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Consumption of seafood has been on a steady rise based on reports of associated health 

benefits. Marine organisms are sources of staple and functional food. However, they 

are also the main source of total arsenic exposure in humans. Most food safety 

regulations are based on total arsenic. Unfortunately, total arsenic as an indicator for 

risk from dietary intake is inadequate. Knowledge of arsenic speciation is important as 

the chemical form of arsenic controls its bioavailability, mobility, and toxicity. 

Therefore, an accurate account for the myriads of arsenic species, naturally occurring 

in seafood, is required. However, this present considerable analytical challenge. 

Arsenic speciation in seafood is challenging owing to its existence in diverse chemical 

forms and oxidation states, interconversions between chemical forms, matrix 

complexity, lack of widely accepted analytical methods, and lack of commercially 

available standards and certified reference materials. Identification and quantification 



  

of the toxic arsenic species is imperative to understanding the risk associated with 

exposure to arsenic from dietary intake, which in turn underscores the need for 

speciation analysis. Setting of standards for arsenic in food is complicated, owing to 

the enormous metabolic diversity of organic arsenic species in humans, lack of 

knowledge about their toxicity, and lack of reliable speciation data on seafood. To 

establish human exposure to arsenic from seafood, five proxy seafood samples were 

selected to represent the entire food chain. The selection was based on their high 

consumption rate, which makes them economically important and a significant route 

for arsenic exposure. The seafood samples are either candidate reference materials or 

materials meant for interlaboratory comparisons, which require measurements for 

certification purposes or property values assignment. This work contributed towards 

that effort. Analytical methods for the determination of total arsenic and hydrophilic 

arsenic species were developed and optimized for analysis of the seafood samples. A 

structural library was developed based on in silico fragmentation data of extant 

lipophilic arsenicals that are reported in literature. The library aims to enhance the 

screening and identification of the novel lipophilic arsenicals for which very little is 

known, standards are not available, and whose toxicological profiles are of interest. 
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Chapter 1: Introduction 

Arsenic is a ubiquitous notoriously toxic element, which occurs naturally in the earth’s 

crust, soil, freshwater and marine environments with no known biological roles in 

humans.1,2 Arsenic has a complex chemistry, and a diverse group of arsenicals exist in 

the marine environment. Arsenic is primarily released into the environment through 

various anthropogenic sources.2–4 Humans are exposed to arsenic through dermal 

contact, inhalation, water and dietary intake, but for most, dietary exposure is the most 

significant.5 Diet, especially seafood, is the main source of arsenic exposure for 

humans,6 except for areas with endemic high drinking water contamination.7–9  

Inorganic arsenic (iAs) is a well-characterized non-threshold category I carcinogen.10 

However, knowledge related to the abundance, identity and toxicity of organic arsenic 

species is limited.11 Therefore, knowledge of arsenic speciation is important as the 

chemical form of arsenic controls its bioavailability, mobility and toxicity.12 

Arsenobetaine (AsB) is bioavailable to humans (i.e., it is taken up from the gut), 

however, it is not metabolized but is quickly excreted unchanged in the urine.13 The 

toxicity of most arsenolipids (AsLipids) is currently not known. In this case, it is 

important to acquire more knowledge regarding these lipophilic arsenic species, as 

noted by the European Food Safety Authority (EFSA) in their scientific opinion on 

arsenic in food.14  Therefore, more data on arsenic speciation, including the AsLipids 

is needed for future risk assessments of arsenic in food.  

Toxicity studies are primarily based on iAs and AsB, a tetraalkylated and predominant 

organoarsenical in seafood, that is considered benign. Paucity of toxicity data for 
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organoarsenicals, the dominant species in seafood, has led to conjecture of their 

innocuous nature. However, toxicokinetic studies show that some organoarsenic 

species, arsenic-containing hydrocarbons (AsHCs), are bioaccessible and cytotoxic 

with toxicities similar to those of pernicious trivalent inorganic arsenic (iAsIII), which 

underpins the need for quantification of such arsenic species. 

As early as the 1960s, it was shown that marine oils were concentrated in arsenic, as 

oils extracted from marine samples, e.g. herring (Clupea harengus), mackerel (Scomber 

scomber) and liver of cod (Gadus morhua) contained arsenic levels up to 19 µg/g.15 

However, no chemical structures of the AsLipids were identified. Research on 

lipophilic arsenicals remained negligible compared to the hydrophilic arsenic species. 

The main reason was challenges with the methodology, since the preferred 

instrumentation i.e., inductively coupled plasma mass spectrometry (ICP-MS) is not 

compatible with organic solvents, which are needed to solubilize the lipids.16  

This trend continued for four decades, until in 2008, following the modification of the 

ICP-MS and using it concurrently with electrospray ionization mass spectrometry (ESI-

MS), the chemical structures of two groups of intact AsLipids were identified in marine 

oils.17,18 They were characterized as arsenic-containing hydrocarbons (AsHCs) 17 and 

arsenic-containing fatty acids (AsFAs).18 These studies initiated a larger research focus 

regarding the AsLipids. 

Insufficient data on the organoarsenic species in seafood remains the crucial missing 

link to understanding human exposure and informing regulatory practices. Lack of 

regulatory limits for arsenic in seafood is at least partly attributable to the multiplicity 
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of species and gaps in our knowledge of their toxicity and metabolism. Currently, there 

is no reliable information on the toxicity of organoarsenicals like arsenosugars 

(AsSugars) and arsenolipids (AsLipids). Estimation of arsenic toxicity requires the 

identification and quantification of the individual arsenic species. Therefore, efforts 

have been focused on the development of methods for the separation and detection of 

arsenic compounds. Unfortunately, there is no widely accepted analytical protocol for 

arsenic speciation analysis. 

Analytical methods are a prerequisite for obtaining quantitative and qualitative 

information on the occurrence of organoarsenicals, especially AsLipids, in marine 

samples. The development of such analytical methods for determination of the organic 

arsenic species is therefore an essential first step towards further studies of these 

species. With analytical methods developed for the determination of lipophilic 

arsenicals, marine samples can be studied, and data on their occurrence in samples 

related to both food and feed safety can be acquired.  

It is not yet possible to extract all the arsenic species from all the sample matrices using 

a single set of conditions. Therefore, extraction conditions must be optimized 

considering the target arsenic species. The objective usually is to extract arsenic species 

quantitatively without their degradation or chemical transformation. Stability of arsenic 

species is critically dependent on the sample matrix, preservation and extraction 

techniques employed. The most common extractants for hydrophilic arsenicals are 

water, methanol, and methanol/water mixtures with different compositions. Extractants 

must be chosen based on arsenic species present in the sample. Extraction efficiencies 
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typically increase by applying more chemically aggressive extraction conditions. This 

calls for a delicate balance between maximum extractability and species integrity to 

avoid the undesirable chemical transformations of the native arsenic species. 

Arsenic speciation in seafood is challenging owing to their existence in myriads of 

chemical forms and oxidation states, interconversions that occur between species, the 

complexity of the seafood sample matrix, lack of well-characterized and commercially 

available standards to be used as calibrants and certified reference materials (CRMs) 

for method validation, and a lack of widely accepted measurement protocols.  

The aim of this work was to (1) develop analytical methods for arsenic speciation in 

seafood, (2) improve sample preparation methods, (3) identify and quantify arsenic 

species in seafood using liquid chromatography coupled to inductively coupled plasma 

mass spectrometry and electrospray ionization mass spectrometry (LC-ICP-MS/ESI-

MS), (4) develop an in silico database for structural elucidation and annotation. 

The structure of the dissertation is presented as follows: Chapter 1 outlines the different 

classes of seafood highlighting their importance as a source of nutrients and their 

impact on human health and the global economy. Also, the different arsenic species 

present in seafood as contaminants of concern are introduced. A justification for the 

selection of proxy seafood samples is provided and an overview of the analytical 

considerations for risk assessment with regards to seafood is given as an introduction 

to Chapters 2 and 3, which serve as literature review on the research topic. 

Chapter 2 reports a comprehensive summary of the current state of understanding of 

the various aspects of organoarsenic formation in the marine food chain in terms of 
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occurrence, exposure, metabolic transformation, and toxicity of smaller-molecule oxo-

arsenicals, AsSugars, AsLipids, and thio-arsenicals. A brief discussion about the 

mechanism of toxicity of inorganic arsenic is also presented because it is the arsenic 

species with well-understood adverse effects. This chapter is published in the Journal 

of Agricultural and Food Chemistry (JAFC). J. Agric. Food Chem. 2020, 68, 943-960. 

https://dx.doi.org/10.1021/acs.jafc.9b07532.  

Chapter 3 aspires 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, quantification, and characterization, while highlighting the 

general analytical considerations. The discussions in this chapter are focused on 

hydrophilic organoarsenicals, like methylated arsenicals and AsSugars, lipophilic 

organoarsenicals, like AsHCs, AsFAs, AsSugar phospholipids (AsSugar-PLs), 

collectively called arsenolipids. This chapter is published in the Journal of Agricultural 

and Food Chemistry (JAFC). J. Agric. Food Chem. 2020, 68, 1910-1934. 

https://dx.doi.org/10.1021/acs.jafc.9b04525.  

Chapter 4 discusses the work performed in the development and optimization of the 

analytical methods. The optimized method was used to characterize the seafood 

samples and was the basis for the research work on the determination of total and 

hydrophilic arsenic species in seafood presented in Chapter 5, which was published in 

the Journal of Food Composition and Analysis (JFCA). J. Food Comp. Anal. 2021, 96, 

1-11. https://doi.org/1016/j.jfca.2020.103729. This work also contributed to the value 

assignment for total arsenic and arsenic species in seafood samples used in the ‘Health 

https://dx.doi.org/10.1021/acs.jafc.9b07532
https://dx.doi.org/10.1021/acs.jafc.9b04525
https://doi.org/1016/j.jfca.2020.103729
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Assessment Measurements Quality Assurance Program: Exercise 5’ (HAMQAP) that 

was offered by the National Institute of Standards and Technology (NIST) in 2020. The 

work is published as NISTIR 8343, HAMQAP, Exercise 5 Final Report available at 

https://doi.org/10.6028/NIST.IR.8343.  

Lack of authentic standards and reference materials has impeded the development of 

databases necessary for the identification of AsLipids. The current identification 

methods for AsLipids are very expensive in terms of instrumentation and require high 

level of technical competencies, which is beyond the reach of many laboratories. 

Therefore, new approaches are required for the identification and structural elucidation 

of AsLipids. In this work, a structural database for the identification and annotation of 

AsLipids has been presented, based on in silico fragmentation data of extant AsLipids, 

using competitive fragmentation modeling for metabolite identification (CFM-ID). 

This tool will provide a cheap, fast, robust, convenient, customizable, and readily 

accessible method of identification for AsLipids. The development and implementation 

of the tool is described in detail in Chapter 6.  

Chapter 7 gives a discussion of the future perspectives. 

1.1. Nature and occurrence of arsenic in marine environment 

Even though there is consistent evidence of health benefits from modest consumption 

of seafood, there exist possible risks and adverse effects associated with the 

consumption of seafood, especially arsenic that is inherently present as a contaminant, 

particularly organic arsenic species.19 Occurrence of high content of arsenic in seafood 

has been known since early 1900s. However, the first systematic investigation of this 

https://doi.org/10.6028/NIST.IR.8343
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phenomenon in seafood was made in the 1920s, and it took another 50 years before the 

unknown arsenic compound in lobster was identified as AsB.1 Toxicological studies 

demonstrated that AsB was harmless and its occurrence in seafood presented no health 

concerns.20 

Since the identification of AsB, over 200 additional arsenic species have been reported 

in many marine organisms, which serve as common types of seafood.7,21 The arsenic 

species of great significance, either because they occur at high levels (e.g., AsSugars 

and AsLipids) or because they have toxic properties (e.g., iAs and AsHCs) or are 

important metabolites (e.g., DMA), are discussed in depth in Chapter 2.  

There is great diversity in the level of arsenic in seafood, but arsenic in most seafood 

samples falls within the mass fraction range of about 5 µg/g to 100 µg/g dry mass.21 

Terrestrial foods, on the contrary have almost invariably low levels of arsenic with most 

samples having less than 0.05 µg/g dry mass,22 with the exception of rice, which 

typically contain about 0.1 µg/g to 0.4 µg/g.21  

Arsenic has similar chemistry with members in the same group i.e., phosphorus and 

nitrogen, which might explain how they end up in marine organisms. In normal 

seawater of pH 8.1, arsenic exists primarily as the diprotonated oxo-anion [H2AsO4]
– 

(pK2a = 6.8, ionic radius 0.248 nm). Under the same conditions, phosphate, a major 

seawater nutrient, also exists as the diprotonated oxo-anion [H2PO4]
– (pK2a = 7.2, ionic 

radius 0.238 nm). Marine algae have membrane transport systems that take up the 

essential phosphate from seawater, but these systems cannot discriminate against the 

structurally similar arsenate species. This allows easy access for arsenic into the algal 
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cell.23 Within the cell, AsV is again mistaken for phosphate leading to disruption 

(decoupling) of oxidative phosphorylation processes with resultant toxic effects. 

Further discussions on the mechanism will be presented in Chapter 2. To alleviate the 

potential toxicity of AsV, algae have developed a process of converting it to AsSugars 

through successive oxidative alkylation steps.24 

AsB is the most widespread and abundant hydrophilic organoarsenic species in 

seafood, though its biosynthetic origin remains unknown. The dominance of AsB in 

seafood is likely related to the similar chemistry of arsenic and nitrogen. AsB is 

structurally similar to glycine betaine, which serves as an osmolyte protecting 

osmoconforming organisms from changes in the salinity of their ambient water.25 Thus, 

when salinity is high the cells actively takes up small charged organic molecules, 

including glycine betaine, to counteract osmotic pressure difference within and outside 

the cells. Glycine betaines are favored over inorganic ions because at high 

concentrations they are less damaging to proteins in the cell.  

The similarity of structure of AsB and glycine betaine, see structures in Chapter 2, 

points to the possibility that the cell may be unable to distinguish between these ions 

and takes up AsB by the same transporter. This hypothesis gains credence from the fact 

that mussels maintained in seawater of varying salinities show a marked decrease in 

their arsenic content at lower salinities.26 Furthermore, the efficiency of uptake of AsB 

from seawater by these mussels decreased with increasing levels of glycine betaine, a 

result consistent with competitive uptake.27 On the other hand, fish of the same species 
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taken from adjacent waters of varying salinities showed a clear direct relationship 

between arsenic content and salinity.28 

The fact that organoarsenic species are found in marine organisms at high 

concentrations raises the possibility that they may actually be of importance to the 

organism, which could be incidental use or directed use.21 Incidentally, the organism 

uses some compounds containing arsenic because they, by chance, mimic and provide 

the same service as other commonly used natural products e.g., arsenobetaine for 

glycine betaine. The lower quantities of the arsenic compounds in organisms relative 

to the compounds they might mimic, however, suggests that such a role for arsenic is 

of little biological consequence for the organism. The possibility remains that the 

arsenic analog is very effective in its role, and that its presence even at modest 

concentrations might provide a significant advantage to the organism.21 However, there 

is no data so far to support this view. 

Of more fundamental interest is that the organoarsenic compounds serve a particular 

role in the organism, and that their biosynthesis is directed by biochemical requirements 

of the organism. For example, products derived from fatty fish, like cod liver oil, have 

high levels of arsenolipids, which are arsenic analogues of lipid natural products 

present at high levels in fish. The origin of the usual lipid is algae, and it appears likely 

that the AsLipids are also synthesized by algae.29 Work by De Mooy et al.30 

demonstrated that unicellular algae utilize nitrogen and sulfur, rather than phosphorus, 

in the biosynthesis of their membrane lipids in low-phosphate waters. This strategy to 

preserve phosphorus when the phosphate supply is limited raises the possibility that 
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arsenic may also be used in membranes in a similar way, and that the AsLipids result 

from directed synthesis by a process activated when phosphate levels are low. 

Marine algae and shellfish are the seafood exposure sources with the greatest diversity 

of arsenicals.31 Current guidelines for arsenic exposure exists only for iAs,14 which is 

the major form of arsenic in drinking water, and can be present at appreciable levels in 

rice.32 The reference doses for iAs are based on studies of high exposure from 

contaminated drinking water sources, but more recent studies have found effects of iAs 

from lower drinking water concentrations and from food.33–36 Regulators are now 

focusing on identifying the impacts of arsenic at concentrations relevant to those 

populations without a specific contaminant source of arsenic. It is therefore critical 

from a risk-based approach to conduct arsenic speciation analysis in order to determine 

the arsenic species present and their relative proportions consumed by humans and thus 

enable more accurate risk assessment.21,37,38 

Toxicity, bioaccumulation, bioavailability and mobility of arsenic are largely 

dependent on the chemical form and the extent of methylation.39 Typically, the lower 

the oxidation number, the higher the toxicity and the higher the methylation, the lower 

the toxicity. iAs species are non-threshold Class 1 carcinogens, while simple 

methylated arsenicals such as monomethylarsonic acid (MMA) and dimethylarsinic 

acid (DMA) are Class 2B with intermediary toxicity.10 AsB is nontoxic.20 Studies 

suggest that AsSugars exhibit no acute cytotoxicity or mutagenicity, even though these 

compounds may be metabolized within the human body to form potentially toxic 

metabolites like DMA.40  
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Other more complex organic arsenic compounds in the form of AsSugars and AsLipids, 

are also present at significant quantities in some types of seafood and have been shown 

to be taken up and metabolized in humans. These classes of arsenic compounds produce 

the same urinary metabolite as iAs, namely DMA,40 therefore their presence in diet 

could be confusing to studies of iAs using biomarkers such as urine and blood, or in 

studies evaluating the contribution of other dietary sources to biomarker concentrations 

of arsenic. Recent findings have also shown that some forms of organic arsenic species 

and their intermediate metabolites display cytotoxicity in cell cultures,41–45 suggesting 

that further studies of toxicity and metabolic pathway are needed.8  

1.2. Sources and distribution of organic arsenic species in marine organisms 

Levels of arsenic in seawater are low and uniform (1–5 μg/L),46 with arsenic mainly 

present as AsV. In freshwater, arsenic is also present primarily as iAs, but levels can be 

much higher than those in seawater. Despite the lower arsenic seawater levels, much 

higher concentrations of arsenic are found in the marine food chain compared with 

freshwater systems. This apparent anomaly may be explained by the transformation of 

iAs to organoarsenicals at the base of the marine food chain, and the higher 

accumulation and retention of these organic compounds in marine organisms.31  

Microalgae are the primary iAs accumulators in the marine environment and represent 

an important stage in arsenic migration through the food chain.47 It is generally 

understood that iAs, which is mainly absorbed in the form of AsV from seawater, is 

metabolized by the algae to a variety of organic arsenic species, especially AsSugars.48 

Seaweed has some of the highest total arsenic concentrations in the marine food web,14 
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shellfish generally have higher arsenic content than finfish, and demersal fish often 

contain more arsenic than pelagic fish, although differences between and within species 

can be large.31,49–51 Arsenic compounds found in seafood are divided into classes 

depending on their structure and properties (see Fig. 1). 
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Figure 1: Arsenic compounds found in Seafood 
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Estimated arsenic species distributions, based on literature reports and mean total 

arsenic concentrations for different seafood types,14,52 are depicted below (see Fig. 2). 

 

Figure 2: Estimated distributions of Arsenic Species found in different seafood types.31  

1.2.1. Inorganic Arsenic 

The presence of iAs is considered as a component of arsenic exposure from seafood, 

though this rarely happens. Elevated iAs body burdens may correspond to enhanced 

arsenic in sediments and the water column, depending on the organisms' feeding 

mechanism, and can be caused by proximity to a point source of contamination.53 
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Conversely, levels of organic arsenic in seafood are not affected by contaminated 

sites.54  

Elevated levels of iAs have been reported in bivalves and gastropods at some sites,54–

56 and have been the basis of consumption guidelines in the Pacific U.S.57 Pelagic fish, 

which generally have a low proportion of iAs tend not to accumulate higher 

concentrations of total arsenic from areas with elevated arsenic levels,58 whereas 

benthic-feeding organisms can accrue increased concentrations of iAs.53  

Compared with organic arsenic, efforts to assess iAs exposure from seafood have 

become more frequent, but there remains significant uncertainty in predicting iAs 

levels in different marine-sourced foods,59,60 again emphasizing the need for routine 

monitoring. Petursdottir et al.,61 reviewed the regulations for iAs in seafood as a food 

source and for use in animal feed.  

Concentrations of iAs are negligible in most seafood. However, the brown algae, Hijiki 

(Hizikia fusiforme), an edible seaweed used extensively in Asian cuisine, is well-

documented as having high amounts of total arsenic, the majority of which is in 

inorganic form.62–65 Some samples of other species of brown algae have also been 

found to contain high proportions of iAs, suggesting the need for more monitoring.19,66 

1.2.2. Methylated Arsenic Species 

Methylated arsenicals are present in marine ecosystems from enzymatic methylation of 

iAs to form compounds containing one to four methyl groups. Such arsenicals generally 

occur as minor arsenic species in seafood, with DMA being the most prominent.  



 

16 

 

Mollusks can contain DMA at higher proportions (3–46%) than are typically seen in 

finfish or algae.54,67,68 MMA is uncommon in marine environments and is generally 

present in trace amounts only, the same with TMAO, though it has not been found in 

seaweed but can occur at higher levels in some fish species.31 High levels of tetramethyl 

arsonium (TETRA) ion have been found in clams and gastropods.69  

The biosynthetic pathway for methylation of iAs to TMAO has been studied 

extensively in fungi and involves reduction of AsV followed by oxidative methylation 

with S-adenosylmethionine (SAM) acting as the methyl donor. For marine organisms, 

the involvement of SAM in the methylation of arsenic has been demonstrated for the 

alga Polyphysa peniculus using CD3
- labeled SAM.70  

Other pathways proposing the involvement of glutathione (GSH) or protein conjugated 

intermediaries have been fronted by Hayakawa et al.,71 and Naranmandura et al.,72 (see 

Fig. 3 below) and will be discussed further in Chapter 2.  

Other minor arsenic species include arsenocholine (AsC) which is rarely found in 

seafood, probably because it is effectively metabolized to AsB,73 although it is the 

major arsenical in some species of jelly fish.74 Several arsenic compounds can also 

occur as thiol analogs, where sulfur replaces the oxygen atom. 



 

17 

 

 

Figure 3: Three proposed arsenic metabolic pathways. (A) Oxidative methylation pathway,75 

where red arrows show methylation while blue for reduction; (B) Reductive methylation through 

As-GSH complexes;71 (C) Reductive methylation through As-protein complexes.72 

1.2.3. Arsenobetaine 

Arsenobetaine is an arsenic analog of the amino acid derivative, trimethylglycine 

(glycine betaine). AsB is recalcitrant to metabolism, discussed in detail in Chapter 2. 

The source of AsB in the food web is unclear, and there are a number of theories about 

the biosynthetic pathway of AsB formation.46 One possible pathway is via the oxidation 

of AsC following breakdown of the trimethylated AsSugar species. These compounds, 

however, are usually present at such low concentrations that it is difficult to perceive 
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them as precursors to the abundant AsB. A second pathway, not involving AsSugars, 

is via the reaction of DMAIII with glycoxylate.46 This may account for the presence of 

AsB in terrestrial organisms such as mushrooms.76  

Whatever the source of AsB, its predominance in seafood is probably due to its 

similarity to the important osmolyte, glycine betaine, which translates into AsB being 

bioaccumulated from dietary sources. Experimentally, AsB has been shown to be 

efficiently absorbed from seawater by mussels,77 whereas shrimp and fish accumulate 

AsB efficiently only from food.73 AsB is not biosynthesized by fish when fed possible 

AsB precursors dimethylarsinoyl ethanol (DMAE) or dimethylarsinoyl acetate 

(DMAA).73 In mussels, the retention of AsB seems to depend on the salinity of their 

surrounding water supporting the idea that AsB can mimic an osmolyte.26 Similarly, a 

trend in increasing total arsenic with salinity was observed across three species of 

pelagic fish, where AsB is expected to be the dominant arsenic species, also suggesting 

that AsB uptake and retention is related to salinity.28 

AsB is the major arsenic species in most finfish and shellfish. AsB is also found in 

zooplankton and some algae at the base of the food chain, but its presence in algae 

might possibly be due to epiphytic plankton or symbiotic bacteria on the surface of 

marine flora.78 In bivalve mollusks,79 which have complex arsenic speciation, AsB can 

be a significant portion of hydrophilic arsenic,68 whereas in cephalopods and 

crustaceans, which have much simpler arsenic speciation, AsB is the dominant 

species.77, In finfish arsenic species is also predominantly AsB, although AsLipids can 

be a significant fraction in some oily fish.80,81 
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1.2.4. Arsenosugars 

AsSugars are ribose derivatives, which contain mainly dimethylarsinoyl (Me2As(O)-) 

moiety bound via the C-5 of the ribose ring, with various substituents at C-1.1,82,83 They 

can also contain a trimethylarsenio moiety instead of the dimethylated one, although 

these are far less prevalent. There are so far at least 20 known AsSugars, of which four 

of them i.e., AsSugar-OH, AsSugar-PO4, AsSugar-SO3 and AsSugar-SO4 (see Fig. 2) 

are by far the most widespread in marine organisms. An in depth discussion of these 

compounds will be presented in Chapter 2.  

There is no known biological function for AsSugars, just as their exact biosynthesis is 

still unknown. None of the enzymes involved in the attachment of the ribose- moiety 

to DMA have been identified, although it is highly likely that the methyl groups and 

ribose moiety attached to arsenic are provided by S-adenosylmethionine (SAM).84,85 It 

has been demonstrated that AsSugars are directly synthesized by phytoplankton,86–89 

and the brown macroalgae Fucus serratus.24 AsSugars have also been found in deep 

sea vent mussels,90,91 which suggests a bacterial source of these compounds. However, 

neither the Fucus-associated fungi Fusarium oxysporum meloni isolated from Fucus 

gardneri,92 nor the culturable bacteria associated with unicellular phytoplankton 

cultures,87 were found to transform arsenic species. 

AsSugars are associated with marine algae, which accumulate arsenic from seawater 

and store it largely in the form of AsSugars, usually at high concentrations (20–100 

µg/g dry weight), and as the major arsenic species (>80% of total arsenic).135,161 

Mollusks and crustaceans that are predominantly filter feeders or grazers, can also 
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contain AsSugars from consuming algae or phytoplanktons, though concentrations are 

generally much lower.136,144 

The accumulation of AsSugars in seaweed results from the transformation of AsV. 

Marine algae take up arsenic from seawater presumably due to the chemical similarities 

between arsenate (HAsO4
2-) and the major seawater nutrient, phosphate (HPO4

2-).11 To 

alleviate its potential toxicity, most algal species transform AsV to AsSugars and other 

organoarsenicals. A pathway has been proposed for the transformation which involves 

enzyme-catalyzed production of methylated arsenic followed by synthesis of AsSugars 

and AsLipids.11 The variable distribution of AsSugars among seaweed is believed to 

be due to difference in enzymatic systems that carry out the biotransformation 

processes.94 Certain seaweed such as hijiki, however, accumulate AsV due to lack of 

genetic capability for its conversion or because the process is energetically expensive.95 

Geiszinger et al.24 showed that the transformation of AsV in a brown alga (Fucus 

serratus) becomes inefficient under high exposure. 

1.2.5. Arsenolipids 

Lipophilic organoarsenic compounds generally known as arsenolipids (AsLipids) are 

novel species of interest that have relatively high natural levels in seafood and 

seaweed.96 In seafood, AsLipids comprise up to 70% of the total arsenic content,18 

which accounts for between 0.3-3.6 g As g-1 dry weight. The highest amounts were 

found in fatty fish,80 like herring (Clupea harengus), cod (Gadus morhua), capelin 

(Mallotus villosus), and mackerels (Scomber scombrus) and seaweed,96 like Hijiki 

(Hizikia fusiformis) and Wakame (Undaria pinnatifida). The existence of arsenic in 
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lipid extracts of fish and algae was originally reported by Lunde in 1968,15 but their 

structures still remained unknown. The first structure of AsLipids was presented by 

Morita and Shibata in 1988 through their classic study using 1H NMR and identified 

AsSugar-PL 958 in a marine alga, Wakame (Undaria pinnatifida).97 

AsLipids elicited research interest due to their novel structures, their likely role in 

membrane biochemistry, and since they exist in common seafood with potential health 

concern based on arsenic toxicity.21 AsLipids are of toxicological concern because of 

the recent discovery that AsHC 332, AsHC 360 and AsHC 444 demonstrated 

substantial toxicities in various in vitro and in vivo systems, comparable to that of iAsIII, 

a well-characterized carcinogen.42,44,98–101 However, the molecular modes of action 

regarding their toxicity as well as their metabolism in the liver still remain unclear.98 

Among AsHCs, the toxicity is dependent on the structure and polarity of the AsHC.42  

Since AsHCs are often found to be the dominant AsLipids, especially in fish and fish 

oil, there is pressure for obtaining more information on AsLipids. Even though their 

cytotoxic effect in human liver cells are lower than iAsIII and they do not show any 

genotoxic effects, the risk to human health from AsFA 362 and AsFA 388 cannot be 

excluded.43,45 The need for more data on AsLipids is evident, and simple methods for 

the determination of AsLipids are of great importance to accomplish this task. Further 

discussions on this topic will be presented in Chapter 2. 

More than 200 AsLipids have been discovered in various marine samples and 

distributed between ten lipid classes: As-containing fatty acids (AsFA), first reported 

in cod liver oil,17 have been found in a range of fish species 7,80,102–106 in addition to 
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algae;107 As-containing hydrocarbons (AsHC), following the first report of their 

presence in capelin,18 have also been found in various fish81,106,108–110 and in two species 

of algae;111,112 dimethyl As-containing fatty alcohols (DMAsFOH), reported after 48 h 

incubation of HepG2 cells with AsHC 332 and AsHC 360;98 trimethylarsenio fatty 

alcohols (TMAsFOH), first reported in capelin oil,113  have been found in capelin, 

herring and blue whiting fish meals and edible seaweed dulse;112,114 As-containing 

phosphatidylethanolamine (AsPE) and As-containing phosphatidylcholine (AsPC), 

first reported in herring caviar,115 have been found in capelin, herring and blue whiting 

fish meals and green alga (Coccomyxa schmidle);114,116,117 arsenosugar phospholipids 

(AsSugar-PL), first reported in marine alga Wakame,97 have also been detected in other 

algae;107,111,112,118 As-containing phosphatidylinositol (As-PI) and As-containing 

phosphatidylglycerol (AsPG) have only been reported in green alga;117 arsenosugar 

phytols (AsSugar-Phytol), first reported in unicellular green alga (Dunaliella 

tertiolecta),119 have been found in biota and sediments from lakes;120,121 and As-

containing triacylglycerides (AsTAGs) were first presumed to be present in oil extracts 

of blue whiting fish (Micromesistius poutassou),122 and later in the Peruvian anchoveta 

(Engraulis ringens),106 and green alga (Coccomyxa schmidle).27 

The AsLipids are often grouped into categories of polar and non-polar AsLipids,102,122 

and so far, more focus has been on polar AsLipids. Different extraction methods have 

been used for the determination of AsLipids, including partitioning between heptane 

and MeOH/H2O (9:1);7,109 sequential extraction of hexane followed by 

MeOH/DCM,106,107,123 acetone and MeOH/H2O;80 and sequential extraction of 
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MeOH/chloroform, subsequently partitioned between H2O and MeOH/chloroform and 

then the AsLipids further partitioned between hexane and MeOH.81 

Further sample clean up and purification includes partitioning between several solvents 

of increasing polarity using silica columns.102,106,124 With a wide choice of extractions, 

the order of the extraction can have an effect on the stability of AsLipids in the 

biological sample, since sample preparation can interfere with the identification of 

AsLipids, presumably due to their stability towards hydrolysis reactions.81,106 

1.2.6. “Residual” Arsenic 

A residual (unextractable) fraction often remains following speciation analysis, and can 

contain a significant proportion of total arsenic in some samples.123,125 The form of 

arsenic in this fraction remains unclear (see Fig. 4). Seaweed can contain variable 

amounts of unextractable or residual arsenic,123,126–128 which is thought to be bound to 

thiol-containing structural compounds.78 Mollusks frequently have high levels of 

residual arsenic (8–58%),54,67 and while arsenic in crustaceans is mostly hydrophilic, 

the residual fraction can also be significant (9–17%).129 In mussels, the residual fraction 

was identified as predominantly thiolated arsenic compounds, suggesting this to be a 

metallothionein-rich protein-bound fraction rather than a lipid fraction.54 Very little is 

known about the metabolic fate of protein-bound arsenic when consumed. 

The unextracted arsenic may be attached to cell components and/or proteins 127 and 

require aggressive extraction conditions that would likely alter their native chemical 

forms.130 If the focus of one’s analysis is unambiguous identification of native 
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arsenicals in the samples, preserving the stability of the species takes precedence over 

quantitative extraction with aggressive conditions. 

1.3. Consumption Patterns 

Globally, the highest consumers of seafood are populations from Iceland, Maldives, 

and Japan,131 while parts of Scandinavia, the North Baltics, and Southeast Asia are also 

high consumers.132,133 Japan and Korea are high consumers of pelagic fish and shellfish 

(mollusks, and crustaceans), whereas pelagic and demersal fish are highest in the North 

Baltics, and shellfish consumption is a major source of seafood in Southeast Asia.133  

Seaweed has highly variable consumption rates between countries, and likely between 

ethnic sub-populations. Seaweed is a staple in Japan, Korea and China, and 

consumption rates in Japan have been estimated as high as approximately 20 g wet 

weight per day,134 with a shift in the prominent type of seaweed consumed from 

Kombu, which can have higher iAs concentrations,59 to Wakame and Nori.135 

The USA and Western Europe are medium consumers of seafood on a global scale,131 

yet seafood consumption is estimated to account for 90% of total As exposure in the 

U.S. Variation between sub-populations is large, both in terms of total consumption 

and seafood type. Sex, age and proximity to the coast influence fish consumption, and 

ethnicity plays a major role in consumption rates, with the “Other” category of 

ethnicity, which includes Asians, Native Americans, Pacific and Caribbean Islanders 

and mixed races, having the highest consumption of fish and shellfish.  

The consumption of different classes of seafood from several countries with varying 

diets is shown on the left side of Fig. 4, while the hypothetical intake of arsenic species 
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by different consumer groups was then estimated as shown on the right side of Fig. 4, 

based on median seafood concentrations and estimates of arsenic species distribution 

(see Fig. 2). Exposure is also affected by the concentrations of organoarsenicals in 

seafood. Levels of total arsenic content varied by greater than two orders of magnitude 

for most of the seafood types,14 and the distribution of arsenic species can also vary.  

 

Figure 4: Seafood Consumption by country and hypothetical intake of arsenic species based on 

estimated distributions of arsenic species and seafood consumption data.
31

 

Consumptions were compared using estimates of iAs reported in mussels,55 and of 

higher AsLipid concentrations found in oily pelagic fish 81 compared with median 

estimates. The effect of these reported arsenic species concentrations on intake 

reinforces the need for further evaluation of arsenic species in seafood. 

1.4. Analytical Considerations for Risk Assessment 

Total arsenic as an indicator for risk due to dietary exposure is inadequate,93 and 

accurate account for the myriads of arsenic species in the seafood present considerable 

challenge for food safety regulatory authorities.61,136,137 Since not all the arsenic in 

seafood is toxic, the complex distribution of arsenic species in marine organisms imply 

that evaluation of risk focusing primarily on iAs may provide a biased perspective.93 
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Arsenic occurs naturally in seafood in a variety of organic chemical forms. Therefore, 

considering only the iAs fraction in determining toxicity might underestimate the risk, 

since the major fraction containing arsenic may be present in a form with potential 

and/or unknown toxicity.137 This would contravene the precautionary principle of risk 

assessment that errs on the side of caution. Focusing only on iAs, especially for 

seaweed, where AsSugars with unknown toxicities dominate, would distort the level of 

potential toxicity.93  

Seafood is considered safe owing to the benign nature of AsB that predominates and 

the low levels of iAs. However, the recent finding that some AsLipids, especially the 

AsHCs, have cytotoxic properties like those of iAs has created interest regarding their 

implications in human health. Current regulations for arsenic exposure focus mainly on 

iAs, a known carcinogen.31 Unfortunately, apart from the fact that iAs is 100% 

bioavailable in drinking water, the regulatory limits for iAs are derived from studies of 

high exposure from regions with endemic contamination of drinking water.138,139 

Therefore, the mode of action and exposure levels invalidates the significance of these 

risk assessments with regard to seafood as a source of arsenic exposure.140   

Setting of standards for arsenic in seafood is intricate owing to the enormous metabolic 

diversity of organic arsenic species in humans and the lack of reliable speciation data 

on dietary sources.93 Knowledge of arsenic speciation in this case is key since the 

chemical form of arsenic controls its bioavailability, mobility and toxicity.12 The 

requirement to establish regulations in relation to toxic iAs in food and to collate 

additional organic arsenic speciation and toxicity data was underscored by the 

European Food Safety Authority (EFSA) in their 2009 review.141  
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The challenges encountered while evaluating exposure to organoarsenicals in seafood 

are largely due to analytical complications in reliably determining their complex 

distribution in some of these samples. Speciation analysis for organoarsenicals in 

seafood and seaweed is almost exclusively achieved by liquid chromatography coupled 

with inductively coupled plasma mass spectrometry and/or electrospray ionization 

mass spectrometry (LC-ICPMS/ESIMS). This approach consists of four main stages: 

Extraction, Separation, Detection and Characterization or Identification. A detailed 

discussion on this approach will be discussed in Chapter 3.  

Analytical methods capable of distinguishing and quantifying the various forms of 

arsenic species in seafood and seaweeds are required. Intrinsic to these methods are 

sample handling procedures that maintain the arsenic species in their native form as 

they naturally occur. Factors restricting progress in this area include the need to 

perform sample preparation before analysis, and the lack of adequate knowledge on the 

stability of the analytes during common sample preparation steps.  

Pétursdóttir et al.,114 observed that the order of extraction solvents had a major 

influence on the concentration of each fraction with a large portion of the arsenic in the 

hydrophilic fraction being extracted into the MeOH/DCM fraction. When water was 

used for extraction before hexane, a lower concentration of arsenic was obtained in the 

hexane fraction for all fish meal samples. Due to the very different polarities of water 

and hexane, this trend cannot be attributed to a partitioning problem of the compounds, 

but rather to a species transformation of the labile non-polar lipids.114 



 

28 

 

The reduction of arsenic in the hexane fraction following water extraction can result 

from the hydrolysis of non-polar AsLipids. Hydrolysis of the labile AsLipids short- and 

medium- chain fatty acids have also been observed in fish oils and was postulated to 

be as a result of hydrolysis products of their triglycerides.106 With water as the first 

extractant results in an underestimation of AsLipids in hexane fraction (non-polar labile 

lipid fraction). The toxicological implication is that the unstable AsLipids would be in 

contact with water during digestion and therefore become hydrolyzed when consumed.  

On the other hand, with hexane as the first extractant followed by MeOH/DCM, gives 

a better idea of the amount of non-polar AsLipids (hexane fraction) but gives no 

information on the amount of AsLipids in the MeOH/DCM fraction (polar lipid 

fraction). This is due to the partitioning of the hydrophilic arsenic into the relatively 

polar MeOH/DCM fraction. Therefore, both methods are required to quantify the labile 

portion of the non-polar AsLipids. 

Sequential extractions give an idea of the distribution of arsenic between hydrophilic 

arsenicals and polar and non-polar AsLipids without using speciation. Sequential 

extraction indicated that most of the arsenic was present as water-soluble arsenic 

species and a significant portion of AsLipids was found in the polar MeOH/DCM 

fraction for fish meal samples.114 Sequential extraction, and therefore fractionation 

though they seem helpful in speciation analysis, can however not fully replace 

identification using HPLC-ICPMS/ESI-MS, since fractionation is somewhat arbitrary. 

Although there are many studies identifying organoarsenicals, and new compounds are 

regularly being reported, their quantification is still proving to be difficult. A further 
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difficulty in the speciation analysis of arsenic in seafood arises from the ability to 

reliably identify and quantify the extracted species. The use of orthogonal 

chromatographic methods is recommended for different groups of arsenicals since it is 

improbable to achieve efficient chromatographic separation of anionic, cationic and 

neutral species using a single method.142 The outcome of inefficient separation was 

demonstrated in a proficiency study where algal iAs concentration was often 

overestimated due to co-elution of AsV with other cationic organic arsenic species.143 

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. To simplify 

speciation analysis, Feldmann et al.93 developed a routine analytical approach that 

categorizes arsenic species into three clusters based on the International Agency for 

Research on Cancer (IARC) classification of the carcinogenicity of arsenic species.  

