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Abstract 
Ingestion of toxic metals (and metalloids) through food consumption 
is the most important route of exposure of heavy metals for humans. 
Globalization and international trade of food sources, coupled with 
natural and anthropogenic events of metal contamination, have 
increased the significance of foodborne metallic exposure in both 
developed and developing countries. However, measures taken to 
decrease metal contamination have also been successful and resulted 
in reduced metal exposure. Mercury (Hg) and arsenic (As) are two of 
the main contaminants in foodstuff such as seafood and rice. The 
knowledge from the total concentrations of these metals is not enough 
for assessing the health risk because toxicity and bioavailability of 
metals depend on the concentration and chemical form of the element. 
Metal speciation studies are therefore of great importance. 

Sample preparation is a critical step that affects the quality of the 
results of an analytical process, and it is currently one of the main 
research trends in Analytical Chemistry. Interests in sample 
preparation are nowadays focused on miniaturization of well-
established extraction techniques and on the development of fast 
screening methodologies. These new procedures are generally 
simpler, faster, and greener than conventional ones, and they offer 
enhanced selectivity to the target analyte, and a significant reduction 
of sample amount, extraction solvent volumes, and analysis time. 
Moreover, these novel methods are also responsible of dramatically 
reducing the cost of analysis, avoiding the need of sophisticated high-
cost equipment and highly trained analysts. The utilization of quantum 
dots (QDs) and molecularly imprinted polymers (MIPs) stands out 
amongst these methodologies.  

In the introduction of this Thesis, several extraction techniques 
available for Hg and As have been explained, and the advantages and 
disadvantages of all of them briefly commented. In addition, the 
literature about new adsorbents based on imprinted polymers and 
nanocomposites for Hg and As screening and speciation has been also 
reviewed. The state of the art includes molecularly or ionic imprinted 
polymer (MIP/IIP) based solid-phase extraction (SPE) and QDs 
applications for total determination and speciation of Hg and As. 



x 

The first part of the Thesis (Chapters 1, 2, and 3) deals with 
several developments for assessing inorganic arsenic (iAs) in 
foodstuff. In Chapter 1, a method based on a composite consisting of 
an IIP on silica-coated Mn-doped ZnS QDs was developed as a sensor 
probe for room temperature phosphorescence (RTP) determination of 
iAs in fish as a screening technique. In Chapter 2, results from a 
selective IIP-SPE pre-concentration procedure for iAs speciation 
before high performance liquid chromatography – inductively coupled 
plasma mass spectrometry (HPLC-ICP-MS) determination were 
discussed. Finally, Chapter 3 deals with a vortex-assisted dispersive 
micro-solid phase extraction (VA-D-µ-SPE) method using an IIP as 
an absorbent before HPLC-ICP-MS that was optimized for iAs 
speciation in rice.  

Developments of several analytical strategies for Hg 
determination/speciation in seafood are given in the second part of the 
current Thesis (Chapters 4 and 5). The synthesis and application of a 
phenobarbital containing polymer/silica-coated QD composite as a 
sensor probe for the selective screening of mercury (inorganic mercury 
and methylmercury) in fish by a RTP quenching assay is explained in 
Chapter 4; whereas, Chapter 5 is devoted to an MIP-SPE method 
coupled to HPLC-ICP-MS for Hg speciation in seaweed.  

The versatility of QDs and IIPs has been highlighted for the 
determination of As and Hg, and for coupling with several analytical 
instrumentation for developing screening and confirmative methods. 
IIP-SPE and IIP-QDs prove to be useful to increase the selectivity and 
sensitivity of As and Hg determinations in complex samples such as 
foodstuff. 
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1.1. INTRODUCTION 

There are around thirty chemical elements that are called essential 
trace elements and that play a crucial function in various biochemical 
and physiological mechanisms in living organisms. In fact, as for 
many food components, the intake of metal ions can be a double-
edged sword. The majority of the known metals and metalloids are 
very toxic to living organisms and even those considered as essential 
can be toxic if they are present in excess [1]. Several hazardous trace 
metals and metalloids such as arsenic (As), mercury (Hg), lead (Pb) 
and cadmium (Cd) are classified as non-essential to metabolism and 
they have no known biological functions. Those metals are deleterious 
in various respects for the environment and human beings [2]. 
Concentrations of several toxic metal and metalloids in the 
environment have been largely increased as a result of several natural 
and anthropogenic activities. Although the toxic metal concentration 
is comparatively low in the natural environment, it increases in the 
human body through the food chain and causes humans to get ill under 
long-term exposure [3]. As a safeguard for human health, guidelines 
and regulations stipulating maximum permissible concentrations 
(MPCs) of metals in foods have been set to limit our dietary exposure 
to toxic metals. However, the situation for toxic metals is more 
complex because toxicity depends on several aspects such as the 
concentration, chemical form, route of exposure, and the characteristic 
factors of the exposed individuals (age, gender, genetics, and 
nutritional status) [4]. 

Traditional detection methods for non-essential trace metals 
include atomic absorption spectrometry (AAS), atomic fluorescence 
spectrometry (AFS), spectrophotometry, inductively coupled plasma 
mass spectrometry (ICP-MS), inductively coupled plasma optical 
emission spectrometry (ICP-OES), neutron activation analysis (NAA), 
d.c. argon plasma multielement atomic emission spectrometry (DCP-
MAES), X-ray absorption spectroscopy (XAS), and X-ray 
fluorescence (XRF) [5-7]. A combination of chromatographic 
separation techniques with spectrometric detection is the most 
commonly used procedures for allowing speciation analysis in food 
samples. These developments include high-performance liquid 
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chromatography coupled with inductively coupled plasma mass 
spectrometry (HPLC-ICP-MS), gas chromatography coupled with 
inductively coupled plasma mass spectrometry (GC-ICP-MS), ion 
chromatography coupled with inductively coupled plasma mass 
spectrometry (IC-ICP-MS), capillary electrophoresis coupled with 
inductively coupled plasma mass spectrometry (CE-ICP-MS), and 
HPLC coupled with electron spray ionization tandem mass 
spectrometry (HPLC-ESI-MS-MS) [8, 9]. Almost all these techniques 
have the potential of relatively rapid elemental speciation with low 
detection limits. Most of these methods involve the use of high cost 
and high technical equipment, and that is a major disadvantage. 
Moreover, those methods have interference problems, matrix effect, 
and they use toxic solvents throughout the analysis. To overcome 
these problems, it is necessary to develop highly efficient and cost-
effective methods as selective green alternatives for sample 
preparation and detection of those elements in  food matrices [10, 11]. 
The current study is mainly focused on developing screening and 
confirmation methods for Hg and As speciation analysis in food. 

1.2. MERCURY 

Mercury (Hg) is registered as one of the top ten chemicals of public 
health concern by the World Health Organization (WHO). There are 
several forms of Hg in the environment as elemental Hg (Hg0), 
inorganic Hg species (such as mercurous Hg2

2+ ion, and mercuric Hg2+

ion), and organic Hg species [12]. Mercury can be released to the 
environment through several natural processes, e.g. weathering of 
rocks, degassing of the earth's crust, and volcanism. Besides, 
anthropogenic activities as a consequence of rapid urbanization and 
industrialization, such as coal combustion, the mining industry and 
by-products, production and use of agriculture fertilizers, and waste 
incineration, are also important sources of Hg [13]. Mercury travels 
long distances through the environment as gaseous elemental Hg 
(Hg0), and deposits into the aquatic and terrestrial compartments of 
environment as oxidised Hg (Hg2+). Afterwards, it is subjected to 
microbial methylation and converted to highly toxic organic species 
such as methylmercury (MeHg) or dimethylmercury (Me2Hg). The 
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MeHg produced can enter and be bioaccumulated and biomagnified 
through the aquatic food chain. Humans are primarily exposed to 
MeHg via fisheries or other sea product consumption [14]. Nondietary 
sources for human exposure to Hg are associated with inhalation of 
Hg vapours, dermal exposure through the skin using lightening 
creams, dental amalgamation, use of thiomersal as a preservative in 
pharmaceuticals, including vaccines, and cosmetics, and ophthalmic 
products [15]. 

Awareness of Hg toxicity increased after the “mad hatter 
syndrome” among the hat makers in England, and the “Minamata” 
incident in 1956 in Kyushu Island (Japan) where the public consumed 
MeHg-contaminated seafood [16-18]. To date, numerous studies have 
examined worldwide Hg exposure and impacts on human health [19]. 
Recent researches have shown that the aquatic path is not the only 
source of MeHg contamination; for example, rice is another major 
source of MeHg, especially in China [20, 21]. Some studies have 
reported that total Hg (tHg) in fish was totally in the form of MeHg 
[22], whereas other studies have assumed that the MeHg levels are ~ 
90% of the tHg concentration in fish [23, 24]. Since Hg species have a 
high affinity for thiol groups, it has been assumed that Hg distribution 
in the body is mediated by the complex formation of Hg species with 
thiol-containing compounds like cysteine and glutathione [25, 26].   

About 90-95% of MeHg from the diet is absorbed in the 
gastrointestinal tract, while more than 90% of MeHg is presently 
bound to the haemoglobin of erythrocytes in the blood, being able to 
cross the central nervous system (CNS) and placenta [27]. 
Furthermore, MeHg can cross the mammary gland and accumulate in 
breast milk [28]; subsequently, MeHg can produce a delay of foetus 
brain development leading to learning incapacities and social 
problems [29]. MeHg is mainly excreted via faeces while urinary 
removal is insignificant, and it is also excreted via the biliary system 
as inorganic forms at a very low rate (1% body burden/day) [30].  

Although there are enough data available about the effects of 
MeHg on the CNS, only a few data are presented on its 
carcinogenicity [31, 32]. Gaudet et al. [33] have reported the effects of 
MeHg in advocating breast cancer. Moreover, the carcinogenic 
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potential of Hg depends on its speciation. According to the United 
States Environmental Protection Agency (USEPA) and the 
International Agency for Research on Cancer (IARC), Hg0 is 
classified under group D and group 3, respectively. This classification 
would suggest that Hg0 is not a potential human carcinogen. However, 
the USEPA has classified inorganic Hg and MeHg under group C, 
while IARC classified inorganic Hg in group 3 and MeHg in group 
2B; thus, it is possible for inorganic Hg and MeHg to act as human 
carcinogens [34]. The differences in the toxicity and the target organs 
of Hg compounds are species-specific. Speciation analysis is of 
important relevance to understand the kinetics and toxic mechanisms 
[35]. 

The harmonization of trade and food safety codes becomes a 
necessary requirement as the demand of international trades grows. To 
fulfil this requirement, many national, regional and international 
standards and regulations have been introduced. The WHO estimated 
a guideline value of 1 μg L-1 of tHg in drinking water. According to 
European Union/European Commission (EU/EC) regulations, the 
maximum level of Hg allowed in fish and fisheries products is 0.5 mg 
kg-1 wet weight, excluding those fish species listed in section 3.3.2 in 
the EU/EC regulation. That section mainly consider fish species 
included in the higher trophic level such as yellowfin tuna, swordfish, 
shark, marlin, eel, etc. with a maximum level allowed of 1 mg kg-1 
[36].  Two international organizations, the Joint Expert Committee on 
Food Additives (JECFA) and the European Food Safety Authority 
(EFSA) established a recommended provisional tolerable weekly 
intake (PTWI), and a tolerable weekly intake (TWI) value for Hg. 
According to the contaminants in the food chain (CONTAM) panel of 
EFSA, a TWI for Hg of 1.3 µg kg-1 body weight was suggested. 
Concerning Hg, the JECFA established two recommended values, one 
for MeHg (1.6 µg kg-1 body weight), and the other for inorganic Hg (4 
µg kg-1 body weight) [28, 37]. 
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1.3. ARSENIC 

Arsenic (As) is a trace element widely distributed in the environment 
and one of the most significant toxic hazards because it threatens 
human life and health [38, 39]. Arsenic is present naturally at trace 
levels in the air, water, soil, animal and plants [40]. However, natural 
concentrations of As can be elevated by natural phenomena such as 
geological events, and mainly by human activities (ore mining and 
smelting, use of As-containing fertilizers and pesticides, and fossil 
fuel burning) which can pose serious health issues [41, 42]. Arsenic 
was categorized as number one in their substances priority list of 2017 
by the Agency for Toxic Substances and Disease Registry (ATSDR) 
of the United States; additionally, it has also been classified as a 
human carcinogen by the IARC [43, 44]. 

The toxicological effect and bioavailability of an element depends 
on its concentration and the chemical form [45]. Arsenic can be 
present in food and in the environment in several forms. In general, 
inorganic As (iAs), mainly the As (III) and As (V), is more toxic than 
organic As. Furthermore, As (III) is more toxic than As (V) [46].  
Arsenobetaine (AsB) and arsenosugar compounds (AsS) are nontoxic 
and are commonly found in marine animals and seaweeds, 
respectively. Arsenobetaine generally contributes to approximately 
80% of total As in fish and seafood. Hence, the determination of As 
species in food is an important factor to consider in human health and 
food risk assessment studies [46, 47]. 

Health risk associated with the exposure to As is a significant 
global health issue and affects millions people. The symptoms of 
acute exposure to arsenic include vomiting, abdominal pain, and 
diarrhoea. Arsenic chronic exposure is associated with cancer, skin 
diseases, developmental and morphological alterations, cardiovascular 
disease, neurotoxicity, epigenetic changes (DNA methylation), 
increased risk of diabetes mellitus, adverse pregnancy outcomes, and a 
variety of complications in body organ systems [48-50]. Numerous 
factors may affect As toxicity in humans such as age, gender, race, 
lifestyle, inherited genetic characteristics, socio-economic status, 
exposure route, As species, and dietary factors [48, 51]. Once 
contaminated food or drink is consumed, around 70% of the As is 
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excreted in the urine, and a small amount is excreted through skin, 
hair, nail, and faeces [49, 52]. 

Because of the importance of the consumption of contaminated 
drinking water the WHO and USEPA set the maximum contaminant 
level (MCL) for As in drinking water as 10 µg L-1 [53]. Moreover, a 
similar MCL value for As in drinking water was introduced in Japan 
[54]. Different As regulatory limits are established for a few food 
types by different standardization organizations. For monitoring 
purposes, the EU/EC  has set the limits for iAs at 0.20 mg kg-1 for 
non-parboiled milled rice (i.e. polished or white rice), 0.25 mg kg-1 for 
parboiled rice and husked rice, 0.30 mg kg-1 for rice waffles, wafers, 
crackers and cakes, and 0.10 mg kg-1 for rice destined for the 
production of food for infants and young children [55]. As another 
example of regulatory differences for food, the maximum limit for As 
(w/w) in fish is 0.5 mg kg-1 in China, 1.1 mg kg-1 in India, 2.0 mg kg-1  in 
Australia and New Zealand, while it is 3.5 µg kg-1 for fish protein in 
Canada [56, 57]. The JECFA also introduced a MCL for As at 0.1 mg kg-1 
for edible fats and oils, fat spreads and blended spreads, and 0.5 mg kg-1 
for food grade salt [58]. 

The ‘tolerable intake’ limit is widely used to describe ‘safe’ levels 
of intake. The JECFA published a PTWI while the EFSA panel on 
CONTAM has discussed using a TWI. Though JECFA has set its 
PTWI for As at 15 µg kg-1 body weight, the EFSA has stated that this 
value is no longer appropriate, as the JECFA limit had not taken into 
account the presence of iAs which causes cancer, mainly in the lung 
and urinary bladder [59]. 

1.4. FOOD SAMPLE PREPARATION FOR Hg AND As ANALYSIS 

Sample pre-treatments methods are constantly developing and are 
especially important for Hg and As analysis in food samples because 
the ratio between the different chemical forms must be guaranteed 
during this step. However, direct analysis of food samples can suffer 
from both matrix interferences, and the low concentrations of 
chemical species. Therefore, there is a need for developing sample 
pre-treatment methods that can be used to remove or reduce the 
matrix, and pre-concentrate the species of interest prior analysis [60]. 
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Regarding fish and seafood, inedible parts such as shells, husks, 
skin, byssus are removed, and the edible part is homogenized by a 
mechanical blender. In some cases, samples are pulverized or freeze-
dried. The sample preparation step depends on the aim of the study 
(element speciation or element determination). Moreover, there are 
several pre-concentration methods (based on solid or liquid sorptive 
based) that have been used for the extraction of Hg and As species 
from food samples [61, 62]. 

1.4.1. Sample preparation for total mercury determination 
Acid digestion is the most commonly used sample pre-treatment 
method for tHg determination in many types of food samples. Wet 
digestion methods can be carried out in an open flask, in a pressurized, 
sealed container, or using a microwave-assisted decomposition. 
Moreover, the solvent or acid combination (H2O, H2O2, HNO3, 
H2SO4, HCl, HF etc.), and volumes employed are different [60]. 
Mohammed, et al. [63] proposed an open flask digestion method for 
fish muscle samples and concentrated HNO3 acid was the most 
efficient digestion solvent for all metal (Hg, As, Sb, Pb and Cd). The 
efficient extraction of Hg was achieved at a digestion temperature of 
85 °C for 120 min. The drawback of this simple and cost-effective 
method was that it was time-consuming, and it was difficult to 
simultaneously extract As and Hg in the same sample (Hg was found 
to be lost due to volatilization at higher temperatures). To overcome 
problem, Chen, et al. [64] proposed a method based on reflux to 
successfully recover tHg and Hg2+ at high temperatures (110 °C) [64]. 
Microwave heating enables a rapid decomposition of samples due to 
control over time and heating power. Microwave digestion can be 
performed in open, closed, and flow systems. Open microwave 
systems have the risk of the escape of volatile components, which may 
influence greatly the results [65]. Different digestion conditions, acids 
and solvents combinations were used by different researchers, and 
some examples are summarized in Table 1. 
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1.4.2. Extraction methods for mercury speciation 
Extraction of Hg for speciation analysis of food is usually facilitated 
by acidic (such as HCl) or alkaline (such as tetramethylammonium 
hydroxide, TMAH) digestion or leaching. Extractions were usually 
performed with the assistance of microwave or ultrasound. However, 
soft extraction conditions are required for avoiding Hg degradation 
and loss [84]. As an example, Kutscher, et al. [85] have compared 
four extraction methods for the identification of MeHg-binding 
proteins in  fish muscle and found that a combination of 
tris(hydroxymethyl)aminomethane (Tris) buffer with sodium dodecyl 
sulphate (SDS) as denaturing agent results in nearly 100% recovery 
[85]. Some other examples are summarized in Table 2. Even though 
many analytical methods have been developed for Hg extraction, most 
of them suffer significant loss and/or cross-species transformations 
during sample preparation. Hence, isotope dilution mass spectrometry 
(IDMS) methods have been developed, and have been found to 
provide significant added value for analytical quality assurance and 
quality control [86]. 
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1.4.3. Sample preparation methods for total arsenic determination 
Acid digestion is commonly used as a sample pre-treatment for total 
arsenic (tAs) determination in a foodstuff. Several acids combinations 
have been used and each method has some advantages and 
disadvantages. As an example, a HNO3/HClO4/H2SO4 mixture under 
reflux extraction has been used for tAs determination in fish by 
Storelli and Marcotrigiano [100]. The main drawback of this method 
is that it is time-consuming (6 h), and it is difficult to apply the same 
digestion conditions for the determination of other metals such as lead 
(Pb). To avoid long digestion times, microwave-assisted digestion 
with several acid combinations (such as HNO3 [101], HNO3 and H2O2 
mixture [102], HNO3, HCl, H2O2 and HF mixtures [103], etc) has 
been proposed. Some other examples and alternatives (hot plate, 
ultrasounds water bath, etc.) are summarized in Table 3. 
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1.4.4. Extraction methods for arsenic speciation 
The sample extraction method is very important in As speciation 
analysis due to the complexity of the matrices. Several analytical 
methods and extraction solvents have been used for As speciation 
analysis in food (Table 4). Distillation methods have been proposed 
for the extraction of As species from fish samples using HBr and 6.0 
M HCl under refluxed for 15 min [100]. The disadvantages of these 
methods are that they are slow and consume high amounts of acids. 
Kalantzi, et al. [117] have proposed a vortex and ultrasound-assisted 
method for extracting inorganic As (As(III) and As(V)), and organic 
As species (AB, MMA, DMA) from fish. Freeze-dried fish powder 
sample was mixed with (NH4)2HPO4 (10 mM, pH 7.9) and vortexed 
for 1 min prior to ultrasonication (3 min, 40 °C). These two steps were 
repeated 10 times. In another study, Sanz, et al. [118] have proposed 
ultrasounds assisted enzymatic hydrolysis procedures for the 
extraction of As species from rice samples. Other examples of food 
sample preparation for the extraction of As species are given in Table 4. 
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Abstract 
Non-essential trace elements, especially mercury (Hg) and arsenic 
(As), and their speciation analysis in fish and fishery products have 
gained increasing attention regarding human exposure, risk 
assessment and toxicological endpoints. Reliable, robust and 
sophisticated hyphenated laboratory instrumentation is available 
today, providing very low quantification limits for total element 
contents and single element species. Not only the instrumentation but 
also fast and reliable novel sample pre-treatment methods are 
important, and challenges in speciation analysis are focused on 
developing new low cost and fast screening methods. This review 
includes the developments on molecularly/ionic imprinted polymers 
(MIPs/IIPs) based solid phase extraction and quantum dots (QDs) for 
Hg and As determination/speciation. 

