""' =3 mixtures have been separately employed
to extract AsLipids from fish. Other commonly used solvents
include the following:

3.1.1.1. Methanol-Water Mixture. This is the most
commonly used solvent mixture in arsenic speciation. Ultra-
pure water is environmentally friendly and by far the best
extractant for speciation analysis as a result of the polar nature
of most arsenic species, although as a soft extractant water
cannot extract all arsenic as a result of the presence of
lipophilic arsenicals in seafood.'”® Methanol is also extensively
employed as an extractant for seafood, owing to its limited co-
extraction of non-arsenicals and ease of removal by

evaporation.'* The combination of the individual superior

qualities of water and methanol as extractants has motivated
their wide application in arsenic speciation analysis.”””*~'%
The methanol—water mixture, therefore, affords a fitting
balance between arsenic solubility and simplicity of solvent
elimination because the majority of naturally occurring
arsenicals in seafood are polar and water-soluble."

Aqueous extraction is suitable for polar arsenicals and, more
importantly, preserves them in their innate chemical form.”
Subsequent analysis of the aqueous extract is therefore less
challenging because it does not involve any complex sample
manipulation other than filtration and dilution. This strategy is
convenient and gives a clearer outlook of the distribution of
marine arsenicals rather than applying harsh conditions in an
attempt to extract all arsenicals simultaneously.”’ However,
when a lipophilic matrix common in seafood samples is
extracted, a sequential extraction procedure is recommended
because it aids in fractionating arsenicals on the basis of their
polarities to realize adequate extraction efficiencies.””" '

Owing to the great diversity of arsenic species in marine
samples, each arsenical should be extracted using customized
extraction methods.'’”"'* For example, physical extraction
techniques, like mechanical agitation and sonication, have been
coupled with methanol as an extractant to enhance the
extraction efficiency. However, low recoveries of arsenicals
have been reported for seaweed, even with repeated (3 or 4)
extractions,”*?®"'*'"” ‘and for oily seafood having high
proportions of nonpolar arsenicals."'*""”

3.1.1.2. Acidic Extraction Conditions. Acidic extraction
conditions are reported to improve extraction efficiencies of
AsSugars'*”'*" as a result of acid hydrolysis that releases
arsenical degradation products in the lipid and protein
fractions. However, these harsh conditions are also believed
to be responsible for the production of a single riboside species
observed from the degradation of different AsSugars.”*'*’
Severe degradation is usually experienced when high temper-
atures and high acid concentrations are employed over lengthy
periods.”

3.1.1.3. Basic Extraction Conditions. Tetramethylammo-
nium hydroxide (TMAH) has been used by Gamble et al.'**
for extraction of AsSugars, which are difficult to extract in
oysters and shellfish and reported improved extraction
efficiencies. However, at high concentrations, degradation of
AsSugars was observed on the basis of a Sy2 mechanism.
Ackley et al. also reported highest recoveries using 5% TMAH
on spiny dogfish muscle (DORM-2).”" Neutralized TMAH
extracts shifted peak retention times when injected on a Cq
column.” Therefore, regardless of the extraction technique or
choice of extractant combinations, especially for AsSugars,
species integrity is usually compromised in pursuit of higher
extraction efficiencies.

3.1.1.4. Enzymatic Hydrolysis (EH). Extraction of proteins,
lipids, and sugars present in marine samples may require more
aggressive leaching or solubilization methods, with the
potential to cause species interconversion.” Enzymes have
been used in speciation analysis because of their ability to
break down specific bonds in the substrate under mild pH and
temperature conditions, thus allowing for selective release of
the analytes from the sample matrix without species trans-
formation.””'**'** For example, enzymes, such as trypsin,
pancreatin, and phospholipase D, have been used for arsenic
speciation extraction,' #2126 Trypsin, a proteolytic enzyme,
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has been used in arsenic speciation studies on fish species, such
as cod, dab, haddock, mackerel, plaice, and whiting.93’94

Enzymes can be used to determine the bioavailable fraction
of species by mimicking living environments, e.g., gastric
digestion processes.”” Artificial gastric juice has been
demonstrated to have higher extraction efficiency for arsenic
species compared to commonly used extractants, such as
ultrapure water, methanol—water, and 0.15 M HNO,."”’
Therefore, the artificial gastric juice extraction could be used to
simulate the dissolution procedure of arsenic species in the
human body. Many factors could influence the efficiency of
enzyme-assisted extraction, including the enzyme dosage, pH
value, extraction temperature, and incubation time.'?*

A general drawback of conventional enzymatic hydrolysis is
the long incubation time, typically from 12 to 24 h, the need
for incubation in a bath at 37 °C, and the relatively high cost of
the rea§ents, which limit its applicability in speciation
analysis. > However, a combination of MAE, PLE, or UPS to
EH significantly reduces the extraction time from several hours
to 30 min,**"*® 10 min,>® and from 30 s to 2 min,"**"*°
respectively. Ultrasonication provides effective disruption of
the cell walls, thus facilitating enzyme interaction with liberated
cytosolic components.'>' Improvements on the enzymatic
hydrolysis under microwaves are attributed to pressure effects
on the enzyme and/or the substrate—enzyme interaction and
conformational changes in the protein that permit exposure of
the new cleavage sites to enzymatic hydrolysis,"*""** which
lead to efficient contact between the solvent molecules and the
solid particles.

3.1.2. Supercritical Fluid Extraction (SFE). SFE uses CO, as
an extractant virtually exclusively; thus, its scope is restricted to
nonpolar analytes.133 Therefore, the application of this
technique in speciation analysis is rare, owing to it low
extraction efficiency for highly polar or ionic compounds,
which form the bulk of organoarsenicals. Wenclawiak et al.
were able to extract DMA, monomethylarsonic acid (MMA),
As™, and As" from spiked samples with CO, in the presence of
thioglycolic acid methyl ester."** The derivatization reaction
was carried out in supercritical CO,, leading to the formation
of derivatives that were determined reproducibly by gas
chromatography, reporting recoveries from 90 to 103% for
MMA and DMA under the optimum extraction conditions
compared to the liquid-solvent extraction technique. See Table
1 for comparison of extraction techniques, along with their
advantages and disadvantages.

3.1.3. Accelerated Solvent Extraction (ASE). ASE, also
known as pressurized liquid extraction (PLE), is an analyte-
and matrix-independent technique that provides cleaner
extracts than the time-consuming classical procedures used
for extraction of compounds from complex matrices.®"”%””7*
The process is based on applying increased temperatures,
accelerating the extraction kinetics and elevated pressure,
keeping the solvent below its boiling point, and, thus, enabling
safe and rapid extractions. Solvent composition and solvent
temperature are the parameters that produce the most
dramatic increase in extraction efficiency, and hence, they
must be optimized.”® Since the first instruments became
commercially available in the mid 1990s, this technique gained
widespread acceptance for extraction of organics. However,
applications in speciation analysis are rare. For example, ASE
has been used in the extraction of organoarsenicals from

ribbon kelp.”®

3.1.4. Microwave-Assisted Extraction (MAE). MAE is an
alternative to conventional solvent extraction, where micro-
wave energy is used to heat solvents that are in contact with
solid samples, thus enhancing their penetration into the sample
to facilitate the partitioning of the analytes of interest from the
sample into the solvent."”> A low-power focused-microwave
field, typically 20-90 W, can be employed to accelerate
leaching of arsenic species without affecting carbon—arsenic
bonds while working at atmospheric pressure.””

Microwave heating is currently extensively used in the
extraction of arsenicals from seafood and seaweed, with
significant improvements shown in the extraction efficiencies
when compared to shaking and sonication.***7 7% Low-
power microwaves, employed to decrease extraction times
while maintaining efficiency, have been applied to edible
marine algae,112 oysters,136 mussels,"*”"*® and fish tissues,”
allowing for 98, 97, 85, and 95% extraction -efficiencies,
respectively. Online procedures can be easily implemented
using flow injection for hyphenation to chromatographic and
spectroanalytical techniques.” It is suitable for extraction of
labile species and also supports derivatization reactions."”