The three categories are 1). toxic inorganic arsenic (iAs) fraction, which is determined 

as arsenate (AsV) after oxidation, 2). AsB, which is established as non-toxic, and 3). 

the leftover arsenicals, which may contain AsSugars and other non-water extractable, 

lipophilic arsenicals with potential and unknown acute toxicity (see Fig. 5). 
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Figure 5: Classification of arsenic species in seafood based on their toxicities. 

Arsenic speciation analysis is performed with the objective of understanding the 

presence and proportions of the various arsenicals from dietary sources.130 The number 

of organic arsenic species discovered in seafood continues to increase in tandem with 

advances in instrumentation and analytical protocols. Significant advances have been 

made in designing highly sensitive and selective separation and detection techniques 

for the explicit characterization of known and unknown organoarsenicals.144  

Characterization and quantification of organoarsenicals in seafood is impeded by lack 

of widely accepted analytical protocols, well-characterized and commercially available 

standards to be used as calibrants and certified reference materials (CRMs) for quality 

assurance and method validation.145,146 Samples analyzed here are candidate reference 

materials and the data generated will form part of their certification and property value 

assignment for interlaboratory intercomparisons respectively. 
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The selection, acquisition and storage of samples used in this work is discussed in depth 

in Chapter 5. Briefly, Five classes of seafood, i.e., Spirulina (Spirulina platensis), Kelp 

(Thallus Laminaria), Geoduck clam (Panopea generosa), Shrimp (Northern brown 

shrimp, Farfantepenaeus aztecus and Pacific white shrimp, Litopenaeus vannamei), 

and Coho Salmon (Oncorhynchus kisutch) were selected as proxies for the different 

human dietary intake to demonstrate the extent of exposure to arsenicals from the same.  

Shrimp represented the crustaceans, geoduck clam is a bivalve mollusk, both are filter 

feeders that have a sedentary lifestyle at the base of the sea. Since geoduck feeds on 

planktons and macroalgae, it is expected to have high levels of AsSugars and AsB with 

limited amounts of iAsV and DMA. Kelp is a brown algal seaweed that has been part 

of human diet for centuries. It is rich in iodine, a vital element for thyroid health and 

folic acid, thus is used as a dietary supplement. This motivated the selection of kelp as 

a sample due to its health benefits and as an important exposure route for arsenic, 

especially AsSugars.  

Spirulina a filamentous cyanobacteria represents an important staple diet in humans 

characterized by high nutritional value with high protein content. Spirulina is also 

consumed as a dietary supplement with proven and presumed health benefits that will 

be discussed in Chapter 2. Both the wild-caught and aquacultured shrimps are an 

important food type because they are the most highly consumed seafood in America. 

They are a significant contributor to the estimated 90 % of total dietary exposure to 

arsenic, especially to the US population. Salmon was selected because it is an oily 

finfish, which is regarded as healthy due to its protein, ω-3 LC-PUFA and vitamin D. 
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Salmon is a potential source of human exposure to AsLipids. High consumption of 

spirulina, shrimp and salmon makes them an important route for arsenic exposure. 

Studies demonstrated arsenic species in geoduck, spirulina, kelp, and wild-caught 

shrimp to be hydrophilic, therefore a water extraction method was developed and 

optimized for their identification and quantification (see Chapter 4). Due to lack of 

well-characterized and commercially available AsSugars standards and certified 

reference materials for the determination of this class of organoarsenic species, kelp 

samples were extracted, fractionated, concentrated, purified, and characterized for 

AsSugars. Three AsSugars i.e., AsSugar 328, AsSugar 392 and AsSugar 482 were 

separated and purified and were used for identification and quantification of samples 

in this work. The process involved in the development of these in-house AsSugars 

standards is discussed in detail by Yu et al.147  

The project was divided into three major phases (see Fig 6); Phase I covered the 

optimization of the extraction process to improve the extraction efficiencies for arsenic 

species. This involved the study of different factors that affect arsenic extraction from 

the sample matrix. The parameters studied included, effect of solvent composition, 

time, temperature, and extraction methods on the extraction efficiency of arsenic in 

seafood. Geoduck was used as the study material because it was the seafood with the 

highest diversity of arsenic species based on the selected proxy samples. 

Phase II covered the actual determination of total arsenic content and speciation of 

hydrophilic arsenicals in seafood samples. Total arsenic was performed using ICP-MS 

after mineralization and quantification by method of standard addition. Arsenic 
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speciation was performed using several orthogonal methods described in Chapter 4. 

Further, we studied the effect of oxidizing solvents (HNO3 and H2O2) on the arsenic 

species stability and extraction efficiency of AsSugars and iAsV. 

Phase III was supposed to be the determination of the lipophilic fraction of the samples, 

but because of COVID-19 pandemic that adversely affected research work and limited 

access to the laboratories, modifications to the approach were made. Since there is no 

known database for the novel AsLipids and because one of the objectives of this project 

was to identify the lipophilic arsenicals in seafood, the decision to develop an in silico 

database based on extant AsLipids data was reached.  

This database is meant to be a cheap, robust, customizable, accessible, and user-

friendly tool for identification of all classes of AsLipids using tandem mass spectral 

data as input. Structural information of extant AsLipids was used to train the model for 

prediction of the tandem mass spectral data. The combination of the trained model and 

more than 270,000 predicted AsLipids structures were developed into a searchable 

molecular library discussed in chapter 6. 
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Figure 6: Schematic representation of the project work-flow. 
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Chapter 2: Organoarsenicals in Seafood: Occurrence, Dietary 

Exposure, Toxicity and Risk Assessment Considerations. 

The work discussed in this chapter has been published in the Journal of Agricultural 

and Food Chemistry. J. Agric. Food Chem. 2020, 68, 943-960. 

2.1 Introduction 

Seafood encompasses a heterogeneous group of aquatic organisms not only from the 

marine environment but also freshwater, including shellfish like mollusks and 

crustaceans, and all types of finfish.148,149 Shellfish includes mollusks: bivalves 

(mussel, oyster, and scallop), univalves (abalone, snail, and conch), and cephalopods 

(squid, cuttlefish, and octopus); crustaceans (crayfish, crab, shrimp, and lobster), and 

echinoderms.148 In most cases, seaweeds (macroalgae) and unicellular bacteria 

(microalgae) are considered as seafood.  

Seafood and seaweed are deemed as essential portions of healthy diets as they comprise 

various nutrients linked with beneficial health effects150 and they are widely used as 

dietary supplements. Human consumption of seafood has been increasing steadily 

mainly because of the reports of health benefits associated with their 

consumption.150,151,152 In this section, we are going to consider the different categories 

of seafood in terms of their nutritional composition, health benefits, consumption 

patterns and economic importance. 

2.1.1. Microalgae (Spirulina) 

Spirulina are filamentous blue-green microalga belonging to the oscillatoriaceae 

family that naturally grows in warm alkaline water in tropical and subtropical 
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regions.153,154 Spirulina are also commercially cultivated in large outdoor or 

greenhouse ponds under controlled conditions.155 These microalgae can be harvested 

and processed easily and have significantly high macro- and micronutrient contents. 

Cultivated species of spirulina include S. fusiformis, S. laxissima, S. subsalsa, S. lonar, 

S. labrinthiformis, S. maxima and S. platensis. Among these, S. maxima and S. platensis 

are widely exploited for their nutritional and therapeutic aspects.156  

Spirulina are considered among the most healing and prophylactic food items lacking 

cellulose cell wall,154 which makes them easily digestible to yield high protein content 

(up to 70% by dry weight), with optimal balance of amino acids, particularly essential 

amino acids, such as leucine (10.9%), valine (7.5%), and isoleucine (6.8%).157–161 

Spirulina have up to 10 times more β-carotene than carrots per unit mass.157 Spirulina 

contains carbohydrates, sterols and some more vital elements like calcium, iron, zinc, 

magnesium, manganese and selenium.3,162,163 They have low nucleic acid content and 

high-value cell components such as vitamin B12, A, C, and E, and a whole spectrum of 

natural mixed carotenoids and xanthophylls phytopigments.163–166  

Spirulina is a rich source of essential fatty acids such as palmitic, oleic, lauric, 

docosahexaenoic acid (DHA, C22:6 ω-3) (up to 9.1% of the total fatty acid content), 

and it is an interesting source of γ-linolenic acids (GLAs) (20–25% of the total lipid 

fraction),167,168 a precursor of leukotrienes, prostaglandins, and thromboxans associated 

with the regulation of inflammatory, immunological and cardiovascular disorders.159 

Spirulina contains clionasterol, which is associated with increasing the formation of 

the plasminogen-activating factor in vascular endothelial cells.159,167 
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Food and nutrition scientists have progressed from identifying and correcting 

nutritional deficiencies to designing foods that promote optimal health and reduce the 

risk of disease.169 Spirulina is thus presented as a “functional food” or “nutraceutical” 

i.e., food that contain bioactive compounds, or phytochemicals, that may benefit health 

beyond the role of basic nutrition.170  

As a functional food, spirulina can promote growth and development, enhance 

performance, and provide health benefits by reducing the risk of chronic diseases and 

enhancing the ability to manage the same, thus improving the quality of life. Many 

people use spirulina in their self-care strategy for more energy, nutritional insurance, 

weight control, and cleansing.170,171 

Spirulina has positive effects on cholesterol metabolism by increasing high density 

lipoproteins (HDLs) levels, which can contribute to a healthier functioning of the 

cardiovascular system.172 Although the exact biochemical mechanism by which 

spirulina reduces lipid levels is not well understood, some studies have presumed that 

it’s related to the high content of c-phycocyanin (Pc), a biliprotein found in blue-green 

alga,173–175 which inhibits pancreatic lipase activity.176  

Phycocyanin contains an open-chain tetrapyrrole phycocyanobilin, which is 

responsible for their antioxidant properties.177 Phycocyanin can activate 

atheroprotective heme oxygenase-1 (HMOX-1), a key enzyme in the heme catabolic 

pathway, in endothelial cells improving atherosclerosis.178 Phycocyanin is also a 

known apoptosis inducer,179 wound healing agent,180–182 and an anti-tumor.183  
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Like other nutraceuticals, spirulina is recommended in preventing or managing 

anemia,184 viral replication,163, hypercholesterolemia,178,185,186 hyperlipidemia,187–190 

non-alcoholic fatty acid disease,191 hypertensive effects,168,186,190,192 inflammation,162 

hyperglycerolemia,193 obesity,192 lipid peroxidation,194–196 and cancer.197–200 Spirulina 

is also antidiabetic,201–203 antiarthritic,204 provides protection against heavy metal 

chemical-induced toxicity and alteration of antioxidant defense mechanism in the liver, 

and produces antigen-specific antibodies to help treat depression and attention-deficit 

hyperactivity disorder (ADHD).172 Although fewer clinical studies have been 

performed in humans, spirulina does show effective antioxidant activity, making it a 

potential treatment for chronic obstructive pulmonary disease (COPD) and skeletal 

muscle damage caused by exercise-induced oxidative stress.205–207 Most of these effects 

are linked with phycocyanin activity.173–175 

These health benefits have caused spirulina to receive considerable attention from 

industry that has led to their large scale production (see Fig. 7).3,163 The growing 

demand for spirulina in the global market is from nutraceutical and food manufacturers, 

where it is consumed as a dietary supplement and its added in different food recipes 

such as salads, breakfast meals, desserts, mixed with drinks such as water, juices, 

smoothies, and many food products to attract health-conscious consumers.  

Estimates by the European Algae Biomass Association (EABA) show that the global 

market share for spirulina which stood at $348 million in 2018, is projected to grow at 

a compound annual growth rate (CAGR) of 9.4% to reach $629 million by 2025; 

whereas, in terms of volume, this market is projected to grow at a CAGR of 13.6% 

from 2019 to reach 68,025.2 tons by 2025. 
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Figure 7: Health benefits for taking spirulina 

Spirulina is gaining more attention and worldwide acceptance from health enthusiasts 

as a food ingredient due to its highly diverse nutritive nature, bioactive and functional 

properties, and sustainable production, which has been the driving force for the growth 

of the global spirulina market. Moreover, factors such as growing health and wellness 

trends; stringent regulations regarding the inclusion of synthetic colors and flavors; 

increasing vegetarianism and preference for spirulina sourced products, especially 

pigments and ω-3 fatty acids; growing use of spirulina in aquaculture diets; and 

increasing consumer awareness for preventative healthcare that has resulted in 

increasing number of dietary supplements that include spirulina as ingredients further 

support the growth of the global spirulina market (Fig. 8).172  

Japan, USA and European countries are the main importers of spirulina powder.208 The 

widespread interest in algal foods and/or their functional food potential is evident in 

numerous recent reviews.156,167,169,209–216 
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The United States Food and Drug Administration (FDA) approved the use of spirulina 

extract as natural blue color additive in different foods and coating formulations in 

dietary supplement capsules and tablets. Spirulina was successfully used by the 

National Aeronautics and Space Administration (NASA) as a dietary supplement for 

astronauts on space missions, owing to its ability to modulate immune functions and 

exhibits anti-inflammatory properties.  

Spirulina is “generally recognized as safe” (GRAS) when used as food ingredient in 

levels ranging from 0.5 to 3.0 g/serving. Though their effects are mild compared to 

those of pharmaceutical products, they are considered safe, and ingestion through the 

daily diet as a supplement is responsible for their long-term physiological health 

benefits.217 Normally, when spirulina is used as a nutritional supplement, it is 

recommended that no more than 15 g per day on dry weight basis is consumed.208 

 

Figure 8: Market drivers for growth of demand for spirulina 
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2.1.2. Macroalgae (Seaweed) 

Multicellular algae that inhabit the sea are called ‘marine macroalgae’ or ‘seaweed’. 

Seaweed are plant-like organisms that generally live attached to rocks or other hard 

substrata in coastal areas. Colloquially, they are classified into three groups (see Fig. 

9), based on the pigmentation of their thallus, corresponding to phylum phaeophyta 

(brown algae), rhodophyta (red algae), and chlorophyta (green algae).218–220  

There are about 10,000 different species of seaweed which are found in all climatic 

regions across the globe.221 Red and brown algae are mainly used as human food 

sources.222 While many plants and fungi are poisonous and unsuitable for human 

consumption, all seaweed harvested in clean water are considered safe, except for a 

few species in the tropics.221 Therefore, seaweed is a novel food source almost 

comparable in richness to the addition of the plant kingdom to a hypothetical cuisine 

based only on animal products. 

 

Figure 9: Phylogenetic tree highlighting three classes of marine macroalgae: green, red and brown. 
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Seaweed are an almost unexploited resource for primary foodstuff in the Western 

world, whereas they are an essential part of the oriental cuisine,223 where they have 

been cultivated in large scale.224 In the West, especially in Europe, seaweed are 

exploited mostly as extracts for additives, thickeners, and stabilizers in processed food, 

specifically alginates, carrageenan, and agar (E400-E407).221 They are also widely 

applied in the industrial (pharmaceutical, cosmetic and biogas production) and 

agricultural (fertilizers and animal feed) sectors.  

In the U.S., the use of seaweed has usually been limited to industrial applications,209 

with limited human consumption in a few coastal areas.225,226 However, demand by the 

EU and US markets is increasing, owing in part to actual and perceived health benefits 

of seaweed, as well as the growing popularity of the ‘healthy’ Asian cuisine.221 

Seaweed are optimal for human nutrition because they contain a bounty of important 

minerals, trace elements, vitamins, proteins, iodine and long chain polyunsaturated 

fatty acids (LC-PUFA).222,227–231 Seaweed are well known to contain a high proportion 

of polysaccharides (30-75% on dry weight basis), which are considered dietary fibres 

for human consumption and hence contain few calories. The levels of dietary fibre are 

up to 49.8% dw for a red seaweed such as Porphyra spp (Nori) and up to 62% for the 

brown seaweed H. fusiforme (Hijiki).222  

The protein content varies generally from 5% to 47%, and it contains most of the 

essential amino acids. For example, the red seaweed contain a high level of proteins 

(47% dw for Palmaria yezoensis and 35% for Palmaria palmata) while green seaweed, 
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such as Ulva lactuca (sea lettuce), show a lower protein level (10-25% dw) and brown 

algae, such as Laminaria japonica, have the lowest protein content (5-12% dw).  

According to these data, the red seaweed seems to be the most suitable source of 

proteins for human nutrition. These species, especially Palmaria palmata (dulse) are 

described as containing high concentration of methionine, up to 4.5 g amino acid/100 

g of protein. However, other species belonging to the brown seaweed (e.g. Laminaria 

digitata and Undaria pinnatifida) show a lower concentration in this amino acid, with 

1.6 g amino acid/100 g of protein.232 

The mineral content of seaweeds is generally higher than ten times that of terrestrial 

plants.221 Some seaweed possess high levels of mineral elements which have nutritional 

value such as calcium and magnesium. This is true for green algae (Ulva spp), which 

have been found to contain up to 3.25 g of calcium per kg of dry weight.231 The brown 

seaweed, especially the species Laminaria digitata, are rich in iodine (up to 10 g per 

kg dw). However, this high iodine concentration led to a prohibition in France in 1990 

against the human consumption of this species. Although it is now permitted, the final 

iodine content in the Laminaria product must be below 500 mg per kg dw.232 The salty 

taste of many types of seaweed is due to potassium salts, which generally outbalance 

the sodium salts. This makes seaweed a good salt substitute in food and maybe an 

option to combating the increasing global problem of hypertension.221  

Edible seaweed are characterized by low levels of lipids, generally between 1.5 and 

3.3% dw, more than half of the fat consists of unsaturated fatty acids, the majority of 

which are essential ω-3 and ω-6-LC-PUFA, like arachidonic acid (AA), ω-6 
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eicosapentaenoic acid (EPA) and ω-3 docosahexaenoic acid (DHA). Microalgae 

contain all the three fatty acids while seaweed contain only AA and EPA, and very 

little, if any DHA. The ratio of the amount of ω-3 to ω-6 fatty acids in seaweed is in 

the range of unity or even greater in certain cases.222 This is in contrast to a typical 

European or North American diet, which has ratios of about 0.1 and 0.05, 

respectively.233 Their actual nutritional composition depends on the seaweed species, 

age, geographic origin, season of harvesting, environmental conditions and storage 

conditions (see Table 1).221,234 

SNo. Nutrients in seaweeds Composition 

1. Proteins, essential amino acids 7% to 35% 

2. Dietary fibre (soluble, insoluble) 45% to 75% 

3. Vitamins A, B (B1, B2, B3, B6 and B12 of folate), C, E 

4. Iodine Variable large amounts in some brown species 

5. More K+ salts than Na+ salts  

6. Minerals Fe, Ca, P, Mg, Cl 

 Trace elements Zn, Cu, Mn, Se, Mo, Cr 

 Essential fatty acids (2% to 5%) ω-3 (EPA, no DHA), ω-6 (AA) 

Table 1: Important nutritional elements in seaweeds. Percentages refer to dry weight. 

Nutritionists generally recommend that the diet be equally balanced with regard to ω-

3 and ω-6 fatty acids.233 The severe imbalance toward too much ω-6 in the Western 

diet is believed to be one of the main causes of the burden of ill health, in particular in 
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relation to heart and coronary diseases, obesity, diabetes and certain mental 

diseases.235–237 Seaweed contain high amounts of natural antioxidants such as 

polyphenols,227 which might be responsible for protecting LC-PUFA in seaweed when 

they are used as whole foods.  

Seaweed intake has been linked with reduced risk of breast and colorectal cancers, 

perhaps owing to the extraordinary fiber and vitamin content.238 Both kelp and laver 

contain a large amount of iodine, a vital element for thyroid health.147 Laver is an 

excellent source of vitamins A and C, while kelp is a good source of folic acid.147 

Seaweed are believed to have formed the most important component of our ancestors’ 

diet who evolved by foraging in coastal areas.223 Seaweed may have played a role not 

only for human nutrition and health but also been pivotal for human brain and neural 

system evolution since they contain essential elements for brain development, 

specifically ω-3 & ω-6 LCPUFAs at a proportion close to 1:1,237 polysaccharides, 

phlorotannins, taurine, magnesium, zinc, vitamin B12, iodine, and dietary fiber mainly 

due to indigestible sulfated polysaccharides.217 Seaweed can therefore be considered to 

be brain food, and it is their perfect balance of ω-3 and ω-6 LC-PUFA that is 

particularly beneficial to human health.  

Further, seaweed is rarely implicated in allergy risks compared to other seafood, like 

fish. Only one incident of anaphylactic shock has been reported after the consumption 

of Ogo-Nori (Gracilaria verrucosa). In this respect, seaweed could thus be used as a 

substitute for some allergenic dietary sources.239 Seaweed is also probably the most 

versatile cooking ingredients, because they can be eaten raw, cooked, baked, toasted, 
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pureed, dried, granulated or deep-fried. They can be eaten on their own or in countless 

combinations with other hot or cold ingredients.221 Seaweed is believed to retain the 

greater part of its nutritional value if consumed unchanged. 

Seaweed can be harvested in the wild or grown in the sea in large quantities in a 

sustainable fashion. They hold great potential to make a significant contribution to the 

global food supply in future due to their low-carbon imprint of sustainable food 

production and great contribution to human health and nutrition. These ‘vegetables of 

the sea’ will help to renew and balance our diet and may contribute to combating the 

increased incidences of Western lifestyle-related diseases, such as hypertension, cancer 

and obesity, as well as mental disorders.233,236 The global market for seaweed for human 

consumption amounts to about US $10 billion annually.240  

In 2018, farmed seaweed represented 97.1 % by volume of the total of 32.4 MMT of 

wild-collected and cultivated aquatic algae combined. Seaweed farming is practiced in 

a relatively smaller numbers of countries, dominated by countries in East and Southeast 

Asia. The world production of seaweed has more than tripled, up from 10.6 MMT in 

2000 to 32.4 MMT in 2018 (see Fig. 10).  

Despite the slowdown in growth rates in recent years, the rapid growth in the farming 

of tropical seaweed species (Kappaphycus alvarezii and Eucheuma spp.) in Indonesia 

as raw material for carrageenan extraction has been the major driver in the increase of 

farmed seaweed production in the past decade. Indonesia increased its seaweed farming 

output from less than 4 MMT in 2010 to over 11 MMT in 2015 and 2016, and similar 

production levels in 2017 and 2018. 



 

47 

 

 

Figure 10: World Aquaculture Production of Aquatic Algae. 

Algae are very important in the food chain as they are a source of food to marine and 

freshwater species. The marine species that are consumed by humans usually form the 

link between the aquatic environment and humans in the food chain. Seaweed enters 

the human food chain through direct consumption of edible varieties or is consumed 

by fish and other marine species that are then consumed by humans.241 Seaweed have 

the capacity to accumulate trace metals several thousand times higher than their 

concentration in seawater.241 

Due to the role of seaweed in the human diet and potential to accumulate toxic metals, 

the metal concentrations in seaweed should be monitored. For example, studies on 

seaweed, which reported high concentrations of iAs in Hijiki (Hizikia fusiforme), 

resulted in the Canadian Food Inspection Agency warning against its consumption.65 

Other countries that have issued similar consumption advisories on hijiki include 

Australia and New Zealand,242 Japan,243 Ireland,244 the United Kingdom,245 Hong 

1

10

100

1000

10000

100000

L
o

g
 Q

u
a

n
ti

ty
 (

th
o

u
sa

n
d

 t
o
n

s,
 l
iv

e
 w

e
ig

h
t)

Global Production of Seaweeds in 2018



 

48 

 

Kong,246 and Belgium.247 Conversely, EFSA did not consider hijiki an important source 

of iAs exposure because of its low consumption rate by the European population.59 

Although seaweed may not be consumed on a daily basis, health risks may ensue with 

routine consumption, if toxic elements are at elevated levels.241 Several countries have 

set guidance for the level of iAs in edible seaweed; For example, Australia and New 

Zealand (1 µg/g),248 Hong Kong (1.4 µg/g),249 and France (3 µg/g).250 Furthermore, the 

EU has set a limit of 2 µg/g iAs in feed derived from seaweed.251 There are currently 

no U.S. guidelines for arsenic exposure from seaweed consumption, with the exception 

of hijiki and oarweeds.  

Several factors have been recognized to influence the accumulation of arsenic in 

seaweed. Bioavailability of the element in the surrounding water, seasonal variation 

and algal growth-rate play key roles.252 Environmental conditions including 

temperature, pH, salinity and nutrient concentration also affect the ability of seaweed 

to uptake and retain arsenic.253 Algal taxonomy, especially cellular physiology and 

biochemistry, contribute significantly to the variation in arsenic buildup.252  

Studies show that brown algae accumulate arsenic in their cell walls,254 where 

polysaccharides such as alginate are abundant.252,254 Alginate is reported to absorb 

metals and metalloids in the marine environment,252 but its effect on the binding of 

arsenic in brown algae is unclear.254 While taxonomy is a good indicator, it cannot be 

taken as a hard and fast rule. 

Focusing only on iAs, which is comprised of iAsIII and AsV, is generally adequate for 

products that accumulate arsenic in a few forms of defined properties. This approach, 
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however, disregards species of potential or unknown toxicity when applied to matrices 

like seaweed 93 where the high concentration of arsenic is due to a great diversity of 

arsenicals.255 Lack of detailed toxicological data for some organoarsenic compounds 

suggest the need for comprehensive speciation analysis for meaningful risk 

assessment.93 Wide-ranging determination of arsenic species in seaweed helps to 

enhance toxicological studies on arsenicals found in these products, and to characterize 

the chemical identities and properties of unknown arsenic compounds. 

2.1.3. Seafood 

Seafood here refers to shellfish and finfish. It is estimated that the ocean is inhabited 

by more than 1,000 species of crustaceans, 50,000 species of mollusks, besides 13,000 

species of finfish.256 Human consumption of seafood has been increasing steadily 

because of the reports of health benefits associated with their consumption.150–152  

Like all mammals, humans lack enzymes for the synthesis of omega-3 (ω-3) and 

omega-6 (ω-6) precursors of DHA and EPA, which are therefore essential fatty acids 

and need to be provided by dietary sources.257 Fish is the best dietary source of high-

quality proteins and essential amino acids, ω-3 LCPUFAs, and micronutrients, which 

are linked to a range of health benefits.258  

ω-3 LCPUFAs, particularly EPA, and DHA, have been demonstrated to have 

antiatherosclerotic and antithrombotic effects,151 and are linked to reduced risk of 

cardiovascular disease (CVD).259 Benefits on visual acuity and cognitive development 

have been largely established in term 260,261 and preterm 262,263 infants fed ω-3 

LCPUFAs-supplemented formula.264  
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Typically, shellfish contain substantial quantities of digestible proteins, essential amino 

acids, bioactive peptides, ω-3 LCPUFAs, astaxanthin and other carotenoids, vitamin 

B12 and other vitamins (particularly A, B and D), minerals such as iron, calcium, 

copper, zinc, inorganic phosphate, sodium, potassium, selenium, iodine, and other 

nutrients, which offer a variety of health benefits to the consumer.265,266  

Seafood is low in calories compared with other animal foods. For example, a 100 g 

serving of shrimp provides approximately 106 kcal, whereas the same amount of fish 

provides 110 to 150 kcal, lean beef 250 kcal, and roasted chicken 200 kcal.267 The 

average daily intake of total fat supplied by fish is fairly low, at about 1.2 g per capita. 

This unique nutritional composition means that seafood represents a valuable source 

for healthy dietary diversification, even in relatively small quantities. This is more 

important for many low-income food-deficient countries (LIFDCs) and least developed 

countries (LDCs), where populations may be overly dependent on a relatively narrow 

selection of staple foods, which cannot provide adequate amounts of essential amino 

acids, vitamins, micronutrients, and healthy fats.  

Fish proteins are essential in the diet of some densely populated countries where the 

total protein intake is low, particularly in small island developing states (SIDS). For 

these populations, fish often represents an affordable source of animal protein that may 

not only be cheaper than other animal protein sources, but preferred and part of local 

and traditional recipes.131 

Some malnutrition problems such as anemia in women of reproductive age and 

prevalence of obesity, including in children, are on the rise at the global level. 
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Excessive consumption of sugar-rich, high-fat foods and their negative health impacts 

is a growing problem in both developing and developed world.268 Therefore, increased 

seafood consumption, with their diverse and valuable nutritional attributes, can directly 

reduce the prevalence of malnutrition and correct imbalanced high-calorie and low-

micronutrient diets, in line with the world health organization (WHO) and United 

Nations sustainable development goal (UN SDG 2) - End hunger, achieve food security 

and improved nutrition and promote sustainable agriculture, by the year 2030.268  

Full nutritional benefits accrue from the consumption of the entire fish of small species, 

as their head, bones and skin are rich in micronutrients. This also helps to reduce waste 

and enhance global food security. 

According to the 2020 edition of The State of World Fisheries and Aquaculture 

published by the UN Food and Agriculture Organization (FAO),131 the global fish 

production is estimated to have reached about 179 million metric tons (MMT) in 2018, 

with a total sale value estimated at US $401 billion, of which 82 MMT, valued at US 

$250 billion, came from aquaculture production. About 88 % (158 MMT) of world fish 

production was utilized for direct human consumption. The remaining 12 % (22 MMT) 

was used for non-food purposes, of which 82 % (18 MMT) was used to produce 

fishmeal and fish oil.  

Aquaculture accounted for 46 % of the total production and 52 % of fish for human 

consumption. The global fish consumption has increased at an average annual rate of 

3.1 % from 1961 to 2017, a rate almost double the annual world population growth (1.6 
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%) for the same period, and higher than that of all other animal protein foods (meat, 

dairy, milk, etc.), which increased by 2.1 % per year.131 

The world aquaculture production attained a record high of 114.5 MMT in live weight 

in 2018, with a total farmgate sale value of US $263.6 billion. The total production 

consisted of 82.1 MMT of aquatic animals valued at US $ 250.1 billion, 32.4 MMT of 

aquatic algae, valued at US $13.3 billion and 26,000 tons of ornamental seashells and 

pearls valued at US $179,000 (see Table 2). The contribution of world aquaculture to 

global fish production reached 46 % in 2018, up from 25.7 % in 2000. Inland 

aquaculture produced most farmed fish (51.3 MMT, or 62.5 % of the world total), 

mainly in fresh water, compared with 57.7 % in 2000. 

SNo. Type of Seafood Quantity produced, 

million metric tons. 

Landing Value 

(US $ Billion) 

1. Finfish 54.3 139.7 

2. Finfish (harvested from inland aquaculture) 47 104.3 

3. Finfish (harvested from marine and coastal 

aquaculture) 

7.3 35.4 

4. Mollusks (bivalves) 17.7 34.6 

5. Crustaceans 9.4 69.3 

Table 2: Global Seafood Production from Aquaculture in 2018. Source FAO, 2020. 

The global capture fisheries production in 2018 reached a record 96.4 MMT, an 

increase of 54 % from the average of previous 3 years, which is attributed to marine 

capture fisheries where production increased from 82 MMT in 2017 to 84.4 MMT in 

2018. Catches from inland fisheries peaked in 2018 at 12 MMT. Anchoveta (Engraulis 

ringens) was the top species at more than 7 MMT, followed by Alaska pollock 
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(Theragra chalcogramma) at 3.4 MMT, while shipjack tuna (Katsuwonus pelamis) was 

third at 3.2 MMT. Finfish represented 85 % of total production, with small pelagics as 

the main group, followed by gadiformes and tuna and tuna-like species. Global catches 

in inland waters accounted for 12.5 % of total capture fisheries production but 

accounted for less than 1 % of total captures in the United States. 

The share of seafood production destined for human consumption is expected to 

continue to grow, reaching 89 % by 2030. Total fish production (excluding aquatic 

plants) is expected to expand from 179 MMT in 2018 to 204 MMT in 2030. 

Aquaculture will continue to be the driving force behind the growth in global seafood 

production (see Fig. 11). Aquaculture production is projected to reach 109 MMT in 

2030, an increase of 32 % (26 MMT) over 2018. Yet, the average annual growth rate 

of aquaculture should slow from 4.6 % in 2007–2018 to 2.3 % in 2019–2030. 

 

Figure 11: Global Capture Fisheries and Aquaculture Production, 1980 – 2030. Source: FAO, 2020  

Exports of seafood and fisheries products are essential to the economies of many 

countries and regions. In 2018, 67 MMT of fish (live weight equivalent) were traded 
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internationally, equating to almost 38 % of all fish caught or farmed worldwide. In the 

same year, 221 States and territories reported some fish trading activity. The total 

export value of US $164 billion recorded in 2018 represented almost 11 % of the export 

value of agricultural products (excluding forest products) and about 1 % of the value 

of total merchandise trade. This does not include an additional US $ 2 billion from trade 

in seaweed and other aquatic plants (63%), and inedible fish by-products (2%).  

Salmonids have been the most important commodity traded in value terms since 2013 

and accounted for about 19 % of the total value of internationally traded seafood 

products in 2018 (see Fig. 12). In the same year, the other main groups of exported 

species were shrimps and prawn with about 15 % of the total, followed by groundfish 

(i.e. hake, cod, haddock, Alaska pollock, etc.) at 10 % and tuna (9 %). 

 

Figure 12: Main groups of species in seafood trade in terms of value, 2018. Source, FAO 2020. 
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In 2017, fish accounted for 17 % of the global population’s intake of animal proteins, 

and 7 % of all proteins consumed. Globally, fish provided more than 3.3 billion people 

with 20 % of their average per capita intake of animal proteins, reaching 50 % or more 

in several countries. 

Urbanization has also shaped the nature and extent of seafood consumption in many 

countries. According to the World Urbanization Prospects: 2018 Revision published 

by the UN, Department of Economic and Social Affairs, Population Division (UN 

DESA),269 the urban population has accounted for more than half of the world’s 

population, since 2007 and it continues to grow. The number of megacities (cities with 

more than 10 million inhabitants) reached 33 in 2018, of which more than 15 are in 

developing countries.  

Urban inhabitants typically have more disposable income to spend on animal proteins 

such as seafood, and they eat out more often. In addition, the infrastructure available in 

urban areas allows for more efficient storage, distribution and marketing of fish and 

fish products. Hypermarkets and supermarkets are developing rapidly throughout 

Africa, Asia and Latin America, and fish products are increasingly sold through these 

channels as opposed to traditional fishmongers and fish markets.  

At the same time, the ease of food preparation represents an increasingly important 

consideration for urban dwellers with fast-paced lifestyles and higher demands on their 

time. As a result, the demand for seafood products prepared and marketed for 

convenience, through both retail and fast-food services, is rapidly increasing. The 

dietary preferences of modern urban consumers are characterized by an emphasis on 
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healthy living and a relatively high interest in the origin of the foods they eat, trends 

likely to continue to influence seafood consumption patterns in both traditional and 

emerging markets. 

The EU was the largest fish importing market (34 % in terms of value) in 2018, 

followed by the USA (14 %) and Japan (9 %). While the markets of developed countries 

remain dominant in seafood imports, the importance of developing countries as 

consumers has been steadily on the rise (see Fig. 13).  

 

Figure 13: Trade of Seafood and Fisheries Products. Source: FAO 2020. 
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In 2018, fish exports of developing countries were valued at US $88 billion, and their 

net fish export revenues (exports minus imports) reached US $38 billion, higher than 

those of other agricultural commodities (meat, tobacco, rice, and sugar) combined. 

Both as a source of export revenue and as a provider of employment, trade in seafood 

and fisheries products represents an important contributor to economic growth in 

developing countries. 

An estimated 59.51 million people were engaged in the primary sector of capture 

fisheries and aquaculture, in 2018, 14 % of them being women. In total, 20.53 million 

people were employed in aquaculture and 38.98 million in fisheries (see Fig. 14). Of 

all those involved in primary production, most are in developing countries and most 

are small-scale, artisanal fishers and aquaculture workers. Overall, the highest numbers 

of fishers and aquaculture workers are in Asia (85 % of the world total), followed by 

Africa (9 %), the Americas (4 %) and Europe and Oceania (1 % each).  

 

Figure 14: World Employment for Fishers and Fish Farmers by Region in 2018 

Globally, the proportion of women in the total work force in aquaculture (19 %) is 

larger than that in capture fisheries (12 %). In most regions, women are less involved 

in offshore and long-distance capture fishing. For example, in the USA, women in the 
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Alaskan fisheries are mainly engaged in the near-shore salmon fisheries.270 

Aquaculture is being promoted as a significant growth sector, and as an activity that 

can empower women and young people, notably by facilitating women’s decision-

making on the consumption and provision of nutritious food.271 

Evidently, seafood is a highly consumed and traded commodity therefore intentional 

or unintentional contamination with toxic elements like arsenic may become technical 

barriers to trade. For example, in December 2013 China imposed a ban on all U.S. 

imports of geoduck clams (Panopea generosa), a large edible saltwater clam found 

along the Pacific Northwest extending from northern California to southeastern Alaska, 

citing high levels of arsenic contamination. Revenue from U.S. exports of geoduck are 

upwards of US $80 million annually with about 90 % of all exports going to China.272 

2.2. Arsenic speciation in Seafood 

Seafood is the major dietary source of total arsenic in humans,6 excluding regions with 

widespread elevated drinking water contamination.5,7–9 Organic arsenic predominates 

in seafood, however, this is not always the case as there are reported cases of elevated 

inorganic arsenic levels in seafood such as edible seaweed Hijiki (60 µg g-1 to 150 µg 

g-1, iAs),273 fish from Thailand,274 and mussel from Norway.55  

Marine algae and shellfish are the seafood exposure sources with the greatest diversity 

of arsenicals.31 Among these arsenicals the potential for biotransformation upon 

ingestion varies considerably.275 Arsenic speciation (Fig. 15) is complicated and 

diverse arsenic species display great difference in toxicities.3 



 

59 

 

 

Figure 15: Structures of common arsenic compounds. 

Arsenic exists in four oxidation states in the inorganic form as trivalent arsenite (iAsIII), 

and thermodynamically stable pentavalent arsenate (iAsV).276 Elemental arsenic (As0), 

and arsine, H3As (As−III), which exist in strongly reducing conditions.277–279 Arsenic 
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exists in organic form where arsenic is bonded to carbon as; low molecular weight 

compounds like MMA, DMA, AsB, AsC, TMAO, and TETRA; high molecular weight 

AsSugar and AsLipids; and in complexed form as arsenopeptides glutathione (As-

GSH), and phytochelatins.2,12,280 

AsB is the main arsenical in seafood, commonly comprising in excess of 90% of the 

total arsenic in fish.11,93,130,281 AsB is the major polar arsenical, which together with 

AsSugars and a range of other lipophilic arsenicals account for over 200 naturally-

occurring organoarsenicals found in seafood.7,21  

There is great diversity in the level of arsenic in seafood, but arsenic in most samples 

falls within the mass fraction range of about 5 µg g-1 to 100 µg g-1 dry mass.21 Sirot et 

al. reported the levels of inorganic arsenic (iAs) in 30 fish species collected in France 

as 0.005 µg g-1 to 0.073 µg g-1 on wet mass basis. This clearly demonstrated that the 

proportion of iAs to total arsenic content, mostly AsB, was 100-fold lower.282 

2.3. Metabolic transformation and toxicity of Arsenic 

A large number of biologically relevant arsenic species has been characterized in 

samples of dietary sources,21,61,130,141,144,283
 which is an essential step in the toxicity 

assessment. Arsenic toxicity, bioaccumulation and mobility is greatly dependent on the 

chemical state in which the element appears and the extent of methylation through the 

metabolism process.8,31,39,42 iAsV and iAsIII are categorized as non-threshold Class I 

carcinogens,10 with acute toxicity of [LD50: (15 to 42) mg/kg body mass], while simple 

methylated arsenicals are deemed to pose intermediary toxicity (LD50: 890 mg/kg body 

weight to 10,600 mg/kg body weight), and the tetraalkylated compound AsB, present 
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in fish and the principal dietary source of arsenic exposure for humans, is non-toxic 

with LD50: >10,000 mg/kg bw, and is primarily eliminated by humans in the urine.11,20  

Typically the lower the oxidation number the higher the toxicity, and the higher the 

methylation the lower the toxicity, thus producing the following order of toxicity for 

arsenic species in human cell lines: MMAIII > DMAIII > AsIII > AsV > TMA+ > DMAV 

= MMAV > TMAO > AsC > AsB.284–287 Moreover, AsB, AsC, TMAO, AsSugars, and 

AsLipids are usually mildly toxic compared to iAs species.3,21,288 

Due to the extreme toxicity of iAs, microalgae and other living organisms may undergo 

dissimilar processes to reduce the toxic effects, including cell surface adsorption, 

arsenite oxidation and arsenate reduction,289,290 methylation,291 conversion to AsSugars 

or AsLipids,292 chelation of iAsIII with glutathione and phytochelatins,293,294 and 

elimination from cells.3 As detoxification occurs through a series of biotransformation 

in biotic systems producing a wide range of organoarsenicals, whereby arsenic is 

covalently bonded with one or more carbon atoms containing functional groups.294,295 

Toxicity is initiated once liver methylation ability is impeded or surpassed.296–298 

It is important to note that discussions on arsenic toxicity are mainly in reference to iAs 

and methylated arsenicals (MMA and DMA) since their toxicity mechanism is well 

established and understood, unlike for AsSugars and AsLipids, which are yet to be fully 

elucidated. Organoarsenicals have not demonstrated acute toxicity therefore their 

toxicity may arise from metabolic transformations that lead to formation of highly toxic 

metabolites.20,141,280 For example, the toxicity of AsSugar and AsLipids may arise from 

their metabolic breakdown to other arsenicals such as DMAV, which is also the 
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metabolite of iAs found in urine and is a known tumor promoter and confirmed 

carcinogen in experimental animals.299,300 

Liver, kidneys, heart and lungs are main repository organs of arsenic, with slight 

buildup in brain and muscle tissues.39 This buildup is linked with a variety of ailments 

including cancer, diabetes, hepatotoxicity and nephrotoxicity. Arsenic can cause 

thiamine deficiency by lowering its accessibility leading to lactic acidosis by enhancing 

lactic acid concentration.39 In addition, arsenic may cause genotoxicity by impeding 

DNA repair mechanism, and further stimulates oxidative stress by producing reactive 

nitrogen species (RNS) and reactive oxygen species (ROS).39,301,302   

In biological systems, arsenate can replace phosphate and form esters that resemble 

phosphate esters, which are abundant in biomolecules, from the sugar phosphates of 

intermediary metabolism, to membrane phospholipids, to the phosphate back-bone of 

genetic materials like deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).303 

However, these compounds are less stable because they are more delicate than the 

subsequent phosphate esters, which is partly attributed to the bond lengths and bond 

angles.304 The P–O bond length in phosphates is almost 1.5 Å, whereas the bond length 

of As–O in arsenates is about 1.6 Å to 2.0 Å.  