Keywords: Mercury, arsenic, molecularly/ionic imprinted polymers, 
nanoparticles, carbon dots, quantum dots 

2.1. INTRODUCTION 

Food and environment monitoring of mercury (Hg) and arsenic (As) 
have received ample scientific attention in recent years due to the 
hazard to human health posed by the contamination of fish. The level 
of Hg and As in the environment depends on the number of natural 
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(weathering and meteorization of rocks, degasification of the earth’s 
crust, terrestrial, and volcanism) and anthropogenic (coal combustion, 
mining industry by-product, agriculture fertilizer, and waste 
incineration) activities [1-3]. There are several Hg and As chemical 
forms found in environmental samples and foodstuffs. The Agency for 
Toxic Substances and Disease Registry (ATSDR) noted that As and 
Hg were ranked number one and three, respectively, in the hazardous 
substances list in 2017 [4]. These metals are toxic to humans even at 
very low concentrations and do not play any known biological role.  

After the Minamata tragedy due to methylmercury (MeHg) 
poisoning in humans who ingested fish and shellfish in Japan in 1956, 
the world became concerned about Hg poisoning and its toxicity 
effects [5]. Other mercury poisoning cases have occurred due to 
contaminated foods in Sweden, Iraq, Ghana and China [6-8]. These 
incidents forced the international community to curtail the emission of 
mercury after the “Minamata Convention on Mercury” was signed on 
October 10, 2013. 

Mercury can occur as several chemical forms such as elemental 
mercury (Hg0), divalent inorganic mercury (Hg2+), 
monomethylmercury (CH3Hg+), dimethylmercury ((CH3)2Hg), ethyl 
mercury (EtHg+) and phenyl mercury (PhHg+) [9-11]. MeHg 
represents approximately 90% of total Hg (tHg) in fish, and together 
with inorganic mercury (Hg2+) represents the main concern from a 
toxicological point of view [12,13]. 

Arsenic is the twentieth most abundant element in the earth’s 
crust, and it has influenced human history more than other toxic 
compounds [14]. Arsenic species are mainly classified as inorganic 
(arsenite (As(III)) and arsenate (As(V) being the most toxic species), 
and organic species (mainly monomethyl arsenic acid (MMA), and 
dimethyl arsinic acid (DMA), also considered to be a toxic As 
compound). As (III) and As (V) are the dominant species in 
environmental samples; whereas, MMA and DMA can be considered 
products of biotransformation in a detoxification mechanism [15, 16]. 
The biomethylation of iAs species has been considered as a potential 
detoxification pathway in marine and freshwater microorganisms [17]. 
However, the intermediate products (such as trivalent methyl and 
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dimethyl As, MMAIII and DMAIII) of iAs biomethylation to 
pentavalent methyl As (MMAV and DMAV) are more toxic than iAs 
[18]. Arsenobetaine (AsB) is a common and nontoxic As species 
present in most seafood, especially fish and shellfish. Arsenosugars 
(AsS) and arsenolipids (AsL) are other complex arsenic compounds 
commonly found in certain seafood [19,20]. AsS, mainly ribose 
derivatives, are the major As compounds in algae, representing 80% 
of total As [21]. There is little information about AsL (arseno fatty 
acids, AsFA; arseno hydrocarbons, AsHC; arseno glycophospholipids, 
AsPL, etc.) in seafood. These species can be associated with oily fish 
and fish oil [21]. Arsenocoline (AsC) is rarely found in seafood 
because it is metabolized to AsB. However, AsC is the main As 
compound in sea anemones and jellyfish [22,23]. Some authors have 
mentioned an unidentified or unclear fraction as a residual As, mostly 
thiol As compounds [24,25]. The total As content is higher in marine 
fish than in freshwater fish [26]. The content of inorganic As (iAs) in 
fish is usually lower than in rice, grains and flour. Hence, researchers 
do not show much concern about iAs in fish and seafood; however, 
biotransformation of non-toxic As to potentially toxic inorganic 
intermediates has been reported [27-29]. 

The intake of Hg and As through the diet is a high concern for the 
food regulatory agencies, and foodstuffs such as fish require regular 
monitoring. Maximum levels (ML) of inorganic As have been 
reported in several guidelines by many countries as mg kg-1 in 
crustaceans and fish, and 1 mg kg-1 in molluscs and edible seaweed 
(Australia New Zealand (ANZFA)); 3.5 mg kg-1 for fish protein 
(Canadian Food Inspection Agency (CFIA)); 0.1 mg kg-1 in fish, fish 
products and fish seasonings (Ministry of Health of the People’s 
Republic of China); 3 mg/kg for algal condiments (Centre d’Etude et 
de Valorisation des Algues, France (CEVA)), etc. The European Food 
Safety Authority (EFSA) and the Food and Drug Administration of 
the United States (USFDA) have reported MLs for certain foodstuffs 
(e.g., rice, rice-based products and infant cereals) but not for seafood. 
Concerning health risk assessment, the Joint FAO-WHO Expert 
Committee on Food Additives (JECFA) has established a Provisional 
Tolerable Weekly Intake (PTWI) value of 15 µg kg-1 of body weight 
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(equivalent to 2.1 µg kg-1 of body weight per day), but this was 
withdrawn in 2010. The EFSA established a Tolerable Weekly Intake 
(TWI) value, for example, the suggestion of TWI for Hg of 1.3 μg kg 
of body weight [30,31]. Hence, the Panel on Contaminants in the Food 
Chain (CONTAM) has suggested a range of values for the 95% lower 
confidence limit of the benchmark dose of 1% extra risk (0.3-8 mg 
kg-1 body weight), which would be more appropriate than a single 
reference point in the risk characterization for inorganic As [32,33]. 

Public health scientists and regulators are generally in agreement 
regarding the tHg and MeHg dietary exposure guidance for adults, but 
there is a lack of agreement about the dietary exposure of the most 
sensitive groups such as pregnant women, nursing mothers and 
children [34]. For total Hg in fish, a ML of 0.5 mg kg-1 w/w (wet 
weight) has been established in the European Union (EU), with the 
exception of large predatory fish such as swordfish, tuna and sharks 
(ML of 1.0 mg kg-1 w/w) [35]. The PTWI established by the JECFA 
for methylmercury is 1.6 μg kg-1 body weight, and 4 μg kg-1 body 
weight for inorganic mercury; whereas, a TWI of 1.3 μg kg-1 body 
weight for methylmercury was established by the EFSA [36]. Health 
Canada has recommended a Provisional Tolerable Daily Intake (PTDI) 
for sensitive groups (women in reproductive status and infants) of 
2x10-4 mg kg-1 body weight, and 5x10-4 mg kg-1 body weight for adults. 
Moreover, Canada also uses 0.2 mg kg-1 as a guideline ML for 
frequently consumed fish, and 0.5 mg kg-1 as a guideline in fish for 
commercial use [37]. The USFDA recommends 1 mg kg-1 action level 
for MeHg in fish for commercial sale. However, the United States 
Environmental Protection Agency (USEPA) has established a more 
conformist reference dose (RfD) of 1x10-4 mg kg-1 body weight per day 
for MeHg in edible fish, and 0.3 mg kg-1 as tissue residue criteria for 
fish for human consumption [34]. 

2.2. MOLECULARLY/IONIC IMPRINTING TECHNOLOGY 

There are several stages when performing total element (Hg and As) 
determinations, as well as when applying speciation strategies [(1) 
extraction and preconcentration, (2) separation, and (3) 
determination/quantification] [38]. Each step requires the careful 
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optimization of those variables affecting the procedure. Acid digestion 
is commonly used for total (or partial) decomposing biological 
samples, such as fish, for the assessment of total metal concentrations. 
This sample pre-treatment technique, although quite efficient for total 
sample decomposition, does not guarantee the integrity/stability of 
element species. Many different approaches, such as solid phase 
extraction (SPE), solid phase microextraction (SPME), cloud point 
extraction (CPE), liquid phase microextraction (LPME), and magnetic 
solid phase extraction (MSPE), have been adopted for speciation of 
Hg and As [39,40]. However, some of these techniques can suffer 
from low selectivity, which implies additional clean-up stages for 
removing co-extracted concomitants before analysis. Improvements 
on selectivity and extract clean-up stages are an area of intense 
research and Molecularly Imprinted Polymers (MIPs) are one of the 
most versatile and appealing options for sample preparation [41]. 
MIPs are synthetic materials with artificially generated recognition 
sites capable of specifically rebinding a target molecule in preference 
to other closely related compounds [42]. These polymers are obtained 
by the reaction of a template, monomers and cross linkers with the 
support of a radical initiator in a proper solvent. It is necessary to 
solubilize the template, monomers and crosslinkers into a porogenic 
solvent that plays a major role as a dispersing media and pore forming 
agent in the mixture [41-43]. Porogenic solvent polarity affects the 
formation of the template-monomer complex. In general, such a 
solvent should be of low polarity, and it helps to increase MIP 
selectivity.  

Nowadays, free radical polymerization is very popular. Azo N-
N’-bis isobutyronitrile (AIBN) is common and widely used as a 
polymerization initiator for MIPs/IIPs synthesis [44]. Normally, the 
initiator is used in very low amounts compared with the template 
(approximately 1% weight or molar % with total number of moles), 
and its activity (rate and mode of decomposition to radicals) is 
controlled in several ways such as heat, light and chemical or 
electrochemical reactions [45]. 

The preparation of an MIP consists of three steps: 1) formation of 
a pre-polymerization complex; 2) polymerization of the complex 
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monomer; (3) removal of the template to produce the imprinted 
polymer. Three different approaches (namely, covalent, non-covalent 
and semi-covalent) have been involved in MIP preparation [43], and 
several synthetic methods (co-precipitation, reverse micelles, sol-gel 
synthesis, hydrothermal reaction, thermolysis of precursor, flow 
injection synthesis and electrospray synthesis) have been used [46]. 
Some authors have classified MIP preparation methods as bulk 
polymerization, suspension polymerization, multistep swelling 
polymerization, precipitation polymerization, surface polymerization 
and in-situ polymerization [45]. Other researchers have classified the 
polymerization methods available to prepare monodisperse particles 
(use of water-based emulsions, seeded suspension polymerizations, 
non-aqueous dispersion polymerizations, and precipitation 
polymerization) [47]. Each method has characteristic advantages and 
limitations. Most researchers follow the precipitation polymerization 
method instead of the bulk polymerization method because the latter 
requires a grinding step which destroys some recognition cavities. The 
main advantages of precipitation polymerization include the absence 
of stabilizers and suspension agents, complete freedom to utilize water 
soluble or water insoluble monomers, higher binding capacity, and 
obtaining particles of uniform micro spherical size [47]. 

2.2.1. Ionic imprinted polymers 
Ionic Imprinted Polymers (IIPs) are prepared using an ion as a 
template instead of a molecule, ion which reacts with a suitable 
monomer (vinylated reagent) and then polymerizes in the presence of 
a cross-linker and an initiator. Oxyanions, such as arsenite and 
arsenate, can react/interact with conventional monomers and can 
therefore form stable complexes with vinyl groups for polymerization. 
In these cases, the complexing ligand (monomer) is chemically 
immobilized in the polymeric matrix. However, simple ions such as 
Hg(II) and MeHg(I) are not able to react with conventional 
monomers, and the strategy is based on using binary/ternary mixed 
ligand complexes involving a non-vinylated reagent showing affinity 
to the ion and which is able to interact with the vinylated monomer. 
The latter approach is commonly referred as trapping technique 
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[48,49] since the non-vinylated reagent is not chemically bonded to 
the polymer chains, but it is trapped inside the polymeric matrix. Non-
vinylated reagent residues are therefore not totally fixed in the 
polymeric chain, and selectivity can worsen because similar ions in 
size and/or exhibiting affinity to the ligand can also interact to the 
recognition cavities generated in the polymer. The right selection of 
the monomer is therefore important and depends on the ion and the 
ability to interact with the functional groups of the template/template-
non-vinylated reagent complex [48-50].  

2.2.1.1. Vinylated and non-vinylated monomers for mercury 
ions 

IIPs for mercury ions (Hg(II) and MeHg(I) as templates) required 
the use of the trapping technique using a pre-polymerization mixture 
based on a binary non-vinylated/vinylated system. Vinylated 
monomers are mainly methacrylic acid (MAA) [51-56], although 
MAA derivates such as 2-hydroxyethyl methacrylate (HEMA) [57], 
and other typical vinylated monomers [2-vinylpyridine (2-VP) [58], 
4-vinylpyridine (4-VP) [59], and 3-aminopropyltriethoxysilane 
(APTES) [60]] have been also used. Because of mercury ions have a 
specific affinity to sulphur, functional monomers (non-vinylated 
monomers) containing sulfhydryl groups form stable pre-polymerization 
complexes with mercury, and ligands such as N-methacryloyl-2- 
mercaptoethylamine (MMEA) [51], 1-pyrrolidinedithiocarboxylic acid 
ammonium (PDC) [52], 4-(2-thiazolylazo) resorcinol (TAR) [54],
and dithizone [60] have been found to be suitable to form binary 
complexes with mercury ions. Moreover, reagents also containing N-
based functional groups have been found to interact easily with Hg 
through N–Hg(II)–N bonds. Ligands reported to selectively react with 
Hg ions such as phenobarbital and thymine (allyl thymine, AT) have 
been also used, and the prepared IIPs have been found to offer high 
selectivity for Hg ions [53,56,61]. Diazoaminobenzene (DAAB) [59] 
and 2,2′-dipyrydyl amine (PA) [55], and non-commercially available 
monomers (synthesized ligands) such as N-methacryloyl-(l)-cysteine 
(MAC) [57] and AT [61], have been also used.  
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Vinylpyridine monomers contain a N moiety which guarantee Hg 
ions-monomer interactions, and IIPs based on using the conventional 
2-VP monomer have been synthesized for a selective recognition of 
Hg(II) ions [58]. Hg(II) ions anchorage into the polymeric chains was 
weaker than when using S- and N-based selective ligands for Hg since 
template (Hg(II)) removal after IIP synthesis was possible under 
moderate (pH and temperature) conditions [58]. A bifunctional 
monomer, N-(pyridin-2-ylmethyl)ethenamine (V-Pic), exhibiting two 
N moieties and a vinyl group was synthesized and used as a monomer 
for preparing a magnetic IIP by mixing the Hg(V-Pic)2 ׅ 2NO3 
complex with vinyl functionalized Fe3O4 nanoparticles synthesized 
via triethoxy silane reaction with an adequate cross-linker and initiator 
[62]. Synthesis based on using a template-bifunctional monomer 
system leads to a weak template anchorage which allows template 
removal under soft conditions, guaranteeing the integrity of the IIP 
layer over the nanoparticle core. 

Most of reported IIPs for mercury were synthesized by using 
inorganic mercury (Hg(II)) as a template [51,52,54-60,62] and 
selectivity of the sorbents was high for Hg(II) ions independently of 
the non-vinylated reagent used for synthesis. Competitive adsorption 
of other metallic ions, mainly Cd(II) and Zn(II) ions with similar ionic 
radii, was found to be negligible, demonstrating good recognition 
capabilities/selectivity. However, some studies showed that selectivity 
for organic mercury, mainly MeHg(I), was poor probably because the 
large size of MeHg(I) hinders the ion diffusion and further interaction 
with functional groups [51,52,59,60]. The prepared IIPs are therefore 
unsuitable for speciation studies and for analysing fishery products 
since MeHg(I) is the major species in these materials. However, the 
use of MeHg(I) instead of Hg(II) as a template [53,56] generates a 
bigger recognition cavity than that formed when using Hg(II) as a 
template, and the interaction of both inorganic and organic mercury 
species leads to suitable speciation studies [56].   

Table 1 summarizes the information about publications of Hg 
determination which use IIPs for sample pre-treatment. Similarly, 
Table 2 summarizes the analytes, adsorption capacities, mode (batch 
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or column), instrumental techniques, and pre-concentration factors 
reported when using the proposed IIPs.  

2.2.1.2. Vinylated and non-vinylated monomers for inorganic 
arsenic ions 

Regarding As based-IIPs, O atoms in arsenite and arsenate 
oxyanions interact properly with reagents containing hydroxyl 
groups. In addition, hydroxyl groups in these oxyanions also allow 
effective interaction with N moieties in vinylpyridine monomers. 
Therefore, polymerization schemes based on using typical vinylated 
monomers such as MAA [63,64] and 4-VP [65] have been developed 
using arsenite (As(III)) as a template. Other monomers without 
hydroxyl moieties such as styrene have been also used [65,66] but 
selectivity and sorption capacity of styrene-based IIPs for As(III) 
have been reported to be poorer than those offered by IIPs prepared 
from vinylpyridine monomers (2-VP) and mainly from the 
bifunctional 1-vinylimidazole, monomer which showed enhanced 
imprinting effect and arsenate-binding functionalities [65]. In 
addition to 1-vinylimidazole [65, 67], a cyclic functional monomer 
(CFM) containing a positively charged imidazolium moiety was used 
to develop an As(III) based-IIP (the synthesis of the CFM was 
achieved by using 1-(1H-imidazol-1-ylmethyl)-1H-imidazole and 
4,5-bis(bromomethyl) acridine as reagents) [68]. The prepared IIP 
demonstrated to offer high selectivity for As(III) and  high 
adsorption capacity which are attributed to the macrocyclic effect of 
CFM (strong affinity to oxyanion by size matching and electrostatic-
dual effects derived from its positively charged imidazole ring and 
appropriate ring size) [68]. 

Although the oxyanions structures of As(III) and As(V) allow 
adequate interaction with conventional and bifunctional vinylated 
monomers, the binary non-vinylated/vinylated scheme  was also 
proposed by Önnby et al. [69] using 4-hydroxybiphenyl as an 
auxiliary non-vinylated reagent. 

Both arsenite [63,64,67-69] and arsenate [65, 66] oxyanions have 
been used as templates for IIP synthesis. Despite selectivity of most 
prepared IIPs was reported to be high for the arsenic (arsenite or 
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arsenate) species used as a template, the imprinting 
properties/capacities for the other inorganic arsenic species was not 
established, except for 1-vinylimidazole-based IIP which was reported 
to be selective for both arsenite and arsenate forms [67]. Therefore, 
possibilities of most of developed IIPs for inorganic arsenic speciation 
can not be attained, and most of them are suitable for assessing a 
specific inorganic arsenic form.  

Revised literature suggests that the use of styrene as a functional 
monomer does not lead to selective adsorbents, and distribution ratios 
and selectivity coefficients are better for 4-VP- and, mainly, for 1-
vinylimidazole-based IIPs than those calculated for styrene-based IIP 
[65]. In addition, results by Mafu et al. [66] for a styrene-based IIP 
have revealed low imprinting capacities (distribution ratios quite 
similar for IIP and non-imprinted polymers (NIP) adsorbents) and lack 
of selectivity for arsenate ions (other ions such as Cd(II), Pb(II), and 
Hg(II) are quantitatively retained in the prepared polymer). Selectivity 
of prepared IIPs based on other monomers has been found to be 
similar, although the use of 1-vinylimidazole (bifunctional monomer) 
offers the highest selectivity [65,67] and possibilities for pre-
concentrating both inorganic arsenic species [67].  

Table 1 and Table 2 summarize details regarding IIPs for arsenic 
ions as well as analytical features of the developed methods. 
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2.2.1.3. Template removal procedures 
Template removal is a critical stage when preparing MIPs/IIPs since 
the treatment for template removal must guarantee an efficient 
template leaching (available recognition cavities) and must not 
damage the polymer structure. Treatments for mercury based-IIP, 
however, require the use of strong leaching conditions involving the 
use of thiourea dissolved in hydrochloric acid (from 0.05 to 1.0 M) 
solutions [53,54,56,57,59]. Other reported procedures have been based 
on sequential elution steps using nitric acid (4.0 M) and thiourea (0.5 
M) dissolved in 0.5 M hydrochloric acid [52], or more drastic
conditions such as thiourea (5 %(w/v)) in 2.0 M hydrochloric acid by 
heating at 60˚C 1C for 48 h [51].  