3.1.5. Ultrasound-Assisted Extraction (UAE) and Ultra-
sound Probe Sonication (UPS). UAE has been demonstrated
to significantly speed up the extraction procedure and increase
the extraction efficiency.”*'*”'*' UAE can accelerate the
permeability of the solvent and increase the dissolution rate of
extracted components by sonoporation.'”* The thermal and
mechanical effects of ultrasound accelerate the diffusion of the
extracted components and facilitate their extraction. In
comparison to MAE, UAE can achieve extraction efficiency
in minutes without destructing the components by high
temperature and pressure.124

UPS is a fast, relatively cheap, and effective alternative to
other extraction techniques. The driving force of sonochemical
action in UPS is the acoustic cavitation, provoked by bubbles
formed by the soundwave in a liquid that continuously
compresses and decompresses.'** This results in extreme local
temperatures and pressures generated in the liquid as well as
solute thermolysis and formation of hydroxyl radicals and
hydrogen peroxide,'*” with the latter in case of aqueous
solvents. Consequently, when a solid is present in a solvent,
compounds present in the solid may be partially or totally
extracted into the liquid medium faster than other classical
methods.®” These features have made the use of focused UPS
one of the upcoming approaches in sample treatment.®

3.1.6. Solid-Phase Microextraction (SPME). SPME is based
on the partition equilibrium of target analytes between a
polymeric stationary phase attached onto a fiber and the
sample matrix, combining analyte extraction and preconcentra-
tion into a single step.”” The analyte is then desorbed from the
fiber at a high temperature into an appropriate separation and
detection system, usually gas chromatography (GC). Because
the extracting phase is non-volatile, only extracted analytes are
introduced into the instrument. In the great majority of the
cases, extraction of metal species has been carried out using the
commercial 100 ym polydimethylsiloxane (PDMS)-coated
fiber.”® Volatile organometallic compounds can be collected by
SPME from the sample headspace or liquid phase, directly or
after derivatization. The suitability of this technique for
speciation purposes is fairly limited by the range of
characteristics of commercially available stationary phases,
although an increasing number of tailor-made coatings is
presented in a review by Diezt et al.'"** Non-volatile analyte
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species can be collected from the sample liquid phase and
separated by liquid chromatography (LC) or high-performance
liquid chromatograghy (HPLC); this has been performed for
arsenic speciation® using inductively coupled plasma mass
spectrometry (ICP—MS) detection. The application of SPME
in the field of trace metal speciation is discussed in the review
by Mester et al.'**

3.1.7. Matrix Solid-Phase Dispersion (MSPD). The MSPD
technique was introduced by Barker et al. in 1989 as an
extraction method for organic compounds.'** MSDP disrupts
the sample by mechanical blending with a solid-support-
bonded phase to provide a material suitable for extraction.'*®
The shearing forces generated by the blending process disrupt
the sample architecture and provide a more finely divided
material suitable for extraction by sequential elution using
different solvents.'*” Therefore, as a result of the disruption of
the sample as a consequence of dispersion, analytes are weakly
bonded to the newly formed solid-support/sample matrix and
analyte extraction is possible using dilute and less toxic
reagents.'** In this way, MSDP reduces solvent consumption,
amount of sample, and time required for analysis."*>"*"">°
Detailed theoretical aspects about the MSDP technique are
available in the literature.'*>'*>'>* MSPD is therefore a mild
extraction technique that is suitable for arsenic speciation
analysis in various matrices, including seafood. > *%151 This
fact together with the possibility of performing a cleanup step
simultaneously or just before extraction makes the MSPD
technique a potential frontrunner in modern speciation
analysis.

3.2, Extraction Efficiency and Arsenic Species Trans-
formation. A neglected area of arsenic speciation research is
dealing with the “non-extractable” fraction, which is thought to
comprise “protein-bound” arsenic and/or “lipid arsenic”.”'”**
Quantitative extraction must therefore overcome interactions
between analytes and the matrix, which partly depend upon the
matrix composition.142 A lack of quantitative extraction is a
common challenge associated with the inadequate release of
analyte from insoluble constituents of the sample matrix (e.g.,
protein, lipids, and cells)*® as a result of entrapment or strong
physicochemical binding.'*> Research in these areas is
currently hindered by a lack of suitable extraction techniques
capable of quantitative extraction without arsenic species
interconversion, especially for arsenolipids and arsenopeptides.
Aggressive methods are therefore employed to improve the
extraction efficiency of organoarsenicals from seafood, which
may affect the integrity of the arsenic species."””'>* For
example, the use of severe extraction conditions"** and the
application of a high temperature® could extract all of the
arsenic species and accelerate the extraction process; however,
this may lead to species interconversion and, at times,
degradation of species, like arsenosugars.'*

There is no universal procedure that ensures species
integrity during extraction and analysis because the arsenic
species stability depends upon the sample matrix, the
concentration level, and the sample extraction procedure.155
Therefore, a delicate balance must be maintained between
achieving higher extraction efficiencies and preserving species
integrity.””* Some of the modern approaches to overcome this
challenge are by combining enzymatic treatment with UPS.'*®
For example, the approach was developed for various sample
matrices, where optimum extraction efficiencies achieved for
both total arsenic and species were 70—109 and 86—91%,
respectively.'”” Stability studies are therefore necessary to

ensure that there is no species transformation during sample
. . 36 o L. .

extraction and analysis.” Simulated gastric juice has been used

as an extractant to aid in understanding “bioavailability” and

the balance between quantitative extraction and arsenic

species-specific integrity.94

4. SAMPLE CLEANUP PROCEDURES

Extraction is rarely selective. The raw extract may contain the
analytes of interest and also co-extracted compounds, most of
which interfere with the analytical process.142 Therefore,
adequate removal of the matrix is necessary to improve the
sensitivity and reliability of instrumental analysis and decrease
interferences in chromatographic separation related to the
matrix as well as analyte detection.'® For example, the presence
of arsenic-free carbohydrates may hinder purification.'®’
However, the choice for further purification is strongly
dependent upon the nature of the sample and the separation
and/or detection methods to be employed.'>”®

4.1. Silica Gel Cleanup. In the analysis of AsLipids, the
lipid extracts are characterized with high normal lipid matrix
interference.'>® Silica gel fractionation has been used to
remove normal lipid matrix interferences from hexane extracts
of fish oil, thus simplifying the analysis.'**'*>"** AsLipids are
separated from normal lipid in the sample matrix because of
their profound affinity for silica, because most of them contain
the dimethylarsinoyl, (CH;),0As,"*® moiety, which interacts
with acidic silica, causing them to be strongly adsorbed on the
column, while normal lipids are eluted with low to moderate
polarity solvents.'”® AsLipids have such a high affinity for silica
that copious amounts of hisghly polar solvents, like methanol,
are required to elute them.">® Caution, however, must be taken
to avoid quantitative transesterification of the less polar
arsenic-containing fatty acids (AsFAs) that may form fatty
acid methyl esters (FAMEs) in the column.

Silica gel has also been used for the cleanup of MeOH/
DCM extracts of marine algae to improve chromatographic
separation.”'*® Studies of the silica chromatography cleanup
procedure by Glabonjat et al. demonstrate that the technique is
effective for arsenic-containing hydrocarbons (AsHCs) and
arsenosugar phospholipids (AsSugar-PL) with apparent
negligible losses.'”® However, when the procedure was applied
on lipids in fish oil containing high amounts of AsFA
conjugates, most of the initial compounds were altered by
the procedure.'”">® Therefore, washing the column with a
H,S/acetone mixture that converts oxo-AsLipids to their thio
analogues that are less polar and readily elute from the column
may address this challenge.'*®

4.2. Solid-Phase Extraction (SPE). The principle of SPE
is like that of solvent extraction, involving a partitioning of
solutes between two phases. However, instead of two
immiscible liquid phases, partitioning between a liquid (sample
matrix) and a solid (sorbent) phase is exploited."®® The basic
approach involves passing the liquid sample through a column,
cartridge, tube, or disk containing an adsorbent that retains the
analytes and subsequent recovery upon elution with an
appropriate solvent. The mechanism of retention depends
upon the nature of the sorbent and may include simple
adsorption, chelation, ion-exchange, or ion-pair solid-phase
extraction.'® Main advantages of the SPE approach are the
possible integration of columns and cartridges in online flow
injection systems, less solvent consumption, ease of use, and
possible a})plication as a species storage device for field
sampling.”” Tonic compounds may selectively be preconcen-
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trated using anionic or cationic cartridges, besides avoiding
possible signal overlapping with related species in complex
matrices when using atomic detectors. In that way, the As™
interference on AsB in arsenic speciation could be avoided by
placing an anionic cartridge before the separation column,
leading to retention of arsenite, arsenate, MMA, and
DMA. 61,162

4.3. Size-Exclusion Chromatography (SEC). SEC is a
molecular-weight-based separation technique that is not used
as an analytical technique but as a cleanup technique.'®® SEC is
important in purifying complex seafood matrices characterized
with comPIex biopolymers, like sugars, lipids, and pro-
teins,' "% that may bind to the stationary phase or co-elute
with analytes of interest.”” Rigorous cleanup of extracts is
necessary to prolong the lifetime of LC columns, minimize
matrix interferences during detection, reduce deterioration of
chromatographic resolution, and fractionate highly concen-
trated extracts before separation of AsLipids in lipid fractions,
which will ensure achievement of good separation of arsenic by
reversed-phase liquid chromatography (RP-LC) on C8 or C18
columns, 103104111164

Secondary mechanisms, such as adsorption and ion-
exchange effects, may impact the retention of analytes.”
Therefore, the arsenic charge state should be considered when
determining SEC conditions to avoid retention based on
factors other than size and molecular weight.'> Strong
electrostatic attractions are induced when charged groups of
the stationary phase material interact with quaternary arsenic
of TMAsSugars in the presence of water as an eluent, which
may result in inhibition of their elution, especially in the
absence of an acidic group in the aglycone moiety in the C1
position.l(’6

While investigating the effects of mobile phase composition
and flow rate on SEC for AsSugars cleanup, McSheehy et al.
chose not to use a buffer to enhance the non-specific
interactions of AsSugars with the column and to minimize
the salts in the collected and Iyophilized fractions.”” Under the
same conditions, the dimethylarsinoyl moiety of the AsSugars
was preferentially protonated, which resulted in less retention
of the AsSugars with acidic aglycone."> Electrostatic repulsion
between the anionic stationary phase and the anionic
functional groups of the AsSugars may explain why AsSugars
act as though they were ejected from the pores.”” On the basis
of these conditions, McSheehy et al. succeeded in fractionating
the acidic AsSugars from AsSugar-OH that lacks an acidic
group in aglycone in the C1 position, which was voided in the
dead volume with other cationic species and required
additional purification steps.'”"’