Arsenic usually form lengthier bonds than phosphorus (Fig. 16).304 In addition, arsenic 

angles are considerably less obtuse than the phosphorus angles,303 i.e. the O-P-O bond 

angle is about 117°, whereas O-As-O bond angle is roughly 100°, with minor 

variabilities in diverse compounds. Therefore, since longer bonds are fragile, arsenate 

esters disintegrate more easily than phosphate esters. 
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Figure 16: Structures of deprotonated oxo-anions of arsenate and phosphate 

Within the cell, metabolic enzymes that utilize phosphate may also incorporate arsenate 

in alkylation, acylation, or phosphorylation reactions because of their isosteric and 

isoelectronic nature.305 For example, arsenate inhibits the formation of ATP as a result 

of generation of delicate anhydrides and also uncouples ATP synthesis during oxidative 

phosphorylation by coupling with adenosine diphosphate (ADP) in the presence of 

succinate in the mitochondria forming ADP-arsenate rather than ATP.306–308  

This disrupts phosphorus metabolism since ADP-arsenate may be utilized as a substrate 

for hexokinase, which under normal conditions produces glucose-6-phosphate, the first 

intermediary in the glycolytic pathway.306 Therefore, hexokinase is inhibited by 

negative feedback mechanism. The glucose-6-arsenate produced by hexokinase is then 

transformed to glucose-1-arsenate by phosphoglucomutase, proving that intermediary 

metabolism can produce arsenicals.305  

The rate constant for spontaneous breakdown of glucose-6-arsenate has been shown to 

be 4 x 10-4 s-1, compared to 4 x 10-9 s-1 for glucose-6-phosphate. Therefore, the short 

half-life of arsenate ester causes it to spontaneously hydrolyze 105 faster than the 

phosphate ester, which is the major cause of decoupling action of arsenate in oxidative 

phosphorylation.306 Cells starve for scarcity of metabolic intermediates.3,294,303,305,309 
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The other factor that potentially contributes to the instability of arsenicals is the fact 

that iAsV is swiftly reduced to iAsIII within the cells.303 The biological half-life of As is 

roughly four days, which is dependent on the manner of exposure. iAsIII is considered 

to have a shorter half-life in comparison to iAsV.310 iAsIII is the most hazardous and 

toxic form of inorganic arsenic, which block sulfhydryl (-SH) groups by creating robust 

bonds of metallic nature with thiols in proteins and small molecules.303  

Toxicity of iAsIII is due to its high affinity for thiol groups causing allosteric inhibition 

of respiration by binding to vicinal thiols in pyruvate dehydrogenase (PDH) and 2-

oxoglutarate dehydrogenase,309 with resultant membrane destruction and cell death by 

generating reactive oxygen species (ROS).3,311 The allosteric inhibition of PDH, a vital 

precursor of acetyl-CoA, not only restricts the generation of ATP in the electron 

transport chain, but also impedes the formation of gluconeogenesis intermediaries.312–

315 Moreover, research findings indicate that arsenite is able to traverse across the 

blood-brain barrier.316–318 

Due to scarcity of toxicity and long-term exposure data for organoarsenicals in humans 

or other mammals, health hazards from exposure to organoarsenicals are challenging 

to evaluate. Most of the injurious effects of iAs have been documented, but the 

uncertainty concerning the threat to the people exposed to organic arsenic, especially 

from seafood, and the dosage needed to trigger these effects still linger.  

Numerous investigations have contemplated the latent carcinogenicity from the 

formation of the metabolite DMAV,40,41,140,319,320 centered on elevated dose exposure 

studies in rats to DMA in water 300 or diet.321 There is, however, compelling indication 
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that the rat model is invalid for human exposure to DMA, because of the difference in 

the metabolic pathways of rats and humans and also because these studies are not 

capable of evaluating the pathway to DMA (from iAs or organic arsenic compounds), 

and the intermediary effects.322  

On the basis of projected exposure level and expected metabolism, it seems unlikely 

that arsenic in seafood can significantly promote arsenic-associated carcinogenic 

effects.140 The bulk of arsenic in seafood exist as AsB, which is benign and is rapidly 

excreted from the body intact. Amounts of TETRA resulting from dry cooking or AsB-

containing fish are unlikely to reach toxic levels. In addition, levels of iAs and 

methylarsenicals in seafood are relatively low to allay suspicions of their potential 

detrimental effects in seafood consumers.140,323  

Whereas no deductions can be made regarding the effects of organic arsenic species, 

proof of toxicity from AsLipids and organoarsenic metabolic intermediates from in 

vitro assessment confirms the necessity for animal and human research to assess 

probable health impact of arsenic in seafood.324,101 Majority of research on natural 

AsLipids has focused on the polar lipids, leading to the characterization of AsFAs and 

AsHCs. Profound discernment of arsenic biochemistry may perhaps be garnered from 

characterization of the additional lipid fractions.122 

2.3.1. Methylated Arsenicals 

Methylated arsenic species are present in marine food as MMA and DMA at low levels. 

Other methylated arsenicals include TMAO, AsB, AsC and TETRA. Methylarsenicals 

in marine ecosystem are generated by phytoplankton, bacteria, and microbial 
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breakdown of botanical matter from iAs and are introduced into the seafood chain.289,325 

Phytoplankton absorb iAsV in the euphotic surface waters and successively transform 

it to DMA, and MMA. 326–330 Anaerobic members of archaea and bacteria are known 

to biotransform iAs into both volatile (methylarsines) and nonvolatile (MMA and 

DMA)  species.4,331–333 

Three metabolic pathways have been proposed for arsenic biotransformation.70,75,326,334 

iAs undergoes enzymatically biotransformation into several methylated metabolites 

following the classical Challenger’s metabolic pathway as follows: [iAsV] → [iAsIII] 

→ [MMAV] → [MMAIII] → [DMAV].70–72,75,335, DMAV can be reduced to DMAIII and 

further methylated to TMAIII, via TMAO intermediate.336 Mammalian systems do not 

subsequently produce arsines except under extraordinary conditions.337,338 

The Challenger pathway illustrates the reduction of pentavalent iAsV and MMAV to 

their trivalent species, iAsIII and MMAIII, followed by an oxidative methylation phase 

where S-adenosylmethionine (SAM) acts as the methyl donor, producing MMAV and 

DMAV as major metabolites. Although the precise pathway in humans has never been 

entirely understood,39,339 it was for long deemed as a detoxification process.340–342  

Biotransformation on iAs results in the production of MMAIII and DMAIII,343,344 which 

are more toxic than iAs, therefore, biotransformation of iAs should not be generalized 

as a detoxification process in microorganisms.312 The Challenger pathway is coherent 

with the distribution of arsenicals in urine and can be entirely verified using (CH3)3S
+ 

as a CH3
+ donor and SO2 as the reducing agent in likeness with the Meyer reaction, 
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which is an uncatalyzed oxidative addition reaction employed in the preparation of 

MMAV from iAsIII and methyl halide.310,70,71,336 

Other pathways proposing glutathione- or protein-conjugated intermediaries have been 

advanced by Hayakawa et al.71 in 2005 and Naranmandura et al.72 in 2006 (see Fig. 3), 

respectively, though their chemical basis is questionable because they involve 

accepting CH3
- group.345 They, however, appear to be in agreement with the belief that 

trivalent arsenicals were confirmed to be readily absorbed by the organs/tissue and 

linked to cellular proteins, as a substitute to elimination.346  

The two pathways propose that DMAV and MMAV ought to be final products (instead 

of intermediaries) of arsenic biotransformation,347 because trivalent arsenic, whether in 

glutathione or protein complex states, is subjected to reductive methylation without 

being oxidized.310 MMAIII that has long been considered as a transitory intermediate in 

the methylation pathway is rather a stable metabolite of iAs that has been detected in 

appreciable level in hamster liver, rat bile, and human urine upon exposure to iAs.336,348  

Production of methylarsenicals is linked to the growth phase or phytoplankton 

nutritional state.326 Production of DMAV increases gradually, while DMAIII and 

MMAIII remain fairly constant during the lag phase of phytoplankton growth. 

Formation of DMAV is elevated when the proportion of phosphate to arsenate declines 

implying enhancement of production at phosphate-replete conditions.326,349  

MMA and DMA are generally available in trace amounts or not present in seafood.140 

Measurable amounts have mainly been detected in fatty types of fish.350 Extremely low 

amounts (i.e. µg As/kg) of DMA have been detected in mackerel and herring and in 



 

68 

 

prawns but not measurable in cod, dab, haddock, sole, plaice, tuna or whiting.140,350–352 

DMA has been detected in seaweed like Kelp. In vivo studies have shown that 

methylated arsenic metabolites can traverse the placental barrier, although methylation 

capacity is enhanced during gestation, as protective measure for the developing fetus.343  

It has been suggested that MMAIII is more hazardous and toxic than iAs to the liver, 

skin and lung cells.353 In addition, DMAIII is more toxic than DMAV and iAs354 because 

DMAIII has neutral charge and can readily permeate cells (up to 16%); but DMAV 

having a negative charge can scarcely enter cells (0% to 2%).355  

The methylated trivalent arsenicals, MMAIII and DMAIII, have higher cytotoxicity than 

AsIII and AsV, which are more cytotoxic than the methylated pentavalent arsenicals, 

MMAV and DMAV.310 The adverse effects of arsenic are therefore intimately connected 

to its metabolism and is significantly reliant on the methylation level and the valence 

state of the metabolites (see Table 3 below).356 

2.3.2. Trimethylarsine oxide (TMAO) 

TMAO has been isolated in various species of aquatic organisms as a minor arsenic 

species, seldom found except in miniscule amounts.2,357 Quantities are much lower in 

stored, frozen fish than in fresh fish, likely due to post-mortem degradation, but dietary 

ingestion of TMAO is most likely small.2,140,358 TMAO is fundamentally benign, with 

an acute oral LD50 for arsenic in mice of 5,500 mg/kg (see Table 3 below).140,359 
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2.3.3. Arsenocholine (AsC) 

Arsenocholine is a metabolic predecessor for AsB in aquatic animals.140,357,360 After 

inoculation of labelled AsC, it is swiftly taken up and converted to AsB with minimum 

breakdown to iAs, MMA or DMA.140,360,361 Even though findings on AsC toxicity are 

scanty, it is deemed to be benign.140 The acute oral LD50 for AsC in mice was 6,500 

mg/kg, whereas the acute intravenous LD50 was 187 mg/kg (see Table 3 below).140,361 

Table 3: Experimental biological activities of different arsenicals 

SNo. Arsenic Species LD50 (mg kg-1) Animal Reference 

1. MMAIII 2 Mice Petrick et al.362 

2. MMAV 916 Mice Kaise et al.359 

3. DMAV 648 Mice Kaise et al.359 

4. AsC 6,500 Mice Kaise et al.361 

5. AsB >10,000 Mice Kaise et al.20 

6. TMAO 5,500 Mice Kaise et al.359 

7. TETRA as TMA-chloride 890 Mice Shiomi et al.363 

8. TETRA as TMA-hydroxide No Toxicity Mice Sakurai et al.364 

9. DMAsIII-Sugar-Glycerol 6.56 x 10-2 † Human UROtsa Andrewes et al.238 

10. DMAsV-Sugar-Glycerol 1.968 † Human UROtsa Andrewes et al.238 

11. AsHC 332 3.25 x 10-3 † Human UROtsa Meyer et al.42 

12. AsHC 360 1.73 x 10-3 † Human UROtsa Meyer et al.42 

13. AsHC 444 2.31 x 10-3 † Human UROtsa Meyer et al.42 

LD50: Concentration at which 50% of a population dies. 

† IC50: Concentration at which the cell viability is reduced by 50% 
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2.3.4. Arsenobetaine (AsB) 

Seawater contains traces of arsenic (∼2 µg/L), which is bioaccumulated by aquatic 

organisms by up to five orders of magnitude.2 The bulk of arsenic in aquatic organisms 

exist as AsB, mainly found in fish and shrimp, and AsSugars, mainly found in marine 

algae.238 AsB is an arsenic analogue of the amino acid derivative, glycine betaine, and 

it is extremely stable to hydrolysis or metabolism.31  

The source of AsB in the food web is vague, though various speculations concerning 

its biosynthetic pathway have been proposed.46,365 The arsenic atom in AsB is oxidized 

with four stable carbon bonds, which are enzymatically or thermally recalcitrant. Even 

though AsB can be degraded by microflora existing in human gut, their incubation time 

(7 days)366 is longer than practical gut retention, and this metabolic pathway has not 

been witnessed in vivo, thus AsB is not converted in humans and other mammals.2,31,140  

This makes AsB biochemically quasi-inert, which may explain why this species, 

though readily accessible, does not convert into other metabolites when consumed by 

humans, and is swiftly eliminated intact from the mammalian body.93 The postulation 

that the four stable As-C bonds account for the innocuous nature of AsB earns credence 

from the fact that tetramethylarsonium ion (TETRA) and arsenocholine (AsC), both of 

which are structurally analogous to AsB, also display no indication of toxicity.93,288  

AsB is non-mutagenic and does not show cytotoxicity, immunotoxicity or 

biotransformation in mammalian cells, which is aptly reflected by its acute oral LD50 

in mice being more than 10,000 mg As/kg (see Table 3 above).20 
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There is adequate proof that higher aquatic animals do not produce AsB, but the 

complete description of its formation remain unclear.357 Experimentally, AsB has been 

proven to be efficiently assimilated from seawater by mussels, whereas shrimp and fish 

accumulate AsB efficiently only from food, which includes phytoplankton among 

others.26,28 In mussels, retention of AsB is dependent on the salt content of their ambient 

water, which supports the notion that AsB can mimic an osmolyte.31  

The tendency to increase total arsenic with salinity was witnessed among three species 

of pelagic fish, where AsB is presumed to be the main arsenic species, also implying 

AsB absorption and retention is linked to salinity.31,28 This experiment gains credence 

from data that show a positive correlation between arsenic content and salinity of 

mussels kept in aquatic environment of changing salinities.26 

2.3.5. Tetramethyl arsonium ion (TETRA) 

TETRA is a minor arsenical in finfish but the main species in various mollusks.2,69,357 

Amounts ranging from 0.2 µg/g  to 16 µg/g were reported in different organs of a few 

clams.357 Concentrations of TETRA can be enriched by freezing or dry cooking 

(grilling, roasting, and baking) at temperatures above 160°C, particularly in burnt meat, 

possibly owing to thermal decarboxylation of AsB.367  

Consequently, TETRA concentrations above 1.0 µg/g dry mass have been documented 

in cooked fish where TETRA was not present before cooking.140 The halogenated 

TETRA has substantial acute toxicity; in mice, the acute oral LD50 of TETRA-chloride 

was 890 µg/g. Conversely, such toxicity may arise from the halogen anion and not 

TETRA as analyses of synthetic TETRA-hydroxide has revealed non-toxicity.364  
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The highest documented amounts in grilled or roasted fish are 0.571 µg/g fw and 1.79 

µg/g dw.140,367,368 Due to the low contents of TETRA in dietary fish, its acute toxicity 

is improbable. 

2.3.6. Thioarsenicals 

Thio-arsenicals and oxo-arsenicals are structurally similar with sulfur replacing oxygen 

and are produced when oxo-arsenicals are exposed to hydrogen sulfide (H2S).369 

Knowledge of thio-organoarsenicals is fairly recent and few studies have examined 

their production processes and detection techniques.370 The main focus of arsenic 

speciation has been on oxo-arsenicals, owing to their abundance in nature.371  

Speciation analysis of thio-arsenicals is a challenging task and there is need to be 

cautious during sample storage, pretreatment, extraction, separation, and detection.310 

Despite the latest advances in characterization and detection of thioarsenicals, there are 

lingering intricacies in their analysis in biological matrices, especially seafood and 

seaweed, owing to the complexity of arsenic metabolism, the homophyly of oxo-

arsenicals and thio-arsenicals,371 and lack of standards for thio-arsenicals.310  

Many thio-arsenical standards must be produced in specific laboratories and, in certain 

instances, the production is grueling owing to the instability of species, like 

DMMTAIII.310 The names, abbreviations, and chemical structures of the main thiolated 

arsenicals involved in arsenic metabolism are presented (see Fig. 17) below.310 

Presence of dimethylmonothioarsinic acid (DMMTAV) and dimethyldithioarsinic acid 

(DMDTAV) in human and animal urine, which may cause interferences with metabolic 
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processes, after ingestion of AsSugars has led to the recent upsurge in the research on 

thio-arsenic species.370,371 Methylated thio-arsenicals have been identified in urine after 

long-term ingestion of iAs-contaminated drinking water or intake of AsSugars.342  

 

Figure 17: Structures, names, and abbreviations of methylated thioarsenical compounds. 

DMMTAV appeared at trace levels in the urine of Japanese males after intake of 

AsSugars.372,373 Elevated levels of 2-dimethylarsinothioyl acetic acid (thio-DMAA) 

were detected in the urine of sheep consuming algae.371 Trace amounts of thio-DMAA 

and thio-DMAE were detected in the serum following intake of an oxo-AsSugar.374 

Wang et al.375 reported the presence of thio-DMAA in human saliva following 

ingestion of Chinese seaweed, with the usual excretion profile observed in urine.  

Toxicological significance of thio-arsenicals to organisms is still uncertain, but there 

are signs that methylated thio-arsenicals have appreciable toxicity compared to their 

oxo-anion counterparts.376 As regards human epidermoid carcinoma, DMMTAV has 

higher cytotoxicity than DMAV (LD50 10.7 µmol/L and 843 µmol/L, respectively).377  

DMDTAV has injurious consequences in culture cells that result in DNA 

impairment.378 Thio-DMAV has been observed as a product of both iAs342 and AsSugar 

metabolism.373,374 Considerable toxicity from thio-DMAV has been witnessed in skin, 

bladder, liver, and lung cells, which is partly linked to its extreme cellular 
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bioavailability.379–384 Thio-DMAV has been proven to generate ROS in healthy 

cells,379–381 and to disturb cellular stress response, even at picomolar levels, in 

oxidatively stressed cells.40,41,319  

Thio-DMAV exhibited no genotoxic mode of action in lung cells,382 but DNA injury 

and alterations in gene expression were witnessed in bladder cells exposed to such 

species.381 Epigenetic effects from long-term exposure to thio-DMAV have also been 

detected at low picomolar levels.385 

2.3.7. Arsenosugars (AsSugars) 

AsSugar is a general expression that denotes ribofuranosides containing arsenic.238 

There are at least 20 known AsSugars in different molecular forms, of which four 

(AsSugars-OH, -PO4, -SO3 and -SO4) are commonly occurring seafood.31,93,140,238 

AsSugars are the predominant arsenicals present in macroalgae,97,111,363,386–396 and have 

been reported in clam,397,398 gastropods,399 shrimp,77 mollusks,67 and oyster tissue.400 

Most AsSugars contain a dimethylarsinoyl group, where arsenic is pentavalent and 

connects to two methyl moieties, at C5 of the ribose ring and to oxygen, with a variety 

of substituents at the C1 position of the sugar backbone (see Fig. 18). The 

dimethylarsinoyl moiety of the oxo-AsSugars is prone to be protonated at low pH 

(below 3), thus bestowing a cationic and polar nature to the molecule. However, this 

property is countered by the aglycone moiety if it holds an acidic moiety because the 

acid-base characteristics witnessed are essentially regulated by the aglycone.144  
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Figure 18: Structures, names, and abbreviations of Arsenosugars. 

Apart from AsSugar-Glycerol, the other oxo-AsSugars with widespread occurrence 

possess a strongly acidic group. The acidic potency intensifies from the phosphoric 

acid ester, followed by the sulfuric acid ester through to the sulfonic acid ester.401,127  
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AsSugars may occur as thio-AsSugar where the oxygen is replaced by sulfur and as 

trimethylarsonium compounds (see Fig. 18).93,238 Naturally, corresponding oxo and 

thio analogues are present, though the pentavalent dimethylated oxo species 

predominate.144 Most AsSugars are polar. There are several other lipophilic arsenic-

containing oxo-ribofuranoside. The molecular structure of the first AsSugar-PL 958 

identified by Morita et al. in 1988 (see Fig. 19).97 García-Salgado et al. identified 

additional AsSugar-PLs from two species of brown macroalgae in 2012.111  

The polarity of AsSugars, which is based on their behavior in reversed-phase 

chromatography, shows that oxo-AsSugars are more polar than their thio analogues, 

with the AsSugar-OH being the species with the highest polarity.144,373 The presence of 

diastereomeric sulfonate and carboxylate oxo-AsSugar species in natural samples was 

revealed following NMR studies.144,402 

 

Figure 19: Chemical structure of AsSugar-PL 958 extracted from brown algae. 

AsSugars are substantially more chemically labile than AsB, and biodegradation is 

probable when they are exposed to an acid or base hydrolysis or modeled gastric-type 

environment.82,403,404 However, degradation of AsSugars is not entirely stimulated by 

the chemical conditions, and may be initiated by enzymatic and/or microbial activity.405 

Only limited information is available with regards to temperature stability of AsSugars 
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which are neither decomposed by cooking of seaweed nor by stomach acid digestion, 

which suggests that the occurrence of DMAV after AsSugars ingestion is attributable 

to either enzymatic or microbial activity in the human body.403,406  

Oxo-AsSugars stability persisted during transitory heating to 100°C for 10 min even 

though this does not demonstrate normal cooking conditions. At elevated temperatures 

and under acidic conditions, some AsSugars undergo acid hydrolysis to yield the 

disintegration product AsSugar 254 (DMAsSugarHydroxy), see figure 20 below.405  

 

Figure 20: Structure of AsSugar 254, DMAsSugarHydroxy 

Not much is known concerning the source or potential function of AsSugars in 

biological systems, though it is assumed to be produced in organisms because of 

detoxification and excretion after ingestion of iAsV naturally occurring in 

seawater.24,407 Probable pathways for their formation and conversion have been 

illustrated in the literature.238,407,408  

AsSugars are not just the major arsenicals in seaweed, but also exist in large quantities 

in filter feeding herbivorous mollusks and gastropods from consuming algae or 

phytoplankton.31,140,144,409 Many research activities focused on the characterization and 

quantitation of AsSugars present in diverse aquatic macroalgae, regularly referred to as 

seaweed or kelp, and commercially accessible algae products, whose intake is 
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promoted for their health benefits, but may be a cause of exposure to arsenic that is 

intrinsically present in them.144,410,411 Aquatic organisms have higher levels of 

AsSugars compared to the freshwater and terrestrial organisms where the topmost 

detected amounts in sea algae and commercial kelp powders were 10 µg As/g to 40 µg 

As/g (dry weight).412  

In cells of mammals, generated AsSugar was not cytotoxic at micromolar levels.5 Of 

the four AsSugars with widespread occurrence in seaweed, only two (AsSugar-OH 

40,41,238,413 and AsSugar-SO3 
40,41,319) have been assessed and demonstrated significantly 

reduced cytotoxicity in comparison to iAs. However, a trivalent derivative of AsSugar-

OH (DMAIII-AsSugar-OH) displayed substantial toxicity to the cell, but this arsenic 

species has at no time been witnessed in biological systems.238  

DMAV-AsSugar-OH has been assessed with cell cultures and presented no cytotoxicity 

at micromolar level, indicating that the AsSugars in their native state in dietary sources 

have extremely decreased toxicity and are likened to AsB, though this conclusion was 

made upon the evaluation of a single AsSugar.93 AsSugars that were previously 

reported in literature as not exhibiting cytotoxic or mutagenic activities,394 have 

demonstrated bioaccessibility following metabolism within the human body.403  

The high intake of AsSugar and the resemblance they share with iAs with regards to 

metabolism and accumulation suggest that AsSugar may display more toxicity than 

earlier assumed.238 For example, trivalent AsSugars are more cytotoxic (IC50 = 200 

μmol/L, 48h exposure) than the corresponding pentavalent species (IC50 > 6,000 

μmol/L, 48 h exposure) in typical human epidermal keratinocytes.  
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AsSugar metabolites may also occur in trivalent forms, which have thus far not been 

identified in biota, likely as a result of their reactivity, but have demonstrated elevated 

cytotoxicity while directly linked to plasmid DNA at the µmolar level.238 Reduction of 

DMAV-AsSugars is envisaged to happen promptly in vivo via reaction with thiol 

compounds, thus making these AsSugars hazardous to human health.238,414,415  

AsSugars are metabolized and biodegraded to various minor compounds after retention 

in the body.403 Assimilation and elimination of AsSugars 372,403,409 is much slower than 

AsB or AsLipids,416,417 and highly variable between individuals.403 Volunteers from 

single consumption studies of seaweed showed either no buildup or just a slight 

elevation in urinary arsenic content, while others eliminated up to 95% of the consumed 

arsenic.372,374,403,404,409,418 The same consumption experiment was repeated with 

volunteers who showed the least (4%) and the most (95%) recovery of the consumed 

AsSugars, and consistent outcomes were reported.374 Difference in metabolism by gut 

microflora, permeation past intestinal barriers, and conversion within the liver may 

provide explanations for the retention variabilities between individuals.31,419 

DMAV is the main metabolite for AsSugar in human urine, although the transformation 

sites are yet to be confirmed.238 Feldmann et al. studied sheep, which perennially fed 

on seaweed and therefore were chronically exposed to AsSugars, to provide further 

insight into the metabolism of AsSugars because of their metabolic similarity with 

humans.414 Elevated urinary arsenic concentration peaked about 20 h after ingestion 

were reported in all twelve sheep in the study.415 However, tissue arsenic 

concentrations were not significantly elevated,414 and only 4% to 20% of consumed 

arsenic was detected in feces, indicating that most arsenic was eliminated via urine.415 
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The results could not be verified due to challenges in acquiring 24 h urine samples from 

the sheep.415 Unfortunately, sheep that were used as proxies to study human 

susceptibility to cancer risks have a limited lifespan of 4 to 6 years, which is not 

sufficient to assess the long-term exposure effects. However, the sheep study 

underscores the need for thorough investigation of foodstuff that contains arsenic in a 

state that is metabolized, but whose toxicological latency is unknown.93 

2.3.8. Arsenolipids (AsLipids) 

AsLipids occur as derivatives of fatty acids (AsFAs),7,17,80,102–104,107,113,122,420–423 

hydrocarbons (AsHC),7,80,102–104,107,109,113,122,420–423 phosphatidylethanolamine 

(AsPE),115,424 phosphatidylcholine (AsPC),115,424,425  fatty alcohols,103 and AsSugar-

PLs.107,111 Human exposure to AsLipids arises from consumption of seafood for 

example fatty fish,11 algae,107,111 and crustaceans.1,2 However, there is a scarcity of 

knowledge with regard to abundance, identity and toxicity of these compounds.11,99  

AsLipids are emerging species of interest.96 In seafood, AsLipids comprises up to 70% 

of the total arsenic content.18 The greatest quantities are found in fatty fish like herring 

and mackerels.11 AsLipids are believed to propagate in the food chain starting with 

algae to higher organisms such as fish, with the possibility of endogenous production 

in the organism since the detected AsFAs show similarities to common fatty acids 

found in aquatic organisms.11,324 AsHCs are present in various aquatic systems, such as 

herring,80 tuna,81 and cod,108 fish oils,18,102,113 and edible brown algae.96,107,142 

Several molecular structures of AsLipids have been elucidated based on their exact 

mass and their product ion mass spectra, demonstrating the chemical complexity of 
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these compounds in seafood.7,17,107,111,421 Subsequent biochemical studies showed that 

AsLipids in unicellular algae involved three main lipid types,426 and similar species 

were also detected in clam tissues resulting from algal-clam symbiosis.420,427  

Following Morita et al. successful isolation and structural elucidation of AsSugar-PL 

958 in brown macroalga, Wakame (Undaria pinnatifida),97 Garcia-Salgado et al.111 and 

Raab et al.107 were able to extract other AsSugar-PLs from brown macroalgae. 

AsLipids were first detected and identified in fish oils in 2008, where arsenic was 

directly linked to either a long chain fatty acid 17 or a hydrocarbon (see Fig. 21).18 

Characterization of AsLipids is work in progress with more than 50 known AsLipids.31 

  

Figure 21: Structures, names, and abbreviations of arsenolipids 

The identification and quantification of AsLipids has been made possible by concurrent 

analysis using LC-ICP-MS for element specific detection and ESI-MS/MS with mass 

analyzers with high resolving power and mass accuracy for structural 

determination.104,109,420–423 Several AsHCs and AsFAs have been synthesized for 
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confirmation of identity.116,420,428,429 However, there are still no standards or reference 

materials available for AsLipids and AsSugar-PLs. Standards for unsaturated AsLipids 

are difficult to synthesize and therefore must be isolated from fish muscle.80  

Lack of standards is a progressive challenge because as more compounds get identified 

the higher is the demand for new standards. Pure compounds are necessary for accurate 

quantification and to aid in the investigation of their metabolic transformation and 

potential toxicities.12 Improved knowledge with regards to chemical structures, 

amounts, bioavailability, and toxicity of the specific AsLipids is necessary for a more 

comprehensive risk assessment of arsenicals found in food and feed.31 

AsLipids are of toxicological concern because their metabolites are similar to iAsIII a 

well-characterized carcinogen.42–45,98,99,324,430,431 However, the molecular modes of 

action regarding their toxicity as well as their metabolism in liver remain unclear.98 

AsHC 332, AsHC 360 and AsHC 444 have recently been found to exhibit substantial 

toxicity in various in vitro and in vivo systems.42 In an in vitro blood–brain barrier 

model, it was shown that AsHC 360 [1-(dimethylarsinyl)heptadecane] was up to five-

fold more cytotoxic than iAsIII, followed by AsHC 332 [1-

(dimethylarsinyl)pentadecane)], and AsHC 444 [1-(dimethylarsinyl)tricosane], which 

were 3.7-fold and 1.8-fold more cytotoxic than iAsIII, respectively.99 AsHC 332 and 

AsHC 360 are effective permeability enhancers that would allow other food borne 

toxicants easy access to the brain.99 Cytotoxic latency of AsFAs and their water-soluble 

metabolites were much lower in comparison to iAsIII and AsHCs. No substantial 

cytotoxicities were detected for AsFA 362 [15-(dimethylarsinyl)pentadecanoic acid], 

and AsFA 388 [17-dimethylarsinyl-9-heptadecenoic acid].99,45  
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Elevated cellular bioavailability in human differentiated neurons, liver and bladder 

cells 42,43 together with the detected increased intestinal bioavailability in the Caco-2 

intestinal barrier model45 implies that AsHCs appear to effortlessly permeate cell 

membranes, along with other physiological membranes. This explains how AsHC 332 

is able to transport into the brain of Drosophila melanogaster,101 suggesting these 

compounds are bioaccessible to the brain.31,44,116 In the same way iAsIII and DMAV 

have been demonstrated to traverse the blood-brain barrier in mice and rats.316–318  

Due to their amphiphilic structure, intact AsLipids are seemingly able to substantially 

traverse across physiological barriers like intestinal barriers45 and the blood-brain 

barrier.44 Interestingly, AsHCs were neither metabolized in the in vitro blood–brain 

barrier model 99 nor in the in vitro intestinal barrier model.45 In contrast, AsLipids 

present in cod liver oil ingested by humans were biotransformed to small AsFAs and 

DMA, the same metabolite for iAsIII.417 AsHCs have been shown to disturb 

mitochondrial function leading to reduced cellular ATP levels in fruit flies,42 while in 

humans AsHCs not only reduced the mitochondrial membrane potential, but also 

induced apoptosis. Such effects were not observed with iAsIII.324,430 

A small number of studies have looked into bioaccessibility and metabolism of 

AsLipids, and data suggests that AsLipids are swiftly taken in via the gut, and as 

opposed to AsB, are metabolized before excretion in urine within 6 h to 15 h of intake.31 

After ingestion of cod liver oil mainly consisting of AsLipids by two human subjects, 

more than 85% of the ingested arsenic was eliminated after two days. DMAV 

constituted up to 70% of the arsenic excreted in urine with no intact AsLipids 

detected.416,417   
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Other metabolites included AsFAs derivatives like dimethylarsenopropanoic acid 

(DMAP), dimethylarsenobutanoic acid (DMAB) and their thio-analogues (thio-DMAP 

and DMAB).324,416,417 DMAP and thio-DMAP did not trigger any adverse effects in 

human liver cells (HepG2), human bladder cells (UROtsa), or differentiated 

neurons.43,45,324 The fact that AsLipids can occur at high levels in food, have been 

shown to be bioavailable to humans, and extensively degrades to small arsenic species 

justifies the great interest on the possible toxicities of these compounds.420  

The latest study performed by Al Amin et al.432 on 17 food composites projected the 

daily intake of AsLipids in the Japanese population. It showed that the population is 

exposed to AsHCs, AsFAs, and AsSugar-PLs. AsLipids were identified mainly in 

algae, fish, and shellfish of the 17 dietary composites with amounts between 4.4 ng 

As/g and 233 ng As/g fresh weight (fw).432  

Of concern was that two AsLipids, AsHC 332 and AsHC 360, with known cytotoxic 

effects were identified in algae, fish, and shellfish. Amounts ranging from 33 ng As/g 

fw to 40 ng As/g fw, with an approximated mean daily intake of about 3,000 ng 

As/person/day and 360 ng As/person/day, or 50 ng As/kg body weight (bw)/day and 

6.0 ng As/kg bw/day, respectively were reported.  

From these findings, it is apparent that diet contributes to substantial amounts of the 

daily intake of toxic AsHCs, fortunately the margin of exposure does not seem to 

present a health risk with respect to IC50 values of 3.05 μg As/g and 1.73 μg As/g for 

human liver and bladder cells exposure to AsHC 332 or AsHC 360, respectively. 42,432 
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2.4. Considerations for Risk assessment 

There is need for regulatory limits based on speciated data, especially for seafood 

because data based on total arsenic only as an indicator for risk assessment is 

inadequate.93,137 Detection of arsenic species that exceed regulatory limits can become 

a technical barrier to trade as was witnessed in 2013 when China imposed a ban on all 

U.S. imports of geoduck (Panopea generosa) with an annual value of $80 million.272 

2.4.1. Risk assessment 

EFSA provided a risk profile for arsenicals in diet that highlighted the need to legislate 

in relation to toxic arsenic in food and to generate more speciated arsenic data.14 

Currently, there is no tolerable intake level set for As, since the latest EFSA scientific 

opinion on As concluded that the previous provisional tolerable weekly intake (PTWI) 

of 15 µg kg−1 bw was no longer appropriate.14  

The EFSA review was an important instrument that stimulated appropriate allocation 

of resources to more detailed scientific assessments that led to the generation of 

relevant information. However, this information needs to be systematically collated and 

evaluated with the objective of establishing regulatory limits, especially for 

organoarsenicals in seafood, which do not currently have set limits. 

The review article by Feldmann et al.93 highlighted lack of structural and toxicity data 

on organic arsenic species, and the authors suggested the categorization of food 

samples into three clusters based on IARC 10 classification that categorizes all 

organoarsenicals as potentially toxic. New information has emerged since then with the 
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identification and characterization of some novel organoarsenicals having toxicities 

like iAsIII, a known carcinogen.42–45,98,99,324,430,431  

The molecular structures of more than 200 lipophilic organoarsenicals have been 

assigned and new analytical methods have been developed.17,181,217,219,221–

226,228,229,237,238,256–259, This information has changed the landscape of risk assessment 

with respect to organoarsenicals in food, especially seafood.   

Risk assessment is a scientifically based process consisting of four main stages: Hazard 

identification, hazard characterization, exposure assessment and risk characterization. 

Hazard identification entails the screening process with the purpose of ascertaining the 

presence of a hazard, defined as a biological or chemical agent capable of causing an 

adverse health effect and that may be present in a food or group of foods.  

Based on this definition, iAsIII, a well-characterized carcinogen, is hazardous. Other 

hazardous arsenicals include arsenic-containing hydrocarbons like AsHC 332, AsHC 

360 and AsHC 444,42,44,45,98,99,324,430,431 arsenic-containing fatty acids like AsFA 362 

and AsFA 388,43,45 and methylated trivalent arsenicals like MMAIII and 

DMAIII.310,343,354,362 DMAV is also a known tumor promotor in rat liver.299,436  

There is need for more toxicity studies on the new organoarsenicals to identify all the 

potential sources of hazards. Toxicity studies aim at establishing the severity and 

frequency of the associated adverse health effect (response). Toxicity studies should 

not only be limited to the organoarsenicals but should also be extended to their 

metabolites, because it has been established that most arsenicals are not acutely toxic, 

but toxicity usually emanates from metabolic transformations.3,8,40,144,238,367,391,437–441 
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There are still many organoarsenicals that haven’t been tested for toxicity and are 

assumed to be non-toxic because of the benign nature of some of the known 

organoarsenicals such as AsB. However, these compounds are not known to be non-

toxic. It is therefore imperative that toxicity studies are performed for these recently 

identified arsenicals. 

Most arsenic toxicity information was garnered from studies using laboratory 

animals.20,343,344,347,359,361–363,413,442,443 This information is important but not necessarily 

sufficient in its current form for establishment and/or accurate simulations of regulatory 

limits. It is therefore imperative that the LD50 values obtained from laboratory animals 

are converted to enforceable limits for human subjects. This call for additional data and 

information that has been systematically obtained to enable the setting of exposure 

metrics that can practically be implemented in regulatory practices.  

To appreciate the exposure level to organoarsenicals, there is need to conduct exposure 

assessment studies, which entail dietary studies considering the potential sources of 

exposure with regards to seafood. Exposure assessment requires data from the number 

of servings of potentially dangerous food ingested (provided from dietary studies), and 

the level of contamination (provided by information from arsenic speciation analysis), 

which determines the magnitude of exposure (dose).  

A few dietary studies have been performed targeting certain foods in different 

countries.32,39,54,55,97,132,432,255,268–272  While carrying out dietary studies it is important 

to consider the vulnerable section of the population who may be ingesting dietary 

supplements based on seafood, because they may be contaminated with organic arsenic 
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species. Dose-response assessment links the amount of the hazard ingested (dose) with 

the chance of developing adverse health effects and the severity of the same. These 

studies enable the establishment of exposure metrics like PTWI and allowable dietary 

intake (ADI) that are important in establishing regulatory limits. 