As previously mentioned, the use of bifunctional monomers 
appears to lead to a weak template vinylated monomer interaction 
which allows a template removal under moderate conditions. 
Therefore, ethylenediaminetetraacetic acid (EDTA) solutions (1.0 M) 
[58] and EDTA (0.1 M) and hydrochloric acid (0.1 M) mixtures [62] 
have been found suitable for an efficient template removal. Soft 
conditions for template removal are mainly needed for nanocomposite 
materials since strong acid conditions can damage the bond between 
the IIP layer and the modified surface of the nanoparticle. 

Reported procedures for template (arsenite/arsenate) removal also 
require strong leaching conditions, and treatments consists of using 
acidic solutions, mainly nitric acid (2.0 to 3.0 M) [65-67] and 
hydrochloric acid (1.0 and 4.0) [63,64,69], although template removal 
has been also performed with alkaline solutions (0.5 M sodium 
hydroxide) [68].  

2.3. NANOMATERIALS FOR Hg AND As DETERMINATION 

In addition to well-established methodologies based on spectrometry 
hyphenated or not with chromatographic techniques, an intense 
research area for metallic ions assessment using simple and low-cost 
instrumentation is of current interest. Colorimetric, and mainly 
luminescent properties, of various nanomaterials such as gold and 
silver nanoparticles (Au/Ag NPs), carbon dots (CDs) and 
semiconductor quantum dots (QDs) have led to the development of 
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nanomaterial-based optical sensors with several applications for 
inorganic and organic targets as well as for biocompounds [70-74]. 

2.3.1. Silver and gold nanoparticles 
Noble metal nanomaterials such as Au NPs and Ag NPs, exhibit high 
molar extinction coefficients in the visible region attributed to their 
unique localized surface plasmon resonance (LSPR) [75]. The LSPR 
is dependent on the interparticle distance which implies colour 
changes when the NPs are dispersed or aggregated. Therefore, sensing 
colorimetric methods can be developed for targets that induce changes 
of the interparticle distance (NPs aggregation). Colour change 
attributed to NPs aggregation can be selective to a certain target if NPs 
are surface modified with functional groups which allows an effective 
interaction with the target, and enhances aggregation. For Hg ions 
sensing, surface’ NPs modification is usually carried out with 
compounds containing sulfydryl groups due to the strong Au–S and 
Ag–S bond. 

As reviewed by Ding et al. [70], the functional ligands used to 
detect Hg ions (mainly Hg(II))  are small organic molecules, such as 
N-1-(2-mercaptoethyl)thymine, and 3-mercaptopropionate acid 
(MPA) alone or combined with adenosine monophosphate (AMP). In 
addition, compounds that generate quaternary ammonium (QA) group 
terminated thiols from the surfaces of Au NPs have found to be useful 
since Hg(II) ions induce the abstraction of QA ligands from the NPs 
surfaces and leads to aggregation. Finally, oligonucleotides containing 
thymine (T) are also functional ligands which induce aggregation as 
consequence of T–Hg(II)–T coordination chemistry. 

Raw Au/Ag NPs (also referred as label-free Au/Ag NPs) have 
been also used for developing colorimetric assays for Hg detection, 
and mechanisms are based on Hg(II)-induced ligand exchange, Hg0 
deposition, and T–Hg(II)–T coordination chemistry [70]. Hg(II)-
induced ligand exchange can lead to NPs aggregation (Au NPs in the 
presence of Cu(II) diethyldithiocarbamate (DDTC) complex since Hg-
DDTC complex is more stable that Cu-DDTC) [76]), or anti-
aggregation (Ag NPs and 6-thioguanine due to the stronger affinity 
between 6-thioguanine and Hg(II) than that with Ag NPs [77]). 
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Deposition of Hg0 on the NPs’ surfaces occurs in the presence of 
reducing agents (citrate ions and ascorbic acid) which induced NPs 
aggregation; whereas, T–Hg(II)–T coordination chemistry 
mechanisms implies oligonucleotides containing T [70]. This 
nucleobase induces Au NPs aggregation (Au–N bonds) which is 
hampered in the presence of Hg(II) ions [70]. 

2.3.2. Quantum dots and carbon dots 
Semiconducting colloidal nanocrystals known as quantum dots (QDs) 
are being extensively used as fluorescence probes because require 
simple instrumentation (fluorimeters) and offer a number of 
advantages such as convenience, low cost, ultra-sensitivity, and rapid 
analysis [70-72,74]. QDs have attracted great interest because of their 
unique optical properties (large stokes shift, broad absorption spectra, 
narrow emission spectra), high photoluminescence (PL) efficiency, 
and long-term photostability [72]. QDs based on elements from 
groups II-VI and III-V (CdSe, CdS, CdTe, and ZnS) have been widely 
used, although applicability of Cd based QDs are less appealing 
because of Cd toxicity. Therefore, QDs based on ZnSe, ZnS and Mn 
and Cu doped ZnS QDs, as well as carbon dots (CDs), have been 
developed. QDs/CDs sensor probes are mainly based on the 
luminescent (fluorescence and phosphorescence) quenching when 
certain compounds (targets) are present, being the magnitude of the 
luminescence reduction proportional to the target concentration. 

Most of QDs and CDs synthesis requires heating at high 
temperatures (solvothermal method), procedure which is typically 
assisted by microwave or ultrasound when preparing CDs. However, 
doped-ZnS QDs synthesis can be performed at room temperature 
which is a clear advantage over other QDs/CDs since the preparation 
is more straightforward [74]. Details regarding QDs/CDs 
chemosensors for assessing Hg(II), MeHg(I), As(III), and As(V) ions 
are summarized in Table 3.  
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2.3.2.1. Nanoprobes based on quantum dots 
Possibilities of cation exchange reactions between Hg(II) ions and 

raw QDs have been tested for developing simple nanoprobes [78,79]. 
Direct Hg(II) ions fluorescence sensing with raw ZnS QDs has been 
proposed on the basis of a cation exchange reaction between Hg(II) 
ions and ZnS QDs and Zn(II) ions in excess [78]. Treatment with 
Hg(II) ions led to a different absorption edge and fluorescence peak of 
the QD, but other ions such as Ag(I) and Pb(II) produce similar cation 
exchange reactions with similar fluorescence bands than those 
observed for Hg(II) ions exchange. A similar behaviour of Hg(II) and 
interfering Ag(I) and Pb(II) ions was also observed by using the 
biopolymer chitosan as a stabilizing agent (ZnS QD impregnated 
chitosan film) which leads lack of selectivity during Hg(II) sensing 
[78]. A similar mechanisms (cation exchange reaction between Hg(II) 
ions and Mn-doped ZnSe QDs) is the basis of other nanoprobe with 
raw QDs [79]. The doping amount of Mn(II) in doped ZnSe QD was 
estimated to be 1.8%, which is reduced to 1.1% when increasing 
concentrations of Hg(II) ions (1.1% of Mn(II) is the residual Mn(II) 
concentration which could not be replaced by Hg(II)) [79]. Mn(II) 
replacement by Hg(II) ions promotes the appearance of new 
fluorescence peak at 600 nm, and significant enhancement of 
fluorescence intensity at 600 nm was observed only when Hg(II) ions 
are present (fluorescence which is directly related to the Hg(II) ions 
concentration) [79]. Selectivity for Hg(II) ions is therefore obtained 
when measuring at the 600 nm fluorescence wavelength. 

Raw CdTe QDs have been also used for preparing a nanoprobe 
based on the fluorescence quenching when the nanomaterial is mixed 
with L-cysteine and Hg(II) ions [80]. The presence of L-cysteine 
promote 1.3-fold fluorescence increases of CdTe QDs because of the 
strong affinity of the thiol group towards Cd(II) on the surface of 
CdTe QDs (the bonded Cd-S can improve the recombination 
fluorescence of CdTe QDs by creating more radiative centers at the 
CdTe/Cd-SR complex and stimulation blocking of nonradiative 
electron-hole recombination defect sites on the surface of CdTe) [80]. 
When Hg(II) ions are present, a significant fluorescence quenching is 
produced, moreover the fluorescence peak shifts to higher 
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wavelengths (red), which implies mechanisms of competition of 
ligands and also electron transfer [80]. However, the same effect was 
also obtained for other ions such as Ag(I) and Cu(II), and a specific 
nanoprobe for Hg(II) is only possible after using masking agents such 
as DDTC for Ag(I) and Cu(II) interferences removal [80]. 

Selectivity improvements can be achieved by modifying the 
surface of the raw QDs (capped QDs) [74]. Because of the strong 
affinity of Hg(II) ions to sulfidryl groups, reagents such as 
thioglycolic acid (TGA) [81], mercaptopropionic acid (MPA) [82], 
and L-cysteine [83] have been used for developing selective QD 
probes for Hg(II) ions. Quenching mechanisms of Hg(II) ions and 
TGA capped-CdTe QDs and L-cysteine capped-Mn-doped ZnS QDs 
was explained by both electron transfer and ion-binding, but the 
former effect may play a leading role [81,83]. However, Li et al. [82] 
suggest that quenching mechanisms in MPA capped-CdTe QDs is 
attributed to nanoparticles agglomeration due to changes of surface 
chemical properties when Hg(II) ions are present. 

Regarding selectivity, TGA capped-CdTe QDs sensing has been 
reported to be interfered by Cu(II) and Ag(I) ions, and a further QD 
coating with denatured bovine serum albumin (dBSA) was needed to 
diminish interferences since dBSA provides enhanced coordinated 
interactions between CdTe QD surface and sulfur atoms through the 
formation of a shell-like CdTex(dBSA)1−x complex [81]. However, 
nanoprobes based on MPA capped-CdTe QDs [82] and L-cysteine 
capped-Mn-doped ZnS QDs [83] have been reported to be quite 
selective to Hg(II) ions.   

Other composites such as a QD derived from fluorescent 
semiconducting polymer (pQDs) prepared from poly (3,4-
ethylenedioxythiophene) (PEDOT) [84] and Fe3O4@SiO2/dendrimers/
CdTe-QD system [85], have been also developed for selective Hg(II) 
ions sensing. The reagent 3,4-ethylenedioxythiophene (EDOT) 
dissolved in 1-n-butyl-3-methylimidazolium tetrafluoroborate 
(BMIMBF4) was polymerized on an indium tin oxide (ITO) working 
electrode, and the generated pQDs exfoliated from the fibrous 
electropolymerized PEDOT film were found to be selective for Hg(II) 
ions [84]. The sensing mechanisms was explained on the basis of pQDs 
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aggregation induced by Hg(II) ions which diminishes fluorescence. 
Hg(II) ions act as coordinating centers to bridge several pQDs 
together, by interacting with thiophene groups from PEDOT and 
imidazole groups from BMIM associated with pQD via π-π interaction 
[84]. 

Finally, the formation of strong and stable T-Hg(II)-T complexes 
(coordination chemistry mechanisms) by using oligonucleotides 
containing thymine has been also used for developing a selective 
aptasensor for Hg(II) ions detection consisting of adsorbed 
Fe3O4@SiO2/dendrimers/CdTe@CdS QDs-DNA composite 
(polyamidoamine dendrimer, PAMAM) and conjugated Au NPs-
ssDNA onto an ITO working electrode [85]. Fe3O4@SiO2/dendrimers/
QDs exhibited amplified electrochemiluminescence (ECL) emissions 
(switch “on” state) and with the hybridization between T-rich ssDNA 
immobilized on the Fe3O4@SiO2/dendrimers/QDs and AuNPs modified 
with complementary aptamer (AuNPs-ssDNA) the ECL of QDs 
nanocomposites was efficiently quenched (switch “off” state). In the 
presence of Hg(II) ions, formation of strong and stable T-Hg(II)-T 
complexes led to the release of the AuNPs-ssDNA from double-
stranded DNA(dsDNA) and the recovery of the ECL signal of QDs 
(second signal switch “on” state) [85]. 

Regarding arsenic, a nanoprobe consisting of CdSe/ZnS QDs 
coated with the Tb(III)-guanosine monophosphate complex (Tb-GMP) 
has been developed for the selective determination of As(V) ions [86]. 
The material exhibits two emission fluorescence bands, one attributed 
to the Tb-GMP system and another to the CdSe/ZnS QDs, the former 
is selectively quenched in presence of acid phosphatase (ACP) 
because of GMP hydrolysis. The presence of As(V) inhibits the 
activity of ACP, resulting an increase of fluorescence attributed to Tb-
GMP which is proportional to the As(V) ions concentration [86].   

Fe3O4 NPs functionalized graphene oxide quantum dots (GQDs), 
formally magnetic graphene oxide quantum dots (m-GQDs, Fe-
GQDs) have been also used as a sensor for “turn on” sensing of 
As(III) ions [87]. The fluorescence emission of the composite is 
attributed to the transfer of electrons from the N atom of amide bond 
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with Fe3O4 NPs to the π-conjugation system of GQDs. The presence 
of As(III) ions causes large fluorescence enhancement because of 
aggregation due to complex formation, and intramolecular and extra-
molecular interactions between As(III) ions and m-GQDs. The 
coordination between As(III) ions and Fe3O4 NPs through the 
hydroxyl groups leads to a physical and chemical adsorption process, 
which occurs at all pHs. Other metallic ions promote aggregation and 
hence fluorescence enhancement depending on the pH, and the As(III) 
sensing  procedure has been found to be interfered when working at 
alkaline pHs [87].   

2.3.2.2. Nanoprobes based on carbon dots 
CDs synthesis is performed by heating compounds rich in C 

under controlled conditions, and microwave assistance is typically 
used to speed up the process [88-91], although ultrasound have been 
also applied for in situ CDs synthesis [92]. The recognition 
mechanism for CDs for Hg(II) ions detection involves the electrostatic 
interaction between Hg(II) ions and certain functional groups in the 
CDs. The use of thiourea, in combination with citric acid and urea, 
during CDs synthesis promotes the presence of S atoms in the 
nanostructures, which allows the strong binding between Hg(II) ions 
and the surface of the CDs [88]. The binding facilitates the 
electron/hole recombination annihilation through an alternate and 
efficient electron transfer process, and hence CDs fluorescence 
quenching [88]. Selectivity, however, was moderate, and I- as well as 
some amino acids (glutamic acid, glutamine, cysteine, and histidine) 
have been found to be serious interferences when assessing Hg(II) 
ions. 

Carbon nitride quantum dots (CNQDs) are synthesized using a 
nitrogen containing reagent (urea) together with the carbon source 
(citric acid or sodium citrate) [89,90]. Cao et al. explain the 
fluorescence quenching on the basis of two possible mechanisms, the 
ability of Hg(II) ions to form a stable non-fluorescent complex with 
the CNQDs, and an aggregate-induced quenching as a consequence of 
Hg(II) ions simultaneous binding to multiple N atoms of the CNQDs 
and O-contained groups (CNQDs was synthesised in the presence of 
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oleic acid) which induces aggregation [89]. High selectivity has been 
reported since the greater affinity of Hg(II) ions towards N, and the 
larger radius of Hg(II) ions than other metallic ions. High selectivity 
for Hg(II) ions has been also observed in a chemiluminescence (CL) 
system formed by CNQDs and the oxidant potassium ferricyanide 
which induces CL [90]. The presence of Hg(II) ions inhibits the CL 
reaction and the luminescence quenching is easily related to the Hg(II) 
ions concentration.  

CNQDs synthesized from citric acid and N-(2-
hydroxyethyl)ethylenediamine as a N source have been also used for 
preparing fluorescent hydrogel films after reaction with 
polyvinylamine (PVAm) and polymerization with acrylamide (AM) 
[91]. The PVAm-g-N-CDs/PAM hydrogel film responds to Hg(II) 
ions due to the formation of a stable non-fluorescent N-CDs-Hg(II) 
complex which facilitate non-radiative electron/hole recombination 
annihilation, and hence fluorescence quenching [91]. Although the 
highest fluorescence quenching was observed with the addition of 
Hg(II) ions, other metallic ions showed a moderate effect.  

Finally, ultrasonication (ultrasound probe) has been used for in 
situ CDs synthesis from D-fructose and polyethylene glycol (PEG), 
procedure which is completed after only 60 s [92]. When the 
sonochemical CDs synthesis is performed in the presence of MeHg(I), 
a significant fluorescence quenching occurs, phenomena attributed to 
the hydrophobicity of MeHg(I) and its ultrasound-assisted permeation 
through the PEG coating. Other metallic ions, Hg(II) included, do not 
quench the CDs fluorescence, which implies a high selectivity for 
MeHg(I).  

2.3.3. Molecularly/ionic imprinted polymer - quantum dots 
composites 

Selectivity of the chemosensor systems is quite important to 
ensure a specific target assessment. As previously commented, IIPs 
are excellent materials for providing selectivity for the ion used as a 
template during the polymerization process, and improved selectivity 
of QD-based chemosensors can be achieved by coating the QDs’ 
surface with MIPs and IIPs [74]. Despite there are several MIP-QD-



I. Introduction 

65 

based chemosensors for organic targets [73,74], IIP-QDs-based 
systems for metallic ions are scarce. One of the drawbacks for 
preparing IIP-QDs is the template removal stage, which usually 
required concentrated mineral acids such as nitric acid and 
hydrochloric acid, compared to organic solvents used for treating 
MIP-QDs. IIP anchorage on the QDs’ surface can be altered after the 
template removal process, and the luminescence properties of the QDs 
could also diminish. 

An IIP-QDs chemosensor consisting of Mn doped ZnS QDs 
coated with an IIP based on the bifunctional 1-vinylimidazole 
monomer and As(III) ion as template has been prepared and applied 
for assessing inorganic arsenic (iAs) [93]. The presence of two N 
atoms in the 1-vinylimidazole structure allows the specific interaction 
with As(III) and As(V) ions, which promotes room temperature 
phosphorescence (RTP) quenching. The distribution ratio for both 
inorganic arsenic species were similar (151 for As(III) and 91 for 
As(V)) which implies that the chemosensor is adequate for assessing 
both inorganic forms. Distribution ratios for other metallic ions and 
for organoarsenic compounds were found to be quite small, and the 
selectivity factors for these ions and organoarsenic compounds were 
high, which proved the high selectivity of the prepared material for 
iAs [93]. Template removal based on nitric acid solutions, commonly 
used for template (As(III)) removal in 1-vinylimidazole-based IIPs 
[65,67] led to IIP coating leak as well as low RTP, and the use of ionic 
liquids as extractants (1% (m/v) 1-hexyl-3-methylimidazolium 
acetate) was found to give a successful template removal without 
damage of the IIP-QD composite [93]. 

A strategy based on covering the QDs with an MIP containing a 
specific ligand for recognizing an ion, instead of using the IIP 
synthesized with the ion template, could help to overcome problems 
derived from IIP-QDs damage during the template removal process. 
This is the case of a phenobarbital-based MIP-QD composite 
synthesized with MAA as a vinylated monomer and phenobarbital as a 
non-vinylated ligand over functionalized Mn-doped ZnS QDs [94]. 
Phenobarbital is a ligand that shows high and selective affinity for 
mercury ions [53,56], and phenobarbital trapped into the polymeric 
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matrix ensures specificity towards both Hg(II) and MeHg(I) ions by 
interaction through the N functionalities [94]. 

2.4. CONCLUSIONS 

Current trends in the development of new techniques in elemental 
analysis must take economic and environmental aspects into 
consideration. Many nanomaterials-based trace element sample pre-
treatment techniques have been developed in the past for simplifying 
operations and increasing the analytical performance of the methods. 
Solid phase extraction, especially those using MIPs/IIPs, have 
provided a significant contribution to element pre-concentration and 
speciation analysis in biological, food and environmental analysis. 
QDs have gained attention over other techniques as detection 
platforms, and a progressive growth in their analytical applications has 
taken place. However, when it comes to elemental analysis, especially 
in Hg and As, MIP and QDs applications are limited, even though 
they have shown to be powerful and versatile tools in the field of 
environmental analysis.  
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II. Objectives

The aim of this Thesis is the development of rapid analysis methods to 
assess the levels of mercury and arsenic, as well as mercury (inorganic 
mercury and methylmercury) and inorganic arsenic species, in 
foodstuff (fish, seaweed and rice). 

The specific objectives are as follows: 

• Synthesis of nanoparticles with selective response to total mercury,
and inorganic arsenic based on molecularly/ionic imprinted
polymer and luminescent quantum dots (MIP/IIP-QDs),  and
characterization of the prepared nanomaterials using TEM-EDX,
FT-IR and XRF.

• Development of room temperature phosphorescent screening
methods based on IIP-QDs for a fast and low-cost determination of
inorganic arsenic [As(III) and As(V)] in fish.