5. SEPARATION

There are numerous separation techniques available for arsenic
speciation analysis, which includes capillary zone electro-
phoresis (CZE), GC, and LC. The choice of separation
technique depends upon, among others, the sample matrix,
extraction techniques, analyte stability, and detection systems.
The advantages of CZE are low running costs, low sample
volumes for analysis, fast analysis, and simultaneous separation
of anionic and cationic species with high resolution.'**
However, CZE application is mainly limited to pure standard
solutions or simple matrices and has poor sensitivity,'”'*® and
interfacing with various detection systems is difficult.'”* The
analytes that are to be separated by CZE must carry an ionic
charge.'® Not all arsenicals, especially AsLipids, are ionic in

nature, which greatly limits the application of CZE in arsenic
speciation analysis.

GC can provide excellent separation of volatile arsenic
species and can be easily interfaced with various element-
specific detection systems, like electrothermal atomic absorp-
tion spectrometry (ET—AAS), inductively coupled plasma
atomic emission spectrometry (ICP—AES), hydride generation
atomic fluorescence spectrometry (HG—AFS), and inductively
coupled plasma mass spectrometry (ICP—MS). However, it is
not widely used in arsenic speciation analysis because most
organoarsenicals are non-volatile and thermolabile.''* Deriva-
tization (hydride generation) is therefore required to form
arsines; however, most of the organoarsenicals do not form
arsines, which further limits the scope of application of GC in
arsenic speciation analysis.

LC is often preferred over GC or CZE because it is generally
more versatile, capable of being applied to a wide range of
sample matrices, and can analyze non-volatile polar and
lipophilic organoarsenicals.'”® Ton chromatography (IC) is
predominantly used for arsenic Sg)eciation in one of the three
separation modes: ion—pairinig, »7% jon-exclusion, or ion-
exchange chromatography.'”~""* For neutral arsenic species,
especially for AsLipids analysis, RP-LC is employed.”® LC can
also be interfaced with numerous detection systems, including
ICP—-MS, HG—AFS, and tandem mass spectrometry, making
it the most suitable separation technique for arsenic speciation.
The major drawback for LC is post-column dispersion, co-
elution of species with similar physicochemical properties, and
the need for standards for retention time matching and species
identification,' > 77

5.1. Capillary Zone Electrophoresis (CZE). CZE
separations arise as a result of differences in electrophoretic
mobilities of arsenic species in an electrolyte buffer under the
influence of an electric field based on their charge-to-size ratio,
which can be carefully controlled by an a})ﬁgropriate choice of
buffer constituents and pH adjustments.”” CZE offers hilgh
separation efficiency, rapid analysis, and chemical simplicity. >
CZE boasts of better resolution than chromatographic
separations and has been applied to the separation of
organoarsenic species,mg’175 but because of matrix interference,
the analysis of real samples has proven to be challenging,'®”'**
Moreover, its sensitivity is relatively poor, and its connection
to various detection systems is difficult because of buffer
incompatibilities with the ionization process.'®

Currently, the majority of CZE separations of arsenic have
been limited to pure standard solution or simple matrices.
Sample stacking, an on-column preconcentration technique
with a column-switching facility, was introduced to improve
CZE detection sensitivity with respect to arsenic species.”’ The
coupling of CZE to mass spectrometry (MS) combines the
advantages of CZE and MS, so that information on both high
separation efficiency and molecular masses and/or fragmenta-
tion can be obtained in one analysis, which has great potential
for arsenic speciation in marine samples.

CZE separations occur in the liquid phase, while MS
detection is a gas-phase process; therefore, electrospray
ionization (ESI) is the suitable interfacing technique because
this atmospheric pressure ionization (API) technique produces
gas-phase analyte ions directly from solution."””"”” In this
regard, the ESI interface with a coaxial sheath liquid
arrangement is considered highly effective.'”®'”” However,
challenges encountered when combining CZE and MS online
include the following: (i) CZE background electrolytes are
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limited to volatile compounds;'® (i) migration times of
analytes in a CZE—ESI—MS separation can be affected by the
sheath liquid composition;'®" and (iii) CZE—ESI-MS has
limited absolute concentration sensitivity.'”'%*

5.2. Gas Chromatography (GC). GC has successfully
been used for the analysis of arsenic-containing hydrocarbons
in capelin oil,'®# using GC—MS, and in canned cod liver'®* and
commercial fish oils,"** using GC—ICP—MS. GC has the
advantage of overcoming the challenges associated with the
introduction of organic solvents to ICP—MS associated with
RP-HPLC."** Organic solvents destabilize the argon plasma in
ICP—MS, requiring several modifications of ICP—MS,
including low flow and oxygen addition,'® for analysis of
lipophilic samples using the LC—ICP—MS approach. How-
ever, the plasma of ICP—MS will not be affected by organic
solvents when using GC. Additionally, GC is commonly used
for the separation of fatty acids and other lipids that can be
volatilized be derivatization.'®* Despite this, only few studies
have, thus far, focused on the use of GC for analysis of
arsenicals in lipophilic marine samples.

5.3. Liquid Chromatography (LC). Hydrophilic arsenic
species appear in diverse ionic forms that are pH-dependent,
which makes it difficult to find a single scheme capable of
separating all of the common water-soluble arsenicals.'”
Lipophilic species are mostly neutral with hydrophobic
properties, owing to the alkyl groups.”® Chromatographic
approaches, like ion-pairing reversed-phase, ion-exchange, ion-
exclusion, and reversed-phase chromatographies, are reported
to facilitate speciation of arsenicals in marine sample extracts,
owing to variabilities in their physicochemical properties.'”"**
For example, at pH 7, MMA at pK, = 2.6 and DMA at pK, =
6.1 are anions and arsenocholine (AsC), tetramethylarsonium
ion (TETRA), and trimethylarsine oxide (TMAO) at pK, =
3.6 are cations, while arsenobetaine (AsB) at pK, = 2.18 is
awitterionic.'**'®” Methylated arsenicals and AsSugars have
been successfully isolated on anion-exchange (AE) col-
umns,”””® while cation-exchange (CE) columns provide
effective isolations for AsB, AsC, DMA, TMAO, TETRA,
and DMAA."'®'®® AsLipids, however, require additional
separation, using RP-LC typically with a C8 or CI8
column, 101108189

5.3.1. lon-Exchange Chromatography. Ion-exchange chro-
matography has been used for the separation of ionic and
ionizable arsenic species by employing the mechanism of
exchange equilibria between a stationary phase, which contains
surface ions, and oppositely charged ions in the mobile
phase.””'”" Ton-exchange chromatography may be used in
either of the two separation modes: AE or CE. AE is used to
determine anionic arsenic species, where the arsenic species are
initially retained on the column by AE and, subsequently,
eluted by a competitive anion included in the mobile
phase.””°"'”* AE chromatography enjoys significant applica-
tion for arsenic speciation analysis.'” Over 50 water-soluble
arsenicals have been identified in marine biota extracts using
AE and CE chromatographies.'® The factors that influence the
separation and retention of analytes in ion-exchange
chromatography include the ionic strength of the solute, the
pH of the mobile phase, the ionic strength and concentration
of the buffer, the temperature, the flow rate, and the
introduction of organic modifiers into the mobile phase.'”’

5.3.1.1. Eluent Systems. In AE chromatography, the
retention time of the analyte is dependent upon eluent

composition, including the nature of the competing ions,
eluent concentration, and pH.**~%

$.3.1.1.1. Competing Ions. The nature of competing ion is the
main parameter that determines whether target ions are eluted
from the column by competitive ion exchange with the eluent
anion.'”> To obtain arsenic speciation within a reasonable
retention time, it is necessary to optimize the eluting system.
Generally, phosphate is a weak competing ion.'”> However,
changes in the eluent strength and pH can significantly
improve both the resolution and retention.'”> For example,
when an eluent of S mM NH,H,PO, at pH 4.6 was used, there
was poor resolution between As™ and DMA and it took more
than 20 min for the target ions to be eluted. However, when
the pH was increased to 7.9, there was a significant
improvement in the resolution and a decrease in the retention
time."””