2.4.2. Instrumental needs 

It would be beneficial to have access to an instrument that can concurrently identify 

and quantify novel organoarsenicals without the need for standards. Even with 

standards available there is still the challenge of co-elutions and isobaric interferences 

that significantly affect quantification by LC-ICP-MS. There is therefore great need for 

an element-sensitive detector with high resolving power and mass accuracy. This will 

hopefully enable the concurrent identification and detection of organoarsenicals. Such 

an instrument should be affordable, robust and with high sensitivity.  

The identification of AsHCs, AsFAs, arsenic-containing fatty alcohols (AsFOHs), and 

AsSugar-PLs has been aided by high resolution mass spectrometers with high resolving 

power and mass accuracy, such as  quadrupole ion trap (QITMS),390,449 quadrupole 

time-of-flight (Q-ToFMS),7,108,124,398,421–423,450,451 OrbitrapMS,111,80,102,103,113,433 and 

Fourier transform ion cyclotron mass spectrometers (FT-ICT-MS).17,450  

These instruments are not affordable and require high level of expertise for operation, 

which makes them beyond the reach of many laboratories. In addition, the structural 

information for the identified arsenicals need to be confirmed, which requires the use 

of techniques like nuclear magnetic resonance (NMR) spectroscopy.82,392,395–397,437  
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Additional information can be provided by X-ray crystallography,392,407 X-ray 

absorption near-edge spectroscopy (XANES) or infrared spectroscopy, and mass 

spectrometry.452 Unfortunately, these techniques require analytes at high 

concentrations and yet the amounts of AsLipids present in the seafood samples are 

usually very low. Therefore, the arsenicals must be synthesized and characterized in 

the laboratory for confirmation, which also require in-depth knowledge of synthetic 

protocols and characterization of the synthetic products. 

2.4.3. Standards and Reference Materials needs 

It is almost impossible to synthesize standards for all known arsenicals. A pragmatic 

approach would be to synthesize the standards for arsenicals with known toxicities and 

to also synthesize their labeled analogues. Due to the monoisotopic nature of arsenic, 

it is impossible to find labeled arsenic standards. However, for organoarsenicals, the 

heteroatoms of the synthetic standards can be labeled with 13C or 2H, and thus enable 

their use as internal standards for identification and quantification of analytes of 

interest. Concurrent use of these synthetic standards can also be useful in overcoming 

co-elutions, and isobaric and polyatomic interferences associated with quantification 

of organoarsenicals using ICP-MS.  

There is currently no agreement on a method that is internationally acceptable for 

arsenic speciation analysis. There is an urgent need for higher order analytical protocols 

for the detection and structural assignment, especially for the novel organoarsenicals. 

There are currently no certified reference materials for the new organoarsenicals.  



 

90 

 

Access to CRMs can be helpful in the validation of analytical methods. Interlaboratory 

comparisons like proficiency testing (PT) schemes can also provide an additional level 

of confidence in the measurement results as a tool for assessing the robustness of the 

validated analytical protocols and evaluating the equivalence of measurement results.  

The concurrent use of the synthetic standards and labeled standards as internal standard 

in combination with reliable and robust analytical method for exact quantification of 

selected arsenicals will play an important role in the establishment of regulatory limits 

for the toxic organoarsenicals. With reliable analytical methods and availability of 

standards, development of matrix-matched CRMs will become a reality. 

As an initial step, further effort should be expended in the characterization of lipophilic 

organoarsenicals to obtain a more exhaustive list that can then be tested for toxicity. 

There is still a lot more to be learnt from the hexane extracts of fatty and oily fish that 

is mostly discarded because of high matrix effect. Improvement in the sample cleanup 

techniques may also allow access to more information from the non-polar portions of 

the samples.18,81,102,103,108,113,122,124,420–423,433  

Another area that might require attention is analysis of samples with high organic 

content because analysis of intact AsLipids require them to be dissolved in organic 

solvents that are not amenable with ICP-MS. The current approaches for simultaneous 

identification and quantification will play a critical role in arsenic speciation.  

Analytical instruments have enabled species identification and structural elucidation, 

however, there is still need for standards and CRMs.12 These materials will be used for 

the identification and quantification of arsenolipids in food samples. 
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Once the hazard identification, hazard characterization and exposure assessment have 

been concluded, then the information thereof is used as input for risk characterization, 

which is simply the estimation of risk that informs the setting of regulatory limits. Some 

of the implementation considerations include availability of standards, certified 

reference materials, validated analytical methods, and established regulatory limits. 
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Chapter 3: Analytical Methodologies for Determination of 

Organic Arsenic Species in Edible Marine Species. 

Work discussed in this chapter has been published in the Journal of Agricultural and 

Food Chemistry. J. Agric. Food Chem. 2020, 68, 1910-1934. 

3.1. Introduction 

Arsenic occurs naturally in seafood in a variety of organic chemical forms. There are 

hydrophilic arsenicals such as AsB, AsSugars, and lipophilic arsenicals like AsLipids. 

Inorganic arsenic (iAs) is known to be toxic. Total arsenic as an indicator for dietary 

risk is inadequate,93 and accurate account for the myriads of arsenic species in the 

seafood present considerable challenge for food safety regulatory authorities.61,136,137 

Current regulations for arsenic exposure focus mainly on iAs, a well characterized 

Class A carcinogen.31 Setting of standards for arsenic in food is complicated owing to 

the enormous metabolic diversity of organic arsenic species in humans and lack of 

reliable speciation data on dietary sources.93 Furthermore, the regulatory limits for iAs 

are derived from studies of high exposure from regions with endemic contamination of 

drinking water.138,139 iAs is 100% bioavailable in drinking water. Therefore, the mode 

of action and exposure levels invalidates the significance of these risk assessments with 

regard to seafood as a source of arsenic exposure.140  

Additionally, lack of data on arsenic toxicity in humans and other mammals from intake 

of significant amounts of seafood 407 provides supporting evidence against arsenic acute 

toxicity.140 However, since consumption of seafood may result in production of 

metabolites that are important in arsenic-induced carcinogenicity, it may be prudent to 
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assess the effects of chronic exposure to arsenic in seafood and their contribution to 

long term cancer risk.140  

The intricate distribution of arsenic in marine organisms imply that evaluation of risk 

focusing primarily on iAs may provide a warped outlook.93 In addition, a myriad of 

compounds where arsenic is attached to an organic group have been detected in 

seafood, besides the toxic iAs. These organoarsenic compounds constitute more than 

85% of the total arsenic content in most seafood, especially fish.140,453,283  

Considering only the iAs fraction in determining toxicity might therefore underestimate 

the risk, since the major fraction containing arsenic may be present in a form with 

potential and unknown toxicity.137 This would contravene the precautionary principle 

of risk assessment that errs on the side of caution, since focusing only on iAs, especially 

for seaweed, where AsSugars with unknown toxicities predominate, would 

misrepresent the level of potential toxicity.93  

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 as the chemical form 

of arsenic controls its bioavailability, mobility and toxicity.12 The need for speciation 

data to fully assess the environmental, biological, or toxicological role of elements has 

been embraced by the scientific community.137  

The challenge remains how to practically implement these ideas into the food safety 

regulatory framework; the case of arsenic being particularly complex owing to its 

presence in foods in a myriad of chemical forms, and due to the scarcity of information 

on the toxicity and metabolism of such arsenicals.137 
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Speciation analysis of seafood samples require analytical methods that can 

quantitatively characterize diverse forms of arsenic from dietary sources, however, 

matrix complexity and the general dominance of AsB is an impediment.144,454–456 It is 

also imperative that the arsenic species in the sample are maintained in the form that 

they naturally occur in food.457 This requires analytical methods that prevent species 

interconversions. Unfortunately, there is currently no robust, simple and affordable 

method available.21,93  

A systematic assessment of methods is essential for reliable arsenic speciation in 

seafood.130  The practical approach in arsenic speciation analysis comprises four main 

aspects: extraction, separation, detection and characterization (identification).31 Every 

analytical step must be optimized with special attention to interferants including doubly 

charged species, isobaric polyatomic species and organic signal enhancers.12 

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 µg g-1, dw) in 

marine organisms,412  including those used as human food, there is considerable interest 

regarding their toxicological behavior.451  

Studies suggest that AsSugars exhibit no acute cytotoxicity or mutagenicity, however, 

these compounds may be metabolized within humans to form toxic metabolites.394 

DMA a known tumor promotor and metabolite of iAs,300,322 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.458,403  
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The cytotoxicity of three AsHC, namely AsHC 332, AsHC 360 and AsHC 444 was 

investigated in cultured human bladder (UROtsa) and liver (HepG2) cells.42 The three 

AsHC showed toxicity comparable to that of arsenite.42–44 Similar studies were 

performed on two AsFA, namely AsFA 362 and AsFA 388 43 which were less toxic 

than AsHC and AsIII, though they demonstrated significant effects at µM level.42–44 

These latest findings underscore the urgent and dire need for more speciation and 

toxicological information of organoarsenic compounds, and drive the development of 

robust methods for routine analysis that will support the establishment and 

implementation of regulatory requirements in food, especially seafood.61,93  

A risk-based approach should be adapted in the development of 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 should also pay attention to the 

neglected area of arsenic speciation research; enhancement of extraction 

efficiency.31,438,455 The proportion of un-extractable arsenic is considerable, especially 

in seafoods and this portion may contain potentially toxic forms of arsenic with 

unknown identities.93  

Arsenic speciation analysis intent should be to understand the presence and proportions 

of the various arsenicals in dietary sources.130 However, the major challenge, especially 

with respect to organoarsenicals is the availability of standards and 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.459  
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This chapter 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 (Fig. 22), while highlighting 

the general analytical considerations. Discussions will focus on hydrophilic organic 

arsenic species, including methylated arsenicals and AsSugars, and lipophilic organic 

arsenic species, including As-HCs, As-FAs and AsSugar-PLs also known as AsLipids.  

 

Figure 22: Analytical procedure for arsenic speciation in seafood. 

3.2. Sample handling and pretreatment 

Sample pre-treatment 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 is critically important in arsenic speciation and need to be carefully 

optimized in order to guarantee species integrity.144 Factors such as pH, temperature, 
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light, microbial activity and the container material are critical for sample handling and 

have direct effect on species stability.441 Procedures such as freezing, cooling, 

acidification, sterilization, deaeration and storage in the dark have been recommended 

for preservation of species integrity.460 

3.2.1. Cleaning 

Macroalgae often need to be cleaned to remove surface material and epiphytes before 

analysis, as they may contain arsenic species that can bias speciation results.12 Cleaning 

of seaweeds may be achieved using a dilute saline solution that does not disrupt cells 

due to osmotic pressure differences.461  

It is almost impossible to completely eliminate contaminating organisms in some 

samples. For example, seaweed contain symbiotic fungi that are part of the plant matrix 

and cannot be removed by washing or scrapping.462 AsB is an arsenic species not 

known to be produced by seaweed, but likely to be produced by associated epiphytes, 

yet several studies have reported its presence in seaweed.78,461
 

Seafood need to be depurated before analysis as 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,462 and if the 

seagrass material is not depurated, elevated levels of iAs will be reported in seafood. 
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3.2.2. 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.463 Other key issues that must be considered and which have 

implications on the speciation pattern observed include storage conditions and storage 

time.144 Total arsenic and oxo-methylated arsenic species have been shown to be stable 

for long periods in frozen and freeze dried tissues of seafood and seaweed.464–466 

However, Dahl et al. 465 demonstrated that a decrease in arsenic concentration may 

occur in blue mussels that are frozen for periods greater than 1 to 3 months.  

Some degradation of arsenic species in unfrozen samples may occur due to microbial 

action. For example, the production of (CH3)3As as a degradation product has been 

reported in fish.467 Freeze dried samples are unlikely to result in arsenic speciation 

alteration as microbial or chemical conversion cannot occur in freeze dried samples as 

long as they are desiccated.12 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 organic arsenic species. Therefore, seaweed samples should 

not be frozen and thawed before freeze drying.12 

3.2.3. Homogenization 

Most seafood samples are often cleaned, freeze dried and homogenized by cryogenic 

grinding. However, the particle size is rarely specified or characterized.12 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 
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with the extractant. Narukawa et al.468 who showed that the extraction efficiency of 

arsenic from rice with deionized water decreased by 10% to 30% when particle size 

increased from <150 mm to 500 mm. Similarly, Alava et al.469 showed that extractable 

arsenic from rice increased from 70% for whole grain, to about 80% for particle size 

below 1 mm, to 90% for particle size below 0.5 mm to 100% when particle size was 

reduced to a powder. Even though the studies were performed on rice, which is not a 

seafood, the importance of particle size on arsenic extraction was demonstrated. 

3.3. Extraction 

Extraction is the key analytical step in arsenic speciation analysis because it releases 

the target analytes from the matrix into a solvent that must be amenable with the 

detection method of choice.127 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.470  

Extraction methods have been developed focusing on enhanced efficiency with reduced 

extraction times and volume of extraction solvents.463 Arsenicals are difficult to extract 

from solid tissues making optimization of methods for each matrix type a necessity. 

High extraction efficiencies are desirable and are not only dependent on the species and 

type of tissues examined, but may show variability for different species of the same 

family.471,472 For example, fish tissues gave 90 to100% extraction,473–476 while oyster 

and red and brown algae allowed 85 to 100% extraction with water/methanol 

mixture.394,477 Quantitative extraction is possible in a few cases but complete extraction 

of arsenic in seaweed or fatty seafood is mostly challenging.463   
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Extraction techniques should be designed with the aim of achieving the highest 

recovery, maintaining the integrity of analyte species, and ensuring the composition of 

the extractants are compatible with intended separation and detection methods.31,478,479 

3.3.1. 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 towards improving 

the classical extraction techniques in order to obtain faster, more reliable, and 

environmentally friendly methods.480 Different procedures are utilized including 

optimization of solvent polarity, sample acidification 437,454 to enhance recoveries of 

the species, enzymatic hydrolysis (EH),68,481 and use of chelating agents.482–485  

The classic sample extraction technique is solvent extraction using different solvents 

and/or solvent mixtures with microwave,486 magnetic stirring,487 sonication,488,489 

heating,490 or physical shaking 437,454 applied to aid in solvent extraction.491 Solvent 

extraction as a stand-alone technique is less used because it is characterized with long 

extraction times, use of voluminous toxic solvents, and low preconcentration factors.492  

Modern extraction techniques tend to reduce solvent consumption, e.g. by supercritical 

fluid extraction (SFE),493,494 accelerated solvent extraction (ASE) or pressurized liquid 

extraction (PLE),68,495–497 microwave-assisted extraction (MAE),66,478,498–500 make use 

of solvent free methods such as solid-phase microextraction (SPME),501 or sorbent 

extraction phases, which is the case for matrix solid-phase dispersion (MSPD),480 and 

physical treatments as in ultrasound probe sonication (UPS).502  
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Most of the modern extraction techniques have demonstrated higher capabilities for 

organic analyte extraction from complex matrices, like seafood, by simultaneously 

performing both the extraction and cleanup stages.480 

3.3.1.1. Solvent extraction 

Solvent extraction by mechanical shaking or magnetic stirring,487,503,504 or assisted 

procedures by ultrasound water-baths 505,506 have widely been used in the quantitative 

extraction of polar arsenicals in seafood and marine-based products. Unfortunately, the 

procedure is laborious, time consuming and less efficient for lipophilic samples.492,507  

Marine samples are complex and there is no single method or extractant that exists with 

the capability to extract all the arsenic species.66,508 Common extraction solvents for 

marine samples include ultrapure water,352,438,474,509,510 hexane,17,102,103,113,433 methanol-

water, 352,387,405,410,450,474,511–513 dilute acids,474,514 and chloroform.352,515  

A number of approaches, which involve a combination of several polar and non-polar 

organic solvents as extractants have been reported to achieve successful extraction of 

arsenic species from seafood.96,102,103,105,352 For example, a mixture of Methanol/DCM 

102,103,273 and Methanol/chloroform mixtures,81,142,352,516 which have been separately 

employed to extract AsLipids from fish. Other commonly used solvents include: 

3.3.1.1.1. Methanol-Water mixture 

This is the most used solvent mixture in arsenic speciation. Ultrapure water is 

environmentally friendly and by far the best extractant for speciation analysis due to 

the polar nature of most arsenic species. As a soft extractant water cannot extract all 
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arsenic due to the presence of lipophilic arsenicals in seafood.514 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.517  

The combination of the individual superior qualities of water and methanol as 

extractants has motivated their wide application in arsenic speciation 

analysis.352,387,405,410,450,474,511–513 The methanol-water mixture therefore affords a fitting 

balance between arsenic solubility and simplicity of solvent elimination, since the 

majority of naturally occurring arsenicals in seafood are polar and water soluble.144  

Aqueous extraction is suitable for polar arsenicals and more importantly preserves them 

in their innate chemical form.93 Subsequent analysis of the aqueous extract is therefore 

less challenging as 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.130  

However, when extracting a lipophilic matrix, common in seafood samples, sequential 

extraction procedure is recommended because it aids in fractionating arsenicals on the 

basis of their polarities to realize adequate extraction efficiencies.459,518  

Owing to the great diversity of arsenic species in marine samples, each arsenical should 

be extracted using customized extraction methods.514,517 For example, physical 

extraction techniques like mechanical agitation and sonication have been coupled with 

methanol as an extractant to enhance the extraction efficiency. Unfortunately, low 

recoveries of arsenicals have been reported for seaweed, even with repeated (3 or 4) 
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extractions,66,410,401,519 and for oily seafood having high proportions of non-polar 

arsenicals.365,447 

3.3.1.1.2. Acidic extraction conditions. 

Acidic extraction conditions are reported to improve extraction efficiencies of 

AsSugars 520,521 due to acid hydrolysis that releases arsenic degradation products in the 

lipid and protein fractions.31 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.405,520 Severe degradation is usually experienced 

when high temperatures and high acid contents are employed over lengthy periods.522 

3.3.1.1.3. Basic extraction conditions. 

Tetramethylammonium hydroxide (TMAH) has been used by Gamble et al., 434 for 

extraction of AsSugars, which are difficult to extract in oysters and shellfish. They 

reported improved extraction efficiencies. However, at high concentration, AsSugars 

degradation based on an SN2 mechanism was observed.434 Ackley et al. also reported 

highest recoveries using 5% TMAH on spiny dogfish muscle (DORM-2).478  

Neutralized TMAH extracts shifted peak retention times when injected on a C18 

column.93 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. 
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3.3.1.1.4. 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.492 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 selective release of the analytes from sample matrix without 

species transformation.68,523,524 For example, enzymes such as trypsin, pancreatin and 

phospholipase D have been used for arsenic speciation extraction.516,525,526 Trypsin, a 

proteolytic enzyme, has been used in arsenic speciation studies on fish species such as 

cod, dab, haddock, mackerel, plaice and whiting.352,405 

Enzymes can be used to determine bioavailable fraction of species by mimicking living 

environments, e.g. gastric digestion processes.492 Artificial gastric juice has been 

demonstrated to have higher extraction efficiency for arsenic species as compared to 

commonly used extractants such as ultrapure water, methanol-water and 0.15 M 

HNO3.
527 Therefore, the artificial gastric juice extraction could be used to simulate the 

physiological conditions for the dissolution of arsenic species in the human body. Many 

factors could influence the efficiency of enzyme-assisted extraction, including the 

enzyme dosage, the pH value, the extraction temperature and incubation time.524 

A general drawback of conventional enzymatic hydrolysis is the long incubation times, 

typically from 12 to 24 h, the need for incubation in a bath at 37°C and relatively high 

cost of the reagents, which limits its applicability in speciation analysis.481 However, 
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combination of MAE, PLE, or UPS to EH significantly reduces the extraction time 

from several hours to 30 min,83,528 10 min,23 and 30 s to 2 min,529,530 respectively. 

Ultrasonication provide effective disruption of the cell walls, thus facilitating enzyme 

interaction with liberated cytosolic components.531 Improvements on the enzymatic 

hydrolysis under microwaves is 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,531,532 which leads to 

efficient contact between the solvent molecules and the solid particles. 

3.3.1.2. Supercritical fluid extraction (SFE) 

Supercritical fluid extraction (SFE) uses CO2 as extractant virtually exclusively, so its 

scope is restricted to non-polar analytes.533 Therefore, the application of this technique 

in speciation analysis is rare owing to its low extraction efficiency for highly polar or 

ionic compounds, which form the bulk of organoarsenicals. Wenclawiak et al. were 

able to extract DMA, MMA AsIII and AsV from spiked samples with CO2 in the 

presence of thioglycolic acid methyl ester.534  

The derivatization reaction was carried out in supercritical CO2, 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 4 

below for comparison of extraction techniques, along with their advantages and 

disadvantages.  
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Table 4: Comparison of sample extraction techniques 

Solvent Extraction 

Advantages Disadvantages 

1. Relatively robust extraction procedure that 

allows efficient transfer of analytes into the 

extraction solvent. 

1. Time consuming. Long procedure for sample 

extraction with extraction times between 8 h to 

48 h. 

2. Applicable to complex sample matrices like 

seafood. 

2. Uses a lot of solvent most of which is toxic and 

thus generates a lot of hazardous waste. 

3. Can be directly applied to unfiltered samples. 3. Has low preconcentration factor. 

Supercritical Fluid Extraction (SFE) 

Advantages Disadvantages 

1. Simple, faster and high precision extraction as 

compared to conventional solvent extraction 

methods. 

1. Since it uses CO2 as an extractant, the scope of 

application is limited to non-polar analytes. 

2. Uses CO2, an environmentally friendly 

extractant that reduces the need for consumption 

of and exposure to toxic organic solvents. CO2 is 

non-toxic, nonflammable and relatively cheap. 

2. Application in arsenic speciation is rare due to 

low extraction efficiency for highly polar or 

ionic compounds which forms the majority of 

the organoarsenicals. 

3. Low viscosity and diffusion co-efficient 

contributing to rapid mass transfer of solutions 

and enhanced interactions at the molecular level 

which favors the solubilization process. 

3. Poor selectivity which requires advanced 

optimization. 

4. Capable of extracting thermolabile species 

owing to the use of CO2 as an extractant, which 

has low critical temperature that allows 

extractions under mild conditions, thus suitable 

for speciation analysis. 

  

Accelerated solvent extraction (ASE) 

Advantages Disadvantages 

1. Analyte and matrix independent technique 1. Extraction efficiency asymptotically reaches a 

maximum at which point the quantitative nature 

of extraction becomes matrix dependent.  

2. Provides cleaner extracts than conventional 

extraction procedures. 

2. No exact volume control of solvent used for 

extraction is provided. 

3. Applicable for extraction of analytes in complex 

matrices. 

3. Only fixed and relatively high-volume 

extraction cells are commercially available. 

4. Relatively short sample extraction time. 4. Limited application in speciation analysis. 

Microwave-assisted extraction (MAE) 

Advantages Disadvantages 
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1. Highly efficient extraction method for a wide 

range of sample matrices. Solubility and not 

solvent diffusion is the only critical parameter to 

obtain good recovery. 

1. Extraction medium, microwave power and 

exposure time must be carefully optimized to 

avoid species losses or transformation. 

2. Capable of hyphenation to chromatographic and 

spectroanalytical techniques. 

2. Requires polar solvents. 

3. Suitable for extraction of thermolabile species   

4. Supports derivatization reactions.   

5. Fast and effective extraction method.   

6. Environmentally friendly because of reduced 

solvent waste. 

  

Ultrasound probe sonication (UPS) 

Advantages Disadvantages 

1. Simple extraction procedure with fewer 

operations thus less prone to contamination. 

1. Being a batch system, the solvent cannot be 

renewed during the process therefore its 

efficiency is a function of the partitioning 

coefficient. 

2. Cavitation increases the polarity of the system, 

including extractants, analytes and matric, which 

increases the extraction efficiency. 

2. The need for filtration and rinsing after 

extraction lengthens the overall duration of the 

process and increases solvent consumption and 

the risk of losses or contamination. 

3. Allows addition of a co-extractant to increase 

further the polarity of the liquid phase. 

3. Particle size is a critical factor 

4. Allows the extraction of thermolabile analytes, 

which are altered when using conventional 

extraction techniques. 

4. Less robust since the extraction efficiency can 

be altered as the surface of the ultrasonic probe 

ages. 

5. Allows extraction of a wide variety of 

compounds with various polarities therefore can 

be used with any solvent. 

5. Lower precision resulting from the use of 

ultrasonic bath in which energy distribution is 

not uniform and ultrasound energy is wasted. 

6. Generally expeditious, inexpensive and effective 

alternative to other extraction techniques with 

possibility of full automation. 

6. Not reproducible. 

7. Safer for acid digestion because it doesn’t 

require high pressure or temperature 

  

Matrix solid-phase dispersion (MSPD) 

Advantages Disadvantages 

1. Mild extraction technique that maintains species 

integrity  

  

2. Suitable for speciation analysis.   

3. Allows simultaneous extraction and cleanup of 

samples. 

  

4. High capability for organic analyte extraction 

from complex matrices. 
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3.3.1.3. Accelerated solvent extraction (ASE) 

ASE, also known as pressurized liquid extraction (PLE), is an analyte and matrix 

independent technique which provides cleaner extracts than the time-consuming 

classical procedures used for extraction of compounds from complex matrices.68,495–497 

The process is based on applying increased temperatures, accelerating the extraction 

kinetics, and elevated pressure, keeping the solvent below its boiling point, 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.495 Since 

the first instruments became commercially available in the mid 90’s, this technique 

gained widespread acceptance for extraction of organics.495 Unfortunately, applications 

in speciation analysis are rare. ASE has been used in the extraction of organic arsenic 

species from ribbon kelp.  

3.3.1.4. Microwave-assisted extraction (MAE) 

Microwave-assisted extraction is an alternative to conventional solvent extraction, 

where microwave energy is used to heat solvents that are in contact with solid samples, 

this enhancing their penetration into the sample to facilitate the partitioning of the 

analytes of interest from the sample into the solvent.535 A low-power focused-

microwave field, typically 20–90 W can be employed to accelerate leaching of arsenic 

species without affecting carbon–arsenic bonds at atmospheric pressure.492  
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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.66,127,478,486 Low-power 

microwaves, employed to decrease extraction times while maintaining efficiency, have 

been applied to edible marine algae,142 oysters,536 mussels 537,538 and fish tissues,476 

allowing 98%, 97%, 85% and 95% extraction efficiency, respectively.  

On-line procedures can easily be implemented by using flow-injection for hyphenation 

to chromatographic and spectroanalytical techniques.492 It is suitable for extraction of 

labile species and also supports derivatization reactions.539 

3.3.1.5. Ultrasound-assisted extraction and ultrasound probe sonication. 

Ultrasound-assisted extraction (UAE) has been demonstrated to significantly speed up 

the extraction procedure and increase the extraction efficiency.502,540,541 UAE can 

accelerate the permeability of the solvent and increase the dissolution rate of extracted 

components by sonoporation.524 The thermal and mechanical effects of ultrasound 

accelerate the diffusion of the extracted components and facilitate their extraction. 

Compared to MAE, UAE can achieve high extraction efficiency within minutes 

without damaging the components by high temperature and pressure.524 

Ultrasound probe sonication (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.542 This results in extreme local 

temperatures and pressures generated in the liquid as well as solute thermolysis and 
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formation of hydroxyl radicals and hydrogen peroxide,542 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 when using 

other classical methods.481 These features have made the use of focused UPS one of 

the upcoming approaches in sample treatment.502 

3.3.1.6. Solid-phase microextraction (SPME) 

SPME is based on the partition equilibrium of target analytes between a polymeric 

stationary phase attached onto a fibre and the sample matrix, combining analyte 

extraction and preconcentration into a single step.492 The analyte is then desorbed from 

the fibre at high temperature into an appropriate separation and detection system, 

usually GC. Since 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 µm polydimethylsiloxane 

(PDMS) coated fibre.492 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.543 Non-volatile 

analyte species can be collected from the sample liquid phase and separated by LC or 

HPLC, this has been done for arsenic speciation,501 using ICP–MS detection. The 

application of SPME in the field of trace metal speciation is discussed in the review by 

Mester et al.544 
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3.3.1.7. Matrix solid-phase dispersion (MSPD) 

Matrix solid-phase dispersion (MSPD) technique was introduced by Barker et al.545 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.546 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.547 Therefore, due to 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.548 In this way, MSDP reduces solvent consumption, amount of 

sample, and time required for analysis.545,549,550  

Detailed theoretical aspects about MSDP technique is available in literature.546,549,550 

MSPD is therefore a mild extraction technique that is suitable for arsenic speciation 

analysis in various matrices including seafood.480,548,551 This fact together with the 

possibility of performing a cleanup step simultaneously or just before extraction makes 

MSPD technique a potential frontrunner in modern arsenic speciation analysis. 

3.3.2. Extraction efficiency and arsenic species transformation 

A neglected area of arsenic speciation research is that dealing with the “non-

extractable” fraction, which is thought to comprise “protein-bound” arsenic and/or 

“lipid arsenic”.31,438,455 Quantitative extraction must therefore overcome interactions 

between analytes and matrix, which partly depend on matrix composition.542 Lack of 

quantitative extraction is a common challenge associated with inadequate release of 
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analyte from insoluble constituents of the sample matrix (e.g. protein, lipids and 

cells)127 due to entrapment or strong physicochemical binding.552  

Research in these areas is currently hindered by 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.553,67 For example, the use of severe extraction 

conditions 553 and the application of high temperature 500 could extract all the arsenic 

species and accelerate the extraction process, however, this may lead to species 

interconversion and at times degradation of species like AsSugars.514 

There is no universal procedure that ensures species integrity during extraction and 

analysis since arsenic species stability depends on the sample matrix, the concentration 

level and the sample extraction procedure.554 Therefore a delicate balance must be 

maintained between achieving higher extraction efficiencies and preserving the 

integrity.31,405 Some of the modern approaches to overcome this challenge is by 

combining enzymatic treatment with ultrasound probe sonication (UPS).555  

This approach was developed for various sample matrices where optimum extraction 

efficiencies achieved for both total arsenic and arsenic species was 70 to 109% and 86 

to 91% respectively.529 Stability studies are therefore necessary to ensure there is no 

species transformation during sample extraction and analysis.441 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.405 



 

113 

 

3.4. 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.542 

Therefore adequate removal of matrix is necessary to improve the sensitivity and 

reliability of instrumental analysis and to decrease interferences in chromatographic 

separation related to matrix as well as in analyte detection.144 For example, presence of 

arsenic-free carbohydrates may hinder purification.556 However, the choice for further 

purification is strongly dependent on the nature of the sample and the separation and/or 

detection methods to be employed.144,495 

3.4.1. Silica gel cleanup 

In the analysis of AsLipids, the lipid extracts are characterized with high normal lipid 

matrix interference.122 Silica gel fractionation has been used to remove normal lipid 

matrix interferences from hexane extracts of fish oil, thus simplifying the 

analysis.103,113,122 AsLipids are separated from normal lipid in the sample matrix 

because of their profound affinity for silica, since most of them contain the 

dimethylarsinoyl, (CH3)2OAs,122 moiety which interacts with the acidic silica causing 

them to be strongly adsorbed on the column whilst normal lipids are eluted with low to 

moderate polarity solvents.96  

AsLipids have such a high affinity for silica that copious amounts of highly polar 

solvents, like methanol, are required to elute them.122 Caution must therefore be taken 

to avoid quantitative transesterification of the less-polar arsenic-containing fatty acids 

(AsFA) that may form fatty acid methyl esters (FAMEs) in the column.  
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Silica gel has also been used for the cleanup of MeOH/DCM extracts of marine algae 

to improve chromatographic separation.31,96 Studies of silica chromatography clean-up 

procedure by Glabonjat et al.96 demonstrate that the technique is effective for AsHCs 

and AsSugar-PLs with apparent negligible loses. 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.420,457 Therefore, washing the column 

with H2S/Acetone mixture that convert the oxo-AsLipids to their thio analogues, which 

are less polar and readily elute from the column may address this challenge.122 

3.4.2. Solid-phase extraction (SPE) 

SPE and solvent extraction share the same principle 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.557 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 on the nature of the sorbent, and may include 

simple adsorption, chelation, ion-exchange or ion pair solid phase extraction.557 Main 

advantages of the SPE approach are the possible integration of columns and cartridges 

in on-line flow injection systems, less solvent consumption, ease of use and possible 

application as species storage device for field sampling.492  

Ionic compounds may selectively be preconcentrated using anionic or cationic 

cartridges, besides avoiding possible signal overlapping with related species in 
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complex matrices when using atomic detectors. In that way the iAsIII interference on 

AsB in arsenic speciation could be avoided by placing an anionic cartridge before the 

separation column, leading to retention of iAsIII, iAsV, MMA and DMA.558,559 

3.4.3. Size exclusion chromatography (SEC) 

SEC is a separation technique based on molecular-weight. It is not used as an analytical 

technique, but as a cleanup technique.386 SEC is important in purifying complex 

seafood matrices characterized with complex biopolymers like sugars, lipids and 

proteins 389,560 that may bind to the stationary phase or co-elute with analytes of 

interest.144 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 concentrated extracts before 

separation of AsLipids in lipid fractions, which will ensure achievement of good 

separation of arsenic by RP-LC on C8 or C18 columns.81,103,389,433 

Secondary mechanisms, such as adsorption and ion-exchange effects, may impact the 

retention of analytes.144 Therefore, arsenic charge state should be considered when 

determining SEC conditions in order to avoid retention based on factors other than size 

and molecular weight.144 Strong electrostatic attractions are induced when charged 

groups of the stationary phase material interact with the quaternary 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.357  

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-
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specific interactions of AsSugars with the column and to minimize the salts in the 

collected and lyophilized fractions.387 Under the same conditions the dimethylarsinoyl 

moiety of the AsSugars was preferentially protonated which resulted in less retention 

of the AsSugars with acidic aglycone.144  

Electrostatic repulsion between the anionic stationary phase and the AsSugars’ anionic 

functional groups may explain why AsSugars act as though they were ejected from the 

pores.387 Based on these conditions McSheehy et al. succeeded in fractionating the 

acidic AsSugars from AsSugar-OH that lacks an acidic group in the aglycone in C1 

position. AsSugar-OH was therefore voided in the dead volume with other cationic 

species thus eliminating the need for additional purification steps.144,387 

3.5. Separation 

There are numerous separation techniques available for arsenic speciation analysis, 

which includes capillary zone electrophoresis (CZE), gas chromatography (GC), and 

liquid chromatography (LC). The choice of separation technique depends on among 

others, sample matrix, extraction techniques, analytes 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.524 However, CZE application is mainly limited to pure standard solutions 

or simple matrices, has poor sensitivity,561,562 interfacing with various detection 

systems is difficult 524 and the analytes that are to be separated by CZE must carry an 

ionic charge.563 Not all arsenicals, especially AsLipids are ionic in nature, which greatly 

limits the application of CZE in arsenic speciation analysis. 
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GC can provide excellent separation of volatile arsenic species and can easily be 

interfaced with various element-specific detection systems like electrothermal atomic 

absorption 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.517 Derivatization (hydride-generation) is therefore required 

to form arsines, however, most of the organic arsenic species 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.564  

Ion-chromatography (IC) is predominantly used for arsenic speciation in one of the 

three separation modes: ion-pairing,488,489 ion-exclusion, or ion-exchange 

chromatography.564–566 For neutral arsenic species, especially for AsLipids analysis 

reversed-phase liquid chromatography (RPLC) is employed.487  

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, coelution 

of species with similar physicochemical properties and the need for standards necessary 

for retention time matching and species identification.452,524,567 
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3.5.1. 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 appropriate choice of buffer 

constituents and pH adjustments.563 CZE offers high separation efficiency, rapid 

analysis, and chemical simplicity.533  

CZE boasts of better resolution than chromatographic separations and has been applied 

to the separation of organoarsenic species,563,568 but, because of matrix interference, the 

analysis of real samples has proved to be challenging.561,562 Moreover, its sensitivity is 

relatively poor and its connection to various detection systems is difficult because of 

buffer incompatibilities with the ionization process.563  

Currently the majority of CZE separations of arsenic have been limited to pure standard 

solution or simple matrices. Sample-stacking, an on-column pre-concentration 

technique with a column-switching facility was introduced to improve CZE detection 

sensitivity with respect to arsenic species.463 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 fragmentation can be obtained in 

one analysis, which has great potential for arsenic speciation in marine samples.562 

CZE separations occur in the liquid phase while MS detection is a gas-phase process, 

therefore, electrospray ionization (ESI) is the suitable interfacing technique. ESI is an 

atmospheric pressure ionization (API) technique that produces gas-phase analyte ions 

directly from solution.569,570 In this regard, the ESI interface with a coaxial sheath liquid 
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arrangement is considered highly effective.571,572 However, challenges encountered 

when combining CZE and MS online include: (i) CZE background electrolytes are 

limited to volatile compounds;573 (ii) migration times of analytes in a CZE-ESI-MS 

separation can be affected by the sheath liquid composition;574 and (iii) CZE-ESI-MS 

has limited absolute concentration sensitivity,561,562 

3.5.2. Gas chromatography (GC) 

GC has successfully been utilized for the analysis of AsHCs in capelin oil,109 using GC-

MS and in canned cod liver 108 and commercial fish oils,110 using GC-ICP-MS. GC has 

the advantage of overcoming the challenges associated with the introduction of organic 

solvents to the ICP-MS associated with RP-HPLC.110 Organic solvents destabilize the 

argon plasma in ICP-MS requiring several modifications of the ICP-MS, including low 

flow and oxygen addition,575 for analysis of lipophilic samples using LC-ICP-MS.  

Fortunately, the ICP-MS plasma 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.110 Despite this, only few studies have, 

so far, focused on the use of GC for analysis of arsenicals in lipophilic marine samples. 

3.5.3. 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 the common water-

soluble arsenicals.12 Lipophilic species are mostly neutral with hydrophobic properties 

owing to the alkyl and acyl groups.487 Chromatographic approaches like ion-pairing 
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reversed-phase, ion-exchange, ion-exclusion, and reversed phase are reported to 

facilitate speciation of arsenicals in marine sample extracts owing to variabilities in 

their physicochemical properties.12,524 For example, at pH 7 MMA at (pKa = 2.6) and 

DMA at (pKa = 6.1) are anions; AsC, TETRA and TMAO at (pKa = 3.6) are cations, 

while AsB at (pKa = 2.18) is zwitterionic.576,577  

Methylated arsenicals and AsSugars have successfully been isolated on anion-

exchange (AE) columns,488,489 while cation-exchange (CE) provides effective 

isolations for AsB, AsC, DMA, TMAO, TETRA and DMAA.401,578 AsLipids, however, 

require additional separation, using reversed-phase liquid chromatography (RP-LC) 

typically with a C8 or C18 column.102,96,7 

3.5.3.1. Ion-exchange chromatography 

Ion-exchange chromatography has been used for the separation of ionic and ionizable 

arsenic species by employing the mechanism of exchange equilibria between a 

stationary phase, which contain surface ions, and oppositely charged ions in the mobile 

phase.579,580 Ion-exchange chromatography may be used in either of the two separation 

modes: anion-exchange (AE) or cation-exchange (CE).  

AE is used to determine anionic arsenic species, where the arsenic species are initially 

retained on the column by anion exchange and subsequently eluted by a competitive 

anion included in the mobile phases.564–566 Ion-exchange chromatography enjoys 

significant application for arsenic speciation analysis.144 Over fifty hydrophilic arsenic 

species have been identified in marine biota extracts using AE and CE 

chromatography.12  
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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, temperature, flow rate, and the 

introduction of organic modifiers into the mobile phase.564 

3.5.3.1.1. Eluent systems 

In ion-exchange chromatography, the retention time of the analyte is dependent on 

eluent composition, including the nature of the competing ions, eluent concentration, 

and pH.483–485 

3.5.3.1.1.1. 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.581 To 

obtain arsenic speciation within a reasonable retention time, it is necessary to optimize 

the eluting system. Generally, phosphate is a weak competing ion.582 However, changes 

in the eluent strength and pH can significantly improve both the resolution and 

retention.581 For example, when an eluent of 5 mM NH4H2PO4 at pH 4.6 was used, 

there was poor resolution between AsIII 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 decrease in the retention time.581  

In general, an increase in eluent pH reduces the retention time. Unfortunately, at higher 

eluent pH, metal ions present in the matrix may begin to precipitate.581 In addition, the 

higher the concentration of the competing ions in the eluent, the more effectively the 
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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. Sadly, a loss of 

resolution occurs with increasing eluent concentration. 