• Synthesis of molecularly and ionic imprinted polymers as new
selective absorbents to develop solid-phase and micro-solid phase
extraction procedures for the isolation/pre-concentration of
inorganic mercury and methylmercury, and inorganic arsenic
species [As(III) and As(V)] from foodstuff.

• Development of IIP based-solid phase extraction (on-column)
procedures combined with HPLC-ICP-MS for inorganic arsenic
[As(III) and As(V)] speciation in fish. The developed methods will
be compared with screening procedures based on selective
luminescent IIP-QDs for total inorganic arsenic.

• Development of micro-solid phase extraction procedures (ionic
imprinted polymer vortex-assisted dispersive micro-solid phase
extraction) combined with HPLC-ICP-MS for inorganic arsenic
speciation in rice.

• Development of room temperature phosphorescent screening
methods based on phenobarbital containing polymer/ silica coated
QDs composites for a fast and low-cost determination of total
mercury (inorganic mercury and methylmercury) in fish.

• Development of MIP based-solid phase extraction (on-column)
procedures combined with HPLC-ICP-MS for inorganic mercury
and methylmercury speciation in seaweed.
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Abstract 
A novel room temperature phosphorescence chemosensor probe has 
been successfully developed and applied to the selective detection and 
quantification of inorganic arsenic (As(III) plus As(V)) in fish 
samples. The prepared material (IIP@ZnS:Mn QDs) was based on 
Mn-doped ZnS quantum dots coated with (3-aminopropyl) 
triethoxysilane and an As(III) ionic imprinted polymer. The novel use 
of vinyl imidazole as a complexing reagent when synthesizing the 
ionic imprinted polymer guarantees that both inorganic arsenic species 
(As(III) and As(V)) can interact with the recognition cavities in the 
ionic imprinted polymer. After characterization, several studies were 
performed to enhance the interaction between the targets (As(III) and 
As(V) ions) and the IIP@ZnS:Mn QDs nanoparticles. The 
optimization and validation process showed that the composite 
material offers high selectivity (high imprinting factor) for inorganic 
arsenic species. The limit of quantification for total inorganic As was 
29.6 µg kg-1, value lower than the EU/EC regulation limits proposed 
for other foodstuffs than fish, such as rice. The proposed method is 
therefore simple, requires short analysis times and offers good 
sensitivity, precision (inter-day relative standard deviations lower than 
10%), and quantitative analytical recoveries. The method has been 
successfully applied to assess total inorganic arsenic in several fishery 
products, showing good agreement with the total inorganic arsenic 
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concentration (As(III) plus As(V)) found after applying other 
advanced and expensive methods such those based on high 
performance liquid chromatography hyphenated to inductively 
coupled plasma – mass spectrometry. 

Keywords: Silica-coated Mn-doped ZnS quantum dots, ionic 
imprinted polymer, room temperature phosphorescence, inorganic 
arsenic, fish, chemosensor probe 

1.1. INTRODUCTION 

Arsenic (As) is one of the major global environmental pollutants and 
it is a naturally occurring element at trace levels in the air, water, soil, 
and in animals and plants [1]. The Agency for Toxic Substances and 
Disease Registry (ATSDR) of the United States ranked arsenic as 
number one in their Substance Priority List in 2017, while the 
International Agency for Research on Cancer (IARC) has classified 
arsenic as a class one carcinogen due to the existence of sufficient 
evidence of human carcinogenetic effect [2,3]. Food and water are the 
main pathways for As exposure in human population. Moreover, 
seafood and fish are one of the major contributors to As in the diet [4]. 
The toxicity and bioavailability of As depends on its concentration 
and chemical form; hence, speciation data is essential to define the 
toxicological endpoint [5]. Arsenobetaine (AsB) is considered a non-
toxic form and it has been identified to be the major arsenical in 
seafood, while other organic toxic As species such as monomethyl 
arsenic (MMA), dimethyl arsenic (DMA), and most toxic inorganic 
As species such as arsenite [As(III)] and arsenate [As(V)] have been 
also found in seafood and fish [6]. 

Semiconductor nanocrystals or quantum dots (QDs) have been 
widely used as probes for recognizing and sensing molecules [7,8] 
because of their unique optical and electronic properties such as large 
surface-to-volume ratios, high luminescence efficiency, narrow 
symmetric emission and excellent photostability and quantum-size 
effects [9,10]. Inherent luminescent properties of QDs make them to 
be appealing materials for chemosensors development as reviewed by 
Costa-Mora et al. [11]. Most of applications, however, have exploited 
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the QDs’ fluorescent properties, and little attention has been paid to 
room temperature phosphorescence (RTP). The main advantage of 
RTP is the longer luminescence (RTP) lifetime, which helps to avoid 
interferences from auto-fluorescence and scattering light, and 
increases detection reliability [8]. Therefore, some doped 
(functionalized) semiconductor systems based on RTP have been 
developed for the detection of several molecules and metal ions such 
as acetone in water and urine [12], thiram residues in fresh fruit peels 
[13], and 2,4,6-trinitrotoluene [8], sulfide [14], Hg(II) [15], Pb(II) 
[16], and Mn(VII) [17] in water samples.  

However, selectivity of QDs-based chemosensors has been 
reported to be poor and the methods are not straightforward for 
complex samples. Selectivity improvement can be easily reached 
when combining Molecular Imprinting Technology (MIT) with QDs. 
MIT is an appealing technique to design tailor-made materials with 
high selectivity for a target molecule (Molecularly Imprinted 
Polymers, MIPs) [18], or for a target ion (Ionic Imprinted Polymers, 
IIPs) [19]. The synthesis of MIP/IIP-QD composites becomes 
therefore a hot spot in analytical science because allows overcoming 
the problems related to the lack of selectivity of QD measurements, 
and offers sensitive determinations based on the inherent QDs’ 
luminescent properties. Recent reviews on this issue show an 
increasing number of MIP-QDs-based fluorescence methods for the 
selective detection of organic compounds [20]. 

Despite IIPs have been used for selective adsorbents in solid 
phase extraction (SPE) procedures [19], there are few developments 
for IIP-QD composites for metal ions sensing. To the best of our 
knowledge, there are only two recent developments combining IIP and 
QDs for fluorescence sensing of Cu(II) and Hg(II) in water [22] and 
Cr(VI) in aqueous solutions [23]. The approach performed by Qi et al. 
[22] consists of grafted IIP-CdTe QDs for a fluorescence multiplexed 
detection of Cu(II)and Hg(II) ions; whereas, Cr(IV) detection was 
carried out by Mn-doped ZnS QDs [23]. Sensitive and selectivity RTP 
chemosensors based on IIP-QDs have still not been developed, and 
our studies are the first RTP probe for metal ions and also the first for 
inorganic arsenic (As(III) and As(V)). The use of a bifunctional 
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monomer such as 1-vinyl imidazole allows selective recognition 
cavities for the template ion (As(III)) and also for As(V), structurally 
similar ions, which generate a selective chemosensor for inorganic As 
species (both inorganic As species are highly toxic species). The 
chemosensor system proposed is therefore less expensive than 
methodologies based on high performance liquid chromatography 
(HPLC) and atomic spectrometric techniques (mainly inductively 
coupled plasma – mass spectrometry, ICP-MS), and requires a simple 
sample pre-treatment. The development of new methods for detecting 
inorganic As in fish with convenience, low cost, high sensitivity, and 
fast analysis is a great challenge. To the best of the authors' 
knowledge, the current research is the first attempt to develop a 
phosphorescent IIP-QDs composite for the detection and 
quantification of total inorganic As. High sensitive and selective total 
inorganic As can be attained using low-cost instrumentation such as 
those based on phosphorescence measurements. 

1.2. MATERIALS AND METHODS 

1.2.1. Reagents 
All chemicals and reagents used were of analytical grade or better, and 
they were used as received in the lab, except 2,2’-
azobisisobutyronitrile (AIBN) and divinylbenzene (DVB), both 
reagents from Sigma Aldrich (Steinheim, Germany), which were 
subjected to a further purification procedure (polymerization inhibitor 
removal according to Chantada-Vázquez et al. [24]. Briefly, AIBN 
was purified by crystallization at -20 °C after dissolving the reagent in 
Chromasolv methanol (Merck, Darmstadt, Germany) at 50-60 °C. 
DVB reagent was passed throughout a mini column containing 0.50 g 
of neutral alumina (Merck). All aqueous solutions were prepared with 
ultrapure water with a resistivity of 18.2 MΩ cm-1 (Milli Q-A10, 
Millipore, Bedford, MA, USA). Mn-doped ZnS QDs were synthesized 
using zinc sulphate heptahydrate (Panreac, Barcelona, Spain), 
manganese dichloride (Merck) and sodium sulfide hydrate from Fluka 
(Buchs, Switzerland). APTES (3-aminopropyl)-triethoxysilane, 
powdered sodium(meta)arsenite, and 1-vinyl imidazole were from 
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Sigma Aldrich. Arsenite and arsenate stock standard solutions, 1000 
mg L-1, were from Panreac. Standard solutions of monomethyl arsenic 
(MMA), dimethyl arsenic (DMA), arsenobetaine (AsB) and 
arsenocholine (AsC) (1000 mg L-1) were prepared by dissolving the 
appropriate amounts of MMA (Carlo Erba, Milan, Italy), DMA 
(Merck), and AsB and AsC (Tri Chemical Laboratory Inc, Yamanashi, 
Japan). 

Nitric acid (Hyperpur, 69%), 33% hydrogen peroxide, acetic 
acid, and ethanol were supplied by Panreac; whereas, ammonium 
dihydrogen phosphate was from BDH (Poole, United Kingdom). 
NexIon Setup Solution (10 μg L-1 of Be, Ce, Fe, In, Li, Mg, Pb, and U 
in 1% HNO3) was purchased by Perkin Elmer (Shelton, CT, USA). 
Multi-element standard solutions (cross-reactivity studies) were 
prepared by combining single Ca, Co and Mg stock standard solutions 
(1000 mg L-1) from Merck, single Cr, Hg, K, P, Pb and Zn, stock 
standard solutions (1000 mg L-1) from Scharlab (Barcelona, Spain), 
and single Cd, Cu, Fe and Na stock standard solutions (1000 mg L-1) 
from Perkin Elmer. Internal standard (Ge) for ICP-MS measurements 
were prepared from a single-element standard (1000 mg L-1) 
purchased from Perkin Elmer. 1-hexyl-3-methylimidazolium was 
purchased from IoLiTec Ionic Liquids Technologies, (Heilbronn, 
Germany). The BCR-668 (mussel tissue) certified reference material 
(CRM) was from the European Commission Joint Research Centre, 
Institute for Reference Materials and Measurements (Geel, Belgium). 
Other consumables were Durapore 0.20 µm membrane filters 
(Millipore), disposable syringes (sterile, 5 mL) (Dispomed, 
Gelnhausen, Germany), replacement polytetrafluorethylene frits (20 
µm porosity for use with 6 mL glass SPE tubes) from Supelco 
(Bellefonte, USA), and cellulose acetate 0.45 μm syringe filters 
(Labbox Labware S.L., Barcelona, Spain). 

1.2.2. Instrumentation 
Morphology of synthesized IIP-QDs was assessed by transmission 
electron microscopy – energy-dispersive spectroscopy (TEM-EDS) 
using a JEM-2010F (JEOL, (Tokyo, Japan) equipped with an 
IncaEnergy TEM detector (Oxford Instruments, High Wycombe, 
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United Kingdom) operating as high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM). Microstructure of 
the prepared material was assessed by X-ray diffraction spectrometry 
(XRD) using an EMPYREAM instrument from PaNalytical (Almelo, 
Netherlands). A Spectrum-Two FT-IR spectrometer from Perkin 
Elmer (Waltham, MA, USA) operating at the attenuated total 
reflectance (ATR) mode was also used for characterizing the 
synthesized material. 

A Cary Eclipse fluorescence spectrophotometer from Varian 
(Victoria, Australia) equipped with a xenon discharge lamp and 10 
mm quartz cells and operating in phosphorescence mode was used for 
RTP measurements. Single determination of inorganic As species (III 
and V) by HPLC-ICP-MS were performed with a Flexar high-
performance liquid chromatograph hyphenated to a NexION 300 
inductively coupled plasma mass spectrometer (Perkin Elmer, 
Waltham, USA). The As species were separated using a PRP×100 
column (10 µm, 4.1×100 mm) from Hamilton (Reno, NV, USA). The 
same ICP-MS instrument connected to a SeaFast SC2DX autosampler 
(Elemental Scientific, Omaha, NB, USA) was also used for total As 
determination after microwave assisted acid digestion of fish samples 
using a Milestone Ethos Plus high-performance lab station (Sorisole, 
BG, Italy).  

An ASE150 accelerated solvent extractor (Dionex Corporation, 
Sunnyvale, CA, USA) was used for template removal from IIP-QDs 
nanoparticles. An USC60TH ultrasonic cleaner bath (45 kHz, 120 W) 
from VWR (Leuven, Belgium), an ultracentrifuge (Sigma 2K15, 
Osterode, Germany), a Basic 20 pH meter with glass combined 
electrode (Crison, Barcelona, Spain), a domestic Taurus blade grinder 
(Taurus, Barcelona, Spain), an oven model 207 from Selecta 
(Barcelona, Spain), and a Classic ML analytical balance (Mettler 
Toledo, Columbus, OH, USA) were used throughout this research. 

1.2.3. Synthesis of IIP@ZnS:Mn QDs 
Water-soluble IIP coated Mn-doped ZnS QDs (IIPs@ZnS:Mn QDs 
=IIP-QDs) were synthesized via the procedure explained by Ren and 
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Chen [25] with some modifications. The procedure includes four 
steps: 

(1) Briefly, 12.5 mmol ZnSO4ꞏ7H2O, 1 mmol of MnCl2 and 40 
mL of ultrapure water were placed into a three-neck flask under 
ultrasonication and N2 stream. After 10 min, 10 mL of 1.25 mmol of 
Na2S was added dropwise using an addition funnel. The 
ultrasonication continued for 30 min, and then 2.5 mL of APTES was 
added. Afterwards, ultrasonication was kept for 4.5 h under the N2 
stream. The synthesized Mn-doped ZnS QDs were isolated by 
centrifugation at 3000 rpm for 20 min. The centrifugation step was 
repeated 3 times, washing with 5 mL ethanol between each step. 
Synthesized nanoparticles were dried inside a desiccator in the dark, 
and finally stored at 4 °C.  

(2) A pre-polymerization mixture was prepared by dissolving 1.5 
mmol of NaAsO2 and 6.5 mmol of vinyl imidazole in 10 mL of acetic 
acid in methanol (25 % v/v), sparging with N2. The mixture was 
stored in the dark for 12 h to facilitate template and monomer 
assembly. The template was not used in this step for the synthesis of 
the non-imprinted polymer (NIP). 

(3) The third step of the synthesis consists of mixing 
approximately 0.5 g of ZnS:Mn doped QDs with the pre-
polymerization mixture (10 mL of 25%(v/v) acetic acid in methanol 
containing NaAsO2 and 1-vinyl imidazole), 32 mmol of DVB, 25 mL 
ultrapure water, and 40 mg of AIBN. The polymerization was carried 
out for 5 h under ultrasounds. Finally, the IIP-QDs were cleaned with 
60 mL of ethanol, dried and stored in the dark at 4 °C. 

(4) Template removal is a critical procedure in the IIP-QDs 
synthesis process. Three different procedures were tested to remove 
the template (NaAsO2) by using an aqueous solution of ionic liquid 
(IL) 1-hexyl-3-methylimidazolium acetate at 1% (m/v) as an 
extractant. In the first procedure, 0.5 g of IIP-QDs were packed into 5 
mL syringes (polymer material between polytetrafluorethylene frits), 
and a volume of 750 mL of the IL solution was passed at a 0.5 mL 
min-1 flow rate. In the second procedure, a mass of 0.5 g of IIP-QDs 
was placed into a beaker and stirred with 50 mL of IL solution for 6 h 
(the process was repeated 10 times with fresh extractant solution).  In 
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the third method, a mass 0.5 g of IIP-QDs was introduced into the 
ASE cell and the extraction was carried out during 7 cycles 
(temperature 80 °C, pressure 1500 psi, extraction time 10 min, 
extraction volume 20 mL). Negligible NaAsO2 amounts (As(III) 
concentrations by ICP-MS) were found in the final washing solution 
after the application of any of the procedures. The ASE procedure is a 
quick and easy-to-use method; however, the resulted IIP-QDs were 
less stable when suspended in the aqueous solution than those IIP-
QDs after template removal by using the other two methods. This may 
be due to high pressure of the ASE. Therefore, on-column and stirring 
procedures were finally selected for template removal. 

1.2.4. Phosphorescence measurements 
Measurements were carried out in phosphorescence scan mode at 
room temperature (20-25 °C). The excitation and emission slit widths 
were 10 nm and 20 nm, respectively. The photomultiplier voltage was 
set as a medium, while excitation wavelength (289 nm) and emission 
wavelength (595 nm; scan started at 520 nm and ended up at 720 nm) 
were selected. Moreover, the acquisition parameters in 
phosphorescence mode (total decay time, number of flashes, delay 
time and gate time) were 0.006 s, 1, 0.1 ms and 3.0 ms, respectively. 
All the measurements were carried out with the appropriate quantity 
of IIP-QDs or NIP@ZnS:Mn QDs (NIP-QDs) dispersed in a constant 
volume of 0.1M/0.1M KH2PO4-NaOH solution. The determination of 
inorganic As (III and V) was based on the decrease on the 
phosphorescence intensity (quenching effect) when these ions are 
present and interact with the recognition cavities of the IIP layer over 
the luminescent QDs. 

1.2.5. Analysis of samples 
Fish samples were obtained from local markets in Santiago de 
Compostela, and the following species were studied: yellowfin tuna 
(Thunnus albacares), swordfish (Xiphias gladius), blue shark 
(Prionace glauca) and cod (Gadus morhua). Inorganic arsenic 
extraction was performed using the following procedure: 
Approximately, 1.0 g of homogenate fish sample (0.2 g of CRM) was 



III. Results and Discussion. CHAPTER 1

97 

mixed with 5 mL of ultra-pure water under ultrasounds for 30 min. 
The mixture was then centrifuged (3000 rpm, 10 min), and the 
supernatant was decanted. The above procedure was repeated twice, 
and supernatants were combined and filtered before RTP and HPLC-
ICP-MS (method used for comparison purposes, details in Table S1, 
electronic supplementary information ESI) measurements. 

For total As assessment in fish, samples were acid digested by 
using microwave assistance. Briefly, 1.0 g of fish sample (0.2 g of 
CRM) was placed in the microwave reactors and pre-digested with 3.0 
mL of 69 % (v/v) HNO3, 4.0 mL of ultrapure water and 1.0 mL of 
H2O2 for 15 min at room temperature. Pre-digested samples were then 
subjected to microwave by increasing the temperature from room 
temperature to 180 °C for 15 min, followed by a treatment at this 
temperature for 10 min. Acid digests were then made up to 25 mL 
with ultrapure water, and they were stored in polyethylene bottles at 
room temperature before ICP-MS analysis (operating conditions in 
Table S2, ESI).  

1.3. RESULTS AND DISCUSSION 

1.3.1. Preparation and characterization of IIP/NIP@ZnS:Mn QDs 
Silica coating core-shell rational design has been developed for 
synthesis nanomaterials with versatile advantages [8]. Silica is 
considered as ‘generally recognized as a safe’ (GRAS) by the United 
States Food and Drug Administrator (US-FDA) due to low toxicity 
[26]. APTES (3-aminopropyl) triethoxysilane) and TEOS 
(tetraethoxysilane) are the most common used silica-based compounds 
and they are applied to enhance the mechanical stability of colloidal 
particles [27]. These reagents also offer good biocompatibility, non-
swelling properties, and low cost [27]. Moreover, silica-coated 
nanomaterials improve wettability, and also surfaces can easily be 
modified with bio-conjugators [28]. Additionally, silica is facilitated 
to increase in size by ‘seed-growth’ process, chemically inert, and 
optically transparent [29], and APTES could also act as functional 
monomer for further IIP and MIP synthesis. 

The synthesis of IIP-QDs and NIP-QDs (Figure 1) requires the 
use of APTES coated ZnS:Mn QDs synthesis before the formation of 
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ionic imprinted polymer films onto the surface of QDs using NaAsO2 
as a template ion and 1-vinyl imidazole as a bifunctional monomer. 
The use of bifunctional vinylated compounds guarantees the presence 
of vinyl groups for further polymerization, and also the presence of 
functional groups for interaction (complexation) with the ion 
(template). In the case of 1-vinyl imidazole, the presence of two 
nitrogen atoms in the structure allows the interaction with As(III) ions 
and also with As(V) ions, as will be demonstrated when studying the 
imprinting and selectivity factors (section 1.3.3). As reported by Tsoi 
et al. [32], 1-vinyl imidazole based As-IIPs have superior selectivity 
and analyte recognition than those IIPs obtained when using other 
monomers such as styrene and vinylated pyridine. 