In general, an increase in eluent pH reduces the retention
time; however, at higher eluent pH, metal ions present in the
matrix may begin to precipitate. - In addition, the higher the
concentration of the competing ions in the eluent, the more
effectively the eluent displaces target ions from the stationary
phase, the faster the elution of target ions from the column,
and therefore, the shorter the retention time. However, a loss
of resolution occurs with increasing the eluent concentration.
5.3.1.1.2. Effect of pH on Apparent Charge (Q,,) of Arsenic
Species. The retention of organoarsenic species by ion
exchangers relies mainly on their electrostatic interactions
with the cationic or anionic sites of the stationary phase and,
therefore, their alggarent charges (Q,,), which are dependent
upon the pH. Other factors, such as hydrophobic
interactions of the various species with the polymeric
stationary phase, may also influence the retention, especially
for methylated arsenicals and AsSugars. Methylated arsenicals
and AsSugars contain acidic moieties in their chemical
structure; thus, their apparent 1c(harge (Qupp) depends upon
the pH of the mobile phase.'”> Elution of organoarsenic
species electrostatically retained by the mobile phase at a given
pH depends mainly upon the apparent charge of the mobile
phase (ACMP) ions."”* The buffer concentration also has a
significant influence.

Guerin et al."”* established the pH domains, in which a good
separation of arsenic species may be achievable (i.e., domains
in which Q,,, values differ sufficiently) by plotting Q,p,, as a
function of pH for each species. They found that, in the pH
ranges of 4—6 and 9—10, the differences between Q,,, values
for some arsenic species were quite low and the optimal overall
conditions were established to be in the reduced pH domain of
6—9. The aglycone functionality of AsSugars results in different
retention characteristics that are dependent upon the pH of the
mobile phase that affects Qpp.ls For example, at pH below §,
the apparent negative charge of AsSugar-PO,, AsSugar-SO,,
and AsSugar-SO; may decline, resulting in decreased
retention.'®” At the pH range of 3.8—9, AsSugar-OH does
not dissociate and cannot be retained in the AE column and,
therefore, is eluted with or close to the solvent front because it
has no charge.'®” Identification and verification of AsSugar-OH
is therefore performed using the CE column.'® Tukai et al.*’
observed that AsSugar-OH was eluted after the void volume if
the pH was adjusted from 5.6 to 9.2, which also helped reduce
peak broadening for AsSugar-SO;.
$.3.1.1.3. Effect of pH on Apparent Charges of Mobile Phase
(ACMP) Ions. In aqueous solution, the arsenical compounds
protonate to an extent determined by the pH of the mobile
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phase and their dissociation constants.'”® The mobile phase

acidity will determine Q,,, of the arsenicals and, consequently,
the composition of the mobile phase. For example, changes in
the pH of the S mM NH/H,PO, eluent from 4.6 to 7.9 directly
influenced Q,j,, of competing and solute ions; in this case, Qp,
of the phosphate ion changed from —1 (H,PO,”) to —2
(H,PO,*"), resulting in an increase in eluting power.'”’
Similarly, Q,,, values of DMA (pK,, 6.1) and MMA (pK,, 2.6;
pK,,, 8.2) were influenced by the eluent pH; however, it was
only DMA that was influenced by the pH change because its
pK, is 6.1, which resulted in dissociation to its ionic form,
causing it to elute after MMA.

ACMP should be carefully optimized to obtain good
separation of the various arsenic species, because high
ACMP will lead to a reduced resolution, while low ACMP
will considerably increase the retention times and eventually
lead to poor elution of the most strongly retained species.'”"
The retention time of a given analyte depends mainly upon
both the Q,,, value at a given pH and the ACMP value at the
same pH. Secondary effects, such as hydrophobic interactions,
may alter this prediction to a certain extent,'”® but major
information can nevertheless be obtained from Q,,,/ACMP
plots as a function of pH. A plot of Q,,,/ACMP as a function
of pH revealed that the optimum separation conditions for
arsenic species using acetate buffers covered the pH range of
4—6, using phosphate buffers covered the pH range of 69,
and using carbonate buffers covered the pH range of 8—10.""*

5.3.1.2. Gradient Elution. Ordinarily, AE is performed in
isocratic mode, mainly using aqueous mobile phases consisting
of buffer salts with pH ranges covering neutral, basic, and
acidic conditions."> Gradient elution can shorten the analysis
time without compromising resolutions of target analytes,
allows for a broad range of retention, has a high peak capacity
capable of handling a complex matrix, like seafood, and can
overcome the general issues associated with elution.'**'?”
Gradient elution protocols are rarely used”” because they
cause baseline instabilities that could lead to inaccurate
quantification and generally require extra instrument main-
tenance in comparison to isocratic elution.”*!

5.3.1.3. Chloride Interferences. In AE, where mass
detection is used, separation of the arsenic species often
suffers from chloride interference in the matrix as a result of
the formation of **Ar’*Cl" and **Ar’’Cl" polyatomic species
both of nominal m/z 75, which can interfere with detection of
monoisotopic "*As* using ICP—MS."””"”" This problem can
be chromatographically solved using an eluent system that can
separate chloride from the arsenic species and, therefore, avoid

1 192,202 .
the chloride interference."” Such eluent systems include
: 193,203-205 : 206,207
ammonium phosphate, sodium phosphate,
57,208—211

ammonium carbonate, tartaric acid,*'? nitric acid,*"®
TMAH,*'* sodium hydroxide,215 phthalic acid,”'® and
formate.”'” Cations are eliminated in the void volume from
the anion column, which aids in reducing matrix interference.'
Unretained cations, like sodium and potassium, elute in the
solvent front in AE chromatography, with potential interfer-
ence in AsSugar-OH determination.

5.3.2. Reversed-Phase Liquid Chromatography (RP-LC).
RP-LC is based primarily on partitioning and is used mostly for
analysis of intact arsenolipids. RP chromatography coupled to
ICP—MS has been employed to identify different arsenolipids
in cod liver oil, %' capelin oil>'®  figh,'0%111158,219,220
macroalgae,221 fish meal from capelin,ml’105 and cod
liver.””'"»**3 In contrast to ion-exchange chromatography,

RP chromato%raphy is more prone to matrix and pH
effects, 19022422

Sodium and potassium phosphate buffer mobile phase
systems are often used in AE and RP-LC analyses when
ultraviolet—visible (UV—vis) detectors are used because these
phosphate buffers are UV-transparent.”'® However, these
buffer mobile phases are not amenable with MS detectors
because they leave non-volatile buffer salts on the lenses and
skimmer cones, resulting in signal drift and a high level of
maintenance for cleaning the inner surfaces of the MS detector.
In addition, a high concentration of sodium decreases plasma
stability because sodium is readily ionizable.”'° Ammonium
salts of organic acids as well as ammonium carbonate are
amenable to ICP—MS because, at 5000 to 10 000 K, plasma
leaves little other than NH,;, CO,, and H,0.'”° Phthalate,
formate, and TMAH buffers have the same advantages with an
ICP—MS detector.'”’

5.3.3. lon-Pair Chromatography. RP-LC uses aqueous
solutions as the mobile phase, which may contain a portion of
organic modifiers that aids in the separation of analytes on the
stationary phase that is less polar than the mobile phase. In
reversed-phase ion-pair chromatography, a counterion is added
to the mobile phase and a secondary chemical equilibrium of
the ion-pair formation is used to control retention and
selectivity.'’”"*"?! Ton-pair chromatography has the advant-
age of separating both ionic species as well as uncharged
molecular species; therefore, it is has great utility in arsenic
speciation analysis. Common ion-pair reagents are long-chain
alkyl ions, such as heptanesulfonate anions and tetraalkylam-
monium salts.'””” Ton-pair reagents are usually maintained at
low concentrations in the mobile phase, typically 20 mM or
less.'”’ The main challenge of using counterions is that they
are non-selective and can also pair with matrix components,
hence altering the retention times.”*°

Aqueous solutions with organic modifiers, usually methanol,
are used to achieve elution and separation when using ICP—
MS detection for arsenic speciation analysis. The selectivity of
chromatographic separation of analytes in ion-pair chromatog-
raphy is influenced by several factors, including the hydro-
phobicity of the counterion, the concentration of the ion-pair
reagent, the buffer concentration, the pH and ionic strength of
the mobile phase, and the properties of the stationary phase.'’
For example, switching from TMAH to tetrabutylammonium
hydroxide (TBAH) lengthens the retention times of arsenicals
as a result of reduced polarity.'”’ When using less polar TBAH,
the separation mechanism changes from counterion formation
to dynamic ion exchange. In essence, the solute ions are bound
to counterions, which are now attached to the stationary phase,
as a result of their increased hydrophobicity.'