3.5.3.1.1.2. Effect of pH on apparent charge (Qapp) of arsenic species 

The retention of organic arsenic species by ion-exchangers relies mainly on their 

electrostatic interactions with the cationic or anionic sites of the stationary phase, and 

therefore on their apparent charges (Qapp), which are dependent on the pH.583 Other 

factors such as hydrophobic interactions of the various species with the polymeric 

stationary phase may also influence the retention, especially for hydrophilic arsenicals.  

Methylated arsenicals and AsSugars contain acidic moieties in their chemical structure, 

so their apparent charge (Qapp) depends on the pH of the mobile phase.584 Elution of 

organic arsenic species electrostatically retained by the mobile phase at a given pH 

depends mainly on the apparent charge of the mobile phase (ACMP) ions.583 Buffer 

concentration also has a significant influence.  

Guerin et al.583 established the pH domains in which a good separation of arsenic 

species may be achievable (i.e., domains in which Qapp values differ sufficiently) by 

plotting Qapp as a function of pH for each species. They found that in the pH ranges 4-

6 and 9-10, the differences between Qapp values for some arsenic species were quite 

low, and the optimal overall conditions were established to be in the reduced pH 

domain 6-9. The aglycone functionality of AsSugars results in different retention 

characteristics that are dependent on the pH of the mobile phase that affects the Qapp.
144 
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For example, at pH below 5, the apparent negative charge of AsSugar-PO4, AsSugar-

SO4 and AsSugar-SO3 may decline resulting in decreased retention.577  

At pH ranges 3.8 – 9, AsSugar-OH doesn’t 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.577 Identification and verification of AsSugar-OH is therefore performed using 

CE column.144 Tukai et al.66 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-SO3. 

3.5.3.1.1.3. 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 phase and their dissociation constants.585 The mobile phase acidity 

will determine the Qapp of the arsenicals and consequently the composition of the 

mobile phase. For example, changes in the pH of 5 mM NH4H2PO4 eluent from 4.6 to 

7.9 directly influenced the Qapp of competing and solute ions, in this case the Qapp of 

phosphate ion changed from negative one (H2PO4
-) to negative two (H2PO4

2-), resulting 

in an increase in eluting power.586 Similarly, the Qapp of DMA (pKa 6.1) and MMA 

(pKa1 2.6; pKa2 8.2) were influenced by the eluent pH, however, it was only DMA that 

was influenced by the pH change because its pKa is 6.1 which resulted in dissociation 

to its ionic form causing it to elute after MMA.  

ACMP should be carefully optimized in order 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 
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most strongly retained species.583 The retention time of a given analyte depends mainly 

on both the Qapp 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,27 but major information can nevertheless be obtained from Qapp/ACMP 

plots as a function of pH. A plot of Qapp/ACMP as a function of pH revealed the 

optimum separation conditions for arsenic species using acetate buffers covered the pH 

range 4-6, phosphate buffers 6-9 and carbonate buffers 8-10.583   

3.5.3.1.2. Gradient elution 

Ordinarily, AE is performed in isocratic mode, mainly utilizing aqueous mobile phases 

consisting of buffer salts with pH ranges covering neutral, basic, and acidic 

conditions.144 Gradient elution can shorten the analysis time without compromising 

resolutions of target analytes, allows a broad range of retention, has high peak capacity 

capable of handling complex matrix like seafood, and can overcome the general issues 

associated with elution.576,587 Gradient elution protocols are rarely used,588 because they 

cause baseline instabilities that could lead to inaccurate quantification and they 

generally require extra instrument maintenance in comparison to isocratic elution.410,589 

3.5.3.1.3. Chloride interferences 

In AE, where mass detection is used, separation of the arsenic species often suffers 

from chloride interference in the matrix due to the formation of 40Ar35Cl+ and 38Ar37Cl+ 

polyatomic species both of nominal m/z = 75, which can interfere with detection of 

monoisotopic 75As+ using ICP-MS.564,565 This problem can be chromatographically 
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solved by using an eluent system that can separate the chloride from the arsenic species 

and therefore avoid the chloride interference.581,590 Such eluent systems include 

ammonium phosphate,582,591–593 sodium phosphate,594,595 ammonium 

carbonate,147,478,596–598 tartaric acid,599 nitric acid,600 TMAH,601 sodium hydroxide,602 

phthalic acid,603 and formate.604 Cations are eliminated in the void volume from the 

anion column which aid in reducing matrix interference.12 Unretained cations, like 

sodium and potassium, elute in the solvent front in AE chromatography with potential 

interference in AsSugar-OH determination.365 

3.5.3.2. Reversed-Phase Liquid Chromatography (RP-LC) 

RP-LC is based primarily on partitioning and is used mostly for analysis of intact 

AsLipids. RP-LC coupled to ICP-MS has been employed to identify different AsLipids 

in cod liver oil,17,433 capelin oil,18 fish,81,103,122,421,422 macroalgae,97 fish meal from 

capelin,102,113 cod liver.108,124,423 In contrast to ion-exchange chromatography, RP 

chromatography is more prone to matrix and pH effects.579,605,606 

Sodium and potassium phosphate buffer mobile phase systems are often used in AE 

and RP-LC analysis when UV-vis detectors are used because these phosphate buffers 

are UV transparent.597 However, these buffer mobile phase are not amenable with MS 

detectors because they leave non-volatile buffer salts on the lenses and skimmer cones 

resulting in signal drift and high level of maintenance for cleaning the inner surfaces of 

the MS detector. In addition, high concentration of sodium decreases plasma stability 

since sodium is readily ionizable.597 Ammonium salts of organic acids, as well as 

ammonium carbonate are amenable to the ICP-MS because at 5000K to 10000K 
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plasma leaves little other than NH3, CO2 and H2O.564 Phthalate, formate and TMAH 

buffers have the same advantages with ICP-MS detector.564 

3.5.3.3. Ion-Pair Chromatography 

RP-LC uses aqueous solutions as 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.564,579,580  

Ion-pair chromatography has the advantage of separating both ionic species as well as 

uncharged molecular species. Therefore, it has great utility in arsenic speciation 

analysis. Common ion-pair reagents are long-chain alkyl ions such as heptane sulfonate 

anions and tetraalkylammonium salts.12,458 Ion-pair reagents are usually maintained at 

low concentrations in the mobile phase, typically 20 mM or less.564 The main challenge 

of using counterions is that they are non-selective and can pair also with matrix 

components, hence altering the retention times.398  

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 chromatography 

is influenced by several factors including the hydrophobicity of the counter ion, the 

concentration of the ion-pair reagent, buffer concentration, the pH and ionic strength 

of the mobile phase, and the properties of the stationary phase.12 For example, 

switching from tetramethylammonium hydroxide (TMAH) to tetrabutylammonium 
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hydroxide (TBAH) lengthens the retention times of arsenicals due to reduced 

polarity.579 When using the 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.12 

3.5.3.4. Micellar Liquid Chromatography (MLC) 

Micellar liquid chromatography (MLC) is a variant of RP-LC that has been used in 

arsenic speciation analysis.607 In MLC, a relatively high concentration of surface-active 

agents (surfactants) is used as counter-ions 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 analysis times and 

improved detection sensitivity and selectivity,608 which arise from its unique three-way 

equilibrium mechanism where micelles acts as a pseudo phase in addition to the mobile 

and stationary phases.607 

3.5.4. Multidimensional Chromatographic Techniques 

Chromatographic separations based on a single interaction mechanism show limited 

selectivity in the presence of a variety of species,609 especially in complex matrices like 

seafood.144 Therefore, orthogonal chromatographic approaches using AE, CE, RP, and 

ion-pairing may be used individually or in combination to separate arsenic species.524 

Simultaneous use of multiple complementary separation techniques, like AE, CE, and 

RP chromatography facilitates the complete separation of arsenic species while 
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reducing chances of co-elution and thus enhances the reliability of analytical 

results.144,365,610  

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.611 The sequential 

application of orthogonal isolation techniques may enhance chromatographic 

separation efficiency and particularly helps in obtaining baseline resolution.386,449  

Reversed phase ion-pairing chromatography is an ideal alternative for simultaneous 

separation of neutral and ionic species.524 TMAH, TBAH, and tetraethylammonium 

hydroxide (TEAH) are commonly used cationic pair reagents for separation of arsenic 

species.612 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 C18 column.524 

3.6. Detection Techniques 

Atomic spectroscopy and molecular mass spectrometry are the main detection 

techniques used for speciation analysis.144 While techniques such as hydride generation 

(HG) atomic absorption spectrometry (HG-AAS), HG atomic fluorescence 

spectrometry (HG-AFS), inductively coupled plasma atomic emission spectrometry 

(ICP-AES), and inductively coupled plasma mass spectrometry (ICP-MS) are element-

specific with high sensitivity, mass spectrometry (MS) provides additional information 

on the structure of the analyte based on fragmentation patterns.613,614  
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3.6.1. Atomic Absorption and Atomic Fluorescence Spectrometry 

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 ppb levels.479 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 concentration.524  

LC coupled with HG-AAS or HG-AFS is a simple and convenient method for 

simultaneous separation and determination of arsenic species in marine products. The 

method combines the high separation efficiency of LC, the unique gas-liquid separation 

techniques of chemical vapor generation, and the efficient post column online 

derivatization.524 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,487,615 therefore chromatographic eluent is 

often irradiated with ultraviolet (UV) rays 460,536,615 or microwave digested 476 to change 

inactive species into active species prior to analysis by post-column derivatization.463 
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3.6.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

ICP-MS is the most widely used analytical technique for detection of arsenic species 

since its introduction in the 1980s, due to 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.11,31,509,616,617  

ICP-MS is quite robust and less susceptible to matrix effects.144 High sampling and data 

acquisition rates of the ICP-MS enable baseline separation of neighboring peaks and 

quantification without loss of peak resolution.12 Depending on the physics of mass 

analysis, analyzers could be a quadrupole, magnetic sector, ion trap, time-of-flight 

(TOF), or Fourier transform (FT).618 

3.6.2.1. ICP-MS signal interferences 

Since the resolution of single quadrupole mass spectrometer is not high enough (about 

0.75 amu), it cannot eliminate spectroscopic interferences.524 ICP-MS is therefore 

affected by polyatomic interference from marine samples in form of molecular isobars 

40Ar35Cl+ and 38Ar37Cl+, which have the same mass to charge ratio (m/z) as 75As+. 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 since they have low 

ionization potential (11-12 eV) and readily form doubly charged ions 75Sm2+. Several 

approaches can effectively overcome these interferences caused by polyatomic ions. 
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Interference by chloride forming polyatomic species are seldom a challenge in practice 

since they can be chromatographically isolated from arsenic species.12 These 

interferences can also be alleviated using ICP triple quadrupole mass spectrometry 

(ICP-MS/MS) using H2 or He collision cell and O2 reaction cell technologies to detect 

arsenic at m/z 75 and m/z 91, respectively via chemical reaction.488,489  

In oxygen reaction mode, the quadrupole mass filters can be set to only allow ions with 

m/z = 75 (75As+, 40Ar35Cl+, and 75Sm2+) to pass through the first quadrupole (Q1) to the 

reaction cell, 75As+ is easily oxidized to form 75As16O+ with m/z = 91 in the reaction 

cell, but 40Ar35Cl+ and 75Sm2+ 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 (Q3). 

Alternatively, arsenic can be detected in high resolution mode (m/∆m >10000) by 

resolving 40Ar35Cl+ interferences spectroscopically.31,619 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, since about 25% 

of all the ArCl+ is expected to have m/z 77, owing to 40Ar37Cl+ contribution.478  

For ion chromatographic separations, sodium ions arising from high concentration of 

NaOH in the mobile phase must be removed as they suppress the arsenic signal 522,620 

and cause severe baseline drift.12 Self-regenerating suppressors may be installed to 

remove Na+ while OH- ions are electrochemically converted to water before sample 

introduction to ICP-MS.12,621  

The main shortcoming in testing AsLipids is associated with incompatibility between 

ICP-MS and organic solvents.488,489,575 Organic solvents are necessary for analysis of 
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lipophilic compounds, which has hampered advances of AsLipids research until 

recently.11 Mobile phases with high organic content may trigger arsenic signal 

enhancement, or extinguish the plasma,622 which may require addition of oxygen to the 

plasma to help in the removal of carbon that builds up on the sampling cones of the 

interface due to incomplete combustion.31,102,463 This may impact analytical 

performance resulting in loss of the analyte or reduction in signal intensity.144,411  

These issues are overcome by employing a specifically designed interface, e.g., cooled 

spray-chamber, membrane desolvator,623 or post-column dilution, by utilizing micro-

bore LC columns,411 by allowing low solvent flow, adding oxygen to the plasma gas, 

or by including a post-column flow split.463,624,625  

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 provided faster separation and a lower flow rate of mobile phase, which lead 

to the reduction of matrix plasma load, reagents consumption and waste generated.626 

3.6.2.2. 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 arsenic species.12 

HG systems are typical for operation of AFS. Many arsenic species form volatile 

hydrides that allow approximately 70-80% of the arsenic that is converted to hydride 

gas to reach the ICP-MS plasma, as opposed to only about 1% of the arsenic species 

that reach the ICP-MS plasma via the spray chamber.12  
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NaBH4 is a typical reductant for As-hydride generation,627 which is dependent on the 

arsenic species and sample matrix.12 For example AsB and AsC don’t 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.628 

The use of HG eliminates the overestimation of iAs, especially when the levels are used 

to satisfy food regulation requirements, by eliminating the signal of the other arsenic 

species that do not generate hydrides.629 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 benign arsenic species, such as AsC and AsB, to AsV before HG.460,630 

Cysteine is used to reduce AsV to AsIII 631 before the formation of arsine (AsH3).
12  

Kumar et al. proposed that the As-cysteine complexes where oxygen is replaced by a 

thioalkyl (SR) group, readily reacts with less sterically hindered BH- as compared with 

AsIII.632 Cysteine permits lower acid contents to be used 633 to obtain the same response 

for AsIII, AsV, MMA and DMA. Pohl et al. reported that the use of charged surfactants 

enhances the generation of As-hydride complexes,634 while Karadjova reported the 

suppression of hydride generation by some organic solvents like ethanol.635 

3.6.3. Hydride Generation- Atomic Fluorescence Spectrometry (HG-AFS) 

LC-ICP-MS is the analytical technique of choice for arsenic speciation.66,253,552,577,578 

HG-AFS coupled to LC offers an alternative technique.142,320,461,491,504,615,630 HG–AFS 

has been reported to be similar to ICP-MS with regards to sensitivity and linear 
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calibration range, although it has other beneficial qualities like simplicity of use, and 

lower acquisition and running costs for arsenic speciation analysis.460,636,637  

Due to the low efficiency in generating volatile hydrides, the destruction of the organic 

part of organoarsenicals is necessary for their determination by HG-AFS.638 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.142 

The utility of HG-AFS has been successfully demonstrated in diverse seafood samples. 

For example, ˇSlejkovec 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 chromatography. They identified AsB, DMA, 

TETRA, AsC, TMAO, AsV, MMA and two AsSugars, together with four unidentifiable 

compounds.615 Sánchez-Rodas et al. applied a similar analytical technique for the 

analysis of aqueous extracts of oysters.630 These two research groups highlighted the 

possibility of using LC-(UV)-HG-AFS as an alternative technique to LC-ESI-MS for 

the detection of AsSugars in crude extracts, since the signal response in HG-AFS is 

less susceptible to matrix effect as compared to LC-ESI-MS analysis that require 

additional sample cleanup steps. 

In a separate experiment, ˇSlejkovec et al. applied LC-(UV)-HG-AFS technique in the 

determination of arsenicals in ten different marine algae (red, green, and brown) from 

the littoral zone along the Adriatic Sea coast of Slovenia. They were able to identify 
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AsSugars as the predominant arsenicals in most of the analyzed algae samples together 

with AsB, AsIII, AsV and DMA.461  

Schaeffer et al. were able to determine twelve arsenicals in mussels, anchovies, 

seabreams, sea bass and sardines by LC–(UV)–HG–AFS, using both AE and CE 

chromatography. AsB was predominantly detected in all the samples, with trace levels 

of AsIII, DMA and AsC, whereas AsSugars were detected only in mussel samples.504 

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 

with those obtained using LC-(UV)-HG-AFS.491 

3.7. Characterization 

The monoisotopic nature of arsenic means that it lacks a distinctive isotope pattern, 

therefore, it is challenging to find authentic isotopically labelled standards and CRMs 

for identification, quantitation and method validation.450 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.102 

Identification of organoarsenicals in seafood require either fractionation and cleanup 

of analytes followed by fragmentation experiment using high resolution tandem mass 

spectrometry for identification and structural assignment of analytes;147 indirect 

confirmation of structures by comparison with synthesized arsenicals that have been 

fully characterized by molecular mass spectrometry.420 However, the analytical workup 
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schemes in these methods are extensive and identification of potentially co-eluting 

lipophilic 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-ray absorption spectroscopy (XAS) for in situ identification,452 and molecular 

mass spectrometry with a soft ionization technique and mass analyzers with high 

resolving power for structural elucidation.113,423,611
 

3.7.1. Identification using LC-ICP-MS coupled to X-ray Absorption 

Spectroscopy (XAS) 

X-ray absorption spectroscopy (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.639,640 XAS enables the elemental characterization in terms 

of oxidation states, site ligation, and coordination.640 Analysis of the absorption spectra, 

their features and underlying principles are detailed in the review by Nearing et al.452 

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 in subcellular 

compartments independent of their actual physical state (whether solid, liquid, or 

gaseous), which is not possible with conventional techniques,452 and thus reducing 

sample preparation steps that might modify the elemental species present 640 while 

giving detection limits of about 1 to 10 µg/g, depending on experimental conditions.452  
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XAS is compatible with LC-ICP-MS, which it can be coupled with for structural 

elucidation of novel compounds like AsSugars and arsenolipids in their native state in 

seafood, some of which the reported structures have been postulated from those of 

known fatty acids or hydrocarbons owing to lack of identification methods and 

standards.102,17 The unique speciation analysis capability offered by XAS is also key to 

understanding the cellular mechanisms of As biotransformation in toxicity studies.640 

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 with the LC-ICP-

MS. For example, arsenobetaine (AsB), arsenocholine (AsC), and tetramethylarsonium 

ion (TETRA) have the same white line energy (11872.6 eV).452 Finally, XAS requires 

high level of skill to operate and interpret since the resulting spectrum is the weighted 

sum of all species present in the analyzed volume, which may be very difficult to 

interpret in complex matrix like seafood. 

3.7.2. Simultaneous identification and quantification using LC-ICPMS/HRMS  

ICP-MS is a widely accepted analytical technique in elemental analysis at trace levels, 

because of its high sensitivity and element selective detection,11 however, it has a 



 

138 

 

number of limitations: its reliance on extraction step usually from 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 the risk of species misidentification based on the 

retention time matching with standards.524,567 These challenges highlight the need to 

adapt complementary analytical techniques to gain a better understanding of the arsenic 

chemistry in seafood samples.  

Marine samples have numerous arsenic species with similar physicochemical 

properties and the insufficient chromatographic separation efficiency of a single 

separation technique makes co-elution of similar species practically inevitable.577 This 

challenge can partly be addressed by careful optimization of separation conditions,641 

or by running the same sample using orthogonal separation techniques, sequentially 

387,386 or concurrently 102,113,389,423 for simultaneous quantification and confirmation.  

Earlier arsenic speciation analysis were performed by first acquiring the “sample 

profile”, which required element-specific detection, the most commonly used being 

LC-ICP-MS.104,499,642,643 Other element-specific detection techniques used included 

LC-(UV)-HG-AFS,12,142,504,615,630 CT-HG-AAS,491 and graphite furnace atomic 

absorption spectrometry (GF-AAS).644 This was followed by determination of the 

molecular mass profile of the intact molecules that required soft ionization and high-

resolution mass analyzers.17  

This opened the possibility for structural assignment of unknown arsenicals by either 

fraction collection from natural sources,147 off-line identification by matrix-assisted 
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laser desorption ionization time-of-flight mass spectrometry (MALDI-ToFMS),17 ESI-

MS,17,102,113,420,423 or indirectly by comparison with synthesized AsLipids standards that 

were well characterized by molecular mass spectrometry.420  

Structural assignment for unknown species has been realized by high resolution mass 

spectrometry, an approach that was successfully applied by Taleshi et al. while 

characterizing AsLipids in multiple matrices 420 and Nischwitz et al. in characterization 

of AsSugars.411 Miguens-Rodriguez et al. demonstrated the utility of electrospray ion 

trap multi-stage mass spectrometry (ESI-IT-MSn) 449,390 in generating distinctive 

product ions that enabled the rapid screening and sensitive characterization of four 

AsSugars in unrefined seaweed extracts with minimal sample preparation.390 

The recent trend is towards concurrent sample analysis using LC-ICP-MS with another 

orthogonal detection technique, which 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.645 The high-resolving 

power of various mass analyzers (see Table 5 for figures of merit) provide accurate 

mass data that is essential for distinguishing the different isobaric and isomeric 

arsenicals with high precision and thus aid in the elucidation of their 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 power of mass analyzers like Q-ToF, 

Orbitrap™, magnetic sector, and FT-ICR mass spectrometry provide an additional 

separation dimension for isobaric and co-eluting analytes.102,113 
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Mass Analyzer 
Resolving Power 

(FWHM) 

Mass 

Accuracy 

(ppm) 

Sensitivity (g) Advantages Disadvantages 

Quadrupole Unit-mass 

resolution 

Modern 

instruments can 

reach up to 5000 

50 10-15 

(SRM) 

1. Good choice for 

quantitative analysis 

2. Highly sensitive in MRM 

mode. 

3. Relatively cheap 

4. Easier to operate and 

maintain. 

1. Mass resolution not 

sufficient to resolve 

isobaric interference 

2. Reliability of analyte 

identity is disputable. 

3. Low selectivity. 

Quadrupole Ion 

Trap 

10,000 50 10-15 1. Best choice for quantitative 

analysis. 

2. Provide reliable, cost-

efficient target analyte 

quantitation and 

identification 

3. Excellent sensitivity and 

selectivity. 

4. Rapid scanning. 

5. High resolution and 

accurate mass. 

6. Resolves isobaric matrix 

interference   

1. Require careful 

tuning and 

optimization of data 

acquisition 

parameters for target 

analytes which limits 

number of possible 

measurements per 

run 

2. Affected by ion-ion 

interaction. 

3. Relatively expensive. 

Time of Flight ≥ 100,000 

(at m/z 400, 

FWHM) 

< 3 10-12 

(full scan) 

1. Best choice for qualitative 

analysis 

2. High resolving power 

3. Wide linear dynamic range 

4. High mass accuracy 

5. Deconvolution of intact 

MW for large molecules 

and complexes possible. 

1. No MSn capability 

2. Slower scan speeds 

compared to other 

HR-MS. 

3. Susceptible to 

chemical background 

ions. 

4. Limited isotopic 

fidelity. 

5. Limited dynamic 

range due to detector 

saturation effects. 

6. Poor selectivity and 

misidentification. 

Magnetic Sector ≤ 60,000 ~1 10-12 1. High resolving power 1. Expensive 
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Mass Analyzer 
Resolving Power 

(FWHM) 

Mass 

Accuracy 

(ppm) 

Sensitivity (g) Advantages Disadvantages 

2. Wide linear dynamic range 2. Not readily 

accessible to most 

laboratories. 

3. Available mostly 

only in specialty 

laboratories 

Orbitrap 280,000  

(at m/z 200, 

FWHM) 

~1 10-15 

(full scan) 

1. Deliver qualitative and 

quantitative analysis in one 

instrument. 

2. High detection analyte 

specificity 

3. Good sensitivity 

4. Excellent mass accuracy 

5. Fast scan speeds 

6. High resolving power 

7. Wide linear dynamic range 

8. Multiple fragmentation 

experiments possible (CID, 

HCD, UV-PD, ETD). 

9. Many scan features possible 

(MS/MS, MSn, SIM, PRM, 

DIA, 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 FAIMS 

analyzer. 

1. No MSn capability 

2. Very expensive 

3. Requires high level of 

expertise for operation. 

4. Not readily accessible to 

most laboratories. 

MegaOrbitrap 1,000,000 

(at m/z 200, 

FWHM) 

~1 10-15 

(full scan) 

1. All advantages listed for 

Orbitrap above, plus 

2. Highest resolving power 

3. Scan rate compatible with LC. 

1. Very expensive 

2. Requires high level of 

expertise for operation. 
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Mass Analyzer 
Resolving Power 

(FWHM) 

Mass 

Accuracy 

(ppm) 

Sensitivity (g) Advantages Disadvantages 

4. Simpler and compact design. 

5. 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. 

3. Not readily accessible to 

most laboratories. 

FT-ICR 1,000,000 

(at m/z 400, 

FWHM) 

~1 10-12 

(full scan) 

1. Isotopic distribution 

accuracy 

2. High resolving power. 

3. Wide intra- and inter-

spectrum dynamic range. 

4. High sensitivity. 

5. Ability to analyze samples 

of high complexity with 

strong matrix effect. 

6. Ability to analyze samples 

with low analyte 

concentration 

1. Dependence on 

cryogens (liquid He 

and liquid N2). 

2. Need for 

superconducting 

magnets of higher 

field. 

3. Very complex and 

expensive. 

4. Logistic constraints 

in transportation and 

installation due to 

large size.  

Table 5: Figure of merit for common mass analyzers
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3.7.2.1. Quadrupole Time-of-Flight (Q-ToF) Mass Spectrometry 

Quadrupole time-of-flight (Q-ToF) mass analyzer is a hybrid  instrument that operates 

in both negative and positive ionization modes with high mass accuracies at ultra-trace 

levels.398,450,451 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 determination of the exact empirical formula of analytes 

therefore reducing the potential structures to realistic number.450  

Isobaric matrix interference with similar retention times overlapping with 

organoarsenical peaks of interest can be resolved using high resolution instrument like 

FT-ICR-MS.450 Some of the applications of Q-ToFMS in elucidation of structure for 

organoarsenicals include work by McSheehy et al. in the characterization of arsenic 

species in kidney of clam,398 Sele et al. in the identification of arsenicals in marine oils,7 

and Arroyo-Abad et al. in the identification and determination of AsLipids in fresh cod 

liver oil.423 fish,421,422 and canned cod liver.124 

3.7.2.2. 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.618 Orbitrap mass analyzers employ electrostatic 

trapping rather than the magnetostatic one characteristic for FT ICR.646 This precursor 

instrument has undergone a number of iterative improvements incorporating features 

like image current detection from FT-ICR-MS, the use of ion trapping in precisely 
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defined electrode structures, from the radio frequency (RF) ion trap, and pulsed 

injection and the use of electrostatic fields, from the TOF analyzers.618  

All these features enables Orbitrap to overcome the major limitations experience by the 

other techniques like the necessity for a superconducting magnet in FT-ICR-MS, severe 

limitations on space charge in the RF ion trap, and on dynamic range of detection in 

TOF analyzers.618 Amayo et al. concurrently used LC-ICP-MS and Orbitrap mass 

analyzer for structural assignment of arsenolipids in fish meal,102 fish oil,113,433 and fish 

tissue.103 The latest version of Orbitrap mass analyzer, MegaOrbitrap has ultra-high 

resolving power in excess of 1,000,000 within 3s detection time making it compatible 

with chromatographic separations.646 

3.7.2.3. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. 

FT-ICR-MS offers resolving power upwards of 106 at m/z 200 full-width half 

maximum (FWHM), and mass accuracy (<1 ppm), which is the highest of all existing 

mass spectrometry techniques.647 Ions 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.648 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.646  

Despite the monoisotopic nature of arsenic, it has a distinct mass defect that FT-ICR-

MS is capable of resolving and thus ensuring unequivocal identification of 
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arsenicals.450 This is particularly helpful in resolving co-eluting analytes with isobaric 

interference, which is common in lipophilic organoarsenicals. Pickford et al 

demonstrated the utility of FT-ICR-MS in the analysis of crudely purified kelp 

extract,450 while Rumpler et al. used FT-ICR-MS and Q-ToFMS in structural 

elucidation of AsLipids in cod liver oil.17 

3.7.3. Identification by tandem mass spectrometry fragmentation experiments. 

Organic arsenicals like AsLipids and AsSugars 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 successful fragmentation experiment there are a set of conditions that 

must be fulfilled: First, there must be chromatographic separation, secondly there must 

be a soft ionization source, and thirdly, 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) 17,102,113,420,423 is 

typically used, although there are other ionization techniques like matrix-assisted laser 

desorption ionization (MALDI),17 and fast atom bombardment (FAB).412  

Electrospray ionization technique coupled with high resolution mass spectrometry 

(triple quadrupole MS,612 Q-ToF),108,124,421–423 Orbitrap 102,103,113,433 and FT-ICR-MS 450 

can provide excellent separation of co-eluted components in HPLC and can be utilized 

for identification of unknown species.103,452,649 In recent years, ESI-MS/MS has been 

applied to speciation analysis of Methylarsenicals, AsSugars, and AsLipids. 
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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 matrix effect 

therefore ensuring ultra-fast scan rates, highly sensitive and highly selective detection 

methods for arsenic speciation. Characteristic fragments for the four common 

AsSugars detected in positive MS/MS mode are shown in Fig 23. The m/z 237 fragment 

is formed from the loss of the aglycone at C1 and the fragment m/z 97 results from 

additional elimination of the dimethylarsinoyl group alongside a water molecule.451,412  

 

Figure 23: Typical AsSugar and thio-AsSugar fragments detected in tandem mass spectrometry. 

Thio-AsSugars display similar fragmentation patterns as their oxo analogues, yielding 

a structurally diagnostic fragment at m/z 253 (see Fig 23) corresponding to the loss of 

the aglycone,411,435,628 and m/z 97 as a result of loss of a dimethylthionyl moiety together 

a water molecule.411,435 The fragment at m/z 97 for the sulfate thio-AsSugar may also 

emanate from the –OSO3H moiety.411,513,650 Two additional unique product ions for 



 

147 

 

thio-AsSugars are observed at m/z 107, correlating to AsS+,411,519 and m/z 91, presumed 

to result from AsO+ due to trace amounts of oxygen in the nitrogen drying gas.519,628,651 

Thio-AsSugars exhibit the distinctive sulfur isotope pattern (32S/34S) with a mass peak 

appearing 2 amu higher than the 32S-containing ion and an expected ratio of 

approximately 23:1.144
 

It is important that peak assignments are verified to eliminate false positives emanating 

from matrix components with similar SRM transitions as the organoarsenicals.508,611 A 

common quality control tool employed is comparison of the standard and analyte peaks 

retention times by selecting a set of unique transitions for the qualifier and quantifier 

ion for each analyte and comparing the intensity ratios for the standard and the analyte 

present in the sample.508,652   

Other quality control methods include establishment of accurate mass of the molecular 

ion using HRMS.611 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.435,652–655  

The need for complete chromatographic separation is diminished in the absence of 

critical signal masking by matrix components when using highly unique MRM 

transitions. However, sufficient chromatographic resolution is required, when 

DMAsSugar-SO4 and DMthio-AsSugar, which have similar molecular mass and 

fragmentation patterns, are present.653  

In addition, in-source dissociation of DMAsSugar-SO4,
400,471,611 DMAsSugar-PO4, and 

DMThioAsSugar-SO4 
411,611 to the corresponding AsSugar-OH has been recorded even 
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at mild cone voltage, leading to AsSugar-OH signal contribution  at their corresponding 

retention times.471,611 The in-source fragmentation of DMAsSugar-PO4 occurs 

marginally resulting in ion formation at m/z 409 in likeness to the protonated molecular 

ion of the sulfate oxo-sugar.471 Similar fragmentation patterns for oxo- and thio-

AsSugars need to be considered. 411,611 

3.8. Standards and Reference materials 

The number of organoarsenicals discovered in seafood continues to increase in tandem 

with advances in instrumentation and analytical protocols. Significant advances have 

been made in designing highly sensitive and selective separation and detection methods 

for explicit identification of known and unknown organoarsenicals.144 Characterization 

and quantification of organoarsenicals in seafood is impeded by lack of widely 

accepted analytical protocols, well-characterized and commercially available standards 

as calibrants and certified reference materials (CRMs) for method validation.145,146 

Several attempts have been made to indirectly identify and quantify organoarsenicals 

in marine samples in the absence of standards.103,452,649 Yu et al. were able to analyze 

AsSugars in Kelp by fractionation and analysis of individual fractions, using LC-ICP-

MS and instrumental neutron activation analysis (INAA).147 Fractionation is a tedious 

and time consuming procedure that requires voluminous extraction of natural materials 

392,395,396,401 to yield miniscule quantities of pure extracts,386,387,425,451,656 which may still 

need to be further characterized.  

RP-HPLC coupled simultaneously to ICP-MS (element specific detection) and to HR-

MS (molecular structure detection) has successfully been applied in the identification 
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of AsLipids in marine samples.7,17,18,108,110,113,124,400 AsSugars have been extracted from 

various algae sources followed by several purification procedures including SEC, and 

AE chromatography.82,386,392,395,396 Characterization and structural determination was 

done mainly using one- (or two-) 89,395 dimensional 1H and 13C NMR.82,392,396,397 

Additional information for structure determination was obtained using X-ray 

crystallography,392,657 XANES or infrared spectroscopy 82 and mass spectrometry.144  

All these approaches have been instrumental in gaining a better understanding of the 

nature and proportions of organoarsenicals present in marine diets. Unfortunately, the 

need for well-characterized standards still endure, especially as a prerequisite for 

establishment and implementation of regulations. The more practical approach is to 

synthesize analyte standards, which has successfully been done for several arsenicals 

mostly for the purpose of confirmation of their identities.420,421,656 

There are almost two hundred organoarsenicals identified in marine dietary sources and 

it is practically impossible to attempt to develop standards for all 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 444.42,44,98,99 and AsFA 362 and AsFA 388,43,45 

These standards should be synthesized for quantification of arsenicals and to support 

the precise assessment of their toxicity mechanisms and fate in living organisms. 

Synthesis of AsSugar-OH, AsSugar-SO4,
 and AsSugar-SO3 and their corresponding 

thio-analogues has been documented in the literature.86,656,658–662 The synthetic 

procedure for AsSugar-OH containing the trimethylated arsonium moiety is lengthy 
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and challenging involving six to ten reaction steps.656,659–661 Thio-AsSugars and 

trimethylated 425 AsSugars 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.7,42,43,97,116,420,421,425,428,657  

Since arsenic in monoisotopic, the heteroatoms of the synthesized organoarsenicals can 

be labeled, using for example 13C, 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 internal standard in combination with reliable and 

robust analytical method for exact quantification of selected organoarsenicals and thus 

play an important role in the establishment of regulatory limits for these toxic 

organoarsenicals. With reliable analytical methods and availability of standards, the 

development of certified reference materials (CRMs) will become a reality. 

Presence of AsLipids has been reported in fish oils, 7,17,18,110,113,124 fish tissue, 80,108,423 

fish meal,102 and commercial canned fish liver.108,124 AsSugar-PLs have been detected 

in macroalgae,97,111 while AsSugars have been detected mainly in oyster,400 clam,398 

and edible macroalgae.412,451,386,388 These materials provide a good starting point for the 

development of CRMs.  

Only six organic arsenic species are commercially available, with less than ten 

represented in reference materials. There are at least six seafood-matrix reference 

materials currently available that give values for at least one organoarsenic species. 
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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 MMA, DMA and AsB, respectively. Newly released 

NIST SRM 3232 for Kelp, provides values for DMA as well as three AsSugars: 

AsSugar-OH, AsSugar-PO4 and AsSugar-SO3.
147 
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Chapter 4: Method Development for the Determination of Total 

and Hydrophilic Arsenicals in Seafood. 

The work discussed in this chapter has been published in NIST Health Assessment 

Measurements Quality Assurance Program (HAMQAP): Exercise 5 of 2020. Final 

report is available at https://doi.org/10.6028/NIST.IR.8343. 

4.1. Introduction 

A great diversity of biologically relevant arsenic species has been identified in dietary 

samples. Knowledge of arsenic speciation is important as the chemical form controls 

its bioavailability, mobility and toxicity.12 Speciation information of arsenic in seafood 

is important for food safety as total arsenic alone does not fully address the food safety 

issues.93 Studies have shown that arsenic speciation in seafood is complex and the 

arsenic species have significantly different toxicities.3 

Due to a lack of toxicity and chronic exposure data for organoarsenical species in 

humans or other mammals, health risks from exposure to the organoarsenical species 

are difficult to assess. Most of the adverse effects of arsenic have been documented, 

but the question about the risk to the individuals exposed to arsenic, especially from 

seafood, and the level of dose needed to develop these effects still linger.  

Several studies have considered potential carcinogenicity from the production of the 

metabolite DMAV,40,41,140,319,320 based on high dose exposure studies in rats to DMA in 

water 300 or diet.321 The need to legislate in relation to toxic arsenic in food and to 

generate more speciated arsenic data was highlighted by European Food Safety 

Authority (EFSA).14 Seafood contain up to 100 times more arsenic than rice and 

https://doi.org/10.6028/NIST.IR.8343
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contribute substantially to human dietary exposure to arsenic, which is one of the 

elements of concern in relation to food safety.144 

Marine algae and shellfish are the seafood exposure sources with the greatest diversity 

of arsenicals.31 Among these arsenic species, the potential for biotransformation upon 

ingestion varies considerably.275 Seaweed has been part of human diet, especially in 

Asia, for centuries and has gained popularity in western countries.144,147  

Seafood and seaweed are regarded as important parts of healthy diets as they contain 

several nutrients associated with beneficial health effects 150 and are widely used as 

dietary supplements. Seaweed are extensively utilized in the food industry and are 

becoming increasingly commercially available owing to their properties as food 

additives,412 their nutritional values 402,412 and suggested medical applications.402,471 

Unfortunately, some seaweed also contain elevated levels of arsenic. For example, 

Hijiki has elevated levels of iAs, which is highly toxic and a known carcinogen.147 

There is dire need to develop analytical methods that will enable the determination of 

arsenic species in seafood in their native state. This method should ensure species 

stability and avoid their interconversion, which calls for a balance between achieving 

maximum extraction and maintaining species integrity.  

In this chapter we are going to discuss the method development for the determination 

of total arsenic and hydrophilic arsenic species in seafood samples. The choice of 

geoduck clam as the proxy seafood sample for this study was motivated by it having 

the greatest diversity of arsenic species. 
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4.2. Experimental  

4.2.1. Sample preparation 

Geoduck clam (Panopea generosa) harvested from Vegas Hot Spur in Alaska was 

cryogenically homogenized. Approximately 12 g portions of the homogenized geoduck 

clam tissue were packaged in pre-cleaned glass jars with polytetrafluoroethylene 

(PTFE)-lined caps and stored at −80℃ until use. 

4.2.2. Reagents and standards 

ACS grade nitric acid (HNO3, 69 %–70 %) was from J.T. Baker (Phillipsburg, NJ, 

USA). ACS HPLC grade methanol (99.99 %) was from Honeywell Burdick Jackson 

(Muskegon, MI, USA). Puratronic grade ammonium sulfate ((NH4)2SO4, 99.9.9 %) and 

ammonium nitrate (NH4NO3, 99.9 %) were purchased from ThermoFisher Scientific 

(Ward Hill, MA, USA). ACS grade pyridine (99.9 %), laboratory-grade formic acid 

(90 %), and ACS grade hydrogen peroxide (H2O2, 30 %) were purchased from Fisher 

Scientific (Fair Lawn, NJ, USA). AsIII in 2 % HCl (998 ± 5 mg/L) and AsV in H2O 

(1,000 ± 5 mg/L) were purchased from SPEX CertiPrep (Metuchen, NJ, USA). 

Trimethylarsine oxide (TMAO) was purchased from Wako Chemicals (Richmond, 

VA, USA). SRM 1566b Oyster Tissue (Crassostrea virginica) and SRM 3232 Kelp 

Powder (Thallus laminariae) were used as quality control materials. SRM 3030 

Monomethylarsonic Acid Standard Solution, and SRM 3144 Rhodium (Rh) Standard 

Solution were used as internal standards. SRM 3031 Dimethylarsinic Acid Standard 

Solution, SRM 3033 Arsenobetaine Standard Solution, SRM 3034 Arsenocholine 

Standard Solution, SRM 3036 Arsenic Acid (AsV) Standard Solution, SRM 3037 
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Arsenous Acid (AsIII) Standard Solution, and SRM 3103a Arsenic (As) Standard 

Solution were used as calibrants. All SRMs were obtained from the National Institute 

of Standards and Technology (NIST). Locally prepared sub-boiling distilled water was 

used as a solvent in the preparation of samples, standards, and dilute acids. 