Figure 1. Schematic procedure for the synthesis of Mn-ZnS@SiO2 QDs and IIP-
Mn-ZnS@SiO2 QDs 

FTIR spectra (400-4000 cm-1) of IIP-QDs (before and after 
removing template) and NIP-QDs are shown in Figure 2. The bands 
from 1000-1150 cm-1, 790-795 cm-1, and 470 cm-1 are attributed to the 
asymmetric and symmetric stretching vibration of Si-O-Si, and Si-O 
of SiO2. The peaks at 2923 cm-1 and 2853 cm-1 are due to C-H 
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stretching vibration of the propyl group [30,31]. In addition, the 
characteristics peak at 610 cm-1 is assigned to the ZnS band [24]. 
Moreover, the weak absorption peaks at 1638 and 1456 cm−1 are 
assigned to the C=C and C≡N structure of the aromatic imidazole ring 
[32]. These findings prove that IIP and NIP layer was efficiently 
anchored onto the surface of the APTES-ZnS:Mn QDs. 

Figure 2.  Fourier transform infra-red spectra for IIP-QDs (with and without 
template), and NIP-QDs 

XRD was used to study the purity and crystalline structure of the 
nanoparticles. Figure S1 (ESI section) showed the X-ray diffraction 
pattern of the IIP-QDs (before and after template removal), and NIP-
QDs.  Th e XRD p attern  of Zn S QD sh o wed  bro ad  diffraction β-ZnS 
peaks at 2θ values of 28.74°, 47.7° and 56.5° which correspond to the 
cubic structure with peaks assigned to 111, 220 and 311. These figures 
agree with those reported by Mohagheghpour et al. [33] regarding 
Zn1–xMnxS QDs. The mean crystallite size after using the Debye–
Scherrer equation [34] was estimated to be 17.2±1.5  (1.7±0.02 nm) 
for IIP-QD before template removal and 19.3±2.3  (1.9±0.02 nm) for 
IIP-QD after template removal. These findings show that the template 
removal process did not affect the crystalline structure. 
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The structure of the QDs was examined by TEM, and IIP/NIP-
QDs particles were found to be agglomerated spheres covered with the 
polymer (NIP and IIP) as shown in Figure 3A-C. EDS analysis 
(Figure S2A-C, ESI section) confirms the presence of Zn, S, Mn, and 
Si in the prepared composites, and also the presence of As in IIP-QDs 
before template (As(III)) removal (Figure S2B, ESI section).  

Figure 3. TEM analysis for NIP-QDs (A), IIP-QDs before template removal (B), and 
IIP-QDs after template removal (C) 

1.3.2. Variables affecting the RTP quenching by inorganic arsenic 
species 

1.3.2.1.  Effect of the interaction time between inorganic As 
and IIP-QDs  
In order to investigate the influence of the interaction time 

between As(III) ions and IIP-QDs on RTP intensity, an aqueous IIP-
QDs (50 mg L-1) solution was prepared in 0.1 M KH2PO4/0.1 M 
NaOH (pH 8.0), and then 1.5 mL aliquots of the prepared IIP-QDs 
solution were mixed with 40 µL of aqueous As (III) at 500 µg L-1

prepared in 0.1 M KH2PO4/0.1 M NaOH (pH 8.0) and 460 µL 
prepared in 0.1 M KH2PO4/0.1 M NaOH (pH 8.0) which yields to an 
As(III) concentration of 10 µg L-1 after dilution in the screw-capped 
vials (40 µL to 2.0 mL). The RTP intensity was measured until 30 min 
in 2 min intervals and RTP intensity was found to be stable after 15 
min. Therefore, 15 min was selected as interaction time for further 
experiments.  
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1.3.2.2.  Effect of the pH 
The effect of the pH on RTP intensity was studied within the 5.0-

8.0 pH range by preparing IIP-QDs (50 mg L-1) solutions in 0.1 M 
KH2PO4/0.1 M NaOH at each pH. In accordance to Smedley and 
Kinniburgh [35], As(III) species prevails at pH between 7 and 10, and 
a better chemosensor response for As(III) is expected at a neutral pH 
and/or at slight alkaline pHs. The required amount of As (III) standard 
solution (final As(III) concentration between 0 and 50 µg L-1) was 
also prepared in 0.1 M KH2PO4/0.1 M NaOH at the selected pH. 
Experiments involved the use of 1.5 mL of IIP-QDs solution, and 
variable volumes of As(III) solutions to obtain As(III) within the 0-50 
µg L-1 after dilution to 2.0 mL (0.1 M KH2PO4/0.1 M NaOH at the 
selected pH was used as diluent). RTP intensities were measured after 
15 min and results in triplicate are plotted on Figure 4A. Good 
linearity was observed between 0-20 µg L-1, and the highest RTP 
quenching (highest slope) was observed at pH 7.0, that was chosen for 
further experiments. 

1.3.2.3.  Effect of the IIP-QDs concentration 
Several IIP-QDs concentrations (20, 50, 100, 200 and 500 mg L-1) 

prepared in 0.1M KH2PO4/0.1 M NaOH at pH 7.0 were used to 
investigate the effect of the IIP-QDs concentration on the As (III) RTP 
quenching system (As concentrations ranging from 0-20 µg L-1). 
Results are given in Figure 4B, and the highest slope (highest RTP 
quenching) was obtained when using an IIP-QDs concentration of 
20 mg L-1. Additional experiments were further performed with 
higher As(III) concentrations (50 and 100 µg L-1) and higher IIP-QDs 
concentrations. However, RTP quenching did not increase probably 
due to nanoparticles aggregation and cloudiness [36]. Therefore, IIP-
QDs concentration was fixed at 20 mg L-1. 
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Figure 4. Effect of the pH (A) and IIP-QDs concentration (B) on the 
RTP quenching by As (III) concentration 

1.3.2.4.  Interaction between IIP-QDs and As (III) and As (V) 
species 
Although the template used for IIP synthesis (As(III)) was used 

for optimizing the best conditions for RTP quenching, the effect of 
both inorganic As species (As(III) and As(V)) were evaluated since a 
screening RTP probe is expected for total inorganic As (As(III) plus 
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As(V)). The quenching effect of As (III) and As (V) at concentrations 
within the 0-20 µg L-1 range was tested using 20 mg L-1 IIP-QDs 
under optimum conditions (use of 0.1M KH2PO4/0.1M NaOH, pH 7.0 
as a diluent and RTP measurement after 15 min). Experiments in 
triplicate showed slopes of -4.90±0.29 and -4.38±0.65 for As (III) and 
As (V), respectively. The slightly experimental difference obtained 
may be due to the quenching effect depending on the recognition 
cavity generated by the template molecule (NaAsO2), although the 
prepared material shows good recognition properties also for As(V). 
The quenching effect on IIP-QDs caused by the interaction with 
As(III) and As(V) within the 0-20 µg L-1 range is graphically shown in 
Figure 5A,B. 

Figure 5. RTP quenching of IIP-QDs concentration in presence of increasing 
concentrations of As(III) (A) and As(V) (B) 



BEDIGAMA KANKANAMGE KOLITA KAMAL JINADASA 

104 

1.3.3. Imprinting effect and selectivity 
Several experiments were performed with IIP-QDs and NIP-QDs in 
the optimum conditions to compare the template (As(III)) responses 
and responses from other As species [As (V), AsC, AsB, MMA and 
DMA], and other elements which are present in fish such as 
microelements (Pb, Cd, Hg) and macro elements (P, K, Na, K, Ca, 
Mg, Zn, Fe, Co and Cu). The RTP quenching was measured by 
following Stern–Volmer equation [37]. 

𝑃଴

𝑃
ൌ 1 ൅ 𝐾ௌ௏ሾ𝐶ሿ     ሺ1ሻ 

where P0 and P are the RTP intensity of the IIP-QDs or NIP-QDs in 
the absence and presence of the template (As(III)) or other tested 
elements, [C] is the concentration of As(III) or other tested As species 
and elements, and KSV is the Stern-Volmer constant. 

The effect of the template (As(III)), other As species and 
microelements was studied up to 20 µg L-1; whereas, the quenching 
effect of macro elements was studied at concentrations up to 100 µg L-1. 
Results are listed in Table 1 and KSV values of 0.0106 for As (III) and 
0.0073 for As (V) when using IIP-QDs were calculated. Similar 
experiments performed by using NIP-QDs have showed negligible 
interaction between As(III) and As(V) with NIP-QDs (absence of 
quenching) which prove that RTP quenching occurs only when there 
are recognition cavities in the IIP layer over the QD nanoparticles.  

Recognition properties of the prepared composite through As(V) 
is attributed to the presence of 1-vinyl imidazole, a bifunctional 
vinylated compound (acting as monomer and interactive agent) which 
allows interaction with As(III) and As(V). In the study of Tsoi e t  a l . 
[33], the authors investigated the selectivity and interaction 
mechanism of As-IIPs polymers based on the polymerization of 
styrene and the heterocyclic analogues vinylated pyridine and 1-vinyl 
imidazole (containing one and two nitrogen atoms, respectively). They 
concluded that 1-vinyl imidazole based As-IIP has superior selectivity 
and analyte recognition due to the higher density of arsenic-binding 
N-functionalities of the monomer. Fontanals et al. [38] also found that 
vinyl imidazole-DVB resins with a high nitrogen content (higher 
polarity) retained a bigger amount of polar compounds (phenols, 
oxamyl, methomyl). Therefore, it seems that the synthesized polymer 
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can retain the template (As(III)) and also might recognize other ions 
of similar characteristics such as As(V) in the case of the present 
study. The strength of these interactions with the nitrogen ions would 
be pH-dependent. 

Experiments performed with IIP-QDs and NIP-QDs for other As 
species (organic As species) as well as for other elements (Table 1) 
have led to very small KSV constants which implies that the prepared 
material is quite selective for inorganic As. 

Table 1 also lists values regarding imprinting effect (IE as the 
ratio between KSV for IIP-QDs and KSV for NIP-QDs for each target), 
and selectivity (SF as the ratio between KSV for IIP-QDs for the 
template and KSV for IIP-QDs for the element/specie under study), 
which were calculated in accordance to 

𝐼𝐸 ൌ
𝐾ௌ௏ሺூூ௉ሻ

𝐾ௌ௏ሺேூ௉ሻ
  ሺ2ሻ 

where KSV(IIP) and KSV(NIP) are the Stern–Volmer constants for 
template and for each element/As specie under study when using IIP-
QDs and NIP-QDs, respectively; and the selectivity factor 

𝑆𝐹 ൌ
𝐾ௌ௏ሺூூ௉,஺௦ሺூூூሻሻ

𝐾ௌ௏ሺூூ௉,ொሻ
  ሺ3ሻ 

where KSV(IIP, As(III)) is the Stern–Volmer constant for template using 
IIP-QDs, and KSV(IIP, Q) is the Stern–Volmer constant for each 
element/As specie under study when using IIP-QDs. Similarly, 
selectivity factors were calculated comparing KSV(IIP,As(III)) and the 
Stern–Volmer constants for each element/As specie under study when 
using NIP-QDs 

𝑆𝐹ேூ௉ ൌ
𝐾ௌ௏ሺூூ௉,஺௦ሺூூூሻሻ

𝐾ௌ௏ሺேூ௉,ொሻ
  ሺ4ሻ 

The calculated IE was 153.4 for As (III) and 91.3 for As(V); 
whereas IE values were very small (lower than 1.5) for organic As 
species and other ions (Table 1). These results agree with calculated 
SF values, which are small for inorganic As, and high for organic As 
species and other ions. These findings imply that the material’s 
response is quite similar and selective for both inorganic As species, 
and that the RTP quenching (variable used for quantitative 
determinations) is only attributed to the presence of As(III) and 
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As(V). In addition, the high IF values for inorganic As species means 
that RTP quenching is consequence of the presence of specific 
recognition cavities for As(III) and As(V) in the IIP layer. 

Table 1. Stern-Volmer constants, imprinting effect and selectivity factors 
(IIP-QDs and NIP-QDs) for As(III), As(V), organic As species, and other ions 

KSV(IIP)
a KSV(NIP)

a Imprinting effect 
(KSV (IIP)/KSV(NIP)) 

Selectivity 
factor, SF, 

(KSV (IIP, 

As(III))/KSV( IIP,Q)) 

Selectivity 
factor SFNIP 

(KSV (IIP, 

As(III))/KSV (NIP,Q)) 

As(III) 0.0106 0.00007 151.4 _ 21.2

As(V) 0.0073 0.00008 91.3 1.45 132

AsB 0.00005 0.002 0.025 212. 5.3

AsC 0.0004 0.0018 0.22 26.5 5.9 

MMA 0.0008 0.0012 0.67 13.3 8.8 

DMA 0.0016 0.0018 0.89 6.6 5.9 

Hg 0.0008 0.0026 0.31 13.2 4.1 

Pb 0.0009 0.0009 1.00 11.8 11.8 

Cd 0.001 0.001 1.00 10.6 10.6 

P 0.0003 0.0002 1.50 35.3 53.0 

K 0.00005 0.0003 0.17 212 35.3

Ca 0.0001 0.0006 0.17 106 17.7 

Mg 0.0005 0.0004 1.25 21.2 26.5 

Na 0.0022 0.0009 2.44 4.8 11.8 

Zn 0.0011 0.0019 0.58 9.6 5.6 

Fe 0.0007 0.0004 1.75 15.1 26.5 

Co 0.0002 0.0003 0.67 53.0 35.3 

Cu 0.0006 0.001 0.60 17.7 10.6 

(a) KSV(IIP) and KSV(NIP): Stern–Volmer constants for the template and for each 
element/As specie under study when using IIP-QDs and NIP-QDs, respectively 
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1.3.4. Analytical performances 

1.3.4.1.  Calibration and matrix effect 
The matrix effect was evaluated by comparing RTP quenching 

attributed to As(III) in aqueous 0.1M KH2PO4/0.1M NaOH, pH 7.0 
(external aqueous calibration) and also when mixing fish extracts 
(standard addition calibration) at several dilution factors (1:10, 1:20 
and 1:40, which implies the use of 200, 100 and 50 µL of a fish 
extract with IIP-QDs under optimum conditions). The standard 
addition and external calibration were prepared in three different days 
and each concentration level was also performed in triplicate. The 
slopes of the standard addition calibration graphs obtained for several 
sample dilution ratios were -3.64±0.30, -2.77±0.11 and -5.59±0.34 
for 1:10, 1:20 and 1:40 dilution factors, respectively. The higher 
slope was observed when using the higher dilution factor (1:40), 
slope quite similar to that obtained when using external aqueous 
calibration (-4.90±0.29). There was no significant difference (p>0.05) 
between external calibration and 1:40 standard addition matrix dilution 
calibration curve. Hence 1:40 dilution was selected in real sample 
analysis and this dilution has been found to be adequate for assessing 
low concentrations of As (III) plus As(V) in fish samples. However, 
improvements on sensitivity could be obtained by using small dilution 
factors and the standard addition technique as a calibration method. 

1.3.4.2.  Limit of detection and limit of quantification 
The limit of detection (LOD) and the limit of quantification 

(LOQ) were calculated based on EURACHEM guideline as 3σ (σ is a 
standard deviation of 11 blank readings) for LOD, and as 10 σ for 
LOQ [39]. The RTP intensity of a solution of 1.5 mL of 20 mg L-1 
IIP-QDs in 0.1M KH2PO4/0.1M NaOH, pH 7.0 plus 0.5 mL of 0.1 M 
KH2PO4/0.1 M NaOH was measured under the previously optimized 
conditions. Then the standard deviation was divided by the slope of 
the calibration graph (As(III) as a calibrant), and the calculated LOD 
and LOQ values were 8.9 and 29.6 µg kg-1, respectively. There was no 
published guideline for inorganic As levels in fish species; however, 
there is a published guidance for inorganic As in rice products [40]: 
0.20 mg kg-1 for non-parboiled milled rice, 0.25 mg kg-1 for parboiled 
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rice and husked rice, 0.30 mg kg-1 for rice waffles, rice wafers, rice 
crackers and rice cakes, and 0.10 mg kg-1 for rice destined for the 
production of food for infants and young children. The calculated 
LOD and LOQ values are lower than the established maximum values 
by the EU/EC regulations. 

1.3.4.3. Precision and accuracy 
Inter-day and intraday precision was assessed by using an aqueous 

calibration method (1:40 dilution which implies absence of matrix 
effect). Three As(III) concentration levels (1.0, 5.0 and 20 µg L-1) were 
measured seven times in three different days for inter-day assays, and 
all concentration levels (1.0, 2.0, 5.0, 10 and 20 µg L-1) were 
measured in triplicate on seven consecutive days for intraday assays. 
Results (Table 2) show relative standard deviations (RSD) lower than 
11% for inter-day precision, and lower than 7% for intraday assays. 
RSD for all the levels was below 10%. According to published 
method validation guidance [41], good precision is attained when 
RSD values are lower than 20%, which means that the proposed 
method shows good inter-day and intraday precision. 

Table 2. Intra-day and inter-day precision (RSD %) and analytical recovery (AR %) 
of the method 

Parameter Concentration (µg L-1) 
As(III) 

AR (%) RSD (%) 

Inter-day 
(n=7) 

1 107±1 5

5 105±1 11

20 107±2 10

Intraday 
(n=7) 

1 101±10 4

2 103±11 5

5 102±5 6

10 98±7 7

20 101±3 5
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Regarding analytical recovery, inter-day assays show values 
within the 105-107% range, whereas, intraday analytical recovery 
varied from 98 to103%. All values are close to 100% which also 
implies good analytical recovery for inter-day and intraday assays. 

A CRM (BCR-668) showing certified total As concentration was 
analysed for total As assessment (microwave assisted acid digestion 
and ICP-MS measurement). Results are given in Table 3, and good 
accuracy has been observed for total As determination (found total As 
concentration within the certified total As concentration range). 
However, the BCR-668 has not been certified for total inorganic As 
neither for single As(III) and As(V) species. Therefore, this CRM was 
subjected to the proposed RTP method for assessing total inorganic As 
(As(III) plus As(V)) and also to HPLC-ICP-MS (single As(III) and 
As(V) concentrations), and results (total inorganic As) have been 
found quite similar when applying both determination techniques 
(Table 3). 