5.3.4. Micellar Liquid Chromatography (MLC). MLC is a
variant of RP-LC that has been used in arsenic speciation
analysis.””” In MLC, a relatively high concentration of surface-
active agents (surfactants) is used as counterions and the
formation of “micelles” occurs. ICP—MS is usually used for
detection. MLC offers advantages over RP-LC, such as
concurrent separation of both ionic and non-ionic analytes,
faster analzrsis times, and improved detection sensitivity and
selectivity, 28 which arise from its unique three-way equili-
brium mechanism, where micelles acts as a gseudo-phase in
addition to the mobile and stationary phases.””’

5.4. Multidimensional Chromatographic Techniques.
Chromatographic separations based on a single interaction
mechanism show limited selectivity in the presence of a variety
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of species,”” especially in complex matrices, like seafood."
Therefore, different chromatographic approaches using AE,
CE, RP, and ion-pairing chromatographies may be used
individually or in combination to separate arsenic species. "
Simultaneous use of multiple complementary separation
techniques, like AE, CE, and RP chromatographies, facilitates
the complete separation of arsenic species while reducing
chances of co-elution and, thus, enhances the reliability of
analytical results.">"'%**°

The general approach involves the use two or more
orthogonal chromatographic separations to isolate arsenic
species with varying chemical properties, resulting in efficient
resolution and high arsenic species retention capacity.”>' The
sequential application of orthogonal isolation techniques may
enhance chromatographic separation efficiency and, partic-
ularly, helps in obtaining baseline resolution.'®”**> Reversed-
phase ion-pairing chromatography is an ideal alternative for
simultaneous separation of neutral and ionic species.'”*
TMAH, TBAH, and tetraethylammonium hydroxide
(TEAH) are commonly used cationic pair reagents for
separation of arsenic species.””” Various alkyl sulfonates have
been used as anion pair reagents, while sodium 1-
butanesulfonate, malonic acid, and TMAH have been used
as chelating agents to increase the retention capacity of arsenic
species on a Cyg column.'”*

6. DETECTION TECHNIQUES

Atomic spectroscopy and molecular mass spectrometry are the
main detection techniques used for speciation analysis."> While
techniques such as hydride generation atomic absorption
spectrometry (HG—AAS), HG—AFS, ICP—AES, and ICP—
MS are element-specific with high sensitivity, mass spectrom-
etry (MS) provides additional information on the structure of
the analyte based on fragmentation patterns.”*****

6.1. Atomic Absorption and Atomic Fluorescence
Spectrometries. Atomic absorption spectrometry (AAS) and
atomic fluorescence spectrometry (AFS) have traditionally
been the most widely used detection techniques in arsenic
speciation because of their sensitivity, simplicity, and precision
at low parts per billion levels.”® While using AAS and AFS,
often hydrides have to be generated to enable analysis of
arsenic. HG, as a means of sample introduction, can provide
unique benefits for arsenic speciation analysis, including
separation and enrichment of analytes from the matrix, high
sample introduction efficiency, and significant elimination of
spectroscopic or matrix interferences from samples with high
salt and acid concentrations.'**

HPLC coupled with HG—AAS or HG—AEFS is a simple and
convenient method for simultaneous separation and determi-
nation of arsenic species in marine products. The method
combines the high separation efficiency of HPLC, the unique
gas—liquid separation techniques of chemical vapor generation,
and the efficient post-column online derivatization.'**
However, the efficiency of HG is affected by the chemical
forms and valence states of the analytes, with trivalent arsenic
species readily undergoing HG compared to their pentavalent
counterparts, resulting in lower detection sensitivity. In
addition, there are limitations for the number of organoarsenic
species capable of generating hydrides with chemical
reagents;és’ 36 therefore, a chromatographic eluent is often
irradiated with UV rays®”'****® or microwave digested”® to
change the inactive species into active species prior to analysis
by post-column derivatization.*"

6.2. ICP—MS. ICP—MS is the most widely used analytical
technique for detection of arsenic species since its introduction
in the 1980s as a result of its amenability to front-end
separations and sample introduction strategies, high element
selective limit of detection, high sensitivity, accurate isotope
ratio determination, wide linear dynamic range, and multi-
elemental detection at low concentration levels (1 ng L™") with
minimal sample preparation constraints.””"**”~*** ICP—MS is
quite robust and less susceptible to matrix effects.”> High
sampling and data acquisition rates of ICP—MS enable
baseline separation of neighboring peaks and quantification
without the loss of peak resolution.'” Dependent upon the
physics of mass analysis, analyzers could be a quadrupole,
magnetic sector, ion trap, time-of-flight (TOF), or Fourier
transform (FT).**

6.2.1. ICP—MS Signal Interferences. Because the resolution
of a single quadrupole mass spectrometer is not high enough
(about 0.75 amu), it cannot eliminate spectroscopic interfer-
ences.'”* ICP—MS is therefore affected by polyatomic
interference from marine samples in the form of molecular
isobars **Ar*>Cl* and 3*Ar*’Cl*, which have the same mass-to-
charge ratio (m/z) as *As*. In addition, high concentrations of
rare earth elements, like samarium (Sm) with m/z 150, in
extracts are an important source of doubly charged
interferences because they have low ionization potentials
(11-12 eV) and readily form doubly charged ions, 7*Sm*".
Several approaches can effectively overcome these interfer-
ences caused by polyatomic ions.

Interference by chloride-forming polyatomic species are
seldom a challenge in practice because they can be chromato-
graphically isolated from arsenic species."” These interferences
can also be alleviated using inductively coupled plasma triple
quadrupole mass spectrometry (ICP—MS/MS) using H, or
He collision cell and O, reaction cell technologies to detect As
at m/z 75 and 91, respectively via chemical reaction.””” In
oxygen reaction mode, the quadrupole mass filters can be set
to only allow ions with m/z 75 ("As*, **Ar*>Cl*, and 7*Sm?*)
to pass through the first quadrupole (Q1) to the reaction cell,
SAs* is easily oxidized to form "*As'®O* with m/z 91 in the
reaction cell, but *°Ar’*®Cl* and °Sm?* do not react with
oxygen gas to form ionic species with m/z 91 and are,
therefore, rejected and filtered out in the third quadrupole
(Q).

Alternatively, As can be detected in high-resolution mode
(m/Am >10000) by resolving *°Ar’*Cl" interferences
spectroscopically.”**' The mass-to-charge (m/z) ratio of 77
must be monitored during method development, to establish
whether the presence of ArCl" would be a source of
interference for the detection of arsenic, because about 25%
of all ArCl" is expected to have m/z 77, owing to the *°’Ar*’CI"
contribution.”” For ion chromatographic separations, sodium
ions arising from a high concentration of NaOH in the mobile
phase must be removed because they suppress the arsenic
signal’*** and cause severe baseline drift.” A self-regenerat-
ing suppressor may be installed to remove Na*, while OH™
ions are electrochemically converted to water before sample
introduction to ICP—MS."***

The main shortcoming in testing AsLipids is associated with
incompatibility between ICP—MS and organic solvents.”””"**
Organic solvents are necessary for analysis of lipophilic
compounds, which has hampered advances of AsLipids
research until recently.”*” Mobile phases with high organic
content may trigger arsenic signal enhancement or extinguish
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the plasma,”** which may require the addition of oxygen to the

plasma to help in the removal of carbon that builds up on the
sampling cones of the interface as a result of incomplete
combustion.”*"'°" This may impact analytical performance,
resulting in the loss of the analyte or reduction in signal
intensi‘cy.ls’245

These issues are overcome by employing a specifically
designed interface, e.g, cooled spray chamber, membrane
desolvator,”* or post-column dilution, using microbore LC
columns,**® allowing low solvent flow, adding oxygen to the
plasma gas, or including a post-column flow split.*"*****
Grotti et al. used small-bore columns in conjunction with low
dead volume interfaces to overcome challenges associated with
conventional LC—ICP—MS, because these conditions pro-
vided faster separation and a lower flow rate of the mobile
phase, which lead to the reduction of the matrix plasma load,
reagent consumption, and waste generated.249

6.2.2. Sensitivity Improvement by Hydride Generation.
The sensitivity of LC—ICP—MS can be considerably amplified
by the integration of a hydride generation (HG) system post-
chromatographic separation of As species.”> A HG system is
typical for operation of AFS. Many arsenic species form volatile
hydrides that allow for approximately 70—80% of arsenic that
is converted to hydride gas to reach the ICP—MS plasma, as
opposed to only about 1% of the arsenic sgecies that reach the
ICP—MS plasma via the spray chamber."” NaBH, is a typical
reductant for As—hydride generation,250 which is dependent
upon the arsenic species and sample matrix."” For example,
AsB and AsC do not produce volatile hydride species, while
AsSugars form hydride species but with a very low efficiency
(~5%) or 21—28% when using an optimized HG system.”’