4.2.2.1. Safety warning 

Certain aspects of the sample preparation scheme required working with strong 

oxidizing acids under conditions of elevated temperature and pressure, which required 

the use of extracting fume hoods and personal protective equipment. 

4.2.3. Instrumentation 

An Agilent (Santa Clara, CA, USA) model 8800 triple quadrupole (QqQ) inductively 

coupled plasma-mass spectrometer (ICP-MS) was used for the determination of total 

arsenic in sample extracts. A Mettler model AT261 Delta range analytical balance was 

used in the gravimetric preparation of samples and standards. A CEM (Matthews, NC, 

USA) Multiwave 3000 microwave digestion system equipped with EasyPrep TFM 

microwave vessels was used for sample digestion. Advanced vortex mixer and Isotemp 

oven model 737 F from Fisher Scientific were used for sample extraction. Adams 

Dynac Centrifuge, Eppendorf centrifuge 5403, PolyScience Dual Action Shaker water-

bath and SC-50TH Sonicator were used for sample preparation. A Perkin-Elmer 

(Shelton, CT, USA) LC system coupled to a Perkin-Elmer model Elan DRCII ICP-MS 

instrument operating in standard mode was used for arsenic speciation analysis. The 

LC system consisted of a Peltier-cooled Series 200 autosampler and a Series 200 

quaternary pump with a 50 μL injection loop. A Hamilton PRP-X 100 (250 mm × 4.6 
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mm, 10 μm) anion exchange column (Reno, NV, USA) and a Macherey-Nagel 

Nucleosil 100-5 SA (250 mm ×4 mm, 5 μm) cation exchange column (Bethlehem, PA, 

USA) were used for the separation of arsenic species. The mobile phase composition 

and chromatographic method details are outlined in Table 6. 

LC method conditions for AsIII, MMA, DMA, AsB, AsC and AsSugar-OH separations. 

Columns  

Guard CC 8/4 Nucleosil 100-5 SA (4 mm x 8 mm) 

Analytical Nucleosil 100-5 SA (250 mm x 4 mm, 5 µm) 

Mobile phase  

A: 0.10 mmol/L pyridine + 2% CH3OH in 

deionized H2O, pH 6.2 

 

B: 30 mmol/L pyridine + 2% CH3OH in 

deionized H2O, pH 3.0 

 

Gradient program (1.0 mL/min)  

0 min to 4 min 100% A 

4 min to 5 min 100% A linear gradient to 100% B 

5 min to 20 min 100% B 

LC method conditions for AsV, TMAO, AsSugar-PO4, AsSugar-SO3 and AsSugar-SO4 

separations 

Columns  

Guard Guard column for PRP X-100 PEEK 

Analytical PRP X-100 PEEK (250 mm x 4.6 mm, 10 µm) 

Mobile phase  

10 mmol/L (NH4)2SO4 + 10 mmol/L NH4NO3, 2% 

CH3OH in deionized H2O, pH 10.0 

 

Isocratic program (1 mL/min)  

0 min to 50 min 100% A 

Table 6: Mobile phase compositions and conditions for separation of arsenic species
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4.3. Procedure 

4.3.1. Determination of arsenic species 

4.3.1.1. Extraction 

One jar of geoduck sample was transferred from the -80°C freezer onto a bench in the 

laboratory for equilibration to room temperature (21°C). After 5 h of thawing and 

equilibration, approximately 0.5 g sample from the jar was weighed into 50 mL 

polypropylene centrifuge tubes. The remaining sample was stored in a freezer at -20°C. 

A 5 mL aliquot of H2O was added to the sample and accurately massed. The tube was 

then vortexed at 2500 rpm for 1 min to facilitate thorough wetting of the sample. The 

sample was then placed in a waterbath maintained at 70°C with continuous shaking at 

100 rpm for 4 h. The sample was cooled to ambient temperature before being 

centrifuged at 10,000 rpm for 20 min. The supernatant was decanted off into 15 mL 

polypropylene falcon tube. The decanted sample extract was passed through a 0.45μm 

nylon syringe filter into a 4 mL polypropylene tube that was capped thereafter. About 

1 mL of the filtered sample was transferred into a 1.5 mL centrifuge tube and was 

centrifuged at 15,000 rpm for 5 min at 20°C. For LC-ICP-MS analysis, 0.3 mL of the 

supernatant was spiked with 0.3 mL of MMA (50 ng/g) internal standard in 

autosampler vial. The vial was then vortexed for 10 sec. The sample was then analyzed 

using HPLC-ICP-MS. A standard mixture containing the seven arsenic standards (AsIII, 

AsV, AsB, AsC, MMA, DMA and TMAO) at 10 ng/g in water was freshly prepared 

gravimetrically on the day of analysis. Distilled water was used as a procedural blank. 
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Single point calibration of the seven arsenic standards was used for the quantification 

of arsenic species.  

4.3.1.2. Measurement 

For water extraction, measurements were made using LC-ICP-MS using both the 

Hamilton PRP X-100 anion exchange column and Nucleosil 100-5 SA cation exchange 

column depending on the arsenic species of interest. For cation exchange separation, 

0.1 g of TMAO (0.1 µg/g) internal standard was used. Arsenic was measured at 75 amu 

in normal mode. Table 6 lists the parameters for the LC method. 

4.3.1.3. Determination of moisture content in rice flour and geoduck clam 

Since the certified mass fraction values for arsenic in SRM 1568b rice flour are 

expressed on dry-mass basis, moisture content was determined by weighing four 

portions of 0.5 g sample of SRM 1568b into weighing vessels. Similarly, six portions 

of 1 g sample of geoduck clam tissue were transferred into weighing vessels while 

frozen. The rice and geoduck samples were dried in the oven preheated to 90°C for 2 h 

and 3 h, respectively. The average of the difference of masses before and after drying 

was used to determine the moisture content of the samples. 

4.3.2. Determination of total arsenic 

4.3.2.1. Digestion 

Samples were transferred from the -80 °C freezer into a Styrofoam box containing dry 

ice. Six replicate samples of approximately 1 g each were weighed into acid-cleaned 
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microwave vessels while frozen. Four SRM 1566b control samples each weighing 

approximately 0.5 g were transferred into acid-cleaned microwave vessels. Four 

procedure blanks were prepared in a similar way. The samples were digested with 8 

mL of HNO3, each vessel loosely capped, and left to react overnight in the fume hood 

at ambient temperature. The vessels were capped the next day after 1 mL of H2O2 was 

added. Microwave digestion was carried out using the following program: 1600 watts 

power, 25 min ramp and 15 min hold at 220°C. After microwave digestion and cooling, 

the digests were quantitatively transferred to 60 mL low density polyethylene (LDPE) 

bottles and diluted to 50 g with sub-boiling distilled water and weighed. 

4.3.2.2. Addition of Internal Standard and Spiking Standard 

Depending on the arsenic content in the diluted digest, the samples were either further 

diluted to appropriate analyte mass fraction or used directly for further preparation. A 

5 g aliquot of the digest and 0.5 g of a solution containing 0.5 µg/g Rh as an internal 

standard were transferred to a 60 mL LDPE bottle, and the contents were diluted to 50 

g with distilled water to constitute an unspiked sample. A spiked sample was prepared 

by weighing 25 g of the unspiked sample and 0.5 g of a standard containing 0.75 µg/g 

As into a 30 mL LDPE bottle. The unspiked and spiked samples, controls and blanks 

were quantified for arsenic on an ICP-MS by the method of standard addition. 

4.3.2.3. Measurement  

All measurements were made in tandem mass spectrometry (MS/MS) mode using the 

spectrum setting of the Agilent 8800 QQQ-ICP-MS. Arsenic was measured at 91 amu 

as 75As16O+ while the internal standard Rh was measured on-mass at 103 amu. 
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4.3.2.4. Determination of moisture content in Oyster tissue 

Since the certified mass fraction value for arsenic in Oyster tissue is expressed on dry-

mass basis, moisture content was determined by drying 0.5 g of the sample for 5 days 

over magnesium perchlorate (Mg(ClO4)2) in a desiccator at ambient temperature until 

a constant mass was achieved. The difference of the masses before and after drying was 

used to determine the moisture content of the sample as outlined in the Certificate of 

Analysis for SRM 1566b. The reported results were corrected for moisture content. 

4.4. Results and discussion 

4.4.1. Identification of arsenic species in geoduck and kelp 

In this work, the identification of arsenic species in both geoduck clam and kelp extracts 

was achieved by retention time matching using NIST standard reference materials 

(SRMs), commercial standards, and purified extracts of kelp for AsSugars. We ran the 

individual standards under the same conditions and noted their retention times. We then 

mixed the standards and ran them together through the anion exchange column (see 

Fig. 24) and through cation exchange column (see Fig. 25) to see how well they 

separate from each other. The cationic species, i.e., AsB, AsC and TMAO co-eluted 

close to the solvent front, which made it necessary for the samples to be run on a cation 

exchange column to facilitate their separation. 

The potential for overlap between AsB, DMA, and AsIII with AsSugar-Gly, AsSugar-

PO4, and AsSugar-SO3, respectively in an anion exchange separation was demonstrated 

by Gallagher et al.513 In this study, good separation was observed between AsB and 
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AsSugar-Gly, and DMA and AsSugar-PO4, respectively in geoduck. AsIII was not 

present in either geoduck or kelp extracts.  

 

Figure 24: Anion exchange separation of seven arsenic standards showing coelution of species. 

From the chromatographic separation, it might appear like the cation exchange would 

be the best technique for the separation of arsenic species in both geoduck and kelp. 

However, the most abundant species in both geoduck and kelp are AsSugars, which 

unfortunately have coelutions, for example, AsSugar-SO3 and AsSugar-PO4 coelutes 

with MMA.663  

In addition, the run time for anion exchange separation is much longer than for cation 

exchange, which motivated our decision to run both methods, especially for the 

determination of AsV, AsSugar-Gly and AsB on the cation exchange column. The 

cation exchange separation also showed that there was no AsC and TMAO in the 

geoduck sample, thus the peak seen at the retention time of about 3 min is attributed to 

AsB.  
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Figure 25: Cation exchange separation of seven arsenic species showing separation of all species. 

The anion exchange separation of arsenic species for geoduck and kelp (see Fig. 26) 

shows good separation of arsenic species, especially the AsSugars. This separation 

method was adapted from previous work done by Yu et al.,596 and the arsenic species 

separations observed in this study were in good agreement with what was previously 

observed. This is very important because arsenic species identification in this work was 

based on retention time matching and such agreement in separation profiles validated 

the identification of species, given that there are no well-characterized and 

commercially available standards for AsSugars. For further discussion, see section 

4.4.3.  
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Figure 26: Anion exchange separation of arsenic species in geoduck clam and kelp 

4.4.2. Determination of Arsenic species in geoduck and kelp 

The determination of arsenic species in geoduck clam (Panopea generosa) and kelp 

(Thallus laminariae) involved liquid chromatography separation of the species 

followed by elemental detection using inductively coupled plasma mass spectrometry 

(LC-ICP-MS). MMA was used as an internal standard for quantitation, because it is 

the simplest organic arsenic species, has similar chemical properties to the analytes, 

and because it is not present in both geoduck and kelp samples. The sample extracts 

were therefore spiked with MMA prior to analysis. However, enhancement of MMA 

signal was observed with increasing methanol concentration where methanol/water 

mixture was used as an extractant (see Fig. 30). To account for this matrix effect, 

matrix-matched blanks and standards were used. 

For determination of arsenic species, the mass fraction of analyte was determined by 

single point calibration using the formula: 

𝑥 =  
𝐼𝑠𝑚𝑝 × [𝑆𝑡𝑑]

𝐼𝑆𝑡𝑑
 × 𝑑𝑖𝑙      (1) 
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Where 𝑥 is the mass fraction of the analyte in the sample; Ismp and IStd are the corrected 

count rate of the sample and standards respectively; [Std] is the concentration of the 

standard; and dil is the overall dilution factor of the sample. The mass fraction of 

arsenic in the determination of total arsenic was calculated using the method of standard 

addition formula: 

𝑥 =  
𝑢𝑠𝑝

𝑠𝑝−𝑢𝑠𝑝
 ×  

𝑤𝑠𝑝

𝑤𝑠𝑚𝑝
 × 𝐶 × 𝑑𝑖𝑙    (2) 

Where 𝑥 is the mass fraction of the analyte in the sample; sp and usp are the internal-

standard corrected count rate of the spiked and the unspiked measurement samples; 

wsmp and wsp are the mass of the sample and the mass of the spike solution; C and dil 

are the mass fraction of the analyte in the spike solution and the dilution factor of the 

sample respectively. 

The relative proportions of arsenic species in geoduck and kelp are shown in Fig. 27. 

AsSugars are the predominant organoarsenicals in geoduck and kelp accounting for 34 

% and 54 %, respectively of the hydrophilic arsenic species, which agrees well with 

findings reported in literature by Wolle et al.459 Yu et al.,147 and Gallagher et al.,513 

reported three AsSugars in kelp powder (Thallus laminariae) extract and ribbon kelp 

(Alaria marginata) extract, respectively. Lai et al.410 and van Hulle et al.471 reported 

four AsSugars in commercially available algal products of Nostoc sp. (Nostoc 

commune var. flagelliforme) and Laminaria japonica extracts, respectively.  

For determination of total arsenic, kelp and geoduck samples were digested in the 

microwave following treatment with HNO3 acid and H2O2 in order to convert all 
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arsenic species to iAsV before measurement because ICP-MS response of arsenic 

depends on the speciation of the element.664,146 Extraction was done at 220°C to ensure 

all the AsSugars present were converted to iAsV and not DMA, which is reported to be 

the degradation product of AsSugars subjected to microwave digestion in oxidizing 

acidic conditions at temperatures below 207°C.147,403,409,665 

Trivalent inorganic arsenic (iAsIII) was not detected in geoduck, while the pentavalent 

inorganic arsenic (iAsV) was detected at trace levels. The low molecular weight 

organoarsenicals like MMA, AsC, TMAO were also not detected in geoduck while 

DMA was present at very low concentrations. AsB was present in geoduck but not 

present in kelp. Two AsSugars (AsSugar-Gly and AsSugar-PO4) were present in 

geoduck, while in kelp three AsSugars were reported (AsSugar-Gly, AsSugar-PO4 and 

AsSugar-SO3). AsSugar-SO4 was not detected in both geoduck and kelp. 

Inorganic arsenic (iAsV) and methylated arsenical (DMA), were both at 3 % and 1 % 

respectively, in both geoduck and kelp samples. The unextractable arsenic portion 

made a significant portion of both the geoduck and kelp samples standing at 47 % and 

44 % respectively. This might be attributed to the fact that the arsenic species identified 

in this study were hydrophilic. Proximate analysis of geoduck and kelp showed that 

they have total fat between 1.5% and 3.5%, thus there is a slight possibility of arsenic 

being present in the lipophilic fraction as arsenolipids.  

A residual, non-extractable fraction often remains following speciation analysis, and 

can contain a significant proportion of total arsenic in some samples.123,125 The form of 

arsenic in this fraction remains unclear (see Fig. 27). Seaweed, like kelp, can contain 



 

166 

 

variable amounts of un-extractable or residual arsenic,123,126–128 which is thought to be 

bound to thiol-containing structural compounds.78 The level of residual arsenic in 

geoduck agrees with what has previously been reported about the frequently high levels 

(8–58%),54,67 in bivalve mollusks. Some residual arsenic may be protein-bound, for 

which very little is known about their metabolic fate upon consumption. 

 

Figure 27: Relative proportions of arsenic species in geoduck and kelp 

The un-extracted arsenic species, which may be attached to cell components or 

proteins,127 require aggressive extraction conditions that would likely alter their native 

chemical forms.130 Since the focus of analysis in this study was unambiguous 

identification of native arsenicals in the samples, preserving the stability of the species 

took precedence over quantitative extraction with aggressive conditions. In addition, 

we considered the effects of solvent polarity on arsenic speciation analysis. 

4.4.3. Development of in-house standards 

Since there are currently no well-characterized and commercially available AsSugar 

standards, arsenic species derived from purified extracts from kelp were used in this 

study. The complete details and experimental design (see Fig. 28) of how the purified 
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extracts of AsSugars were extracted, fractionated, concentrated, characterized, and 

quantified are published by Yu et al.147 Briefly, kelp extract was separated and 

fractionated based on the arsenic species using liquid chromatography (LC). The 

fractions were then enriched by evaporation and their arsenic content were determined 

using instrumental neutron activation analysis (INAA), which resulted in value 

assignment for the three AsSugars in SRM 3232 without calibration standards.596 The 

species in the fractions were identified using electrospray ion-trap time-of-flight mass 

spectrometry (ESI-IT-ToF-MS).147 More information of arsenic speciation was 

obtained by measuring the arsenic species in the digest of kelp and kelp extracts using 

LC-ICP-MS. 

 

Figure 28: Experimental design for assessing the extraction efficiency of arsenic in kelp, 

identification of arsenic species, and quantification of arsenosugars in kelp extract. Source: Yu et 

al., 2015.147 

4.4.4. Optimization of Extraction Method 

4.4.4.1. Effect of solvent composition on extractable arsenic 

There is no single method or solvent composition that can extract all arsenic 

species.66,127 Geoduck has protein content of 14% – 17% and total fat of 2.8% - 3.7%,666 
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with chances of arsenic being trapped in matrix, therefore the composition of the 

extractant was systematically altered to evaluate the extraction efficiency. Water and 

methanol in different proportions have been reported in literature as extractants of 

choice.127,667,552 Alberti et al. reported 50% methanol in water to give maximum 

efficiency.515  

To obtain optimum extraction conditions using a methanol/water mixture, different 

compositions of methanol in water were studied. These experiments were conducted in 

quadruplicates to extract 0.5 g of geoduck with 5 mL of 0%, 25%, 50%, 75% and 100% 

methanol in water using a waterbath held at 70°C with constant shaking at 100 rpm for 

four hours.  

Yoshinaga et al.667 and Kuehnelt et al.552 found that AsV was better extracted by water 

than by methanol/water, which is in agreement with our findings. However, they 

achieved better extraction yields for AsSugars using 90% and 50% methanol in water 

respectively, which did not hold true with our findings.  

From the experiment it was observed that pure methanol gave the lowest extraction 

yield while pure water gave the best extraction, with the general trend of decreasing 

extraction yield with increasing methanol concentration. This is in agreement with what 

was reported by van Elteren et al.127 Initially, the highest extraction was observed with 

solvent composition of 25% methanol in water, (see Fig. 29).  
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Figure 29: Effect of solvent composition (methanol/water) on extraction efficiency 

However, signal enhancement for MMA, which was used as the internal standard, was 

observed. Therefore, using matrix-matched blanks and standards to account for this 

matrix effect, it was established that water was indeed the best extractant (see Fig. 30). 

 

Figure 30: MMA signal enhancement with increase of methanol concentration in the extractant. 
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4.4.4.2. Effect of extraction methods on extraction efficiency 

For comparison of extraction methods, 0.5 g of geoduck sample was extracted with 5 

mL water in quadruplicate. Three extraction methods including waterbath, sonication 

and oven extraction were evaluated. The oven and waterbath were held at 70°C for 4 

h, with continuous mechanical agitation at 100 rpm only for waterbath extraction. 

Unfortunately, the waterbath of the ultrasonic bath could not maintain the temperature 

of 70°C, therefore the experiment was performed at 30°C. The extraction methods were 

selected based on the benefits they offer. For example, ultrasonic extraction was 

selected based on the reported improvement of extraction efficiency, better yields at 

low temperature, shorter extraction time and low solvent amounts.668,669 This is because 

of mass transfer enhancement, cell wall disruption, improved penetration and capillary 

effects.670,671 The cavitation process that occurs during sonication causes the rupture of 

cell walls, consequently enhancing mass transfer and solvent contact with available 

extractable cell material.541 However, these benefits were not evident in our experiment 

because geoduck samples were stored at -80°C, which aided in the disruption of the 

cell membrane.  

The same extraction efficiency using ultrasonic assisted extraction was observed from 

30 min to 6 h (see Fig. 31). This experiment demonstrated that extraction efficiency 

was neither dependent on the sonication process nor the extraction time using ultrasonic 

power. For oven extraction, the benefit of uniform heat transfer and mixing of sample 

by convectional current, which enables enhanced contact of sample and extractant was 

utilized.542  
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Figure 31: Effect of sonication and extraction time on the extraction efficiency. 

Extraction efficiency of sonication was lower compared to the other extraction methods 

(see Fig. 32). Waterbath extraction gave comparable extraction efficiency to oven 

extraction, possibly because of better wetting of the sample facilitated by mechanical 

agitation, high temperatures and convectional current mixing that allowed better 

solvent contact. 

 

Figure 32: Effect of extraction method on the extraction efficiency. 
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4.4.4.3. Effect of temperature on extraction efficiency 

The effect of temperature on extraction efficiency of arsenicals in geoduck was 

evaluate at 4°C, 20°C, 50°C, 70°C and 90°C. Experimental data showed no extraction 

of DMA and AsV at 4°C and 20°C (see Fig. 33). The same trend of diminished 

extraction efficiency was observed for AsB and the two AsSugars within the same 

temperature range. Maximum extraction is usually observed near the boiling point of 

the solvent.12 Since methanol/water mixture and water were the extractants expected to 

be used with boiling points close to 70°C and 90°C, these temperatures were evaluated. 

The highest extraction for all arsenicals except for AsB was observed at 70°C. 

However, the extraction for AsSugars decreased when the temperatures approached 

90°C, maybe because of their possible degradation at such high temperatures. 

 
Figure 33: Effect of temperature on extraction efficiency 
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4.4.4.4. Effect of time on extraction efficiency 

Initial assessment was performed on 0.5 g geoduck extracted with 5 mL water in a 

waterbath maintained at 70°C for 0.5 h, 2 h, 4 h, 6 h and 8 h. The general trend showed 

an increase in extraction efficiency with increase in extraction time, which seemed to 

level off at 4 h and further increased towards 8 h. Further evaluation was performed, 

and the highest extraction was observed at 8 h (see Fig. 34). However, for practical 

purposes and because two or more sequential extractions are performed on the samples, 

4 h was selected as the extraction time for analysis. 

 

Figure 34: Effect of extraction time on extraction efficiency. 

4.4.4.5. Effect of bead beating on extraction efficiency 

To assess if arsenic was trapped within the cells of geoduck, bead beating was 

employed to physically rupture the cell walls and release the content for maximum 

contact with solvent. 0.5 g of geoduck was extracted with 5 mL water in quadruplicates 

at ambient temperature for 1 h. Three sets of samples were prepared as follows: beads 
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only, beads and geoduck, and geoduck only. All the samples were treated the same 

way. They were vortexed at 2500 rpm for 5 min in a randomized order before addition 

of water, which was followed by vortexing at 2500 rpm for 2 min.  

The samples were allowed to soak for 1 h and then vortexed for 2 min. They were then 

centrifuged at 10,000 rpm for 20 min and the supernatant decanted off. The supernatant 

was transferred to a 1.5 mL centrifuge tube and further centrifuged at 15,000 rpm for 5 

min before spiking (1:1) with 50 ng/g MMA and analysis on HPLC-ICP-MS. The 

results for the samples with and without bead beating extraction were comparable (see 

Fig. 35), demonstrating that bead beating did not improve the extraction efficiency 

probably because the ultra-low temperatures of -80°C in which the samples are stored 

caused the cell walls to rupture and made the contents accessible for extraction. 

 

Figure 35: Effect of bead beating on extraction efficiency. 
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4.4.4.6. Effect of surfactant (SDS) on extraction efficiency. 

Arsenicals have divergent ionic characteristics which are pH dependent. Therefore 

finding a single separation scheme capable of extracting all the arsenicals from the 

samples in a single run is difficult.672 Especially, where the sample has arsenic in both 

the water-soluble and lipid fraction. To develop a single extraction method for analysis 

of water-soluble and lipid soluble arsenic, sodium dodecyl sulfate (SDS) a surface-

active agent (surfactant) was employed. Concerns of surfactants not being amenable 

with mass spectrometry notwithstanding, the results from the study were inconclusive. 

For future work, proteolytic surfactants that are amenable with mass spectrometry will 

be investigated to determine their effect on the extraction efficiency. 

4.5. Risk assessment associated with consumption of geoduck and kelp 

The mass-balance approach, which was suggested by Feldmann et al.93 was used to 

determine the toxic fraction represented by inorganic arsenic, non-toxic fraction 

represented by AsB, and the potentially toxic fraction, which is the difference between 

the total arsenic content and the sum of the inorganic and AsB fraction. This involved 

the determination of the total arsenic content using ICP-MS after mineralization, 

followed by the determination of iAs as iAsV using ICP-MS after treatment of sample 

with HNO3 and H2O2 that converts any iAsIII in the sample into iAsV, and finally the 

determination of AsB content using LC-ICP-MS. DMA and all the residual arsenic 

accounted for the potentially toxic fraction. Determination of arsenic species was semi-

quantitative since arsenic is monoisotopic and has no labelled standards available. The 

schematic representation of this approach has been presented (refer to Fig. 5). 
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4.6. Conclusion 

In this chapter we have utilized the pH-dependent difference in the ionic states of 

arsenic species to chromatographically separate them using both anion exchange and 

cation exchange techniques. These two techniques are orthogonal and complementary. 

They give a better outlook of the ionic hydrophilic arsenic species in seafood. Geoduck 

was selected as study material due to its great variety of arsenic species. Arsenic species 

identification was based on retention time matching using commercial standards, 

SRMs, and purified extracts of AsSugars as calibrants.  

We had to modify the acid digestion process so as not to underestimate the total arsenic 

due to the high content of AsSugars in both geoduck and kelp. This is because at 

temperatures below 207℃, the AsSugars are converted to DMA, and since ICP-MS 

responds to the species present and in our case, we were using iAsV as the measurement 

standard. Incomplete conversion of AsSugars at lower temperatures would have biased 

our results. There is a substantial amount of arsenic that is unaccounted for and whose 

identity is currently unknown. There is a possibility that this might be in the form of 

lipophilic arsenicals and residual arsenic, which must be determined. 

Since various factors affect the extraction efficiency of arsenicals from the sample 

matrix, the following parameters that may affect the extraction efficiency were studied: 

effect of solvent composition, extraction methods, extraction time, temperature, bead-

beating, and surfactant. These studies were important to the optimization of the 

analytical method for the determination of hydrophilic arsenicals in geoduck (a 

seafood), which will be deployed in the study of the other seafood samples. Details of 
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the application of the optimized method in the identification, characterization and 

quantification of total arsenic and hydrophilic arsenic species will be reported in 

Chapter 5. This method was also applied in the characterization and quantification of 

total and arsenic species in seafood (wild-caught and aquacultured shrimps and 

salmons), that were used in the NIST Health Assessment Measurements Quality 

Assurance Program (HAMQAP): Exercise 5 of 2020.673 Final report is available at 

https://doi.org/10.6028/NIST.IR.8343.  

Lack of reliable information on the organoarsenical species in seafood has been the 

crucial missing link to understanding exposure and informing regulatory practices. 

Access to matrix-based reference materials for validation of measurement protocols 

will generate accurate and reliable speciation data, while addressing the challenge of 

lack of widely accepted analytical methods. This will lead to more informative 

epidemiological studies on toxicity and exposure assessment for organoarsenicals in 

seafood that will inform regulatory practices. Knowledge garnered from this research 

will contribute to shaping future research on toxicity and inform the development of 

standards and new reference materials, especially for food, biological and 

environmental sample. 

 

  

https://doi.org/10.6028/NIST.IR.8343
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Chapter 5: Determination of Total Arsenic and Hydrophilic 

Arsenic Species in Seafood. 

Work discussed in this chapter is published in the Journal of Food Composition and 

Analysis. J. Food Comp. Anal. 2021, 96, (103729), 1-11.  

5.1. Introduction 

Seafood encompass a heterogenous group of aquatic organisms not only from the 

marine environment but also freshwater, including shellfish like mollusks and 

crustaceans, and all types of finfish.149 Even though there is consistent evidence of 

health benefits from modest seafood consumption, there exist possible risks and 

adverse effects associated with seafood, especially arsenic that is inherently present as 

a contaminant, particularly organic arsenic species.150 This has raised concerns 

regarding the consumption of aquatic foods.  

Seafood and seaweed are the major dietary sources of total arsenic in humans, with 

organic arsenic being the dominant species.47 However, exceptions have been reported 

with elevated levels of iAs, for example, in edible seaweed Hijiki (Hizikia 

fusiformis),273 freshwater fish from Thailand,274 and blue mussel from Norway.55 

Marine algae and shellfish are the seafood exposure sources with the greatest diversity 

of arsenicals.31 

Arsenic toxicity, bioaccumulation and mobility are largely dependent on the chemical 

form and the extent of methylation.39 Typically, the lower the oxidation number, the 

higher the toxicity and the higher the methylation, the lower the toxicity. iAs species 

are categorized as non-threshold Class 1 carcinogens, while simple methylated 
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arsenicals such as MMA and DMA are Class 2B having intermediary toxicity.10 AsB, 

a tetraalkylated compound present in fish and the principal dietary source of arsenic 

exposure for humans, is nontoxic because it is practically eliminated unchanged in the 

urine by humans.20 Studies suggest that AsSugars exhibit no acute cytotoxicity or 

mutagenicity, even though these compounds may be metabolized within the human 

body to form potentially toxic metabolites like DMA.40 

Microalgae are the primary iAs accumulators in the marine environment and represent 

an important stage in arsenic migration through the food chain.47 It is generally 

understood that iAs, which is mainly absorbed in the form of AsV from seawater, is 

metabolized by the algae to a variety of organic arsenic species, especially AsSugars.48 

Elevated levels of AsSugars (12 µg/g to 84 µg/g dry weight) have been detected in 

seaweed leading to considerable interest with regard to their toxicological behavior.419 

Human exposure to AsSugars is relatively high in Asia based on their diet that is rich 

in seaweed.453 Fortunately, there is no indication for acute and chronic toxicity related 

to seaweed ingestion from epidemiological studies.40,238 

Despite the nutritional benefits associated with spirulina, they have the capacity to 

bioaccumulate not only essential elements but also toxic elements such as arsenic.674 

Since these algal products are frequently consumed in high quantities and over an 

extended period of time by humans as dietary supplements, this increases the 

consumer’s risk of critical exposure to toxic arsenic and therefore potentially serious 

health effects.675 Consequently, it is imperative that arsenic present in spirulina and the 

dietary supplements derived from them are quantified as a preliminary step to 

evaluating their toxicological relevance.674  
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The toxicity mechanism of iAs and methylated arsenicals (MMA and DMA) is well 

established and understood; however, the same does not hold true for the other 

organoarsenicals like AsSugars. It is therefore critical from a risk-based perspective to 

determine the arsenic species present in the various aquatic foods and their relative 

proportions consumed by humans to enable more accurate toxicological 

assessments.255 This will provide key data that is necessary for establishing health 

advisories to limit consumption of particular types of seafood and seaweed. 

The aim of this study was to survey the total arsenic and arsenic species in the food 

chain of common aquatic species, to contribute to the growing body of knowledge on 

arsenic speciation. This information is of toxicological relevance to the establishment 

of arsenic exposure metrics like provisional tolerable weekly intake (PTWI) and 

allowable dietary intake (ADI), which are paramount in the setting of appropriate 

regulatory limits. In this study we also assessed the stability of arsenic species to 

establish their integrity during extraction using typical measurement procedures to 

contribute to the current understanding of the extraction conditions.  

In this study, we surveyed the total arsenic content and relative proportions of inorganic 

arsenic and hydrophilic organic arsenic species in different seafood and seaweed 

samples cutting across the marine food chain from microalgae represented by spirulina 

powder (Spirulina platensis), macroalgae represented by kelp powder (Ascophyllum 

nodosum), shellfish represented by geoduck clam (Panopea generosa), wild caught 

shrimp (Farfantepenaeus aztecus) and aquacultured shrimp (Litopenaeus vannamei), 

and finally finfish represented by wild-caught and aquacultured Coho salmon 

(Oncorhynchus kisutch). We evaluated the extraction methods for the arsenic species 
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that give the maximum extraction efficiency without species interconversion  after 

assessing the stability of the arsenicals under the extraction conditions (see Fig. 36). 

 

Figure 36: Analytical procedure for the determination of total arsenic using ICP-MS and 

hydrophilic arsenicals using anion exchange (AE) and cation exchange (CE) LC-ICP-MS 

in seafood. 
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packets of silica gel to protect the material from moisture and light. To prevent mold 

growth during long-term storage, the packets of spirulina and kelp powder were 

irradiated to an absorbed dose of 5.9 kGy to 7.6 kGy and then stored in corrugated 

boxes at controlled ambient temperature (20 °C ± 2 °C).  

Geoduck clam (Panopea generosa) harvested from Vegas Hot Spur in Alaska was 

cryogenically homogenized. Approximately 12 g portions of the homogenized geoduck 

clam tissue were packaged in pre-cleaned glass jars with polytetrafluoroethylene 

(PTFE)-lined caps for storage at -80 °C until use. Wild-caught brown shrimp 

(Farfantepenaeus aztecus) were trawl-caught off the coast of Charleston, South 

Carolina while aquacultured white leg shrimp (Litopenaeus vannamei) were obtained 

from Boligee, Alabama. The shrimp were deheaded, peeled and chopped before they 

were cryogenically homogenized at the Hollings Marine Laboratory (HML). The 

effectiveness of the cryomilling procedure was monitored using Laser diffraction 

particle size analysis before 6 g to 8 g portions of the fresh frozen powder was bottled 

in pre-cleaned glass jars with PTFE-lined caps for storage at -80 °C until use. Both the 

wild-caught and aquacultured Coho Salmon (Oncorhynchus kisutch) were procured 

from reliable sources and were verified by the Marine Forensics division of the 

National Oceanic and Atmospheric Administration (NOAA). The materials were 

processed to include only the edible portions. The Coho Salmon were deheaded, scaled, 

fileted and chopped before they were cryogenically homogenized at the NIST 

Reference Material Production Facility in Charleston, South Carolina. The 

effectiveness of the cryomilling process was assessed for both the wild-caught and 

aquacultured material using Laser-diffraction particle size analysis to ensure the 
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material was homogeneous based on the particle size. Thereafter, 6 g to 8 g portions of 

the fresh frozen powder was bottled in pre-cleaned glass jars with PTFE-lined caps for 

storage at -80 °C until use. 

5.1.2. Reagents and standards 

ACS grade nitric acid (HNO3, 69% - 70%) was from J.T. Baker (Phillipsburg, NJ, 

USA). ACS HPLC grade methanol was from Honeywell Burdick Jackson (Muskegon, 

MI, USA). Puratronic grade ammonium carbonate ((NH4)2CO3, 99.999%) was 

purchased from ThermoFisher Scientific (Ward Hill, MA, USA). ACS grade pyridine 

(99.9%), Acetonitrile (99.98%), laboratory grade formic acid (88%), and ACS grade 

hydrogen peroxide (H2O2, 30%) were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). Trimethylarsine oxide (TMAO) was purchased from Wako Chemicals 

(Richmond, VA, USA). SRM 1566b Oyster Tissue (Crassostrea virginica), SRM 

1568b Rice Flour, SRM 1947 Lake Michigan Fish Tissue, SRM 3232 Kelp Powder 

(Thallus laminariae), and SRM 3669 Arsenic Species in Frozen Human Urine were 

used as quality control materials. SRM 3030 Monomethylarsonic Acid Standard 

Solution, and SRM 3144 Rhodium (Rh) Standard Solution were used as internal 

standards. SRM 3031 Dimethylarsinic Acid Standard Solution, SRM 3033 

Arsenobetaine Standard Solution, SRM 3034 Arsenocholine Standard Solution, SRM 

3036 Arsenic Acid (AsV) Standard Solution, SRM 3037 Arsenous Acid (AsIII) Standard 

Solution, and SRM 3103a Arsenic (As) Standard Solution were used as calibrants. All 

SRMs were obtained from the National Institute of Standards and Technology (NIST). 

Locally prepared sub-boiling distilled water was used as a solvent in the preparation of 

samples, standards, and dilute acids.  
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5.1.2.1. Safety warning 

Certain aspects of the sample preparation scheme required working with human urine, 

as well as strong oxidizing acids under conditions of elevated temperature and pressure, 

all of which required the use of extracting fume hoods, personal protective equipment, 

and adherence to biohazard handling procedures. 

5.1.3. Instrumentation 

An Agilent (Santa Clara, CA, USA) model 8800 triple quadrupole (QQQ) inductively 

coupled plasma mass spectrometry (ICP-MS) was used for the determination of total 

arsenic in sample extracts. A Mettler model AT261 Delta range analytical balance was 

used in the gravimetric preparation of samples and standards. A CEM (Matthews, NC, 

USA) Multiwave 3000 microwave digestion system equipped with EasyPrep TFM 

microwave vessels was used for sample digestion. Advanced vortex mixer and Isotemp 

oven model 737F from Fisher Scientific were used for sample extraction. A Perkin-

Elmer (Shelton, CT, USA) LC system coupled to a Perkin-Elmer model Elan DRCII 

ICP-MS instrument operating in standard mode was used for arsenic speciation 

analysis. The LC system consisted of a Peltier-cooled Series 200 autosampler and a 

Series 200 quaternary pump with a 50 µL injection loop. A Hamilton  PRP-X 100 (250 

mm x 4.6 mm, 10 µm) anion exchange column (Reno, NV, USA) and a Macherey-

Nagel Nucleosil 100-5 SA (250 mm x 4 mm, 5 µm) cation exchange column 

(Bethlehem, PA, USA) were used for the separation of arsenic species. The mobile 

phase composition and chromatographic method details are outlined in Table 7. 
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LC method conditions for AsIII, MMA, DMA, AsB, AsC and AsSugar-OH separations. 

Columns  

Guard CC 8/4 Nucleosil 100-5 SA (4 mm x 8 mm) 

Analytical Nucleosil 100-5 SA (250 mm x 4 mm, 5 µm) 

Mobile phase  

A: 0.10 mmol/L pyridine + 2% CH3OH in 

deionized H2O, pH 6.2 

 

B: 30 mmol/L pyridine + 2% CH3OH in 

deionized H2O, pH 3.0 

 

Gradient program (1.0 mL/min)  

0 min to 4 min 100% A 

4 min to 5 min 100% A linear gradient to 100% B 

5 min to 20 min 100% B 

LC method conditions for AsV, TMAO, AsSugar-PO4, AsSugar-SO3 and AsSugar-SO4 

separations 

Columns  

Guard Guard column for PRP X-100 PEEK 

Analytical PRP X-100 PEEK (250 mm x 4.6 mm, 10 µm) 

Mobile phase  

A: 20 mmol/L (NH4)2CO3 + 2% CH3OH in 

deionized H2O, pH 10.0 

 

Isocratic program (1 mL/min)  

0 min to 50 min 100% A 

Table 7: Mobile phase compositions and conditions for separation of arsenic species. 

5.2. Procedure 

The experimental design of this work is shown in Fig. 37. For the determination of total 

As, mineralization was achieved by microwave-assisted acid decomposition to obtain 

digests that were spiked with 0.5 µg/g Rh gravimetrically prepared from SRM 3144 

Rhodium (Rh) Standard Solution as the internal standard. The digest containing the 

internal standard was split into two approximately equal aliquots. One of the aliquots 

was spiked with 0.75 µg/g AsV gravimetrically prepared from SRM 3103a Arsenic (As) 
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Standard Solution for the purpose of calibration by the method of standard addition. 

For As speciation analysis, two methods were employed, i.e. acid extraction of iAs that 

is converted and measured as AsV based on European Standard EN 16802:2016, and 

water extraction method. For a summary of the analytical procedure (see Fig. 36). 

5.2.1. Determination of Total Arsenic 

5.2.1.1. Digestion 

Samples were transferred from the -80 °C freezer into a Styrofoam box containing dry 

ice. Five replicate samples of approximately 0.5 g to 1 g each were weighed into acid-

cleaned microwave vessels while frozen. Four SRM 1566b control samples each 

weighing approximately 0.5 g were transferred into acid-cleaned microwave vessels. 

In a similar way, four SRM 1947 control samples each weighing approximately 1 g 

were transferred into acid-cleaned microwave vessels while frozen. Four procedure 

blanks were prepared in a similar way.  