1.3.5. Applications 
The developed method was applied to five fish samples to assess total 
inorganic As (As(III) plus As(V)). In addition, the same fish samples 
were analysed by HPLC-ICP-MS for assessing single As(III) and 
As(V) concentrations, and total As concentration was also determined 
by ICP-MS after a microwave assisted acid digestion procedure. Each 
sample was analysed in triplicate, and results are tabulated in Table 3. 
A paired sample t-test (95% confidence interval) was applied to 
compare total inorganic As by the proposed RTP method and by 
HPLC-ICP-MS (sum of single As(III) and As(V) concentrations. 
There was no significant differences between the results obtained 
using both methods since the calculated t (tcal=0.647) was lower than 
the tabulated t (ttab=2.78) at a 95% confidence level (P>0.05), four 
degrees of freedom. 
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Table 3. Total As and total inorganic As (mean ± SD, n=3) in BCR-668 and fish 
samples 

Sample Total As  
(mg kg-1)a 

Inorganic As 
(mg kg-1)b 

Inorganic As 
(mg kg-1)c 

BCR-668 (certified value) 7.1±0.5 _ _ 

BCR-668 (found value) 6.8±0.1 0.54±0.05 0.58±0.02 

Swordfish-1 0.60±0.02 0.37±0.06 0.37±0.01

Swordfish-2 1.79±0.09 0.34±0.03 0.35±0.04

Yellowfin tuna 1.98±0.02 0.29±0.02 0.28±0.02 

Blue shark 4.94±0.30 0.99±0.09 0.95±0.02 

Cod 0.34±0.02 0.02±0.01 0.03±0.01
a Microwave assisted acid digestion followed by ICP-MS determination 
b Inorganic As: Sum of As(III) and As(V) measured by HPLC-ICP-MS 
c Inorganic As: As(III) plus As(V) measured by IIP-QDs based RTP 

1.4. CONCLUSIONS 

The developed RTP method based on IIP-QDs has been found to be 
highly sensitive, allowing the selective assessment of toxic arsenic 
(inorganic arsenic) in fish by using low-cost laboratory 
instrumentation. The use of vinyl imidazole as a complexing agent has 
been useful so that the IIP can recognize both As (III) and As (V) 
ions, allowing a simultaneously determination of both toxic arsenic 
species. Other arsenic species (organoarsenic compounds) as well 
other ions do not interact with the prepared composite material, and 
RTP quenching is only attributed to the inorganic As species (As(III) 
plus As(V)). Under the optimum conditions, the composite RTP-based 
chemosensor allowed the accurate determination of total inorganic 
arsenic in several fish samples and in the BCR-668 CRM (values 
statistically comparable with those obtained after applying a high 
expensive instrumentation such as HPLC-ICP-MS). The current 
method has therefore several advantages such as being a simple 
procedure with high selectivity and stability, low cost, short analysis 
time and sensitive (low LOD/LOQ), and may offer a new approach to 
the development of low-cost and sensitive methods for trace As level 
monitoring in other foodstuff and biological materials.  
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1.7. ELECTRONIC SUPPLEMENTARY INFORMATION (ESI) 

Table S1. HPLC-ICP-MS operating conditions 

ICP-MS 

Radio frequency power (W) 1600 

Ar flow rate (plasma/auxiliary/nebulizer) (L/min) 16/1.2/0.92 

KED mode, He flow rate (mL/min) 4 

Integration time (ms) 250 

Dwell time (ms) 443000 

Mass monitored 75As 

HPLC 

Column Hamilton PRP×100, 10 µm, 4.1×100 mm 

Mobile phase (NH4)H2PO4, 15 mmol, pH 6.0 

Flow rate 1 mL min-1, 8.5 min 

Injection volume 20 µL 
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Table S2. Operating ICP-MS conditions for total As determination in 
acid digests from fish samples. 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows Nebulization 0.92 mL min-1 

Auxiliary 1.2 mL min-1 

Plasma 16 mL min-1 

KED mode He flow rate 4.0 mL min-1 

Analytes 75As,  

Internal standards 74Ge  

Figure S1. XRD spectra for IIP-QDs (with and without template), and NIP-QDs 
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Figure S2. TEM-EDS analysis for NIP-QDs (A), IIP-QDs before template removal 
(B), and IIP-QDs after template removal (C) 
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Abstract 
Low levels of inorganic arsenic [As(III) and As(V)] in fishery 
products have been selectively isolated from fish extracts (1.0 g of wet 
fish samples pre-treated with 10 mL of 1:1 methanol/water under 
sonication at 25 °C for 30 min) by ionic imprinted polymer (IIPs) 
based solid phase extraction procedure (on-column mode). The 
selective adsorbent was synthesized using sodium (meta) arsenite as a 
template, 1-vinyl imidazole as a functional monomer, divinylbenzene 
as a cross-linker, and 2,2’-azobisisobutyronitrile as an initiator. 
Optimized pre-concentration conditions imply fish extract (10 mL) pH 
adjustment at 8.5 before loading (flow rate of 0.25 mL min-1), and 
elution with ultrapure water (2 mL) at 0.50 mL min-1. A pre-
concentration factor of 50 was finally obtained after evaporation to 
dryness (N2 stream) and re-dissolution in 0.2 mL of ultrapure water 
before HPLC-ICP-MS. Synthesized material was found to pre-
concentrate inorganic arsenic species; whereas organic arsenic 
compounds, mainly arsenobetaine (the major organoarsenic 
compound in fish/seafood products), were not found to interact with 
the adsorbent. The developed selective method gave limits of 
quantification of 1.05 and 1.31 µg kg-1 for As (III) and As (V), 
respectively, and good precision [relative standard deviations lower 
than 12% in fish extracts spiked at several As (III) and As (V) levels]. 
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The proposed method was finally applied to the selective 
determination of As (III) and As (V) species in several fishery 
products.  

Keywords: Inorganic arsenic speciation, fish, ionic imprinted 
polymer, HPLC-ICP-MS 

2.1. INTRODUCTION 

Fish and shellfish tend to bio-accumulate pollutants from seawater and 
have been identified as the major As exposure pathway to humans [1-
3]. Several organoarsenic species are generated when inorganic 
arsenic is metabolized by marine biota and, in addition to un-
metabolized inorganic As (III & V), organoarsenic species such as 
monomethylarsonic acid (MA), dimethylarsinic acid (DMA), 
arsenobetaine (AB), arsenocholine (AC), trimethylarsine oxide 
(TMAO) and tetramethylammonium ion (TETRA) are found in 
marine organisms [4]. Moreover, arsenosugars, as well as 
arsenolipids, have also been reported as organoarsenic species in 
seafood products such as seaweed [5]. Among all these As species, 
inorganic As [arsenite, As (III); and arsenate, As (V)] are the most 
toxic As forms (10 to 60 times more toxic than other As species) and 
have been classified as Group I carcinogens [6]. MA and DMA are 
considered to be moderately toxic and cancer promoters; whereas, AB 
and AC are innocuous [6]. The maximum lethal dose (MLD-50) for 
As (III), As (V), MA, DMA, AC, and AB have been established at 14, 
20, 700-1800, 700-2600, 6500, and >10,000 mg kg-1 body weight, 
respectively [2,7]. 

Arsenic speciation is therefore necessary since toxicity depends 
on the As form, while AB (the non-toxic species) is the most abundant 
As species in fish and shellfish [8]. The European Commission 
(Regulation 2015/1006) has set maximum levels only for inorganic 
arsenic in rice and rice-based products [9]. New sample preparation 
techniques to allow inorganic As pre-concentration, to decrease 
interferences and to exclude co-elution are therefore needed [10]. In 
addition, high-performance liquid chromatography (HPLC) is the 
separation/determination technique of choice for As speciation 



III. Results and Discussion. CHAPTER 2

125 

because of its operational simplicity [11]. The assessment of low 
levels of inorganic As species in the presence of high concentrations 
of organoarsenic forms, mainly AB, is troublesome. Small dilution 
factors and/or the application of a pre-concentration stage are 
therefore required to assess inorganic As forms. However, these 
methodologies increase the analytical signals from organic As species, 
which can overlap the inorganic As responses, as usually occurs when 
performing As speciation with chromatographic methodologies based 
on anion-exchange conditions. Several sample pre-treatments have 
been developed to assess inorganic As. Recent proposals are based on 
using liquid-based microextraction techniques [12,13], but most of the 
developments use solid-phase extraction (SPE) and micro-solid phase 
extraction (µ-SPE) processes as sample pre-treatments [14-17]. SPE 
(and also more recently µ-SPE) is one of the most common and 
popular techniques for target pre-concentration due to its flexibility, 
speed, simplicity, high degree of safety, and low-cost. In addition, 
SPE is a well-known environmentally friendly methodology that is 
easy to automate [17,18]. Advances on SPE imply the 
use/development of new adsorbents which allow effective target pre-
concentration with a small amount of adsorbent and guarantee 
selectivity. In addition to commercial silica-based strong anion 
exchange cartridges [14], new nano-based adsorbents have been also 
proposed [15-17].  

The molecular imprinting technique (MIT) has offered an 
appealing way to prepare highly selective materials. Adsorbents for 
SPE based on MIT are currently being developed for several organic 
and inorganic targets, including large biomolecules. Materials 
prepared using MIT are usually referred to as an ionic imprinted 
polymer (IIP) when the target (the template used for generating the 
recognition cavities) is an ion. Difficulties can occur when using ions 
as templates because these simple structures lack functional groups 
that can interact with the monomer (vinylated reagent). A basic 
strategy consists of trapping a chelating ligand (a non-vinylated 
reagent) via imprinting of binary/ternary mixed ligand complexes of 
ions with a non-vinylated chelating agent and a vinyl ligand 
(monomer) [19]. After polymerization, the non-vinylated ligand is not 
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chemically bound to the polymer chains, but instead is trapped inside 
the polymeric matrix and allows the polymer-ion interactions. The 
selectivity of the prepared IIPs can be enhanced when using 
bifunctional reagents (a reagent exhibiting chelating properties 
through the ion, and also containing vinyl groups for polymerization) 
[19]. 

The trapping technique using methacrylic acid as a vinylated 
reagent (monomer) and hydroquinone as a non-vinylated reagent 
(chelating agent) has been used by Alizadeh and Rashedi for preparing 
(bulk polymerization), an IIP-based membrane electrode sensitive and 
selective to As (III) species [20]. Bifunctional reagents such as 1-vinyl 
imidazole and 4-vinyl pyridine have been proposed by Tsoi et al. for 
preparing a selective adsorbent for As (V) by bulk polymerization 
[21]. These two developments, however, are focused on assessing 
only one inorganic As form, and selectivity through the other 
inorganic As species (and also organoarsenic species) was not 
performed/reported. In addition, as is the case with other speciation 
procedures for inorganic As by SPE/µ-SPE and liquid-based 
microextraction, oxidation or a reduction stage was required to assess 
total inorganic As by atomic spectrometry-based techniques [12-17], 
and potentiometry [20]. The aim of the current proposal has been the 
development of a highly sensitive and selective method for assessing 
inorganic As species [As(III & V)] in samples containing high 
concentrations of organoarsenic species such as fishery products. A 
SPE method based on a new IIP as an adsorbent combined with HPLC 
hyphenated with inductively coupled plasma mass spectrometry (ICP-
MS) has been developed. The IIP adsorbent was prepared by using the 
precipitation polymerization method, As (III) as a template, and 1-
vinyl imidazole as a bifunctional monomer. IIP-SPE optimization was 
performed to allow a simultaneous pre-concentration of As (III) and 
As (V) species for a further determination by HPLC-ICP-MS. 
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2.2. MATERIAL AND METHODS 

2.2.1. Instrumentation 
Arsenic speciation was performed with a Flexar LC HPLC (LC pump, 
column oven, and LC autosampler) from Perkin Elmer (Waltham, 
MA, USA) hyphenated to a Perkin Elmer Nex-Ion 300X ICP–MS. A 
PRP×100 column (10 µm, 100 × 4.1 mm) connected to a PRP×100 
guard column (10 µm, 25 × 2.3 mm) from Hamilton (Reno, NV, 
USA) was used for inorganic As separation. The same ICP-MS 
instrument connected to a SeaFast SC2 DX autosampler (Elemental 
Scientific, Omaha, NB, USA) was used for total As determinations. 
Synthesized IIP and NIP were characterized by Fourier transform 
infrared spectrometry with ATR correction using a Spectrum-Two FT-
IR from Perkin Elmer, and by scanning electron microscopy (SEM) 
with a ZEISS EVO LS 15 (Carl Zeiss, Oberkochen, Germany). A low-
profile roller (Stovall, Greensboro, NC, USA), placed inside a Boxcult 
temperature-controlled chamber (Stuart Scientific, Surrey, UK), was 
used for IIP synthesis. Samples were digested (total As determination) 
using an Ethos Plus microwave accelerated system (Milestone, 
Sorisole, Italy) with 100-mL closed Teflon vessels. SPE was 
performed by using an 8-channel Minipuls 3 peristaltic pump (Gilson, 
Middleton, WI, USA), and PVC 2-stop tubing (1.52 mm i.d.) from 
SCP Sciences (Baie-D'Urfe, Quebec, Canada). Other equipment 
included an USC60TH ultrasonic cleaner bath (45 kHz, 120 W) from 
VWR (Leuven, Belgium), an ultracentrifuge (Sigma 2K15, Osterode, 
Germany), a pH meter with glass combined electrode (Crison Basic 
20, Barcelona, Spain), a domestic Taurus blade grinder (Taurus, 
Barcelona, Spain), an oven model 207 from Selecta (Barcelona, 
Spain), and a Classic ML analytical balance (Mettler Toledo, 
Columbus, OH, USA). 

2.2.2. Reagents 
All aqueous solutions were prepared with ultrapure water with a 
resistivity of 18.2 MΩ cm obtained from a Milli Q-A10 system from 
Millipore Co. (Billerica, MA, USA). Sodium (meta) arsenite 
(NaAsO2), used as a template for IIP synthesis, was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Arsenite and arsenate stock 
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standard solutions, 1000 mg L−1, were from Panreac (Barcelona, 
Spain). Standard solutions of MA, DMA, AB and AC (1000 mg L−1) 
were prepared by dissolving the appropriate amounts of MA 
(CH3AsO(ONa)2ꞏ6H2O) purchased from Carlo Erba (Milan, Italy); 
DMA (C2H6AsNaO2ꞏ3H2O), purchased from Merck (Darmstadt, 
Germany); and AB (AsC5H11O2) and AC (AsC5H14O), both from Tri 
Chemical Laboratory Inc. (Yamanashi, Japan). Bifunctional monomer 
1-vinyl imidazole (≥99.0% purity) and initiator 2,2’-
azobisisobutyronitrile (AIBN) were obtained from Fluka (Buchs, 
Switzerland); whereas, divinylbenzene (DVB) was from Sigma-
Aldrich. 1-vinyl imidazole was used directly without a purification 
stage; whereas, AIBN and DVB were subjected to a purification 
process before use. AIBN was dissolved in methanol (50–60 °C) and 
was then re-crystallized at –20 °C (AIBN). Regarding DVB, the 
reagent was passed through a mini-column containing a 0.50 g of 
neutral alumina (Merck) for removal of impurities. Nitric acid (Hyper 
pure, 69%), and 33% of hydrogen peroxide were supplied by Panreac 
(Barcelona, Spain). NexIon Setup Solution (10 μg L-1 of Be, Ce, Fe, 
In, Li, Mg, Pb, and U in 1% HNO3) was purchased from Perkin Elmer 
(Shelton, CT, USA). Ammonium chloride, ammonium hydroxide and 
methanol (Chromasolv) were from Merck; whereas, ammonium 
hydrogen carbonate and acetic acid (glacial) were from Panreac and 
ammonium dihydrogen phosphate was from BDH (Poole, United 
Kingdom). Multi-element standard solutions (cross-reactivity study) 
were prepared by combining single Ca, Co and Mg stock standard 
solutions (1000 mg L−1) from Merck, single Cr, Hg, K, P, Pb and Zn 
stock standard solutions (1000 mg L−1) from Scharlab (Barcelona, 
Spain), and single Cd, Cu, Fe and Na stock standard solutions (1000 
mg L−1) from Perkin Elmer. Internal standard solutions (Ge, Sc, and 
Rh) were prepared from single-element standards (1000 mg L-1) 
purchased from Perkin Elmer. DORM–2 (dogfish muscle) and DOLT-
3 (dogfish liver) were from National Research Council of Canada 
(Ottawa, Canada), and BCR 278 (mussel tissue) was from Community 
Bureau of Reference – Commission of the European Communities 
(Brussels, Belgium). Other consumables were Durapore 0.22 µm 
membrane filters (Millipore), replacement Teflon frits (Supelco, 
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Bellefonte, PA, USA), and disposable syringes (sterile, 5 mL) from 
Dispomed (Gelnhausen, Germany). 

2.2.3. Sample pre-treatments 
The following fish samples were used: yellowfin tuna (Thunnus 
albacares) and swordfish (Xiphias gladius) obtained from Tropic 
Frozen Foods (Pvt) Ltd (Sri Lanka), bluefin tuna (Thunnus thynnus) 
and blue shark (Prionace glauca) also as frozen products, and fresh 
cod (Gadus morhua) bought in local supermarkets in Santiago de 
Compostela. Approximately 0.2 kg of flesh was blended, 
homogenized and stored in pre-cleaned polyethylene bottles with 
hermetic seals at -20 °C before use. 

Fish samples, as well as CRMs were subjected to microwave-
assisted acid digestion in triplicate for further total As determination 
by ICP-MS (electronic supplementary information, ESI). 
Approximately 1.0 g of homogenized fresh fish samples (0.2 g of 
dried CRMs) were placed in the microwave reactors and pre-digested 
with 3.0 mL of 69% (v/v) HNO3 plus 4.0 mL of ultrapure water and 
1.0 mL of H2O2 for 15 min at room temperature. Pre-digested samples 
were then subjected to microwave-assisted acid digestion (1st step:  
from room temperature to 180 °C for 15 min; 2nd step: 180 °C for 10 
min). Acid digests were made up to 25 mL with ultrapure water and 
stored in polyethylene bottles at room temperature before 
measurements. Two reagent blanks were prepared in each sample pre-
treatment set. 

For As species isolation, homogenized fish samples (1.0 g for wet 
samples and 0.20 g for dried CRMs) were weighted in 50 mL 
centrifuge tubes and subjected to an ultrasound-water bath extraction 
process using 10 mL of 1:1 methanol/ultrapure water as an extractant 
and 30 min sonication at 45 kHz (120 W) and room temperature. This 
extracting solution was selected from the available literature [10, 22- 
25]. The suspensions were then centrifuged at 3000 rpm for 10 min, and 
the supernatants were kept in polyethylene bottles and stored at –20 °C. 
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2.2.4. Synthesis of As-ion imprinted polymer 
As IIP was synthesized in accordance with procedures described in the 
literature [21], although some modifications were implemented. 
Briefly, 1.6 mmol of NaAsO2 (template) and 6.5 mmol of 1-vinyl 
imidazole (bi-functional monomer used directly without purification) 
dissolved in 20 mL of 1:3 acetic acid/methanol (porogen) were 
sonicated for 5 min. Afterward, 32 mmol of DVB (cross-linker) and 
40 mg of AIBN (initiator) were added and sonication followed for 5 
min. Based on the amounts of reagents, the template/bifunctional 
monomer/cross-linker molar ratio was 1:4:20 in the polymerization 
mixture. After stirring, the mixture was purged with N2 for 10 min, 
and the test tubes were immediately sealed and placed in a low-profile 
roller (33 rpm along its long axis) inside a temperature-controllable 
chamber at 60 °C for 12 h. The synthesized material was vacuum 
filtered, washed three times with methanol, and oven-dried overnight 
at 40 ºC. 

Non-imprinted polymers (NIPs) were also prepared in the same 
way as IIPs, using the same masses and volumes as for IIP synthesis, 
but without adding the template (NaAsO2). The NIPs were then 
subjected to the same washing pre-treatment described above. 

For the removal of the template (arsenite), IIP portions of 200 mg 
were packed into 5 mL syringes between two Teflon frits, and 
approximately 200 mL of 2.0 M HNO3 was pumped at a flow rate of 1 
mL min-1 until As was not detected in the filtrate by ICP-MS 
(measurement conditions in ESI). Afterwards, the packed syringes 
were extensively washed by pumping ultrapure water. 

2.2.5. Extraction (SPE) and quantification (HPLC-ICP-MS) of As species  
IIP-SPE syringes (200 mg of IIP each one) were conditioned by 
passing 10 mL of 0.1M/0.1 M NH3/NH4Cl buffer solutions (pH 8.5). 
Afterward, 10 mL of sample (water/methanol extract) or 
arsenite/arsenate standard solutions, both adjusted at pH 8.5 (use of 
0.1M/0.1 M NH3/NH4Cl buffer solutions), were passed through the 
syringe at a flow rate of 0.25 mL min-1. After loading, elution was 
performed by pumping four cycles of 0.5 mL ultrapure water (flow 
rate of 0.5 mL min-1).  The eluted solution (2.0 mL) was collected in a 
centrifuge tube, evaporated to dryness under N2 stream,  an d  re-
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dissolved with 0.2 mL of ultrapure water for subsequent HPLC-ICP-
MS analysis. Each experiment was performed in triplicate, and at least 
two reagent blanks were prepared/analyzed.  

Table 1. HPLC-ICP-MS operating conditions 

ICP-MS 

Radio frequency power (W) 1600 
Ar flow rate (plasma/auxiliary/nebulizer) 

(L min-1) 16/1.2/0.92 

KED mode, He flow rate (mL min-1) 4

Integration time (ms) 250 

Dwell time (ms) 443000 

Mass monitored 75As 

HPLC 

Column Hamilton PRP×100, 10 µm, 4.1×100 mm 

Mobile phase (NH4)H2PO4, 15 mmol, pH 6.0 

Flow rate 1 mL min-1, 8.5 min 

Injection volume 20 µL 

Anion exchange HPLC conditions were optimized to obtain the 
separation of six arsenic species [AC, AB, As (III), DMA, MA and As 
(V)] in a single chromatographic run. A phosphate buffer was selected 
for working with an anion exchange column such as PRP×100 column 
because of the excellent As (V) recoveries and fast As (V) elution 
[26]. Since only the inorganic arsenic species were pre-concentrated 
by IIP-SPE, AB and AC co-elution using the PRP×100 column under 
isocratic conditions was negligible. Therefore, isocratic elution 
((NH4)H2PO4, 15 mmol L-1, pH 6.0, 1.0 mL min-1) as shown in Table 
1 was used for measurements. 

Inorganic arsenic [As(III)) and As(V)] determination in the 
extracts after IIP-SPE was performed using the standard addition 
technique covering As species concentrations within the 0-0.4 µg L-1 
range (0-20 µg L-1 range after pre-concentration). Chromatograms of a 
pre-concentrated water/methanol extract from fish after IIP-SPE 
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conditions and for pre-concentrated 0.02-0.4 µg L-1 standard solutions 
of As(III)) and As(V) are shown in Figure 1. 