The use of HG eliminates the overestimation of iAs,
especially when the concentration is used to satisty food
regulation requirements, by eliminating the signal of the other
arsenic species that do not generate hydrides.”*” However, if
the organoarsenical content is obligatory, a post-column
reactor is essential to convert these compounds to hydride-
forming species in a process that involves UV photolysis in the
presence of an oxidant, which converts ben'§n arsenic species,
such as AsC and AsB, to As" before HG.*”*>” Cysteine is used
to reduce As' to As™** before the formation of arsine
(AsH;)."”” Kumar et al. proposed that the As—cysteine
complexes, where oxygen is replaced by a thioalkyl (SR)
group, readily react with less sterically hindered BH™ compared
to As"™.*> Cysteine permits lower acid concentrations to be
used”*® to obtain the same response for As™ AsY, MMA, and
DMA. Pohl and Prusisz reported that the use of charged
surfactants enhances the generation of As—hydride com-
plexes,”” while Karadjova et al. reported the suppression of
hydride generation by some organic solvents, like ethanol.>*®

6.3. Hydride Generation Atomic Fluorescence Spec-
trometry (HG—AFS). LC—-ICP—MS is the hyphenated
analytical technique of choice for arsenic specia-
tion.” 3187189259 However, HG—AFS coupled to HPLC
offers an alternative to this technique,*®7>5%!12236253:260 G
AFS has been reported to be similar to ICP—MS with regard to
sensitivity and linear calibration range, although it has other
beneficial qualities, like simplicity of use and lower acquisition
and running costs for arsenic speciation analysis.*”**"*°* As a
result of the low efficiency in generating volatile hydrides, the
destruction of the organic part of organoarsenicals is necessary
for their determination by HG—AFS.**® The organic arsenic
species are usually converted to inorganic species subsequent

to chromatographic separation by photo-oxidation using a
strong oxidant in basic media and UV radiation before HG—
AFS detection.''?

The utility of HG—AFS has been successfully demonstrated
in diverse seafood samples. For example, Slejkovec et al
analyzed six CRMs of marine origin (dogfish muscle and liver,
lobster hepatopancreas, oyster tissue, brown algae, and scallop)
by LC—(UV)—HG—AFS, using both AE and CE chromatog-
raphies. They identified AsB, DMA, TETRA, AsC, TMAO,
AsY, MMA, and two AsSug, together with four unidentifiable
compounds.”*® Sanchez-Rodas et al. applied a similar analytical
technique for the analysis of aqueous extracts of oysters.”>
The two research groups highlighted the possibility of using
LC—(UV)—HG—AFS as an alternative technique to LC—ESI—
MS for the detection of arsenosugars in crude extracts, because
the signal response in HG—AFS is less susceptible to the
matrix effect compared to LC—ESI—-MS analysis that requires
additional sample cleanup steps.

In a separate experiment, Slejkovec et al. applied the LC—
(UV)—HG—AFS technique in the determination of arsenicals
in 10 different marine algae (red, green, and brown) from the
littoral zone along the Adriatic Sea coast of Slovenia. They
were able to identify arsenosugars as the predominant
arsenicals in most of the analyzed algae samples, together
with AsB, As™, As¥, and DMA.>® Schaeffer et al. were able to
determine 12 arsenicals in mussels, anchovies, seabreams, sea
bass, and sardines by LC—(UV)—HG—AFS, using both AE
and CE chromatographies. AsB was predominantly detected in
all of the samples, with trace levels of As™, DMA, and AsC,
whereas AsSugars were detected only in mussel samples.*
Geng et al. analyzed six seafood samples and four seaweed
samples using cryogenic trap hydride generation atomic
absorption spectrometry (CT—HG—AAS) following alkaline
digestion for arsenic speciation and found that the results were
comparable to those obtained using LC—(UV)—HG—AFS.”

7. CHARACTERIZATION

The monoisotopic nature of arsenic means that it lacks a
distinctive isotope pattern; therefore, it is challenging to find
authentic isotopically labeled standards and CRMs for
identification, quantitation, and method validation.”” Standards
are mandatory for accurate and reliable identification and
quantification of arsenicals using LC—ICP—MS; however, in
the absence of standards, as is the case with organoarsenicals in
seafood, indirect or complementary approaches may be
employed."”!

Identification of organoarsenicals in seafood requires either
fractionation and cleanup of analytes, followed by a
fragmentation experiment using high-resolution tandem mass
spectrometry for identification and structural assignment of
analytes,”® or indirect confirmation of structures by
comparison to synthesized arsenicals that have been fully
characterized by molecular mass spectrometry.>” However,
the analytical workup schemes in these methods are extensive,
and identification of potentially co-eluting lipophilic organo-
arsenicals in seafood, which are in low concentrations, is very
challenging.

The main techniques capable of addressing the analytical
limitations of LC—ICP—MS are X-ra;r absorption spectroscopy
(XAS) for in situ identification'’* and molecular mass
spectrometry with a soft ionization technique and mass

analyzers with high resolving power for structural elucida-
tion. 105222:231
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Table 2. Figures of Merit for Common Mass Analyzers

mass analyzer

quadrupole

quadrupole ion
trap

time of flight

magnetic sector

Orbitrap

MegaOrbitrap

FT-ICR

resolving power (fwhm)

unit-mass resolution;
modern instruments
can reach up to 5000

10000

>100000
(at m/z 400, fwhm)

<60000

280000
(at m/z 200, fwhm)

1000000
(at m/z 200, fwhm)

1000000
(at m/z 400, fwhm)

mass
accuracy

(ppm)
50

S0

<3

~1

~1

~1

sensitivity
(®)

10715
(SRM)

10—15

1072 (full
scan)

10—12

107" (full
scan)

107" (full
scan)

1072 (full
scan)

advantages

1. good choice for quantitative analysis

. highly sensitive in MRM mode

2

3. relatively cheap

4. easier to operate and maintain
1

. best choice for quantitative analysis

2. provides reliable, cost-efficient target analyte
quantitation and identification

excellent sensitivity and selectivity
rapid scanning
high resolution and accurate mass

resolves isobaric matrix interference

3.
4.
S.
6.
1. best choice for qualitative analysis
2. high resolving power

3. wide linear dynamic range

4. high mass accuracy

S.

deconvolution of intact MW for large
molecules and complexes possible

—_

. high resolving power

14

wide linear dynamic range

1. delivers qualitative and quantitative analysis in
one instrument

high detection analyte specificity
good sensitivity

excellent mass accuracy

fast scan speeds

high resolving power

wide linear dynamic range

S A

multiple fragmentation experiments possible
(CID, HCD, UVPD, and ETD)

9. many scan features possible (MS/MS, MS",
SIM, PRM, DIA, and AIF)

10. ideal for top-down workflows for large
molecules

11. ideal for qualitative analysis of complex
mixtures

12. can perform low- or high-resolution
experiments separately or concurrently

13. can interface with a FAIMS analyzer

1. all advantages listed for Orbitrap above, plus
2. highest resolving power

3. scan rate compatible with LC

4. simpler and compact design

S. no high field magnet with no cryogens

6. capability to perform both targeted and non-
targeted analysis on full-spectrum accurate-
mass acquisition at good sensitivity

1. isotopic distribution accuracy
2. high resolving power

3. wide intra- and interspectrum dynamic range
4. high sensitivity

S. ability to analyze samples of high complexity
with strong matrix effect

6. ability to analyze samples with low analyte
concentration

disadvantages
1. mass resolution not sufficient to resolve isobaric
interference
2. reliability of analyte identity is disputable
3. low selectivity

1. requires careful tuning and optimization of data
acquisition parameters for target analytes, which
limits the number of possible measurements per
run

»

affected by ion—ion interaction

w

. relatively expensive

. no MS" capability
. slower scan speeds compared to other HR-MS

1
2
3. susceptible to chemical background ions
4. limited isotopic fidelity

S

. limited dynamic range as a result of detector
saturation effects

. poor selectivity and misidentification

. expensive

6

1

2. not readily accessible to most laboratories

3. available mostly only in specialty laboratories
1

. no MS" capability

»

very expensive

w

. requires a high level of expertise for operation

bl

not readily accessible to most laboratories

1. very expensive
2. requires a high level of expertise for operation
3. not readily accessible to most laboratories

1. dependence upon cryogens (liquid He and liquid
N,)

2. need for superconducting magnets of a higher
field

3. very complex and expensive

4. logistic constraints in transportation and
installation as a result of the large size
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7.1. Identification Using LC—ICP—MS Coupled to X-
ray Absorption Spectroscopy (XAS). XAS, which includes
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS), is an element-specific
spectroscopic analytical synchrotron technique that uses the
principle of X-ray fluorescence to probe the changes in the
chemical environment of metal centers by means of X-
rays.”*"?%> XAS enables the elemental characterization in terms
of oxidation states, site ligation, and coordination.”® The
analyses of the absorption spectra, their features, and the
unlcl‘e‘rlying principles are detailed in the review by Nearing et
al.