The samples were digested with 8 mL of HNO3, each vessel loosely capped, and left to 

react overnight in the fumehood at ambient temperature. The vessels were capped the 

next day after 1 mL of H2O2 was added. Microwave digestion was carried out using the 

following program: 1600 watts power, 25 min ramp and 15 min hold at 220°C. After 

microwave digestion and cooling, the digests were quantitatively transferred to 60 mL 

low density polyethylene (LDPE) bottles and diluted to 50 g with sub-boiling distilled 

water and weighed. 
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5.2.1.2. Addition of Internal Standard and Spiking Standard 

Depending on the As content in the diluted digest, samples were either further diluted 

to appropriate analyte mass fraction or used directly for further preparation. A 5 g 

aliquot of the digest and 0.5 g of a solution containing 0.5 µg/g Rh as an internal 

standard were transferred to a 60 mL LDPE bottle, and the contents were diluted to 50 

g with distilled water to constitute an unspiked sample. A spiked sample was prepared 

by weighing 25 g of the unspiked sample and 0.5 g of a standard containing 0.75 µg/g 

As into a 30 mL LDPE bottle. The unspiked and spiked samples, controls and blanks 

were quantified for As on an ICP-MS by the method of standard addition. 

5.2.1.3. Measurement 

All measurements were made in tandem mass spectrometry (MS/MS) mode using the 

spectrum setting of the Agilent 8800 QQQ-ICP-MS. Arsenic was measured at 91 amu 

as 75As16O+ while the internal standard Rh was measured on-mass at 103 amu. 

5.1.1. Determination of moisture content in Oyster tissue 

Since the certified mass fraction value for arsenic in Oyster tissue is expressed in dry-

mass basis, moisture content was determined by drying 0.5 g of the sample for 5 days 

over magnesium perchlorate (Mg(ClO4)2) in a desiccator at ambient temperature until 

constant mass was achieved. The difference of the masses before and after drying was 

used to determine the moisture content of the sample as outlined in the Certificate of 

Analysis of SRM 1566b. The results reported below were corrected for moisture 

content. 
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5.1.1. Arsenic speciation analysis 

5.1.1.1. Extraction 

Samples were transferred from the -80 °C freezer into a Styrofoam box containing dry 

ice. Approximately 0.5 g to 1 g sample was weighed into a 50 mL Falcon tube while 

frozen. For acid digestion method, four 1 g portions of SRM 1568b samples as controls 

were weighed into four 50 mL Falcon tubes. A 5 mL solution containing 0.2 mol/L 

HNO3 and 6% by volume H2O2 in water was added to each tube, and water was used 

to bring the overall added solution to 10 g.  

For the water extraction method, four 0.5 g portions of SRM 3232 Kelp Powder 

samples were weighed into four 50 mL Falcon tubes. Four 1 g portions of SRM 1568b 

as controls were prepared similarly. Water was added to bring the overall added 

solution to 10 g. Four procedural blanks were prepared similarly.  

The samples and the blanks were tightly capped and vortexed at 2500 rpm for 1 min 

then the caps were loosened and transferred to the oven preheated to 95 °C. The 

samples and blanks were removed from the oven after 3 h. After the temperature was 

equilibrated with the room temperature at 21 °C, the samples were centrifuged at 4000 

rpm in a centrifuge for 30 min. The supernatant was transferred to 15 mL Falcon tubes. 

5.1.1.2. Addition of Internal Standard and Spiking Standard 

The decanted extracts were passed through 0.45 µm Nylon syringe filters and an 

unspiked sample was prepared by weighing the filtrate into a 4 mL polypropylene tube 

containing 0.1 g of 1 µg/g MMA serving as the internal standard. A spiked sample for 
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acid extraction method was prepared by weighing 0.5 g of the unspiked sample into a 

0.75 mL polypropylene autosampler vial containing 0.1 g of 0.08 µg/g AsV for the 

purpose of calibration by the method of standard addition. In the water extraction 

method, a spiked sample was prepared by weighing 0.5 g of the unspiked sample into 

a 0.75 mL polypropylene autosampler vial containing 0.1 g of 0.08 µg/g AsV, 0.08 µg/g 

AsIII and 0.11 µg/g DMA for the purpose of quantification. 

5.1.2. Determination of AsSugars 

AsSugars were separately determined from the water extracts by external calibration 

method using locally purified and characterized AsSugar standards that were 

gravimetrically prepared. MMA was employed as an internal standard for 

quantification while SRM 3232 was used as a control. 

5.1.3. Measurement 

For acid digestion, measurements were made using LC-ICP-MS with Hamilton PRP 

X-100 anion exchange column while those for water extraction were made using LC-

ICP-MS with both the Hamilton PRP X-100 anion exchange column and Nucleosil 

100-5 SA cation exchange column depending on the arsenic species of interest. For 

cation exchange separation, a different suite of internal standard and spiking standard 

was used i.e. 0.1 g of 0.1 µg/g TMAO internal standard and 0.1 µg/g AsB as spiking 

standard. Arsenic was measured at 75 amu in normal mode. Table 7 lists the parameters 

for the LC method.  
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5.1.4. Determination of moisture content in rice flour and geoduck tissue 

Since the certified mass fraction value for arsenic in SRM 1568b rice flour is expressed 

on dry-mass basis, moisture content was determined by weighing four portions of 0.5 

g sample of SRM 1568b into weighing vessels. Similarly, six portions of 1 g sample of 

SRM 2983 geoduck clam tissue were transferred into weighing vessels while frozen. 

The rice and geoduck samples were dried in the oven preheated to 90 °C for 2 h and 3 

h, respectively. The difference of the masses before and after drying was used to 

determine the moisture content of the samples. 

5.1.Results and discussion 

5.1.1. Arsenic species stability 

For the arsenic species stability study, the native standards with concentrations of about 

200 ng/g of AsB, AsC, MMA, DMA, AsIII, AsV, TMAO, AsSugar-OH, AsSugar-SO3 

and AsSugar-PO4 were individually prepared by the dilution of the respective NIST 

SRMs, commercial TMAO standard, and well-characterized AsSugars purified 

extracts.147 The diluted standards were then subjected to water and acid extraction 

conditions outlined in Fig. 36 to study the effects of the extraction procedures on the 

arsenic species integrity. The native standards and the water and acid extracts were then 

analyzed using both anion exchange (AE) and cation exchange (CE) LC-ICP-MS. The 

peak areas of the water and acid extracts as a percentage of the original native standards 

were calculated and were used to determine the arsenic species’ stability. 
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The results revealed that AsB, AsC, MMA, DMA, TMAO and AsV were not affected 

by either the water or acid extraction procedures under the study conditions. However, 

there was marked influence of acid extraction conditions on the integrity of AsIII and 

all the AsSugars species (Fig. 37). The AsSugars standards were fractionated from kelp 

extract and were not entirely pure. The procedure employed to determine the exact 

concentration of the individual AsSugars in the fractions using INAA and LC-ICP-MS 

is described.147 All the AsSugars remained stable under water extraction conditions. 

The observation showed that AsSugars underwent acidic hydrolysis at elevated 

temperature that cleaved off the aglycone moieties at C1 to yield AsSugar 254 

(DMAsSugarHydroxy), an aglycone free AsSugar, which confirms what was reported 

in literature by Gamble et al.405 Initially when the acid extracts were run through the 

anion exchange column, it showed that all the AsSugars were converted to AsSugar-

OH, which elutes close to the solvent front of the AE column.  

However, when the same acid extracts were run through the CE column it revealed the 

presence of another arsenic species eluting at a different retention time from that of 

AsSugar-OH. Based on what is reported in literature,405 the peak was postulated to be 

that of AsSugar 254, which elutes close to the solvent front of the anion exchange 

column in likeness with AsSugar-OH. The acid extracts and the AsSugar-OH standard 

were thus separated using cation exchange chromatography to confirm their identities. 

At the experimental conditions with mobile phase pH of 6.2, both AsSugar-OH and 

AsSugar 254 are neutral because they do not dissociate and thus lack the pH dependent 

aglycone functionality that influence their retention in the AE column. Therefore, they 
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both are unretained and are eluted close to the solvent front of the column and cannot 

be effectively separated by AE chromatography. 

Purified extract of AsSugar-OH had unknown arsenic species present in its native state, 

which accounted for about 2% of the total arsenicals. The unknown arsenic species 

content did not significantly change following water extraction. However, after acid 

digestion, AsSugar-OH disappeared and a new species probably AsSugar 254 appeared 

at a lower level than the initial AsSugar-OH.  

The amount of unknown arsenic species increased significantly to about 20% of the 

total arsenic content in the sample extract as shown in Fig. 37A. There was also a slight 

increase in the amount of DMA in the acid extract of AsSugar-OH. A similar trend was 

observed in AsSugar-SO3 and AsSugar-PO4 shown in Fig. 37B and 37C, respectively, 

even though they had much lower levels (<1%) of initial unknown arsenic species. 

There was no statistical difference between the amounts of the other AsSugars that 

were present as impurities in both the native form and in the water extracts of the 

AsSugar purified extracts that were studied in these experiments. 

DMA was found stable under the acidic condition; however, a possibility cannot be 

eliminated of DMA being a product of the decomposition of other arsenic species. In 

this work, the amount of DMA increased with acid extraction of purified AsSugars 

extracts but was not observed with water extraction where the amount remained 

unchanged after the extraction as shown in Fig. 37. 

The acid extraction method additionally converted all the three AsSugars to yield about 

20% of unknown arsenic species on the account of the peak area of the unknowns. The 
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mechanism that governs the decomposition of AsSugars to DMA under acidic 

experimental conditions at elevated temperatures is not well understood. AsSugars, 

with a dimethylarsinoyl group attached to a ribofuranoside, are trialkylated arsenicals 

analogous to TMAO that is susceptible to nucleophilic attack.676  

Rabb et. al.676 in their study demonstrated the stepwise demethylation of TMAO under 

acidic conditions using concentrated HCl at elevated temperatures to yield lower 

methylated arsenicals such as DMA and MMA, and eventually AsV. They observed 

that it was not possible to drive this reaction to completion with the HNO3/H2O2 

mixture, and they postulated Cl- to be critical for the demethylation reaction.676 In 

addition, results from gas-phase reaction of AsSugars under oxidizing acidic conditions 

produce compounds detected using mass spectrometry at m/z 237 resulting from the 

loss of the aglycone group at C1.451
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Figure 37: Mass fraction in percentage of arsenic species in native standards and after water extraction and acid extraction of the standards.
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The presence of molecular ion with m/z 97 suggests that DMA had been cleaved off 

from the aglycone free 5-membered ring of AsSugars with additional loss of H2O 

molecule, while the DMA moiety is then detected at m/z 122, as shown in Fig 38.412 

These evidences support that DMA is a byproduct of the decomposition of AsSugars. 

 

Figure 38:  Typical AsSugar fragments after acid digestion detected in tandem mass spectrometry 

Elevated amounts of DMA in acid extracts of geoduck clam tissue (Fig. 39B) may arise 

from the degradation of AsSugars, which are the major arsenic species. Moreover, 

while the peaks of MMA and AsV are baseline resolved, the peak of DMA is overlapped 

by peaks to the right resulting from AsSugars (Fig. 39B). Therefore, the measurement 

of DMA was performed using the water extraction method which gives a baseline 

resolved DMA peak (Fig. 39D). This justified the use of water extraction for 

determination of DMA, especially for samples with high levels of AsSugars even 

though the acid extraction method gave higher extraction efficiencies. While absent in 

the water extract (Fig. 39C), unknown arsenic species were found in the acid extract of 

spirulina (Fig. 39A). The unknown arsenic species in acid extracts of spirulina (Fig. 

39A) likely resulted from the degradation of AsSugars (Fig. 39C) based on the stability 
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study of AsSugars above and supported by the comparative profile of Geoduck extract 

samples (Fig. 39B and 39D) that are known to contain AsSugars.  

 

Figure 39: Anion exchange LC-ICP-MS of [A] spirulina powder acid extract, [B] geoduck clam 

tissue acid extract, [C] spirulina powder water extract spiked with MMA and [D] geoduck clam 

water extract. 

SRM 3037 Arsenous Acid (AsIII) Standard Solution and SRM 3036 Arsenic Acid (AsV) 

Standard Solution were used in the study of iAs species stability as AsIII and AsV 

standards respectively. The results show that the measurement sample of AsIII was 

comprised of about 5% AsV. The amount of AsV in the AsIII standard increased to about 

25% after water extraction while acid extraction resulted in the complete conversion of 

AsIII to AsV (Fig. 37D). The results indicate that AsIII is not stable and it tends to be 

oxidized to AsV, especially in the presence of oxidizers such as HNO3. Therefore, 

owing to the instability of AsIII in its native form and under the other experimental 

conditions, it is not feasible to accurately determine AsIII directly using either of the 

extraction methods.  
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On the other hand, AsV in SRM 3036 Arsenic Acid (AsV) Standard Solution remained 

stable under all the experimental conditions, i.e. in the native state, throughout water 

and acid extraction. These results show that using the water extraction method under 

the experimental conditions would not give an accurate assessment of the relative 

proportions of the two inorganic arsenic species in the study materials owing to the 

conversion of AsIII to AsV. This study therefore validated stability of AsV under the acid 

extraction conditions and supported the approach for the complete conversion of AsIII 

to AsV for the quantification of iAs. The results of this study served as the guiding 

principle for the choice of the extraction procedures. 

5.1.2. Mass fraction of total Arsenic 

The mass fraction of As was calculated according to the method of standard addition 

as follows: 

𝑥 =
𝑢𝑠𝑝

𝑠𝑝−𝑢𝑠𝑝
∗

𝑤𝑠𝑝

𝑤𝑠𝑎
∗ 𝑐 ∗ 𝑑𝑖𝑙     (3)  

where x is the mass fraction of the analyte in the sample; sp and usp are the internal-

standard-corrected count rate of the spiked and the unspiked measurement samples; wsa 

and wsp are the mass of the sample and the mass of the spike solution; c and dil are the 

mass fraction of the analyte in the spike solution and the dilution factor of the sample, 

respectively. The mass fractions of the total arsenic in common seafood are shown 

below (see Fig. 40). 
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Figure 40: Mass fraction of total arsenic in common seafood. Error bars are uncertainty associated 

with the determination of each value (n = 10, 95% CI). 

Quantification of total arsenic was achieved by the method of standard addition using 

Rhodium as an internal standard. The mass fractions of total arsenic, arsenic species, 

and recoveries of hydrophilic arsenic species as a proportion of total arsenic in the 

studied materials are shown in Table 8. All the results are reported on an as received 

basis apart from those of spirulina and kelp which are reported on a dry mass basis. 

Total arsenic values ranged from 133 ng/g ± 11 ng/g (mean ± s, n = 10) in aquacultured 

shrimp to 26,630 ng/g ± 520 ng/g (mean ± s, n = 10) in kelp, which is consistent with 

results published by Wolle et al.,130 and Taylor et al.31 The presence of high levels of 

As in seaweed products, and its ability to form potentially toxic species has raised 

concern about possible human health impacts of seaweed consumption.419 

Total As content in both wild-caught and aquacultured salmon was generally lower, 

although the amount in aquacultured salmon was almost double the amount present in 
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the wild-caught counterpart. This might be attributed to the fact that they are pelagic 

and thus their feeding habits in the open sea do not expose them to intake of significant 

amounts of arsenic. However, the level of total As in geoduck clam as compared to 

salmon was between 6 to 10 times higher depending on the source. This may be because 

geoduck clam is a demersal marine filter-feeder that consumes algae and phytoplankton 

that are arsenic accumulators.31,140  

There was significant difference in the total As content in the wild-caught and 

aquacultured shrimp with the total As level in wild-caught shrimp being almost 100 

times higher than that present in the aquacultured shrimp although the shrimps were 

from different species. This massive difference may be more of a result of salinity, 

where AsB is absorbed and retained as an osmolyte,14 than of the difference in species. 

Almost certainly the total arsenic difference between shrimp has very little to do with 

species and almost everything to do with their marine versus freshwater habitat and 

differences in diet.  

Shrimp is the most consumed seafood in the US by a wide margin, according to the 

National Fisheries Institute’s Annual Top Ten list.677 Pricing of shrimp at import is 

determined by weight, species and provenance, including whether the food is from 

aquacultured or wild-caught sources. Each of these characteristics can be falsified, 

resulting in an inflated payout, encouraging unsustainable practices that would 

adversely affect the US domestic seafood economy.678 The anticipated difference in the 

total arsenic content between the aquacultured and wild-caught seafood is therefore 

expected to be used as a tool to better identify fraudulent trade items at import and 
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provide a standardization tool for typical analyses conducted by inspection 

laboratories.   

Findings from this study also agree with what has been reported in the literature where 

seaweed has the highest total arsenic concentrations in the marine food web,14 shellfish 

have higher arsenic content than finfish, and demersal fish contain more arsenic than 

pelagic fish,53 with significant variations between and within species.31,49–51 The 

accuracy of the measurement was verified by method validation using SRM 1566b 

Oyster Tissue and SRM 1947 Lake Michigan Fish Tissue that represented dried seafood 

with high total arsenic content and frozen seafood with low arsenic content in as-

received samples respectively. The measured values were within the range of certified 

values (Fig. 41A and 41B).  
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Figure 41: Control samples for AsB, DMA, iAs and total Arsenic in Urine, Rice, Oyster Tissue and 

Fish Tissue. The dots are mass fractions of arsenic species, error bars are uncertainties expressed 

as 1 SD n=4, green line is the certified and the red lines are the uncertainties related to the certified 

value at 95% CI. 

5.1.3. Mass fraction of arsenic species 

For arsenic speciation analysis, two methods of extraction were used. For the analysis 

of iAs, an extraction method using dilute nitric acid, based on European Standard (EN 

16802:2016) was used. This method was applied to the determination of iAs as AsV. 

The oxidizing acidic conditions used in the method, as described in section 5.1.1 above, 

has the potential to decompose and alter the integrity of the other arsenic species 

present in the samples, especially AsSugars. 
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Sample ID Total As   (ng/g) 
AsV 

(ng/g) 
AsB    (ng/g) 

DMA 

(ng/g) 

AsSugar-OH 

(ng/g) 

AsSugar-

PO4 (ng/g) 

AsSugar-SO3 

(ng/g) 

AsSugar-

SO4 (ng/g) 

Unknown 

(ng/g) 

Recovery 

% 

Shrimp (WC) 1.025*104 ± 370 < 0.005 9458 ± 112 

(2) 

18.9 ± 1.2 

(2) 

< 0.2 < 1.5 < 1.0 < 0.2 770 92 

Shrimp (AQ)  133 ± 11 < 0.005 10.4 ± 0.6 

(3) 

2.9 ± 0.2 

(3) 

< 0.2 < 1.5 < 1.0 < 0.2 120 10 

Salmon (WC)  354 ± 12  < 0.005 165 ± 3 (3) 25.2 ± 0.8 

(3) 

< 0.2 < 1.5 < 1.0 < 0.2 160 54 

Salmon (AQ)  597 ± 71 < 0.005 473 ± 7 (3) 13.3 ± 0.3 

(3) 

< 0.2 < 1.5 < 1.0 < 0.2 110 82 

Spirulina 

powder 

473 ± 23 265 ± 12 

(4) 

< 0.005 11.8 ± 1.6 

(4) 

< 0.2 144 ± 3 (4) < 1.0 < 0.2 52 89 

Geoduck 

clam 

3733 ± 110 201 ± 16 

(6) 

491 ± 10 

(6) 

122 ± 9 

(6) 

528 ± 17 (4) 743 ± 25 

(4) 

64.3 ± 1.8 

(4) 

< 0.2 1600 58 

Kelp powder 2.663*104 ± 520 < 0.005 < 0.005 680 ± 16 

(4) 

6820 ± 150 

(4) 

1532 ± 21 

(4) 

5473 ± 76 

(4) 

1.083*104 

± 140 

1300 95 

Table 8: Total arsenic and arsenic species in common seafood.
1

 
1 For total arsenic, the uncertainties are expressed at 95% CI (n=10). For arsenic species, the uncertainties are expressed as 1 standard deviation 

with replication numbers in parenthesis. WC means wild-caught and AQ means aquacultured 
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For the determination of the other hydrophilic arsenicals, a water extraction method 

was employed as it preserved the integrity of the arsenic species. All the marine 

samples were screened for the presence of MMA, which was not detected in any of the 

study materials. Therefore, MMA was selected as an internal standard to be used in the 

quantification of the arsenic species. 

5.1.3.1. Inorganic arsenic 

Toxic iAs was detected only in spirulina at 265 ng/g ± 12 ng/g (mean ± s, n = 4) and in 

geoduck clam samples at 201 ng/g ± 16 ng/g (mean ± s, n = 6). These samples were 

also extracted using the water extraction method for comparison of the extraction 

efficiencies. The water extraction method gave iAs content of 254 ng/g ± 3 ng/g (mean 

± s, n = 4) in spirulina and 72 ng/g ± 11 ng/g (mean ± s, n = 6) in geoduck clam tissue. 

The extraction methods did not show any statistically significant effect on results of 

iAs in spirulina powder and rice flour, however, there was a marked difference of iAs 

results in geoduck clam tissue (see Fig. 42).  

 

Figure 42: Comparison of extraction of iAs and DMA in geoduck clam and spirulina using acid 

and water extraction methods with error bars representing uncertainty at 95% CI. 
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The acid extraction method gave three-fold extraction efficiency as compared to the 

water extraction for geoduck clam tissue samples, supporting that extraction with dilute 

nitric acid is a more robust procedure for a more conservative estimate of iAs. The 

accuracy of the measurement was verified using SRM 1568b Rice Flour and the 

measured values for both the acid extraction and water extraction methods, as results 

were within the range of the certified value (Fig. 43). 

 

Figure 43: Mass fraction of control samples extracted using acid and water extraction methods. 

The dots are mass fractions of arsenic species, error bars are uncertainties expressed as 1 SD n=4, 

green line is the certified value and the red lines are the uncertainties related to the certified value 

at 95% CI 

Of concern is the level of toxic iAs in spirulina which accounts for about 56% of the 

total arsenic content (Fig. 44). Even though spirulina is not a typical food item, it is 

extensively used as a dietary supplement with high consumption rates for prolonged 

periods.675 Dietary supplements are regulated as food for label claim accuracy and for 

safety. In this case where they pose risk to the health and safety of consumers, it may 

be prudent to provide consumption guidelines by notifying the consumers of the 
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inherent risks. Dietary supplements are mostly recommended and marketed to the 

vulnerable segment of the society due to their presumed health benefits. It is, therefore, 

important to monitor the consumption patterns of spirulina and probably consider 

adding it to the list of food products for which the maximum permissible iAs content 

is established. 

 

Figure 44: Mass fraction of arsenic species in various edible marine species. 

Ronan et al. reported iAs in all 25 kelp (A. nodosum) samples.47 The reported levels 

were less than 1% of the total arsenic content and lower than 1 µg/g.47 In this study, 

iAs was not detected in the kelp (A. nodosum). However, iAs was found at 79.2 ng/g ± 

0.4 ng/g (mean ± s, n= 4) in SRM 3232 Kelp Powder (Thallus laminariae), for which 

the SRM does not have an assigned value. Krishnakumar et al. reported results for iAs 

in 26 samples of seafood including bivalves, cuttlefish, shrimp and finfish from the 

Arabian gulf,679 where nine of the samples showed iAs level below the detection limit 

of 0.01 µg/g on dry mass basis. iAs in the other samples ranged between 0.01 µg/g and 
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0.83 µg/g accounting for below detection limit and 1.84% of total arsenic content 

ranging between 11 µg/g and 117 µg/g on a dry mass basis. In this study, iAs was not 

detected in any of the seafood samples other than geoduck clam tissue at 0.20 µg/g ± 

0.02 µg/g (mean ± s, n = 6) in as-received basis. 

5.1.1.1.Mass fraction of other arsenic species 

Mild extraction procedure was applied for the extraction of hydrophilic arsenicals using 

only water as an extractant in order to maintain arsenic species integrity, especially for 

AsSugars. The relative proportions in percentage of the arsenic species in the seafood 

and seaweed studied are shown in Figure 44. Hydrophilic arsenicals account for 

between 10% and 95% of the total arsenicals in the study materials.  

Microalgae, macroalgae and bivalves displayed the greatest variety of arsenic species, 

which is in agreement with what was reported in the literature by Taylor et al.31 DMA 

is the only arsenic species present in all the food types that were studied at trace levels 

with proportions relative to total arsenic content ranging from 0.2% in wild-caught 

shrimp to 7% in wild-caught salmon. For all the other samples in this study, DMA 

accounted for between 2% and 3% of the total arsenic content. 

Elevated levels of DMA in urine have been reported following consumption of diets 

rich in AsSugars and AsLipids.336,416,419 The uncertainty concerning the threat to 

seafood consumers exposed to organic arsenic and the dose required to trigger potential 

health effects is still an ongoing concern. The extent of dietary exposure to different 

arsenic species vary from country to country and is dependent on the types of food, the 

amounts of the food consumed per serving, the frequency of consumption of the food 
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types, the amount of arsenic species present in the food and the metabolic 

transformation and elimination mechanisms from the body amongst others.40 It is 

therefore important to consider the cumulative effects of consumption of the different 

food types containing different arsenic species.  

AsB was present in all higher trophic organisms tested but was absent in spirulina and 

kelp (Fig. 45). AsB accounted for 13% of total arsenic in geoduck clam, 8% in 

aquacultured shrimp, 92% in wild-caught shrimp, 79% in aquacultured salmon, and 

47% in wild-caught salmon. Based on projected exposure level to dietary arsenic and 

the expected metabolism, it seems unlikely that dietary arsenic can significantly 

promote arsenic-associated carcinogenic effects. This is because the bulk of arsenic in 

seafood exists as AsB which is toxicologically inert with LD50 > 10,000 µg/g, and is 

rapidly eliminated from the body intact in the urine.20  

Several studies have however shown that aerobic GIT microflora,366,680 and 

microorganisms from marine sources 273,681 have the potential to biotransform AsB into 

more toxic arsenicals, like DMA, DMAA (dimethylarsinoylacetate), and TMAO. 

These observations suggest that AsB may not be as recalcitrant as was previously 

thought. Work by Lai et al. on the feed trial involving blue mussel gave credence to 

this concept.682  

The dominant arsenic species in seaweed and geoduck clam are AsSugars but they were 

absent in salmon and shrimp. AsSugars contents were determined in water extracts 

using an external calibration method with standards from the purified kelp extracts and 

MMA as internal standard. AsSugar-SO4 standard was not available for this work. 
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However, the slopes of the calibration curves obtained for AsSugar-OH, AsSugar-PO4, 

and AsSugar-SO3 were all in good agreement, suggesting the instrument response to 

AsSugars are similar. The similarity of the structures of AsSugar-SO3 and AsSugar-

SO4 further support the approach, which assumes that the ICP-MS response for arsenic 

is independent of the AsSugar species and that the chromatographic recoveries of 

calibrants and analytes are the same. Therefore, the calibration curve for AsSugar-SO3 

was used for the quantification.  

The only AsSugar present at quantifiable level in spirulina is AsSugar-PO4. AsSugar-

OH and AsSugar-SO3 were present but were below the limit of detection (Fig. 45B). 

All the four commonly found AsSugars i.e. AsSugar-OH, AsSugar-PO4, AsSugar-SO3 

and AsSugar-SO4 were present in the kelp sample, with AsSugar-SO4 as the dominant 

species (Fig. 45C).  

Human exposure to AsSugars is relatively high in Asia because of the more frequent 

use of seaweed in cooking (e.g., Nori, one of the products used to wrap Sushi), which 

typically contains arsenic levels as high as 100 µg/g dry weight. As a result, dietary 

intake of arsenic can reach 1 mg/day in Japan,683 far exceeding the WHO guideline of 

0.15 mg/day. Fortunately, there is no indication for acute toxicity although there is a 

possibility of AsSugars having slight chronic toxicity.238  
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Figure 45: AE separation of arsenic in [A] seafood, [B] spirulina and [C] kelp spiked with MMA 
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5.2. Conclusion 

Results from this study show that kelp, wild-caught shrimp, and geoduck clam have 

the highest total arsenic content of 26.63 µg/g ± 0.52 µg/g, 10.25 µg/g ± 0.37 µg/g and 

3.73 µg/g ± 0.11 µg/g respectively. All the other seafood samples in this study had total 

arsenic content below 0.60 µg/g. The toxic iAs contents in these seafood samples, on 

the other hand, range from <0.005 ng/g to 265 ng/g. Therefore, total arsenic as a 

measure of toxicological significance of arsenic is misleading.41  

In the absence of speciation analysis, assuming that the total arsenic content is 100% 

iAs is most protective for human health. It is, however, incorrect to conclude that kelp, 

wild-caught shrimp, and geoduck clam are dangerous from the standpoint of total 

arsenic, while nearly all arsenic therein are nontoxic. For example, 92% of the total 

arsenic in wild-caught shrimp is AsB, which is known to be toxicologically inert.42 The 

major arsenic species in kelp (about 93%) and geoduck clam (about 36%) were 

AsSugars, which are not known to exhibit acute and chronic toxicity.15  

Potentially toxic levels of iAs were detected only in spirulina and geoduck clam. 

Although the total arsenic content in spirulina (473 ng/g) was relatively low, the mass 

fraction of iAs (265 ng/g) on a dry mass basis accounted for 56% of the total arsenic 

content. The mass fraction of iAs (201 ng/g) on an as received basis relative to the total 

arsenic content accounts for about 5% in geoduck clam. These observations underpin 

the importance of arsenic speciation analysis in the determination of the arsenic species 

of toxicological relevance in the different food types. DMA was established to be a 

byproduct of decomposition of AsSugars in acid extracts of samples known to contain 
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AsSugars like spirulina, geoduck clam and kelp. Acid extraction should therefore not 

be used to determine DMA in samples that are known to contain AsSugars. 

There is need for further study of the acid extracts using alternative detection 

techniques such as tandem mass spectrometry (LC-MS/MS), which provide necessary 

molecular information for the explicit identification of the unknown arsenic species 

such as the aglycone free arsenosugar (AsSugar 254) that coelutes with AsSugar-OH 

in AE chromatography.  

In this study we have reported the hydrophilic arsenicals which forms the major 

proportion of the arsenic species in the study materials, except for aquacultured shrimp. 

Since not all arsenic species were extracted in the aqueous phase in all the study 

materials, there is need to characterize and quantify the unknown arsenic fraction in 

order to establish the level of risk.  

The samples should be extracted with nonpolar solvents to establish the mass fraction 

of the lipophilic arsenicals and the non-extractable residual arsenic, which is important 

for a more complete toxicological profile of these food types. Lipophilic arsenic species 

are mostly soluble in organic solvents which are not amenable with ICP-MS, the 

preferred detection technique for arsenic. This class of arsenicals should therefore be 

analyzed using complementary detection techniques like LC-MS/MS,43 which is can 

identify and quantify the novel lipophilic organic arsenicals in the absence of well-

characterized standards.  
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Chapter 6: Structural elucidation and annotation of arsenolipids 

in seafood based on in silico tandem mass spectrometry. 

6.1. Introduction 

Lipophilic organic arsenic compounds generally known as arsenolipids (AsLipids) are 

novel species of interest that are present at relatively high natural levels in seafood and 

seaweed.96 In seafood, AsLipids comprise up to 70% of the total arsenic content,18 

which accounts for between 0.3-3.6 g As g-1 dry weight. The highest amounts are 

found in fatty fish,80 like herring (Clupea harengus), cod (Gadus morhua), capelin 

(Mallotus villosus), and mackerels (Scomber scombrus) and seaweed,96 like Hijiki 

(Hizikia fusiformis) and Wakame (Undaria pinnatifida).  

AsLipids elicit research interest due to their novel structures, their likely role in 

membrane biochemistry, and since they exist in common seafood with potential health 

concerns based on arsenic toxicity.21 Despite the diversity of AsLipids occurring in 

seafood, studies on toxicity, toxicodynamics and toxicokinetics have so far, been 

explicitly examined only for AsHCs, AsFAs, and AsPCs. AsHCs were found to be 

highly toxic in in vitro and in vivo studies, causing toxicity in the low micromolar range 

in human liver cancer cells (HepG2),42 and neurons324 comparable to iAs.42,44,98–101 

However, the molecular modes of action regarding their toxicity as well as their 

metabolism in the liver still remain unclear.98  

In contrast, AsFAs caused 10–20 times lower toxicity than AsHCs in HepG2 cells 

although their cellular bioavailability was only 2.5–5 times lower.43 Even though their 

cytotoxic effect in human liver cells are lower than iAs and they do not show any 



 

213 

 

genotoxic effects, the risk to human health from AsFA 362 and AsFA 388 cannot be 

excluded.43,45 Toxicological assessment of AsPCs in HepG2 cells indicate that their 

toxicity might be largely governed by their arsenic fatty acid content and suggest a 

multifaceted human metabolism of food derived complex AsLipids.684 Speciation 

analysis revealed biotransformation of AsPCs to a series of AsFAs in culture medium. 

AsHCs and AsFAs could be detected in the milk of nursing Norwegian mothers,685 and 

studies with the fruit fly (Drosophila melanogaster),44,101 and skipjack tuna 

(Katsuwonus pelamis) 686 indicate that AsHCs are able to cross the blood brain barrier. 

Consistent with those results, AsHCs were able to cross an in vitro blood–brain barrier 

model,99 and the Caco-2 intestinal barrier model.45  

Collectively the data suggested that the higher lipophilicity of the AsHCs compared to 

AsFAs contributes to their greater toxicity.43 Combining existing knowledge on 

AsLipids, it is apparent that these might be a concern for human health, while systemic 

bioavailability, biotransformation and toxicological characterization of emerging 

complex AsLipids in seafood has not yet been addressed. 

Advances in the biochemistry and toxicological studies of AsLipids has been hindered 

by challenges related to their identification, separation and analysis,16 their trace 

amounts in marine samples as compared to polar arsenicals,11 limited knowledge on 

the stability of their analytes in the course of ordinary sample preparation steps,457 and 

lack of well-characterized and commercially accessible standards and quantitative 

analytical methods.96 Improved knowledge with regards to chemical structures, 
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amounts present, bioavailability, and toxicity of the specific AsLipids is necessary for 

a more comprehensive risk assessment of these arsenic species present in seafood.31 

As far as structural elucidation for the novel AsLipids is concerned, NMR spectroscopy 

technique has been used.97 However, this technique requires copious amounts of 

sample at high concentration, which is not feasible for AsLipids that are present in 

ultra-trace amounts in some seafood. This would require extraction, fractionation, and 

cleanup of analytes from large amounts of sample, which would further be concentrated 

before analysis. This is costly both in terms of effort and time.  

Most of the known AsLipids have been identified by analytical methods based on 

separations by liquid chromatography (LC) and the complementary use of ICP-MS and 

ESI-MS for element specific detection and structural elucidation, respectively. 

The currently known AsLipids have either been identified from chromatographically 

fractionated extracts mostly based on tandem mass spectrometry and extrapolation of 

structural knowledge from lipidomics or from indirect confirmation of structures by 

comparison to synthesized AsLipids that have been fully characterized by NMR 

spectroscopy and molecular mass spectrometry.687  

Several AsHCs, AsFAs and AsPCs have been synthesized for confirmation of the 

respective AsLipids identities.7,116,122,420,421,425,428,429 With the ever-increasing number 

of new AsLipids compounds, it is practically impossible to keep up with the synthesis 

of pure standards for confirmation of their identities.  
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Although the current approaches have been effective and successful, they require 

expensive instrumentation and in-depth knowledge of lipidomics and synthetic 

chemistry, which is still beyond the reach of many laboratories. The need for authentic 

standards and reference materials for confirmation of proposed structures and 

development of a database for the novel class of compounds still endures.  

Two AsHCs and five AsSugar-PLs have been identified and quantified in CRM NMIJ 

7405-a (Hijiki), which had already been certified for total arsenic and AsV.96 While this 

has been a great contribution to the identification and quantification of AsLipids, a lot 

more effort is still needed to cover more measurement space. There are many classes 

of AsLipids lacking authentic standards and reference materials that are vital for their 

unequivocal identification and quantification.  

The need for a tool for the prediction and identification of the novel lipophilic 

compounds from marine based dietary sources that are known to contain arsenic 

species and whose identities are still unknown is apparent. Therefore, a cheap, robust, 

and readily accessible method for the identification of these novel classes of lipophilic 

compounds is required.  

Searching for compounds in molecular structure databases is limited to compounds that 

are present in such databases. Since the structures of most of the lipophilic arsenicals 

are still unknown and their metabolic transformation is yet to be fully elucidated, a 

plausible approach is to apply non-targeted analysis of these analytes. Metabolite 

identification for non-targeted analysis of AsLipids has been hampered by the lack of 

experimentally collected reference spectra from tandem mass spectrometry (MS/MS). 
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To accomplish this, we used Competitive Fragmentation Modeling for Metabolite 

Identification (CFM-ID) software version 3.0 to predict ESI-MS/MS spectra from 

known chemical structures reported in literature to aid in compound identification via 

MS/MS spectral matching. CFM is a probabilistic generative model for the MS/MS 

fragmentation process that uses machine learning techniques to learn its parameters 

from reliable high quality data.688 The model estimates the likelihood of any given 

fragmentation event and predicts the peak to be observed. 

In this chapter, an account of the process of development of a spectral library based on 

in silico fragmentation data generated using CFM-ID for putative identification of the 

novel lipophilic organic arsenic species in marine based dietary sources for which 

authentic standards and spectral libraries are not available is presented.  

Since there is no database for novel AsLipids, the CFM-ID 3.0 model was trained to 

generate in silico fragmentation MS/MS spectra using extant AsLipids experimental 

molecular structural information reported in literature. CFM-ID 3.0 is linked to the 

METLIN database, which has lipids fragmentation data. Therefore, linking this 

information with knowledge gleaned from the AsLipids in silico MS/MS spectral data 

will enable the prediction of the novel lipophilic organic arsenic compounds in seafood.  

This approach adds value to the body of knowledge by 1). contributing to the 

development of a library for rapid screening and identification of unknown lipophilic 

organoarsenicals whose toxicological impact is of interest but is yet to be fully 

elucidated; 2). eliminating the need to generate empirical data from all the compounds 

required to develop a database, especially without authentic standards thus saving time; 
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3). enabling the extension of extraction procedure to achieve higher extraction 

efficiencies, since this will allow for the use of organic solvents that are not amenable 

with LC-ICP-MS, which is the limiting factor in the identification and quantification 

of AsLipids; 4). expediting the characterization and certification of candidate reference 

materials; and 5). accelerating the development of synthetic standards by providing a 

complementary cheap, robust, and reliable approach for their characterization. 

6.2. Methods 

An overview of the workflow employed for generating the comprehensive AsLipids 

screening database is depicted below (see Fig. 46). 

 

Figure 46: Workflow for generating AsLipids structure and in silico MS/MS library. 
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6.2.1. Literature search and structure determination 

Novel structures for organic arsenicals that were reported in peer-reviewed literature 

were extracted, capturing the images, structure description, and elemental formula for 

the proposed structure, when provided by the authors in the manuscript or supporting 

information. The structures were determined from the reported information, and 

compounds were not included where there was insufficient evidence of structural 

identification, such as incomplete or unstable structures (i.e., carbon radical).  

Using ChemDraw 19.1, the individual compound structures were drawn and converted 

into their simplified molecular-input line-entry system (SMILES) and their 

International Chemical Identification (InChI) structural notation for further analysis. 

6.2.2. in silico fragmentation mass spectrum 

For each literature-based organic arsenic structure, an in silico fragmentation mass 

spectrum was generated using CFM-ID 3.0. Some compounds could not be generated 

using the online interface of CFM-ID 3.0. Therefore, in silico fragmentation mass 

spectra were also generated using CFM-ID 2.4 with an R-based interface.  

For each compound, three different fragmentation mass spectra were predicted at low 

(10V), medium (20V), and high (40V) fragmentation energies. Exportable formats for 

all in silico fragmentation mass spectra were captured and stored in both positive and 

negative ionization modes. 
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6.2.3. Comparison to literature spectra 

After in silico fragmentation mass spectra were generated for all literature-based 

organic arsenicals, the in silico spectra were compared with any fragmentation mass 

spectra that was provided in the literature for structure elucidation. This approach was 

employed to validate the generated spectra. To accomplish this, the in silico 

fragmentation mass spectra from all three fragmentation energy levels were tabulated 

in Excel and visually compared to mass spectral images from the respective literature.  

The presence of specific m/z fragment ions were compared, not the individual intensity 

levels, and only m/z values that are specifically annotated in the mass spectral image. 

No extrapolation or interpolation of unlabeled m/z values were done, limiting the user 

interpretation of the comparison. 