Figure 1. HPLC-ICP-MS chromatograms for pre-concentrated As(III) and As(V) 
standards within the 0-20 µg L-1 range (A), and for a pre-concentrated extract 

from a cod fish sample (B). 

2.3. RESULTS AND DISCUSSION 

2.3.1. IIP synthesis and characterization 
The use of vinylated compounds when preparing IIPs simultaneously 
allows metal ion chelation and further polymerization through the 
vinyl groups in the presence of the cross-linker and the initiator 
[21,27]. Tsoi et al. [21] have studied the density of ion binding N-



III. Results and Discussion. CHAPTER 2

133 

functionalities of three potential monomers (1-vinyl imidazole, 4-vinyl 
pyridine, and styrene), and 1-vinyl imidazole was found to offer the 
best performance. However, they synthesized As-IIP in the most 
common bulk polymerization procedure. According to the literature, 
this procedure has a number of drawbacks that are related to the 
crushing, grounding and sieving steps [19]. In addition, the bulk 
polymerization procedure is tedious and time-consuming, and 
generates polymer beads which are irregular in size and shape, leading 
to polymer bead losses after sieving, as well as a diminished loading 
capacity [28]. The current IIP has been synthesized by fixing a 
template/monomer/cross-linker molar ratio of 1:4:20, a ratio which 
requires 120 mL of porogen for performing a precipitation 
polymerization approach. Early attempts when using large porogen 
volumes were not successful, and polymerization did not occur. 
Further experiments showed that polymerization occurred when using 
low porogen volumes (volumes within the 20-30 mL range), and the 
obtained polymer consisted of discrete small particles, such as those 
observed when using the precipitation polymerization approach. The 
use of porogen volumes lower than 20 mL led to bulk polymerization. 
These results are in good agreement with those reported by Tsoi et al. 
[21]. Therefore, the synthesized polymer was not prepared strictly 
following the conditions of the precipitation polymerization; however, 
the discrete particles obtained indicate that the polymerization process 
is closer to the precipitation polymerization than to the bulk 
polymerization approach. After IIP synthesis, the polymer mass was 
1.78 g, which means a synthesis performance close to 37% (amounts 
of monomer, template and cross-linker were fixed/used for achieving 
a theoretical MIP amount of 4.8 g). 

FT-IR spectrometry with ATR correction (Figure 2A) shows C-H 
ring mode (725-880 cm-1) and -CN groups (1525-1575 cm-1) 
characteristic bands. The absorption peak at 2924 cm-1 is attributed to 
C-H stretches, and the weak absorption bands at 1602 and 1456 cm-1 
are assigned to the C=C and C=N structure of aromatic imidazole ring. 
Finally, the band at 1510 cm-1 is associated with -NH bending. These 
findings show that the bifunctional monomer (1-vinyl imidazole) is 
integrated into the polymeric chain. SEM images (Figure 2B-D) show 
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agglomerated spherical porous beads for IIPs (before and after 
template removal) and for NIP. Despite the high degree of 
agglomeration and at the same 50.00 kx magnification, particle sizes 
are lower in MIP (before and after template removal) beads (SEM 
images in Figure 1B and 1C) than for NIP particles (SEM image in 
Figure 1D). 

Figure 2. FT-IR spectra (A) of synthesized IIP, synthesized IIP after template 
removal, and NIP, and SEM images of synthesized IIP (B), synthesized IIP after 

template removal (C), and NIP (D). 

2.3.2. Optimization of IIP-SPE parameters 
IIP-SPE operating conditions have been optimized by using un-spiked 
and spiked (1.0 µg L-1 of As(III)) fish extracts which were obtained by 
subjecting fish (cod) samples to ultrasound-assisted extraction (UAE) 
as stated in section 2.2.5. Un-spiked samples were always analysed in 
order to subtract As(III)/As(V) naturally occurring in fish samples. In 
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addition, eluate evaporation to dryness and re-dissolution in 1.0 mL of 
water was not performed during the SPE optimization stages. Each 
tested loading/eluting condition was performed in triplicate and at 
least one reagent blank was obtained for each set of operating 
conditions. An aqueous calibration (As(III) and As(V) concentrations 
ranging from 0 to 20 µg L-1) was used for assessing recovered As(III) 
and As(V) concentrations. 

IIP-based SPE was performed without a washing stage before 
elution. Preliminary experiments showed that a washing stage, 
typically used in most of SPE procedures, led to a partial elution of 
analytes (mainly As(V)). Since IIP was prepared using As(III) as a 
template, As(V) interaction with the IIP recognition cavities are less 
intense, and analyte losses occur during the washing stage. Several 
washing solutions such as the buffer used for sorbent conditioning 
(0.1M/0.1 M NH3/NH4Cl, pH 8.5) and organic solvents such as 
methanol and acetonitrile were found unsuitable as washing solutions. 
Despite the fact that a washing stage was omitted, As(III) and As(V) 
sorption was proved to be specific (through the generated 
recognition/imprinted cavities) because negligible sorption was 
observed when using NIP as a sorbent under the same operating 
conditions (absence of a washing step). IIP-As(III)/As(V) interaction 
occurs via N-functionalized moieties (1-vinyl imidazole integrated 
into the polymeric chain), which should be moderate for As(III), and 
weak for As(V) because partial losses are obtained in the washing 
stage. 

2.3.2.1. Loading conditions 
Un-optimized eluting conditions (water as an extractant, 0.5 mL 

min-1 elution flow rate) were used when optimizing loading 
parameters (fish extract pH and loading flow rate). The selection of 
the optimum fish extract pH for IIP-SPE loading was performed using 
fish extracts (10 mL) spiked with 1 µg L-1 As (III) and adjusting the 
pH from 7.0 to 9.0 with NH3/NH4Cl buffer solutions at the tested pHs. 
The analytical recovery for As (III) as well as As (V) concentrations 
(mean of three replicates in Figure 3A) was found to be higher when 
using fish extracts at the higher pH levels. As reported by Smedley 
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and Kinniburgh [29], the distribution of As (III) species is dependent 
on pH and is highlighted over pH ranges of 7.0 to 10.0. Our findings 
are in good agreement with reported As(III)-pH dependence. The 
highest As(III) recovery (and the highest As(V) concentration) was 
obtained at pH 8.5.  

The loading flow rate (IIP-SPE column mode) was studied by 
pumping the fish extract (pH 8.5) at 0.25, 0.50, 0.75, and 1.00 mL 
min-1. As shown in Figure 3B, retention is slightly decreased when 
using high loading flow rates because of an inefficient interaction 
between analytes and the sorbent. Therefore, sample loading was 
finally set at 0.25 mL min-1. 

2.3.2.2. Elution conditions 
As previously mentioned, ultrapure water, as well as diluted nitric 

acid solutions, were found to be useful for desorbing retained As(III) 
and As(V) from IIP beads. In addition, elution efficiency was also 
found to be higher when passing the elution solution discontinuously. 
Water was therefore selected as an eluting solution, and 2.0 mL of the 
eluting solution was pumped in four cycles of 0.5 mL each at flow 
rates within the 0.25 – 1.0 mL min-1 range. As typically reported for 
on-column SPE methods, higher elution efficiencies were observed 
when using small eluting flow rates (Figure 3C), and an eluting flow 
rate of 0.50 mL min-1 was selected. 

Finally, the volume of the eluting solution (ultrapure water) was 
studied. As previously commented, the eluting volume was also 
pumped in short cycles to increase eluting efficiency. As shown in 
Figure 3D, As(III) and As(V) elution is efficiently obtained when 
using volumes within the 2.0–5.0 mL range. Therefore, the minimum 
eluting volume (2 mL of ultrapure water) was finally selected. 

       2.3.2.3. Breakthrough volume and sample (fish extract) volume 
    In order to obtain a higher enrichment factor, large sample 

volumes (and/or small eluting solution volumes) are required. Several 
volumes (10, 25, 37.5, 50 and 100 mL) of aqueous As (III) and As (V) 
standard solutions (1.0 µg L-1 each one) were pre-concentrated in triplicate  
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under optimized IIP-SPE conditions. Preliminary results when using 
200 mg IIP syringes showed that the breakthrough volume was 25 mL 
(both As (III) and As (V) recoveries decreased 70% when using 
higher volumes). Experiments were further performed by loading fish 
extracts spiked with As (III) and As (V) (1.0 µg L-1 each). Similar 
As(III) recoveries were obtained when loading 10 and 25 mL; 
whereas, As(V) recoveries were diminished when using 25 mL fish 
extract (Figure 4). These findings imply that the breakthrough volume 
is at least 25 mL for As(III), but it is 10 mL for As(V). The different 
breakthrough volume for As(III) and As(V) ions is attributed to th e 
fact that IIP’s recognition cavities should fit better with As(III) ions 
than with As(V) ions because IIP has been synthesized using As(III) 
as a template. Therefore, As(V) desorption (losses) are observed when 
loading high sample volumes (although As(V) ions interact and are 
adsorbed on the IIP particles, a fraction of adsorbed As(V) ions is 
eluted when passing an excess of sample volume). Therefore, the fish 
extract volume was fixed at 10 mL. Taking into account the fish 
extract (10 mL) and eluting solution (2.0 mL) volumes, and also the 
fact that the eluate is evaporated to dryness and re-dissolved in 
0.200 mL of water, the proposed IIP-SPE procedure shows a pre-
concentration factor of 50. 

Figure 4. Effect of the fish extract volume (breakthrough volume) on the 
As(III) and As(V) analytical recovery. 
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2.3.3. Imprinting effect and selectivity 
Different experiments were conducted in order to evaluate the 
imprinted effect of IIP over NIP, and also the selectivity of the 
synthesized IIP (cross-reactivity studies). Interactions (retention) of 
organoarsenic species (AB, AC, MA, and DMA), as well as other 
metallic ions (Hg(II), Cd(II), Pb(II), K(I), Ca(II), Mg(II), Na(I), 
Zn(II), Co(II), Fe(III), Cr(III), and Cu(II)), were studied using aqueous 
standards at 4.0 µg L-1 each. They were subjected to the optimized 
IIP/NIP-SPE procedure in triplicate. After HPLC-ICP-MS (inorganic 
arsenic and organoarsenic species) and ICP-MS (metallic ions) 
determination (measurement conditions in ESI), parameters such as 
extraction efficiency, distribution ratio (D) and selectivity coefficient 
(SAs(III)/X), defined as shown in Table 2, were calculated. As expected, 
the polymeric material (IIP) discriminates As(III) and As(V) species 
(extraction efficiencies of 92% and 90%, respectively) from 
organoarsenic forms (extraction efficiencies within the 0-17% range) 
and also other metallic ions (extraction efficiencies lower than 10%). 
In addition, extraction efficiencies were lower than 50% for As(III) 
and As(V) when using NIP (Table 2), highlighting the imprinted 
recognition capacities of the synthesized IIP. According to Table 2, 
high distribution ratios and low selectivity coefficients were observed 
for As (III) and As (V); whereas, other ions and organoarsenic species 
showed low distribution ratios and high selectivity coefficients. These 
findings demonstrate that IIP offers selective recognition properties 
for inorganic As (As(III) and As(V)). 
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Table 2. Extraction efficiency, distribution ratio and selectivity coefficient of 
IIP and NIP 

IIP 

Extraction  
efficiency (%)a 

Distribution 
 ratiob 

Selectivity 
coefficientc 

As (III) 92 19.2 ---d 

As(V) 89 19.7 0.98

AB 9 0.1 198

AC 0 0 ---d 

MA 17 0.2 92

DMA 0 0.1 555

P 0 0 ---d 

K 10 0.1 169

Ca 1 0 1744

Mg 0 0 58565

Na 2 0 1221

Zn 0 0 6924

Co 4 0 432

Fe 10 0.1 174

Cr 2 0 1007

Pb 0 0 ---d 

Hg 0 0 ---d 

Cd 0 0 ---d 

Cu 0 0 ---d 

NIP 

As (III) 36 0.57 ---d 

As(V) 46 0.86 22

AB 13 0.15 129

AC 0 0 ---d 

MA 15 0.19 103

DMA 2 0.31 63

P 0 0 ---d 

K 10 0.11 179

Ca 1 0.01 1957
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Table 2. Extraction efficiency, distribution ratio and selectivity coefficient 
of IIP and NIP (Continued) 

NIP 

Extraction  
efficiency (%)a 

Distribution 
 ratiob 

Selectivity 
coefficientc 

Mg 0 0 15421

Na 2 0.02 1227

Zn 0 0 6567

Co 4 0.05 432

Fe 11 0.13 150

Cr 2 0.02 1002

Pb 0 0 ---d 

Hg 0 0 ---d 

Cd 0 0 ---d 

Cu 0 0 ---d 

A1 = Analyte concentration in aqueous solution at equilibrium 
A2 = Analyte concentration enriched by IIP/NIP at equilibrium 
AT = Total analyte concentration used in extraction 
DAs(III)= Distribution ratio of As(III) (template) 
DX=Distribution ratio of other compounds 
(a) % =(A2/AT) × 100; (b) D =(A2/A1); (c) SAs(III)/X=DAs(III)/DX; (d) not calculated 

2.3.4. Analytical performances 

2.3.4.1. Calibration 
In addition to aqueous As(III) and As(V) calibrations 

(concentrations within the 0 – 20 µg L-1 range), several standard 
addition graphs were performed by spiking fish extracts with 
increasing As(III) and As(V) concentration up to 0.4 µg L-1 before 
IIP-SPE (concentrations within the 0 - 20 µg L-1 after IIP-SPE). Since 
mean slopes for aqueous calibration and standard addition (Table 3) 
are different, a calibration based on standard additions throughout the 
IIP-SPE on-column procedure is needed for achieving accurate 
results.  
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Table 3. Mean slopes of calibration and standard addition, and LOD and LOQ 
values 

Slope (mean±Sd)

 Calibrationa Standard additiona LOD (µg kg-1)b LOQ (µg kg-1)b 

As(III) 1154±138 2666±318 0.32 1.05 

As(V) 1095±158 6465±1136 0.39 1.31 
a n=10, b pre-concentration factor 50 

2.3.4.2. Limit of detection and limit of quantification 
The pre-concentration factor (PF) of the method, defined as the 

ratio of sample extract to eluate [29,30], was found to be 50 for both 
As(III) and As(V) species. In addition, experiments in triplicate were 
performed to establish the enhancement factor (EF), which is defined 
as the ratio of the slope of calibration curves with and without pre-
concentration [29,30]. EFs of 59 and 58 were obtained for As(II) and 
As(V). Similar EF and PF values indicate quantitative recovery for the 
pre-concentration procedure in absence of matrix effect. As previously 
commented, the existence of the matrix effect is 
exceeded/compensated by using the standard addition technique. 

The limit of detection (LOD) and the limit of quantification 
(LOQ) were calculated according to the Eurachem guideline as three 
(LOD) and ten (LOQ) times the standard deviation of an analytical 
blank [31]. Analytical responses were then expressed as 
concentrations dividing by the mean slope of the standard addition 
graph. Table 3 lists the LOD and LOQ values after taking into account 
the pre-concentration factor of 50 and referring to sample mass. These 
values are quite lower than the maximum levels for inorganic As in 
rice and rice-based products (0.3 mg kg-1 for total inorganic As) 
established by the EU [9].  

2.3.4.3. Precision and accuracy 
Precision and analytical recovery have been established through 

intraday and inter-day assays which implied several fish extracts 
spiked with As(III) and As(V) at concentration levels of 0.04, 0.20, 
and 0.40 µg L-1 (concentrations of 2.0, 10, and 20 µg L-1 after pre-
concentration). Intraday assays were performed by preparing three 
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standard additions in three different days, replicating seven times one 
of the tested concentration levels each day (0.2, 2.0, or 5.0 µg L-1); 
whereas, the other concentration levels were replicated twice. Inter-
day assays were assessed by preparing six standard additions in seven 
different days but replicating each concentration level twice. Both 
intraday and inter-day precision, as well as intraday and inter-day 
analytical recoveries (Table 4), were found to be good.  

Table 4. Inter-day and intraday analytical recovery (AR) and precision (RSD) 

Parameter Concentration 
(µg L-1) 

As(III) As(V) 

AR (%) RSD (%) AR (%) RSD (%) 

Inter-day (n=7) 

0.2 93±1 12 83±11 15

1.0 100±5 5 101±8 8 

2.0 92±6 5 98±5 6 

Intraday (n=7) 

0.2 94±8 1 87±7 1 

1.0 98±5 2 92±6 2 

2.0 97±4 2 85±5 2 

Inter-day and intraday assays were performed with the same set of 
6 IIP-packed syringes, which implies 25 adsorption-desorption cycles 
each one. As shown in Figure 5, the analytical relative recovery for 
As(III) and As(V) solutions at 0.2 µg L-1 (10 µg L-1 after pre-
concentration) was found to be within the 80-100% range. These 
relative recovery values were calculated as reported in Equation 1: 

Equation 1  𝑅𝑅ሺ%ሻ ൌ
஼೘೐ೌೞೠೝ೐೏ି஼ೞೌ೘೛೗೐

஼ೌ೏೏೐೏
ൈ 100 

where Cmeasured is the total concentration of the target analyte measured 
after the addition of a certain concentration of analyte (Cadded) to a fish 
extract sample. All these findings imply that the same IIP syringe can 
be re-used at least 25 times without losing recognition/sorption 
properties.  
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Figure 5. Analytical recovery for As(III) and As(V) standards at 0.2 µg L-1 
using the same IIP syringe over two weeks (25 sorption/desorption cycles). 

Three CRMs showing certified total As contents were analysed 
for total As (microwave-assisted acid digestion and ICP-MS) and also 
for As(III) and As(V) (UAE, IIP-SPE and HPLC-ICP-MS). Table 5 
lists the found total As concentrations in the three CRMs, which are in 
good agreement with the certified total As concentrations after 
applying a t-test at a 95% confidence range. Although As(III) and 
As(V) concentrations are not certified in the analysed CRMs, found 
As(III) and As(V) concentrations after applying the proposed method 
(data listed in Table S2, ESI section) were quite similar to some 
reported data for inorganic As species in these CRMs [3]. Differences 
between the amounts of reported As(III)/As(V) concentrations in these 
CRMs suggest the need for improving As speciation methods for 
inorganic (As(III) and As(V)) assessment, and also the preparation of 
new CRMs with certified/indicative As(III)/As(V) concentrations. 
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Table 5. Total As (mean ± SD, n=3) in several CRMs after microwave assisted 
acid digestion and ICP-MS measurement 

DOLT-3 DORM-2 BCR278 

Certified concentration 
(mg kg-1) 10.2±0.5 17.2±0.4 5.9±0.2 

Found concentration 
(mg kg-1) 9.8±0.2 17.0±0.7 5.9±0.3 

2.3.5. Application 
The developed and validated method was applied to fish samples 
commercially available in markets in Sri Lanka and Spain. Results in 
Table 6 shows that the percentage of inorganic As was found to be 
within the 8-20 % range, although inorganic As in one swordfish 
sample (coded as Swordfish 1) was 61%, mainly due to the high 
As(V) concentration found in this sample (0.28±0.01mg kg-1). 