XAS presents unique capabilities over other arsenic
speciation techniques by allowing in situ arsenic speciation
analysis in nearly all types of sample matrices, including crude
extracts, frozen hydrated samples, freeze-dried samples, and
subcellular compartments independent of their actual physical
state (whether solid, liquid, or g7aseous), which is not possible
with conventional techniques, * and thus reducing sample
preparation steps that might modify the elemental species
present”®® while giving detection limits of about 110 ug g~*,
depending upon the experimental conditions.'”*

XAS is compatible with LC—ICP—MS, which it can be
coupled with structural elucidation of novel compounds, like
arsenosugars and arsenolipids, in their native state in seafood,
of which some of the reported structures have been postulated
from those of known fatty acids or hydrocarbons, owing to the
lack of identification methods and standards.'®"'** The unique
speciation analysis capability offered by XAS is also key to
understanding the cellular mechanisms of arsenic biotransfor-
mation in toxicity studies.**®

Some of the disadvantages of XAS are that XAS uses hard X-
ray beams with high energy that can potentially damage the
sample; the absorption edges for some arsenic and selenium
compounds may be very close or even identical, which makes
the use of standards mandatory. However, most standards are
not available for organoarsenicals of interest, like arsenosugars
and arsenolipids. XAS is less sensitive to metals bound to the
lighter elements, like O, P, N, and S functional groups. Arsenic
compounds with similar nearest-neighbor environments have
similar white line energies and may be misidentified in XAS
without comparison to LC—ICP—MS. For example, arsen-
obetaine (AsB), arsenocholine (AsC), and tetramethylarso-
nium ion (TETRA) have the same white line energy (11 872.6
eV)."” Finally, XAS requires a high level of skill to operate and
interpret because the resulting spectrum is the weighted sum of
all species present in the analyzed volume, which may be very
difficult to interpret in a complex matrix, like seafood.

7.2. Simultaneous Identification and Quantification
Using LC—ICP—MS Coupled to High-Resolution Mass
Spectrometry (HR-MS). ICP—MS is a widely accepted
analytical technique in elemental analysis at trace levels
because of its high sensitivity and element selective
detection;**” however, it has a number of limitations: its
reliance on the extraction step usually from the solid matrix
that may be incomplete or result in species interconversion,
risk of co-elution of arsenic species, impossibility of species
identification in the absence of well-characterized standards,
lack of molecular information, and risk of species misidenti-
fication based on the retention time matching with stand-
ards."”*'”? These challenges highlight the need to adapt
complementary analytical techniques to gain a better under-
standing of the arsenic chemistry in seafood samples.

Marine samples have numerous arsenic species with similar
physicochemical properties, and the insufficient chromato-
graphic separation efficiency of a single separation technique
makes co-elution of similar species practically inevitable."®”
This challenge can partly be addressed by careful optimization
of the separation conditions**® or running the same sample
using orthogonal separation techniques, sequentially’”'®* or
concurrently "'9%1¢%*22 for simultaneous quantification and
confirmation.

Earlier arsenic speciation analyses were performed by first
acquiring the “sample profile”, which required element-specific
detection, with the most commonly used being LC—ICP—
MS.212772%7 Other element-specific detection techniques
used included LC—(UV)—HG—AFS,' ##¢!12236255 c_
HG—AAS,”” and graphite furnace atomic absorption spec-
trometry (GF—AAS).””® This was followed by determination
of the molecular mass profile of the intact molecules that
required soft ionization and high-resolution mass analyzers.'**

This opened the possibility for structural assignment of
unknown arsenicals by either fraction collection from natural
sources,”” off-line identification by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS),'%* electrospray mass spectrometry
(ES—MS),' 0110210159222 o indirectly by comparison to
synthesized arsenolipids, which had been fully characterized
by molecular mass spectrometry.'”” Structural assignment for
unknown species has been realized by HR-MS, an approach
that was successfully applied by Taleshi et al. while
characterizing arsenolipids in multiple matrices'>” and
Nischwitz et al. in characterization of AsSugars.”*> Miguens-
Rodriguez et al. demonstrated the utility of electrospray
ionization ion trap multistage mass spectrometry (ESI-IT—
MS")****"! in generating distinctive product ions that enabled
the rapid screening and sensitive characterization of four
AsSugars in unrefined seaweed extracts with minimal sample
preparation.271

The recent trend is toward concurrent sample analysis using
LC—-ICP—MS with another detection method that is not
necessarily element-specific, like tandem mass spectrometry,
from the same chromatographic run by splitting the effluent
flow from the HPLC column between the two mass
spectrometers.””” The high-resolving powers of various mass
analyzers (see Table 2 for figures of merit) provide accurate
mass data that are essential to distinguish the different isobaric
and isomeric arsenicals with high precision and, thus, aid in the
elucidation of molecular formulas and provide structural
information. Concurrent use of LC—ICP—MS and molecular
mass spectrometry with high mass accuracy offered by the high
resolving powers of mass analyzers, like quadrupole time-of-
flight (Q-TOF), Orbitrap, magnetic sector, and Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
etry, provide an additional separation dimension for isobaric
and co-eluting analytes.'*'%°

7.2.1. Quadrupole Time-of-Flight (Q-TOF) Mass Spec-
trometry. A Q-TOF mass analyzer is a hybrid instrument that
operates in both negative and positive ionization modes with
high mass accuracies at ultratrace levels.”>??**® Q-TOF has
mass accuracy of 2 ppm and may be limited in its ability to
provide indisputable identification of unknown analytes;
however, it provides sufficient information for the determi-
nation of the exact empirical formula of analytes, therefore
reducing the potential structures to a realistic number.””
Isobaric matrix interference with similar retention times
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Figure 2. Typical AsSugar and thio-AsSugar fragments detected in tandem mass spectrometry.

overlapping with organoarsenical peaks of interest can be
resolved using a high-resolution instrument like FT-ICR—
MS.” Some of the applications of Q-TOF—MS in elucidation
of the structure for organoarsenicals include work by
McSheehy et al. in the characterization of arsenic species in
the kidney of a clam,”* Sele et al. in the identification of
arsenicals in marine oils,'®” and Arroyo-Abad et al. in the
identification and determination of arsenoligids in fresh cod
liver 0il.*** fish,”'***° and canned cod liver.”*

7.2.2. Orbitrap Mass Spectrometry. Orbitrap is an accurate
and compact Fourier transform mass analyzer that was first
commercialized in 2005 by Thermo Electron as a hybrid
instrument (LTQ-Orbitrap) featuring a linear ion trap front-
end.”*” The Orbitrap mass analyzer employs electrostatic
trapping rather than the magnetostatic characteristic for FT-
ICR.””” This precursor instrument has undergone a number of
iterative improvements incorporating features like image
current detection from FT-ICR—MS, use of ion trapping in
precisely defined electrode structures, from the radio-frequency
(RF) ion trap, and pulsed injection and use of electrostatic
fields, from the TOF analyzers.”* All of these features enabled
Orbitrap to overcome the major limitations experienced by the
other techniques, like the necessity for a superconducting
magnet in FT-ICR—MS, severe limitations on the space charge
in the RF jon trap, and severe limitations on the dynamic range
of detection in TOF analyzers.”** The latest version of the
Orbitrap mass analyzer, MegaOrbitrap, has ultrahigh resolving
power in excess of 1 000 000 within 3 s detection time, making
it compatible with chromatographic separations.”’”> Amayo et
al. concurrently used LC—ICP—MS and an Orbitrap mass
analyzer for structural assignment of arsenolipids in fish
meal,'*" fish 0il,"**'% and fish tissue.'®*

7.2.3. Fourier Transform lon Cyclotron Resonance Mass
Spectrometry (FT-ICR—MS). FT-ICR—MS offers a resolving
power upward of 10° [at m/z 200, full width at half maximum
(fwhm)] and mass accuracy (<1 ppm), which is the highest of
all existing mass spectrometry techniques.”’* Tons are trapped
in a strong magnetic field combined with a weak electric field
generating an image current from coherently excited trapped
ions that are detected, digitized, and converted using Fourier
transform into the frequency domain and then mass spectra.””®
The inherent stability and field uniformity of superconducting
magnets that work in synergy with the very high accuracy and

dynamic range of frequency measurements has made FT-ICR—
MS an ultimate frontrunner in mass resolving power and mass
accuracy.””

Despite the monoisotopic nature of arsenic, it has a distinct
mass defect that FT-ICR—MS is capable of resolvin% and, thus,
ensuring unequivocal identification of arsenicals.”” This is
particularly helpful in resolving co-eluting analytes with
isobaric interference, which is common in lipophilic organo-
arsenicals. Pickford et al. demonstrated the utility of FT-ICR—
MS in the analysis of crudely purified kelp extract,”” while
Rumpler et al. used FT-ICR-MS and Q-TOF—-MS in
structural elucidation of AsLipids in cod liver oil.'"*

7.3. ldentification by Fragmentation Experiments
Using Tandem Mass Spectrometry. Organoarsenicals, like
arsenolipids and arsenosugars, have distinct fragmentation
patterns that can be used together with the high resolving
power and accurate mass offered by high-resolution mass
analyzers for identification and structural assignment of
unknowns. For a successful fragmentation experiment, there
are a set of conditions that must be fulfilled: First, there must
be chromatographic separation; second, there must be a soft
ionization source; and third, there must be a high-resolution
mass analyzer with high resolving power and mass accuracy.
Soft ionization enables mass spectrometry to be used as a
separation tool to resolve arsenical peaks by molecular weight.
Electrospray ionization (ESI)'*"'9%!10%15922% is typically used,
although there are other ionization techniques, like matrix-
assisted laser desorption/ionization (MALDI)'** and fast atom
bombardment (FAB).”