6.2.4. Analysis of fragmentation mass spectral patterns 

Using R, the in silico fragmentation mass spectra for the literature-based organic 

arsenic species were compiled and transformed into two matrices; the first matrix 

consisted of the structures (columns) with the annotated in silico fragments from all 

fragmentation energy levels (rows), and the second matrix consisted of the structures 

(columns) with the implied neutral losses (rows), as determined by the mass difference 

of the precursor ion m/z and the individual in silico fragment ion m/z values. These 

matrices were created separately for positive and negative ionization modes.  
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6.2.5. AsLipids structure prediction 

The literature-based organic arsenicals could be organized by specific class structures 

(e.g., arsenic-containing triglycerides), resulting in 10 different organic arsenical 

classes (see Table 9). Generic structures were created with the common base structure 

and R1, R2, and R3 notation for specific repeating substructures (e.g., fatty acids, 

hydrocarbons, terpenes). An R script was developed to generate the SMILES notation 

for all possible class structures with repeating substructures, as well as monoisotopic 

masses for each generated compound. 
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SNo. Class SMILES 

R Group 

R1 R2 R3 

1. AsHCs C[As](C)([R1])=O Hydrocarbon   

2. AsFAs C[As](C)([R1])=O Reverse Fatty 

Acid 

  

3. TMAsFOHs C[As+](C)(C)[R1] Fatty Alcohol   

4. DMAsFOHs C[As](C)([R1])=O Fatty Alcohol   

5. AsPCs O=P(OCC[As+](C)(C)(C)(OCC([R1])C[R2])O Fatty Acid Fatty Acid/ 

OH 

 

6. AsPEs O=P(OCC[N+]([H])([H])([H])(OCC([R2])C[R1][As](C)(C)=O)O Fatty Acid Fatty Acid/ 

OH 

 

7. AsSugar-PLs O=P(OCC(COC1OC(C(C1O)O)C[As](C)(C)=O)O)(OCC([R2])C([R1])O Fatty Acid Fatty Acid/ 

OH 

 

8. AsSugar-

Phytol 

OC(C(OC1[R2])C[As](C)(C)=O)C1[R1] CH3O / OH Terpene  

9. AsTAG [R3]C([R2])[R1][As](C)(C)=O Fatty Acid Fatty Acid Fatty 

Acid 

10. AsDAG [R3]C([R2])[R1][As](C)(C)=O Fatty Acid Fatty Acid OH 

Table 9: Generic Structure for the development of predicted AsLipids structures. 

0 
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6.2.6. Development of AsLipids in silico library search engine 

AsLipids in silico library search engine is a cross platform open-source software. The 

back end consists of MySQL server (see Fig. 47 for database structure) while the front 

end is a web-based graphical user interface developed in Python’s Flask web 

framework. The pre-requisite open-source software for the search engine are:  

1) MySQL database (https://www.mysql.com/products/community/)  

2) Python version 3.6 or greater with the following python packages installed: 

flask, flask_mysqldb, matplotlib, sklearn, numpy, and fmpld3. 

 

Figure 47: Schema of the Relational Database structure. 

https://www.mysql.com/products/community/
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The predicted in silico fragmentation spectral data generated by CFM-ID 3.0 software 

and R-scripts combined with extant AsLipids metadata stored in Excel files was 

inserted into MySQL database with a custom data parser written in Python 

programming language. 

6.3. Results and Discussion 

6.3.1. Literature search and mass spectrum extraction of extant AsLipids 

The existence of arsenic in lipid extracts of fish and algae was originally reported by 

Lunde in 1968,15 but their structures remained unknown. The first structure of AsLipids 

was presented by Morita and Shibata in 1988 through their classic study using 1H NMR 

and identified AsSugar-PL 958 in a marine alga, Wakame (Undaria pinnatifida).97 

Literature search of about 40 publications showed more than 200 AsLipids discovered 

in various marine samples and distributed between ten lipid classes (Table 10).  

95% of the AsLipids reported in literature provided molecular formulae and chemical 

structures that were confirmed by one of the following approaches (see Table 10): The 

most commonly employed approach was by accurate mass measurement using a 

combination of reversed-phase liquid chromatography coupled to inductively coupled 

plasma mass spectrometry and high-resolution electrospray mass spectrometry (RP-

LC-ICP-MS/HR-ESI-MS).7,17,80,98,102,103,105–107,112,114,115,117,124,422,423,433,457 
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SNo. Sample 
Total Arsenic, 

µg As/g 

AsLipid,  

µg As/g 

AsLipid 

Speciation 
Techniques References 

1. Cod-liver oil 5 1 6 AsFAs HPLC-ICP-MS 

HPLC-ESI-MS 

MALDI-HRMS 

FT-ICR-MS 

Rumpler, A. et al. 2008 

2. Capelin oil 12 8.4 3 AsHCs ICP-MS 

HPLC-ESI-MS 

MALDI-HRMS 

FT-ICR-MS 

13C-NMR 

Taleshi, M. S., et al. 2008 

3. Capelin  oil - - 3 AsHCs GC/MS Raber, G., et al. 2009 

4. Tuna fish 5.9 2.36 3 AsHCs 

2 AsFAs 

ICP-MS 

HPLC-ICP-MS 

HPLC-ESI-MS 

Taleshi, M. S., et al. 2010 

5. Canned cod-liver 

tissue 

  3 AsHCs GC-ICP-MS 

GC-MIP-AES 

GC-EI-qMS 

HPLC-ToF-MS 

Arroyo-Abad, U., et al. 

2010 

6. Capelin fish meal 2.95 ± 0.11 0.88 (MeOH) 

0.35 (Hexane) 

3 AsHCs 

3 AsFAs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Amayo, K. O., et al. 2011 

7. Cod-liver oil and 

capelin oil 

5 - 11  3 AsHCs 

3 AsFAs 

HPLC-ICP-MS Ruiz-Chancho, M. J., et al. 

2012 
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SNo. Sample 
Total Arsenic, 

µg As/g 

AsLipid,  

µg As/g 

AsLipid 

Speciation 
Techniques References 

8. Two species of brown 

algae (Wakame and 

Hijiki) 

40 ± 3 (Wak) 

113 ± 5 (Hiji) 

2.7 ± 0.2 (Wak) 

1.8 ± 0.08 

(Hiji) 

11 AsPLs 

3 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Garcia-Salgado, S. et al. 

2012 

9. Capelin oil 4.10 ± 0.13 3.87 ± 0.27 3 AsFAs 

7 AsHCs 

2 

TMAsFOHs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Amayo, K. O., et al. 2013 

10. Fresh cod-liver 1.53 ± 0.02 1.44 ± 0.24 16 AsFAs 

4 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-qToFMS 

Arroyo-Abad, U., et al. 

2013 

11. Herring fillet (Clupea 

harengus) 

5.77 ± 0.3 3.67 ± 0.2 13 AsFAs 

3 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

Lischka, S., et al. 2013 

12. Commercial fish oils 5.9 – 8.7  3 AsHCs 

1 AsFAs 

1 AsPLs 

GC-ICP-MS 

GC-MS/MS 

HPLC-ESI-TOF-MS 

Sele, V., et al., 2013 

13. Commercial fish oils 1.6 – 12.5  3 AsHCs 

2 AsFAs 

1 

TMAsFOHs 

1 AsPLs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

Sele, V., et al., 2014 

14. Northeast Arctic cod 

(Gadus morhua) 

2.1 - 240 1.8 – 16.4 3 AsHCs 

5 AsFAs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

Sele, V., et al. 2015 
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SNo. Sample 
Total Arsenic, 

µg As/g 

AsLipid,  

µg As/g 

AsLipid 

Speciation 
Techniques References 

15. Brown alga 

(Saccharina latissimi) 

79 ± 1.4 3.2 ± 0.20 6 AsHCs 

2 AsFAs 

13 AsPLs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Raab, A., et al. 2013 

16. Cod-liver oil 12.15  13 AsFAs 

3 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-Orbitrap-

MS 

Amayo, K. A. et al. 2014a 

17. Muscle-tissue of four 

commercial fish 

species 

4.87 ± 0.19 to 

6.00 ± 0.04 

2.33 ± 0.18 to 

4.79 ± 0.15 

3 AsFAs 

5 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-Orbitrap-

MS 

Amayo, K. A. et al. 2014b 

18. Canned cod-liver oil 2.56 ± 0.01 to 

5.50 ± 0.03 

2.51 ± 0.02 to 

5.38 ± 0.02 

12 AsFAs 

5 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

Arroyo-Abad, U., et al. 

2014 

19. CRM NMIJ 7405-a 

(Hijiki) 

35.6 ± 0.9 3.42 ± 0.05 2 AsHCs 

5 AsPLs 

HPLC-ICP-MS 

HPLC-HR-ESI-

Orbitrap-MS 

Glabonjat, R. A. et al., 

2014 

20. Blue whiting oil 2.16  4 AsFAs 

7 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Taleshi, M. S. et al., 2014a 

21. Fish and algae Synthesized  4 AsFAs 

3 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

13C-NMR 

Taleshi, M. S. et al., 2014b 

22. Liver of Northeast 

Arctic cod (Gadus 

morhua) 

2.1 to 240 1.8 to 16.4 3 AsHCs 

5 AsFAs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

Sele, V. et al., 2015 



 

227 

 

SNo. Sample 
Total Arsenic, 

µg As/g 

AsLipid,  

µg As/g 

AsLipid 

Speciation 
Techniques References 

23. Herring fillet (Clupea 

harengus), cod liver 

(Gadus morhua) and 

canned cod-liver 

Synthesized  1 AsFAs 

(264) 

1 AsHCs 

(374) 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

1H and 13C-NMR 

Arroyo-Abad, U., et al. 

2016a 

24. Freshwater fish: 

bream (Abramis 

brama), ide 

(Leuciscus idus), asp 

(Aspius aspius), pike 

(Esox lucius) 

0.09 - 0.16  4 AsFAs 

2 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-TOF-MS 

Arroyo-Abad, U., et al. 

2016b 

25. Peruvian anchoveta 

(Engraulis ringens) 

fish oil 

129 77.8 2 AsHCs 

6 AsFAs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Pereira, E. R., et al. 2016 

26. Herring Caviar 

(Clupea harengus) 

0.8 0.64 5 AsPCs 

7 AsFAs 

6 AsHCs 

1 AsPEs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Viczek, S. A., et al. 2016 

27. Unicellular green alga 

(Dunaliella tertiolecta) 

Synthesized  Arsenic-

containing 

cyclic ethers 

ESI-HRMS Guttenberger, N., et al. 

2016 
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SNo. Sample 
Total Arsenic, 

µg As/g 

AsLipid,  

µg As/g 

AsLipid 

Speciation 
Techniques References 

28. Fish oil Synthesized 

(25) 

25 2 AsFAs 

1 AsHCs 

HPLC-ICP-MS 

HPLC-ESI-MS 

1H and 13C-NMR 

Khan, M., et al., 2016 

29. Unicellular green alga 

(Dunaliella 

tertiolecta) 

1500 10 AsSugPhytol HPLC-ICP-MS 

HPLC-ESI-MS 

1H and 13C-NMR 

Glabonjat, R. A., et al. 

2017 

30. Fish oil (proposed 

natural constituent) 

Synthesized  2 AsTAGs HPLC-ICP-MS 

HPLC-ESI-MS 

1H and 13C-NMR 

Guttenberger, N., et al. 

2017 

31. Herring, Capelin and 

Blue Whiting fish 

meal and edible 

seaweed Dulse 

4.5 (Herr) 

3.9 (Cap) 

18.0 (BW) 

7.9 (Dulse) 

 

0.5 – 1.2 6 AsFAs 

3 AsHCs 

2 

TMAsFOH 

4 AsPCs 

1 AsPEs 

2 AsPLs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Petursdottir, A., et al. 2018 

32. Two brown algae 

(Alaria esculenta and 

Saccharina latissimi) 

53 – 127 (SL) 

43 – 116 

(AE) 

2.9 – 12.5 (SL) 

3.7 – 8.7 (AE) 

7 AsHCs 

1 

TMAsFOHs 

14 AsPLs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Petursdottir, A., et al. 2019 

33. 17 Food composites 0.004 – 0.233 0.0033 – 0.004 7 AsHCs 

6 AsPLs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Al Amin M., et al., 2018 
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SNo. Sample 
Total Arsenic, 

µg As/g 

AsLipid,  

µg As/g 

AsLipid 

Speciation 
Techniques References 

34. 18 seafood samples 3.3 – 191 0.006 – 0.241 3 AsHCs 

2 AsFAs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Al Amin M., et al., 2019 

35. Green alga 

Coccomyxa 

(Trebouxiophyceae, 

Chlorophyta) 

 1480 (C. 

onubensis) 

2130 (C. 

elongate) 

39 AsTAGs 

15 AsPCs 

8 AsPEs 

6 AsPIs 

2 AsPGs 

HPLC-ICP-MS 

HPLC-ESI-MS 

Rezanka, T., et al., 2019 

36. Edible brown alga 

Kombu (Saccharina 

japonica) 

44.9 – 55.0 4.4 – 5.8 5 AsHCs 

16 AsPLs (8 

di-acyl and 8 

mono-acyl) 

HPLC-ICP-MS 

HPLC-ESI-MS 

ESI-HR-MS-MS 

Yu, X., et al. 2018 

Table 10: Arsenolipids identification in Seafood
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Other approaches additionally utilized chemical derivatization in combination with 

accurate mass measurement using LC-ICP-MS/ESI-MS,96,113 while others employed a 

combination of mass spectral data with degradation and derivatization experiments, 

partial synthesis and Nuclear Magnetic Resonance (NMR) spectroscopy.119  

In some cases, confirmation was achieved by synthesis of standards that were 

characterized by HR-ESI-MS,81,118,122,420,421 ESI-Q-TOF-MS,7,80,105,111,120,121,124,421–423 

GC/MS,109,111 MALDI-FT-ICR-MS,18 and NMR.97,116,420,421,429 

In the absence of standards, confirmation of chemical structures was achieved by 

comparison with non-arsenic containing lipids founds in natural food sources, like fish 

oil.81,122 Some research groups performed accurate mass measurement of a certified 

reference material (CRM) from the national metrology institute of Japan (CRM NMIJ 

7405-a) to confirm the identities of arsenic species.120,121,432  

Glabonjat et al.119 confirmed the structures of AsSugar-Phytols using a combination of 

mass spectral data with degradation and derivatization experiments, partial synthesis, 

and NMR spectroscopy. Arroyo-Abad et al.108 identified and confirmed the structures 

of AsHCs using a combination of ICP-MS, microwave induced plasma atomic 

emission spectrometry (MIP-AES), and Electron Impact quadrupole mass 

spectrometry (EI-qMS) after GC separation, while Ruiz-Chancho et al.104 confirmed 

the identities of AsLipids in fish oil by comparison of the arsenic species with those 

published in literature. Sele et al.110 on the other hand confirmed the identities of 

AsHCs in fish oils by performing accurate mass measurement using a combination of 

GC-ICP-MS, GC-MS/MS and Q-TOF-MS. 
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Almost 20% of the publications reporting on identification and characterization of 

AsLipids did not provide mass spectral data. For those that provided the mass spectral 

data, it was digitized by capturing the screenshots of the spectra which were saved in 

an Excel file. The following additional information was enumerated: the compounds 

ID, their elemental formula, the m/z of the precursor ions, the approximate relative 

intensities of all the ions in the mass spectra, and any additional information provided, 

like the proposed elemental composition of the product ions and the citations for the 

publications. The spectral data was compared with the in silico fragmentation data to 

validate the predicted spectral data.  

6.3.2. Generation of predicted spectra for extant AsLipids 

Identification of known metabolites is based on independent measurements of authentic 

standards. However, for novel and unknown molecules, which have not yet been 

chemically characterized, such standards and compound structural databases may not 

be available. Therefore, novel approaches beyond facile spectral comparison are 

required. Access to compound databases and tandem mass spectrometry data can play 

an important role in the identification of AsLipids.  

Even though molecular structure databases such as PubChem and Chemspider are 

orders of magnitude larger than spectral libraries, they are still limited to compounds 

whose molecular structures have been previously identified and stored in such 

databases. Therefore, our approach to addressing this analytical challenge was to 

develop a spectral library using in silico fragmentation and machine learning of known 

AsLipids for structural elucidation and identification of unknown AsLipids. 
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A computationally derived mass spectral library for AsLipids with in silico generated 

structures was developed. To accomplish this, structural information, and experimental 

mass spectral data for all known AsLipids that are published in literature was extracted. 

Using ChemDraw 19.1, we obtained the SMILES notation of the chemical structures. 

The SMILES format of the chemical structures was used as input to train the CFM-ID 

3.0 software to predict the compounds’ ESI-MS/MS spectral data.  

CFM-ID 3.0 is linked to METLIN database,689 which has a collection of lipid structural 

and spectral information, but has very limited collection of structural information for 

AsLipids. CFM-ID 3.0 produced ESI-MS/MS spectra at low (10V), medium (20V), 

and high (40V) collision energy. The CFM-ID 3.0 predicted spectra output was 

graphically displayed and was available in a peak list format for ease of download as 

text files. The text files were saved as a list of ‘mass intensity’ pairs, each corresponding 

to a peak in the spectra for the AsLipids in both positive and negative ESI mode.  

To generate a simple coherent single file that enables pattern recognition, the predicted 

in silico fragmentation text files from different compounds in the different AsLipids 

classes were combined using an R-script into two matrix files of positive and negative 

ESI modes.  The matrix of fragmentation data for the individual AsLipids class was 

analyzed for pattern recognition and the results were saved in the matrix analysis 

summary sheet on the same Excel files, which presents a list of unique and common 

fragments for each AsLipids class.  

These unique fragments are vital in helping to reduce the search space for unknown 

AsLipids and aid in their classification into specific compound classes that have 
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common basic structures. This is important because it is a key step in the identification 

of the unknown AsLipids and may even play a vital role in their toxicological studies.684 

New and unknown AsLipids metabolites have been encountered while undertaking 

toxicity studies. It is therefore imperative that their identities are established because 

they may be of toxicological significance.  

To validate the in silico fragmentation data, the extant AsLipids experimental mass 

spectral data was collated in an Excel file showing their: compound identification, 

molecular formula, m/z of their precursor-ions, product-ions with their relative 

intensities, citations, and the published mass spectra. This data was then compared with 

the in silico AsLipids spectral data. There was good agreement between the in silico 

spectral data and the reported experimental spectral data.  

The in silico tandem mass spectral data show great potential for filling the gap for the 

lacking AsLipids molecular database. The combination of the predicted compounds 

with the in silico MS/MS spectral data provides a molecular database on which the 

unknown experimental MS/MS spectra may be searched against for their identification. 

The spectral library is deployed on a web-based platform for ease of use and ready 

access to users with access to the Internet.  

6.3.3. Creation of the searchable molecular database  

High-throughput small molecule identification in complex samples typically requires 

the comparison of experimental features, like m/z or chromatographic retention times, 

to corresponding reference values in libraries in order to build evidence for the presence 

of a particular molecule.690 Compound libraries can be generated experimentally 
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through analysis of authentic reference materials and standards or through in silico 

calculation of chemical properties for the prediction of analytical features.  

Experimental analysis is the gold standard approach for building libraries, mainly 

because of the assumed lower associated variance of the derived properties from 

modern analytical platforms, which provides higher levels of confidence in compound 

identification and assignment.691,692 However, most compounds, as is the case for 

AsLipids, are not commercially available as authentic reference materials, cannot be 

isolated or easily synthesized, or are still unknown.693,694 Further, the experimental 

approach to building of libraries is costly and time consuming. In contrast, in silico 

methods can yield reference values rapidly, facilitating the generation of larger libraries 

than can reasonably be achieved using experimental approaches.690 

The current trend is towards the development of purely computationally derived mass 

spectral libraries with large compound libraries such as PubChem or Chemspider 

utilized for input structures. However, since in our case AsLipids are not currently 

available in such libraries, we had to develop our own library of predicted compounds.  

To this end, we initially generated a list of AsLipids that were categorized into ten 

different classes (see Table 10), based on their structural features and authors’ 

grouping, including their citation with the aim of updating the current knowledge of 

AsLipids available in public repositories. 

We further noticed the dearth of structural information on AsLipids in literature and 

public repositories, since only a few AsHCs and AsFAs existed in the PubChem 
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database. However, the bulk of the AsLipids, especially the complex ones like AsPCs, 

AsSugar-PLs and AsSugar-Phytols, were not available.  

This discovery motivated the decision to develop the list of known and published 

AsLipids for ease of access and reference. This list is an important starting point 

towards developing a comprehensive public repository for AsLipids and is subject to 

continuous update as new information on AsLipids becomes available. 

Literature review revealed ten classes of AsLipids based on their structural features, 

i.e., head groups and their sidechains. To predict structures for the different AsLipids 

classes, there was need to establish their generic structures in which the different 

sidechains were to be inserted. A scaffold of the core structures for the different classes 

of AsLipids was generated using ChemDraw 19.1 and was saved in SMILES format.  

Different classes of sidechains, i.e., alkyl, acyl, terpenoid and fatty alcohols, were 

identified for which a list of possible sidechain structures was developed, and they were 

saved in their SMILES format in an Excel file. An R-scripts was prepared to combine 

the generic structures (see Table 9) for the different AsLipids classes with their possible 

sidechains to generate a list of predicted AsLipids presented in SMILES format. 

The CFM-ID 3.0 spectrum prediction utility provides for the input of a neutral 

molecule, to which a proton is either added or removed by the program to form a 

[M+H]+ or [M-H]- molecular ion, according to the input specifications of the ionization 

mode, whether positive or negative. Consequently, some of the AsLipids classes, 

especially the ones that already had a positive charge like As-PCs, As-PEs, and 
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TMAsFOHs were not able to be fragmented using CFM-ID 3.0 and thus had to be 

processed using CDM-ID 2.4 software with an R-based interface. 

To avoid combinatorial explosion of the number of structures generated, we applied 

constraints. For example, we constrained the length of the alkyl carbon chains to C4 – 

C34, the double bonds in a single alkyl chain to 0 – 6 (mainly C18), and removed the 

trans-conformational structures, which are not commonly found in nature and are not 

reported in literature, leading to 78 possible alkyl sidechains.  

Similar rules were applied to the acyl, terpenoid and fatty alcohol sidechains restricting 

the carbon chain lengths to C4 – C28, C4 – C20 and C4 – C30 respectively, leading to 

63, 33 and 84 possible sidechains. Using this strategy, we reduced the AsTAGs from 

over one million possible structures to 250,046 structures and a total of 270,581 

AsLipids predicted structures. 

The generated list of predicted AsLipids structures was curated by physically checking 

the accuracy of a few selected predicted chemical structures in each AsLipids class. 

Some structural errors were discovered mostly related to the double-bond configuration 

for the unsaturated sidechains because R programming language doesn’t work well 

with forward slashes (/), and thus ignored them while generating the final SMILES 

format of the predicted structures. This resulted in the predicted structures generating 

error messages in ChemDraw 19.1 during the validation of compound structures. The 

R script was edited, and the error was corrected.  

The other source of error was related to the orientation of the inserted sidechains. There 

was a need to indicate directionality of fatty acids (reverse fatty acids) as SMILES 
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requires this directional notation for some classes of AsLipids. Therefore, a new set of 

fatty acid sidechains was generated with reversed orientation, which were inserted in 

the correct orientation to the generic structures. 

The list of AsLipids predicted structures in SMILES was provided in table format in 

an Excel file. Additional meta data like the compound identification information 

typically used in literature, their head groups, and sidechains all in SMILES format is 

provided. Although the list of predicted AsLipids structures is by no means 

comprehensive, it is important because it provides a library of possible input of 

AsLipids structures that can be queried for the identification of unknown AsLipids.  

It must be noted that not all the computationally generated structures exist in nature, 

while other potentially existing structures may have been missed due to the constraints 

applied. CFM-ID predicts the MS/MS spectra for candidate compounds 

computationally, which allows matching against any compound in a queried database, 

even if that database does not contain the spectrum.688 

6.3.4. Searching the spectral library 

The spectral library has a web-based graphical user interface that enables searches by 

compound or by unknown spectrum (see Fig. 48 below).  
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Figure 48: Arsenolipids in silico web-based mass spectral library home page 

6.3.4.1. Search by Compound 

Compound search can be performed by typing in search parameter and choosing one 

of the six search filters (see Fig. 49 below). 

 

Figure 49: Web-based graphical user interface of search based on compound. 

While filtering search based on Molecular Formula, CAS Number, SMILES and InChI 

provides an exact match of search input, searching on Compound ID and Compound 

name allows for partial search text matching. For example, searching for 

“dimethylarsoryl” and filtering on compound name will produce all compounds 

containing the word “dimethylarsoryl” in their name (see Fig. 50 below). 
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Figure 50: Output of partial search text matching. 

Since the compound ID is composed of the short form of the compound class and the 

molecular weight, searching by compound ID in partial search text matching also 

enables filtering of search by compound class or molecular weight. For example, 

searching by AsHC would give a list of all arsenic-containing hydrocarbon compounds 

in the library, while searching a number like 362 will give you all the compounds with 

a similar molecular weight found in the library. To narrow your search to the exact 

compound one must provide the full compound ID. For example, ASHC 362. 

6.3.4.2. Search by Spectrum 

Spectral matching search can be performed by providing an unknown spectrum and 

matching it to one that is found in the library. The format of the unknown spectrum 

needs to be a set of fragmentation m/z with corresponding intensity values on each line 

separated by a white space (see Fig 51) as shown below. 
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Figure 51: Web-based graphical user interface of search based on unknown spectrum.  

Four filtering options are provided for searching by spectrum as follows: 

6.3.4.2.1. Ionization Mode 

This is a required field that indicates whether the spectrum was obtained in positive or 

negative ionization mode. 

6.3.4.2.2. Molecular Ion Resolution 

This is an optional field and will search to account for variable decimal point rounding 

in spectrum m/z values. If a value is provided, the search will be performed on the m/z 

in the range m/z - Molecular Ion Resolution and m/z + Molecular Ion Resolution. 

6.3.4.2.3. Precursor Ion 

This is an optional field. Entering precursor ion m/z will help narrow down the spectral 

search to spectra with the specified precursor m/z value. 

6.3.4.2.4. Precursor Ion Resolution 

This is an optional field that sets the lower and upper range for the precursor m/z values 

to be searched against. The precursor m/z search will be limited based on the specified 

tolerance for the precursor m/z. 
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Results based on spectral search are displayed in a tabular form (see Fig. 52). Clicking 

on the Compound ID, which is an active link, will display a visual representation of the 

unknown spectrum alongside the one found in the database (see Fig. 53). 

 

Figure 52: Output of database search based on spectrum showing the list of possible compounds. 

The visual comparison of the matching spectrum from the library alongside the 

unknown spectrum is interactive by allowing the spectrum to be zoomed in and out for 

closer analysis. 

 

Figure 53: Butterfly diagram showing how the unknown spectrum compares with in silico 

spectrum with associated metadata. 
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6.4. Conclusion 

Typically, AsLipids are identified after reversed-phase separation using gradient 

elution and fractionation. Prior to identification, the AsLipids are extracted and 

detected into fractions of the sample extracts by the m/z 75 (As+) signal of the ICP-MS.  

AsLipids are separated into fractions according to their polarity and elution order in the 

reversed-phase column. The early eluting AsLipids species are usually more 

hydrophilic short carbon chain AsFAs, followed by medium chain highly saturated 

AsFAs, which are hard to separate chromatographically, but can be distinguished by 

mass spectrometry. This is followed by the more hydrophobic AsHCs mixed with some 

long chain AsFAs, the last eluting lipophilic organic arsenic species are usually the 

complex AsPCs, AsPEs, AsSugar-PLs and AsTAGs. The AsLipids are then identified 

based on their exact mass and product ion spectra gathered by ESI-MS or MALDI-MS. 

This process requires expensive instrumentation and high level of technical 

competence, which is not accessible to most laboratories.  

In this work, we have demonstrated the development and utility of a comprehensive 

AsLipids structural database, which includes both the predicted and extant AsLipids 

reported in literature, and an accompanying in silico MS/MS spectral library. This tool 

will greatly enhance tandem mass spectrometry identification of these novel lipophilic 

organoarsenicals in marine and environmental samples by providing a complementary 

AsLipids library search. 

The technique for development of the tool is transferable and applicable to other similar 

fields. More than 270,000 AsLipids structures were predicted and were used to generate 
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an in silico spectral search engine, which is in good agreement with the experimental 

data that is reported in literature. This provides a cheaper means of identification for 

these novel class of arsenic compounds employing their tandem mass spectral data. 

This work, as is currently presented, serves as a proof of concept of the operation and 

functionality of the AsLipids search engine. The tool presented here is deployed using 

a web-based graphical user interface (GUI) that enhances the usability and accessibility 

of the system, since it will be readily available online.  

Due to time constraints and challenges in accessibility to the laboratory owing to the 

COVID-19 pandemic, the envisioned acquisition of experimental mass spectral data to 

further validate and extend the AsLipids library was not possible. For this reason, 

secondary data that is published in literature was used. There was good agreement 

between the predicted and experimental mass spectral data. There is, however, still a 

need to collect data for further validation and extension of the mass spectral library. 
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Chapter 7:  Future Perspectives. 

7.1. Analytical Considerations 

Seafood is a complex matrix and as such extraction of arsenic species in their native 

state poses the greatest challenge. There is no single method for extraction of all arsenic 

species and the extraction efficiency achieved for arsenic species, especially AsLipids 

in seafood is quite low. The prevalence of complex AsLipids, including AsPCs, AsPEs, 

and AsTAGs, has likely been underestimated in food due to the lability of these 

compounds once they are extracted from biological matrix.106,114,122 In contrast to 

AsHCs and AsFAs, both of which are stable,457 these complex AsLipids are presumed 

to be degraded by hydrolysis, in the presence of traces of water. This is due to a species 

dependent stability of the glycerol-ester bonds depending on the nature of the bound 

fatty acid.684 More studies on the extraction conditions of AsLipids are required. 

There is need to identify and quantify the arsenic species in the ‘residual arsenic’ 

fraction, which comprises a major proportion of total arsenic present and because this 

may be of toxicological relevance. Sample preparation issues are complicated as there 

is no widely accepted instrumental analytical method for the determination of arsenic 

species. 

7.1.1. Extraction recovery 

Oily matrices present a major challenge in the analysis of lipophilic arsenic species. 

Extraction recoveries of almost 60% of the total arsenic content have been reported in 

fatty seafood,7,105,110 which emphasizes the need for more efficient sample extraction 
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methods. However, it must be recognized that a delicate balance must be maintained 

between desired higher extraction efficiency and arsenic species’ integrity.  

Improvement in the sample cleanup techniques may also allow access to more 

information from the lipophilic fraction of the sample extracts. Most of the work on the 

analysis of lipophilic arsenicals has employed liquid-liquid extraction (LLE), primarily 

with acetonitrile and methanol as extractants. These organic solvents have not produced 

complete extractions. There is still information to be gleaned from the hexane extracts 

of fatty and oily fish that is used to defat the fish prior to traditional analysis.  

The dependence on HPLC-ICP-MS for the detection and quantification of arsenic has 

been a limiting factor due to signal enhancements associated with the use of common 

organic solvents, like hexane, which makes it difficult to optimize the separation and 

limits the detection. A detection technique that is not dependent on ICP-MS can allow 

use of other organic solvents, which may result in more selective extraction of 

lipophilic arsenic species. Also, a longer solvent interaction time may increase the 

extraction recovery of such lipophilic arsenic species in polar solvents. 

Use of surfactants, though they are not amenable with currently employed detection 

techniques, may increase the extraction efficiency. In this work, we used SDS for the 

extraction of arsenic from geoduck and kelp, resulting in a general improvement in 

extraction efficiencies. The results were inconclusive since the enhancement in 

extraction efficiency could not be solely attributed to the use of the SDS surfactant. The 

solvent compositions, especially a combination of SDS and methanol/water mixture, 
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had a signal enhancing effect in geoduck but the same combination had a negative 

effect on kelp. This was not investigated further.   

Since most seafood are high in protein, the use of proteolytic surfactants, which are 

amenable with mass spectrometry, may enhance the extraction of arsenic species, 

especially for those that are tightly bound to the proteins in the sample matrix 

(arsenopeptides). This might constitute a significant portion of the total arsenic since 

iAsIII forms strong sulfhydryl bonds with the amino acids that contain sulfur moieties, 

such as methionine. Aggressive extraction methods are therefore required to break such 

strong bonds and hence release the bound arsenic species.  

Since toxicity is dependent on the chemical state of the arsenic species and given that 

trivalent arsenic species are known to be more toxic than their pentavalent counterparts, 

it may be prudent to attempt to establish the identity and metabolic fate of the residual 

arsenic. Residual arsenic, which is presumed to be in trivalent form, has unknown 

toxicity and it is important to establish its toxicological profiles in order to evaluate the 

actual risk associated with consumption of seafood. 

7.1.2. Identification tool for novel arsenic species 

Several non-polar lipophilic arsenicals have previously been detected, but not 

conclusively identified. Therefore, an improvement in the sample extraction procedure 

for such lipophilic arsenic species will remove interfering matrix components and 

concentrate them, thus facilitating their structural elucidation. This will involve an 

assessment of the various compositions of extraction solvents and cleanup procedures 

for the extracts. The use of ICP-MS for the detection and quantification of arsenic 
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species is a limiting factor, since it is the preferred element-specific detector but is not 

amenable with organic solvents used to solubilize arsenic species in lipid matrix.  

The current approach for the identification of lipophilic arsenicals circumvents the 

dependence on the polarity of the extraction solutions, through the simultaneous use of 

electrospray ionization coupled to tandem (MS/MS) mass spectrometry and ICP-MS. 

This approach was first used in 2008 for the identification and quantification of 

AsLipids. The cost of instrumentation used, and the level of competence required to 

perform these tasks is beyond the reach of most laboratories, thus limiting the use of 

the technique. In addition, lack of publicly available spectral databases for the 

lipophilic compounds to facilitate their identification has impeded progress.  

In this work, the development of an in silico library for identification of the novel 

lipophilic arsenic species without the need for experimental data and reference 

standards has been demonstrated. This library complements the extant measurement 

infrastructure using LC-ICP-MS/ESI-MS/MS for the identification and quantification 

of lipophilic arsenic species and allows the flexibility for further extension to 

incorporate new compounds to be identified in future. The library can further be 

enriched by validating the in silico spectral data with experimental data, obtained from 

analysis of standards and CRMs, and as more information becomes available. 

To the best of our knowledge, there has only been one attempt to develop an in silico 

mass spectral database for lipophilic arsenic species. Coniglio et al.,695 developed an in 

silico mass spectral database for AsSugar-PLs using Excel. This work presents a 

working prototype that demonstrates the proof of concept with regards to the operation 



 

248 

 

 

and functionality of the AsLipids search engine. The system deployed is web-based, 

which enhances its usability and accessibility, since online presence will ensure its 

availability to many users with access to the Internet. 

7.2. Standards and certified reference materials (CRMs) needs 

There are no commercially available standards, especially for lipophilic arsenicals. 

Therefore, the standards that have been used to date to confirm the identities of the 

novel arsenic species have been synthesized and characterized using NMR 

spectroscopy and tandem mass spectrometry. The synthesis of these compounds has 

been limited by safety concerns.  

Commercially available standards of AsLipids and AsSugars are necessary for method 

development and optimization as well as for quality assurance. Currently, synthesis of 

arsenolipids appears to be the best option to address the need for commercially 

available analytical standards. 

7.2.1. Synthetic and isotopically labeled standards needs 

It is almost impossible to synthesize standards for all known arsenicals. The best 

approach is to synthesize the standards for arsenicals with known toxicities with their 

labeled counterparts. Due to the monoisotopic nature of arsenic, there are no isotopes 

that would enable the use of isotopically labeled internal standard approaches to 

quantitation. Instead the carbon and hydrogen heteroatoms of organic arsenic species 

can be labeled with 13C and 2H to achieve this purpose.  
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Labelled standards are important for the positive identification of unknown arsenic 

species, and their quantification. Concurrent use of these synthetic standards can be 

useful in overcoming coelutions, isobaric and polyatomic interferences associated with 

quantification of organic arsenic species using ICP-MS. 

7.2.2. Matrix-matched CRMs needs 

There currently are no matrix-matched CRMs available for lipophilic arsenicals in 

seafood and there are very few seafood CRMs with certified values for organic arsenic 

species. The available CRMs have certified values only for simple low molecular 

weight hydrophilic methylated arsenic species like DMA, AsB and AsSugars.  

Few CRMs have certified values for higher molecular weight lipophilic arsenic species. 

Since matrix plays a major role in arsenic speciation, there is need to consider 

developing naturally incurred matrix-matched CRMs for proper commutability of the 

certified value when used in the laboratory. 

7.3. Risk Assessment considerations 

Current risk assessment of dietary exposure to arsenic is entirely based on inorganic 

forms and maximum allowable limits have been established for inorganic arsenic 

only.696 This has largely been due to lack of relevant data i.e., arsenic speciation data 

and their concentrations in seafood, their toxicity and metabolism. Occurrence data for 

other arsenic compounds are needed and this is particularly true for arsenolipids, owing 

to their widespread presence in seafood (i.e. potential for human exposure) and 

emerging evidence regarding potential adverse effects.  
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Aside from iAs that is a well-characterized carcinogen, other organic arsenic species, 

e.g., AsHCs, AsFAs and AsPCs, present in seafood have been characterized and have 

been found to show some level of toxicities. Preliminary data show that some of the 

arsenolipids are cytotoxic to human cells,42,44 and can cross the blood-brain barrier of 

the fruit fly.101,697 Although only a few results are available so far, the suggestion has 

been made that bio-accessibility of arsenolipids, and perhaps toxicity as well, increases 

with the increasing lipid character displayed by the arsenolipids.43,45,698  

This underscores the need for arsenic speciation analysis to ascertain the actual risk 

associated with consumption of seafood. Dietary studies have been performed to 

establish the consumption patterns and to identify the major sources and levels of 

human exposure to arsenic.    

7.3.1. Toxicity studies 

Estimation of arsenic toxicity requires the identification and quantification of the 

individual arsenic species. Since many new lipophilic arsenic species have been 

identified, and the list keeps growing in tandem with advances in technology, there is 

need for more toxicity studies on these new compounds to understand the potential 

sources of risk. Toxicity studies should not be limited to the identified organic arsenic 

species but should also be extended to their metabolites.  

It has been established that most arsenicals are not acutely toxic, but their toxicity may 

emanate from metabolic transformations so understanding the fate and metabolism of 

organoarsenicals is essential. There are still many organic arsenic species with 

unknown toxicities, and they are assumed to be nontoxic because of the benign nature 
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of AsB, which is the most abundant organic arsenic species in seafood. However, these 

compounds are not known to be nontoxic, which justifies the need for toxicity studies 

on these new compounds. 

7.3.2. Regulatory framework 

All this information eventually needs to be systematically collated and evaluated with 

the objective of establishing regulatory limits, especially for organic arsenic species in 

seafood, which currently do not have set limits. Regulatory limits should be set for 

monitoring the arsenic species that are known to demonstrate toxicities. This 

information should also act as important input in guiding the development of analytical 

methods for speciation analysis, standards, and CRMs for seafoods. 

7.4. Conclusion 

There are at least six seafood-matrix reference materials currently available that have 

values for 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. Newly released NIST SRM 3232 for Kelp, provides values 

for DMA as well as three AsSugars: AsSugar-OH, AsSugar-PO4 and AsSugar-SO3.
147 

This calls for more work in the development of CRMs for seafood, which has been one 

contribution of this work. 

All the samples employed in this study are either candidate reference materials (RMs) 

or materials meant for use in the NIST coordinated quality assurance programs (QAP). 

The measurements performed in this study contributes to the certification process for 
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the reference materials or property value assignment for the QAP materials. This work 

contributes to the development of the much needed CRMs for arsenic species, 

especially organic arsenic species, in seafood. 

The quality assurance program in the form of interlaboratory comparisons plays an 

important role in providing an additional level of confidence in measurement results. It 

also acts as a tool for assessing the robustness of the analytical protocols by evaluating 

the equivalence of measurement results in the absence of a widely accepted method of 

analysis as is the case for arsenic speciation analysis.  

The concurrent use of the synthetic standards and labeled synthetic standards as internal 

standards in combination with reliable and robust analytical methods for quantification 

of arsenic species will play an important role in the establishment of regulatory limits. 

In addition, with access to reliable analytical methods and availability of standards, the 

development of matrix-matched CRMs from common seafood will become a reality. 
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