The ESI technique coupled with HR-MS (triple quadrupole
mass spectrometry”>’ and Q-TOF),'#3219220222223 i
trap,'"' %719 and FT-ICR-MS” can provide excellent
separation of co-eluted components in HPLC and can be
used for identification of unknown species.'””'”**”° In recent
years, ESI-MS/MS has been applied to speciation analysis of
methylarsenicals, AsSugars, AsLipids, and many other arsenic
species.

Selection of distinct precursor ion/product ion transitions
enables tandem mass spectrometry methods based on selected
reaction monitoring (SRM), also known as parallel reaction
monitoring (PRM), to minimize background noise and the
matrix effect, therefore ensuring ultrafast scan rates and highly
sensitive and highly selective detection methods for arsenic

https://dx.doi.org/10.1021/acs.jafc.9b04525
J. Agric. Food Chem. XXXX, XXX, XXX—XXX



Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

speciation. Characteristic fragments for the four common
AsSugars detected in positive MS/MS mode are shown in
Figure 2. The m/z 237 fragment is formed from the loss of
aglycone at Cl1, and the m/z 97 fragment results from
additional elimination of the dimethylarsinoyl group alongside
a water molecule.”””*

Thio-AsSugars display fragmentation patterns similar to
their oxo analogues, yielding a structurally diagnostic fragment
at m/z 253 (Figure 2) corresponding to the loss of
aglycone”*>**"*”7 and m/z 97 as a result of the loss of the
dimethylthionyl group alongside a water molecule.”*>*”” The
fragment at m/z 97 for the sulfate thio-AsSugar may also
emanate from the —OSO,H moiety.'*”****”® Two additional
unique product ions for thio-AsSugars are observed at m/z 107
correlating to AsS*'"”*** and m/z 91 presumed to result from
AsO" as a result of trace amounts of oxygen in the nitrogen
drying gas.''”**"*”? Thio-AsSugars exhibit a distinctive sulfur
isotope pattern (*2S/3*S), with a mass peak appearing 2 amu
higher than the **S-containing ion and an expected ratio of
approximately 23:1."

It is important that peak assignments are verified to
eliminate false positives emanating from matrix components
with SRM transitions similar to the organoarsenicals.go’z‘%l A
common quality control tool employed is a comparison of the
standard and analyte peak retention times by selecting a set of
unique transitions for the qualifier and quantifier ions for each
analyte and comparing the intensity ratios for the standard and
the analyte present in the sample.””**" Other quality control
methods include establishment of an accurate mass of the
molecular ion using high-resolution mass spectrometers.”*’
Several useful tools for SRM optimization exist, which may be
considered virtual standards that are derived from numerous
fragmentation experiments for purified standards from natural
samples 277280283

The need for complete chromatographic separation is
diminished in the absence of a critical signal masked by matrix
components when using highly unique multiple reaction
monitoring (MRM) transitions. However, sufficient chromato-
graphic resolution is required, when DMAsSugar-SO, and
DMthio-AsSugar, which have a similar molecular mass and
fragmentation pattern, are present.””’ In addition, in-source
dissociation of DMAsSugar-SO,,°******" DMAsSugar-PO,,
and DMThioAsSugar-SO,>"*** to the corresponding AsSu-
gar-OH has been recorded even at mild cone voltage, leading
to AsSugar-OH si§nal contribution at their corresponding
retention times.””>”" The in-source fragmentation of DMAs-
Sugar-PO, occurs marginally, resulting in ion formation at m/z
409, in likeness to the protonated molecular ion of the sulfate
oxo-sugar.”” Similar fragmentation patterns for oxo- and thio-
AsSugars need to be considered.”*"**

8. STANDARDS AND REFERENCE MATERIALS

The number of organoarsenicals discovered in seafood
continues to increase in tandem with advances in instrumenta-
tion and analytical protocols. Significant advances have been
made in designing highly sensitive and selective separation and
detection methods for the explicit characterization of known
and unknown organoarsenicals.'> Characterization and quanti-
fication of organoarsenicals in seafood is impeded by a lack of
widely accepted analytical protocols and well-characterized and
commercially available standards to be used as calibrants and
CRMs for method validation.***

Several attempts have been made to indirectly identify and
quantify or§anoarsenicals in marine samples in the absence of
standards.'”""**”° Yu et al. were able to analyze arsenosugars
in kelp by fractionation and analysis of individual fractions,
using LC—ICP—MS and instrumental neutron activation
analysis (INAA).>*’ Fractionation is a tedious and time-
consuming procedure that requires voluminous extraction of
natural materials''**"~>*? to yield miniscule quantities of pure
extracts,”>?719¥*%%2°1 \hich may still need to be further
characterized.

RP-HPLC coupled simultaneously to ICP—MS (element-
specific detection) and HR-MS (molecular structure detec-
tion) has successfully been applied in the identification of
arsenolipids in marine samples, 0>'0>!8>184189:218,223.284 5o
Sugars have been extracted from various algae sources,
followed by several purification procedures including SEC
and AE chromatography.'®***"7?***  Characterization and
structural determination were performed mainly using one- (or
two-)*”?"" dimensional '"H and '3C nuclear magnetic
resonance (NMR).5?8%289292293 Additional information for
structure determination was obtained using X-ray crystallog-
raphy,”*%*7* XANES or infrared spectroscopy,””” and mass
spectrometry.> All of these approaches have been instrumental
in gaining a better understanding of the nature and proportions
of organoarsenicals present in marine diets. However, the need
for well-characterized standards still endures, especially as a
prerequisite for establishment and implementation of regu-
lations. The more practical approach is to synthesize analyte
standards, which has successfully been performed for several
arsenicals mostly for the purpose of confirmation of their
identities.">”*'**%

There are almost a hundred organoarsenicals identified in
marine dietary sources, and it is practically impossible to
attempt to develop standards for all of the currently known
arsenical analytes. There is need for prioritization in the
development of standards using a risk-based approach,
especially for organoarsenicals with confirmed toxicities, like
AsHC 332, AsHC 360, and AsHC 44477°"2952%¢ and AsFA
362 and AsFA 388.°%”” These standards should be
synthesized for quantification of organoarsenicals and to
support the precise assessment of their toxicity mechanisms
and fate in living organisms.

Synthesis of AsSugar-OH, AsSugar-SO,, and AsSugar-SO;
and their corresponding thio-analogues has been documented
in the literature.”””*”*™*% The synthetic procedure for
AsSugar-OH containing the trimethylated arsonium moiety is
lengthy and challenging, involving 6—10 reaction
steps.””"?7770L30% Thio-AsSugars and trimethylated””' AsSu-
gars can be quantitatively semi-synthesized using synthetic
materials or extracted and purified from naturally occurring
oxo-analogues as preparatory materials. The synthesis of
AsLipids is complex, and a number of studies have been
published for the preparation of a limited number of AsHCs
and AsFAs 230159,189,219,221,291,294,304,305

Because arsenic in monoisotopic, the heteroatoms of the
synthesized organoarsenicals can be labeled, using, for
example, 3C, 2H, etc, to facilitate confirmation of their
identity in seafood and for further studies on the
biotransformation processes under physiological conditions.
They can also be used as an internal standard in combination
with a reliable and robust analytical method for exact
quantification of selected arsenicals and, thus, play an
important role in the establishment of regulatory limits for
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the toxic organoarsenicals. With reliable analytical methods
and availability of standards, development of CRMs will then
become a reality.

The presence of arsenolipids has been reported in fish
oils, 10X 105/ 184189218223 54 i o 183,222,306 £ o] 101 419
commercial canned fish liver.'*»*** Arsenosugar phospholipids
have been detected in rnacroalge!.e,221’3’07 while arsenosugars
have been detected mainly in oyster,284 clam,”*® and edible
macroalgae.””**'**3% These materials provide a good starting
point for the development of CRMs. At the time of this review,
only six organoarsenicals were commercially available, with less
than 10 represented in reference materials. There are at least
six seafood matrix reference materials currently available that
give values for at least one organoarsenic species. Five of the six
are only certified for AsB (NMIJ CRM 7402-a, NMIJ 7403-a,
DORM-4, TORT-3, and NIES-15), and BCR-627 is only
certified for AsB and DMA. NIST SRM 2669 and NIST SRM
3669 are urine reference materials certified for MMA, DMA,
TMAO, AsB, and AsC and for MMA, DMA, and AsB,
respectively. Newly released NIST SRM 3232 for kelp provides
values for DMA as well as three AsSugars: AsSugar-OH,
AsSugar-PO,, and AsSugar-SO;.”"
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