Table 6. Total As and As(III) and As(V) concentrations (mean ± SD, n=3) 
in several fish samples 

Total As 
(mg kg-1)a 

As (III) 
(mg kg-1)b 

As (V) 
(mg kg-1)b 

Inorganic As 
(mg kg-1)b,c 

Inorganic As 
percentage 

(%) 

Swordfish-1 0.60±0.02 86.3±2.8d 0.28±0.01 0.37±0.01 61±3 
Swordfish-2 1.8±0.1 0.33±0.05 13.9±2.9d 0.35±0.05 19±5 
Yellowfin 
tuna 2.0±0.1 0.27±0.03 24.5±3.4d 0.29±0.03 15±3 

Tuna sp. 0.31±0.01 39.3±1.3d 7.3±0.3d 0.047±0.001 15±1 

Blue shark 4.9±0.3 0.98±0.17 9.7±5.9d 0.99±0.17 20±13 
Cod 0.34±0.02 15.0±4.7d 12.1±5.6d 0.027±0.007 8±4 

(a) Microwave assisted acid digestion and ICP-MS measurement; 
(b) Ionic imprinted polymer based solid phase extraction and HPLC-ICP-MS 
measurement; 
(c) Sum of As(III) and As(V) concentration; 
(d) Concentration expressed in µg kg-1 
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2.4.CONCLUSIONS 

The synthesized IIP has been shown to offer high selectivity for 
inorganic As (As(III) and As(V)). The development of an IIP-SPE 
procedure has allowed the quantification of very low concentrations 
(lower than 0.02 mg kg-1 for As (V)) of these two toxic As species in 
commercially available fish. The high selectivity of the material offers 
the possibility of inorganic As speciation by HPLC methods because 
organoarsenic compounds (mainly AB) are not retained/pre-
concentrated, which implies the avoidance of co-elution and allows 
for the accurate determination of low concentrations of As(III) and 
As(V). The prepared material could also be useful for pre-
concentrating inorganic As in other complex samples exhibiting low 
inorganic As levels, or for samples with moderately low 
concentrations of inorganic As that are analysed by less sensitive 
hyphenated techniques.  
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2.7. ELECTRONIC SUPPLEMENTARY INFORMATION (ESI) 

ICP-MS measurements 
Total As in acid digests from fish, as well as other trace elements such 
as Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Na, P, Pb, and Zn in cross-
reactivity studies, were determined by ICP–MS under operating 
conditions given in Table S1. Total As determination implied 1:10 
dilution of acid digests with ultrapure water, the use of 74Ge (10 µg L-1) 
as an internal standard, and kinetic energy discrimination (KED) by 
using He (4.0 mL min-1) as a collision gas for selectively polyatomic 
interferences attenuation. Nitric acid (1.0% (v/v)) matched calibration 
within the 0 - 100 µg L–1 range was performed for assessing total As 
contents. The determination of other elements (cross-reactivity 
studies, Table S1) was carried out using 54Sc (10 µg L-1) as an internal 
standard for Ca, K, Mg, Na, and P under standard conditions, and 74Ge 
(10 µg L-1) as an internal standard for Cu (standard conditions) and for 
Co, Cr, Fe and Zn (KED mode, He 4.0 mL min-1). Finally, 103Rh (10 
µg L-1) was used as an internal standard for Cd, Hg and Pb 
determinations (standard conditions measurements). Determinations 
were performed using 1.0% (v/v) nitric acid matched calibration 
within the 0 - 100 µg L–1 range for all elements. 
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Table S1. Operating ICP-MS conditions for total As determination in acid 
digests from fish samples, and for P, K, Ca, Mg, Na, Zn, Co, Fe, Cr, Pb, Hg, Cd, 

and Cu determination in cross reactivity studies. 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows Nebulization 0.92 mL min-1

Auxiliary 1.2 mL min-1

Plasma 16 mL min-1

Standard mode Ca, Cu, K, Mg, Na, P 

KED mode: 
He flow rate/ 4.0 mL min-1  As, Cd, Co, Cr, Fe, Hg, Pb, Zn 

Analytes 
75As, 43Ca, 111Cd, 59Co, 53Cr, 63Cu, 57Fe, 39K, 
202Hg, 26Mg, 23Na, 31P, 208Pb, 66Zn 

Internal standards 

74Ge (As, Co, Cr, Fe, and Zn) 
54Sc (Ca, K, Mg, Na, and P) 
103Rh (Cd, Hg, and Pb) 

Table S2. As(III) and As(V) concentrations (mean ± SD, n=3) in several CRMs 

[As(III)] (mg kg-1) [As(V)] (mg kg-1) 

Concentration Reported  Found  Reported  Found 

DOLT-3 
0.3±0.1a; 

0.074–0.136b 0.34±0.16
0.073±0.007c; 

0.4–0.2d 0.16±0.05

DORM-2 0.61±0.04e; 
0.03–0.081f 0.63±0.01 0.029±0.018;

0.026±0.002c 0.08±0.01

BCR-278 ----g 0.84±0.09 ----g 0.92±0.01 

(a) As(III) concentration reported by Batista et al. [24]; (b) As(III) concentration 
reported by Leufroy et al. [4]; (c) As(V) concentration reported by Leufroy et al. 
[4]; (d) As(V) concentration reported by Batista et al. [24]; (e) As(III) 
concentration reported by Santos et al. [25]; (f) As(III) concentration reported 
by Leufroy et al. [4], Shah et al. [32], Moreda-Piñeiro et al. [33], and Jesus et 
al. [34]; (g) not given 
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Abstract 
This study combines ultrasound-assisted extraction and vortex-
assisted dispersive micro-solid phase extraction using an ionic 
imprinted polymer as a selective sorbent for rapid isolation and pre-
concentration of inorganic arsenic species (As(III) and As(V)) in 
extracts from rice samples prior to their determination by high 
performance liquid chromatography coupled to inductively coupled 
plasma mass spectrometry. All factors affecting the ultrasound 
assisted extraction of the species from rice (ultrasound amplitude, 
sonication time and sonication mode) and their selective pre-
concentration by ionic imprinted polymer-based vortex-assisted 
dispersive micro-solid phase extraction (sorbent amount, extract pH, 
vortex extraction time and speed, eluting solution and vortex elution 
time and speed) were optimized. The analytical performance of the 
procedure was studied at optimum conditions: ultrasound continuous 
sonication at 40% amplitude for 1.0 min using 1:1 methanol/ultrapure 
as an extractant, 50 mg of sorbent, extract pH at 8.0, vortex loading at 
1000 rpm for 1.0 min, and elution with ultrapure water by vortexing at 
1000 rpm for 1.0 min, pre-concentration procedure which leads to a 
pre-concentration factor of 10. The limits of detection obtained for As 
(III) and As (V) were 0.20 and 0.41 µg kg-1, respectively, and were 
well below the maximum levels established by the European Union in 
rice and rice containing products. The method was found to be precise 
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(intraday and interday relative standard deviations ≤ 11%) and 
selective. The accuracy was confirmed by analysing the ERM-BC211 
(rice, As species) certified reference material, and the method was 
successfully applied to commercial rice samples. 

Keywords: Dispersive micro-solid phase extraction, inorganic 
arsenic, ionic imprinted polymer, rice 

3.1. INTRODUCTION 

Consumption of contaminated water and food is one of the major 
sources of exposure to toxic contaminants such as arsenic (As) for 
humans [1]. Arsenic toxicity depends on its chemical form, solubility 
and many other intrinsic and extrinsic factors, and the most toxic 
forms of arsenic are the inorganic arsenic species (iAs) [trivalent 
arsenite As(III), which is 2-10 times more toxic than pentavalent 
arsenate As(V)] [2]. 

Rice is one of the major staple foods for about 50% of the world 
population, mainly from the Asian and African countries [3]. 
Approximately 50% of total arsenic in rice is inorganic arsenic, 
ranging from 0.4 to 100%. Therefore, the development of simple, 
sensitive, rapid and reliable methods for the determination and 
speciation of iAs in rice is of great relevance. 

The determination of iAs species in rice requires close attention to 
sample preparation strategies [4], and there are several sample 
preparation methods that have been used for As extraction from rice 
with different heating devices [5-8], or by speeding up the extraction 
with ultrasound [9,10] or microwave energy [11-13] assistance. 

Conventional solid-phase extraction (SPE) is one of the most 
common and popular sample pre-treatment techniques, and drawbacks 
of conventional cartridges-based SPE can be overcome by dispersing 
the sorbent into the liquid sample/extract. The technique, referred to as 
dispersive solid phase extraction (DSPE) [14], and as dispersive micro 
solid-SPE (D-µ-SPE) when using a small amount (µg or mg range) of 
micro- or nanosorbents in the sample [15]. D-µ-SPE is an 
environmentally friendly and miniaturized extraction technique that 
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speeds up mass transference, reduces the extraction and desorption 
times, and can be used for extract clean-up and targets pre-
concentration [16, 17]. A wide range of materials can be used as 
sorbents for D-µ-SPE, such as silica nanoparticles, carbon nanotubes, 
graphene, graphene oxide, metal organic and zeolite imidazolate 
frameworks, immunosorbents, and molecularly or ionic-imprinted 
polymer (MIP/IIP), the latter proposed for selectivity improvement 
[16]. 

Dispersion can be enhanced by applying ultrasound (ultrasound-
assisted dispersive micro-solid phase extraction, UA-D-µ-SPE), air 
(air-assisted dispersive micro-solid phase extraction, AA-D-µ-SPE), 
and vortex stirring (vortex-assisted dispersive micro-solid phase 
extraction, VA-D-µ-SPE) [15,18]. Most applications have been 
described for organic target pre-concentration [15-17]. Regarding 
metals, pure nanosilica and nanosilica-ionic liquid hybrid material, 
and carbon nanotubes have been used for D-µ-SPE of Se(IV) [19,20] 
and As(V) [21] before electrothermal atomic absorption spectrometry 
(ETAAS). 

The high selectivity offered by MIP as sorbents for D-µ-SPE and 
the simplicity and speed of the technique can be an appealing 
combination for efficient and fast clean-up and pre-concentration 
purposes. Some examples can be found in the literature such as those 
that use magnetic MIPs and VA-D-µ-SPE for screening of dicofol in 
tea samples [22] and ciprofloxacin in human serum, plasma, urine and 
pharmaceutical samples [23]. The benefits of imprinted polymer 
combined with D-µ-SPE for metallic species have been yet not 
explored, and the aim of the current study has been the development 
and application of an IIP selective to iAs (As(III) and As(V)) as a 
sorbent for VA-D-µ-SPE. Arsenic species (As(III) and As(V) 
included) have been isolated from rice by ultrasound-assisted 
extraction (UAE) before the selective pre-concentration of iAs by the 
proposed IIP-VA-D-µ-SPE. Pre-concentrated iAs species were then 
separated and determined by high-performance liquid chromatography-
inductively coupled plasma mass spectrometry (HPLC-ICP-MS). 
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3.2. MATERIALS AND METHODS 

3.2.1. Instrumentation 
The ICP-MS was a NexIon 300X (Perkin Elmer, Waltham, MA, 
USA) with a SeaFast SC2 DX autosampler (Elemental Scientific, 
Omaha, NB, USA). The chromatographic system consisted of a Flexar 
LC HPLC instrument (LC pump, column oven, and LC autosampler) 
from Perkin Elmer, equipped with a PRP×100 column (10 µm, 100 × 
4.1 mm) and a PRP×100 guard column (10 µm, 25 × 2.3 mm) from 
Hamilton (Reno, NV, USA). A low-profile roller (Stovall, 
Greensboro, NC, USA), placed inside a Boxcult temperature-
controlled chamber (Stuart Scientific, Surrey, UK), was used for IIP 
synthesis. Fourier transform infrared spectrometry (FT-IR) with ATR 
correction (instrument Spectrum-Two, Perkin Elmer) (Figure S 1), 
and scanning electron microscopy (SEM) with a ZEISS EVO LS 15 
instrument (Carl Zeiss, Oberkochen, Germany) were used for IIP 
characterization (Figure S 2). Other devices were: a VibraCell VCx 
130 ultrasonic processor (Sonics, Newtown, CT, USA), an USC60TH 
ultrasonic cleaner bath (45 kHz, 120 W) from VWR (Leuven, 
Belgium), a Reax top vortex mixer (Heidolph, Schwabach, Germany), 
a 2K15 ultracentrifuge (Sigma, Osterode, Germany), a Basic 20 pH 
meter (Crison, Barcelona, Spain), an oven model 207 from Selecta 
(Barcelona, Spain), a Taurus 850 domestic blender (Taurus, 
Barcelona, Spain), a Minipuls 3 peristaltic pump (8 channels) from 
Gilson (Middleton, WI, USA), and a Classic ML analytical balance 
(Mettler Toledo, Columbus, OH, USA).  

3.2.2. Reagents 
Ultrapure water (resistivity of 18.2 MΩ cm) obtained from a Milli Q-
A10 system (Millipore Co., Billerica, MA, USA) was used throughout 
the study. Sodium (meta)arsenite (NaAsO2) was from Sigma-Aldrich 
(St. Louis, MO, USA). Ammonium chloride, ammonium hydroxide 
and methanol (Chromasolv) were from Merck (Darmstadt, Germany); 
ammonium hydrogen carbonate and acetic acid (glacial) were from 
Panreac (Barcelona, Spain); and ammonium dihydrogen phosphate 
from BDH (Poole, United Kingdom). Chemicals used in IIP synthesis 
were 1-vinyl imidazole (≥99.0% purity) and 2,2’-azobisisobutyronitrile 



III. Results and Discussion. CHAPTER 3

161 

(AIBN) from Fluka (Buchs, Switzerland), and divinylbenzene (DVB) 
from Sigma-Aldrich (AIBN and DVB were subjected to a purification 
process before use [24]). As(III) and As(V) metal stock solutions 
(1000 mg L-1) were from Panreac, while monomethyl arsenic (MMA) 
and dimethyl arsenic (DMA) standard solutions (1000 mg L-1) were 
prepared by dissolving appropriate amounts of CH3AsO(ONa)2ꞏ6H2O 
(Carlo Erba, Milan, Italy) and C2H6AsNaO2ꞏ3H2O (Merck), 
respectively. Multi-element standard solutions (for cross-reactivity 
studies) were prepared by combining single Ca, Co and Mg stock 
standard solutions (1000 mg L-1) from Merck, single Cr, Hg, K, P, Pb 
and Zn stock standard solutions (1000 mg L-1) from Scharlab 
(Barcelona, Spain), and single Cd, Cu, and Fe stock standard solutions 
(1000 mg L-1) from Perkin Elmer (Shelton, CT, USA). NexIon Setup 
Solution (10 μg L-1 of Be, Ce, Fe, In, Li, Mg, Pb, and U in 1% HNO3) 
and internal standard solutions (1000 mg L-1, Ge, Sc, and Rh) were 
from Perkin Elmer. The certified reference material (CRM) ERM-
BC211 (rice, As species) was from the Institute for Reference 
Materials and Measurements (Geel, Belgium). Other consumables 
were Durapore 0.22 µm membrane filters (Millipore), 2.0 mL 
polypropylene microtubes tubes (Labbox, Barcelona, Spain), PVC 2-
stop tubing (1.52 mm i.d.) from SCP Sciences (Baie-D'Urfe, Quebec, 
Canada), replacement Teflon frits (Supelco, Bellefonte, PA, USA), 
and 5.0 mL disposable syringes (Dispomed, Gelnhausen, Germany). 

3.2.3. Synthesis of the ionic imprinted polymer  
Details regarding As (III)-based IIP synthesis can be found elsewhere 
[25] and consisted of a template/bifunctional monomer/cross-linker 
molar ratio fixed at 1:4:20 [1.6 mmol of NaAsO2 (template), 6.5 mmol 
of 1-vinylimidazole (bi-functional monomer), and 32 mmol of DVB 
(cross-linker)] and 20 mL 1:3 acetic acid/methanol porogen. The 
presence of N moieties in the bifunctional monomer 1-vinylimidazole 
allows the interaction with the hydroxyl groups in oxyanions such as 
As(III) and As(V) [26]. After adding the initiator (AIBN, 40 mg) and 
purging (N2 for 10 min), polymerization was performed in a low-
profile roller (rotation of the tubes at 33 rpm around the long axis) 
placed inside a temperature-controllable chamber at 60°C for 12 h. 
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The resulting polymer was washed with 5.0 mL methanol three times, 
and oven-dried at 40ºC overnight. Template removal was performed 
by packaging approximately 200 mg of IIP into 5.0 mL syringes 
between two Teflon frits, and by passing 200 mL of 2.0 M HNO3 at a 
flow rate of 1.0 mL min-1 until the last leachate solution was free of 
As (ICP-MS analysis). The polymer particles were washed with 
ultrapure water and dried in a desiccator. Non-imprinted polymers 
(NIPs) were synthesized using the same procedure but in the absence 
of the As(III). Details regarding IIP characterization is given in 
Electronic Supplementary Information (ESI). 

3.2.4. Rice samples 
Rice samples were purchased in local supermarkets at Santiago de 
Compostela. Portions of 100 g were first ground to fine powders using 
a domestic blender, and powdered samples were then stored in pre-
cleaned polyethylene bottles with hermetic seals at 4°C before use. 

3.2.5. Microwave assisted acid digestion 
Portions of 0.500 g of rice samples and CRM (three replicates each 
one and at least two reagent blanks in each microwave acid digestion 
set) were directly weighted in the Teflon reactors and were mixed 
with 3.0 mL of 69 % (w/v) nitric acid, 1.0 mL of 33 % (w/v) hydrogen 
peroxide, and 4.0 mL of ultrapure water. After closing the reactors 
they were subjected to microwave energy (800 W power) in a four-
stage heating program involving a first heating ramp from room 
temperature to 90°C in 4.0 min, followed by a second heating ramp 
from 90°C to 150°C in 7.0 min, and a third heating ramp from 150°C 
to 200°C in 8.0 min. Finally, the reactors were heated at 200°C for 20 
min, and were then allowed to cool down for 1.0 h. The acid digests 
were finally made up to 25 mL with ultrapure water and stored in 
polyethylene flasks. 

3.2.6. Ultrasound assisted extraction (UAE) 
Approximately 1.000 g of powdered rice sample was weighed into a 
15 mL centrifuge tube, and 10 mL of the extracting solution (1:1 
methanol/water [27]) were added. The ultrasound probe operating in 
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continuous mode (frequency of 20 kHz with a power of 68 W, and 
amplitude at 40% of the maximum range) was immersed into the 
solution that was irradiated by ultrasonic waves for 1.0 min (the test 
tubes were immersed in an ice-bath to avoid temperature increases). 
Then, the extract was isolated from the solid residues by 
ultracentrifugation (4°C, 3000 rpm, 10 min) before further VA-D-µ-
SPE pre-concentration. 

3.2.7. Vortex-assisted dispersive micro-solid phase extraction (VA-D-µ-SPE) 
For VA-D-µ-SPE, portions of 50 mg of IIP (or NIP in some 
experiments) in 2 mL microtubes were conditioned by adding 1.5 mL 
of ultrapure water (pH 8.0, adjusted using 0.1M/0.1 M NH3/NH4Cl 
buffer solution), and subjecting the mixture to vortex stirring (1000 
rpm, 1 min) and ultracentrifugation (4 °C, 12000 rpm, 10 min) to 
discard the liquid supernatant. A volume of 1.5 mL of rice extract (pH 
fixed at 8.0) was added, and the mixture was vortexed (1000 rpm, 1 
min) and ultracentrifuged (4 °C, 12000 rpm, 10 min). After discarding 
the liquid phase, elution was performed using 150 µL of ultrapure 
water and vortexing (1000 rpm, 1 min) and centrifugation (4 °C, 
12000 rpm, 10 min). The supernatants were isolated and direct 
measured by HPLC-ICP-MS. The experiments were performed in 
triplicate and at least two reagent blanks were prepared for each 
experiment set. 

3.2.8. ICP-MS and HPLC-ICP-MS measurements 
The determination of total As in acid digests from rice, and the multi-
element determinations when studying the imprinting effect and cross-
reactivity were performed by ICP-MS (operating conditions listed in 
Table S1 (ESI) by using 1.0 %(v/v) nitric acid matched calibrations 
covering the 0-100 µg L-1 concentrations range.  

As(III) and As(V) in the extracts from rice were determined by 
HPLC-ICP-MS under operating conditions listed in Table 1. 
Quantification was performed using the standard addition technique 
by spiking rice extracts with As(III) and As(V) concentrations within 
the 0.1 – 2.0 µg L-1, and subjecting the spiked extracts to the VA-D-µ-
SPE process (standard addition calibration covering As(III) and As(V) 
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concentrations from 1.0 to 20 µg L-1, taking into account a pre-
concentration factor of 10). Chromatograms for an aqueous standard 
(1.0 µg L-1), an extract from the CRM and two rice samples (basmati 
and wild rice) are given in Figure 1(a-d). 

Table 1. Operating HPLC-ICP-MS parameters 

ICP-MS 

Radio frequency power (W) 1600 

Ar flow rate (L min-1) (plasma/auxiliary/nebulizer) 16/1.2/0.92 

KED mode, He flow rate (mL min-1) 4

Integration time (ms) 250 

Mass monitored 75As 

HPLC 

Column Hamilton PRP×100, 10 µm, 4.1×100 mm 

Mobile phase (NH4)H2PO4, 15 mmol, pH 6.0 

Flow rate 1 mL min-1, 8.5 min 

Injection volume 20 µL 

Figure 1. HPLC-ICP-MS chromatograms for a 20 µg L-1 As(III) and As(V) aqueous 
standard (a), and a pre-concentrated extract from ERM-BC211 CRM (b), wild rice 

(c), and basmati rice (d) 
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3.3. RESULTS AND DISCUSSION 

3.3.1. Optimization of VA-D-µ-SPE 
The VA-D-µ-SPE procedure was optimized using rice extracts 
aliquots (1.5 mL each one) spiked with iAs (2.0 µg L-1 for As(III) and 
As(V)). For As(III) and As(V) analytical recovery assessment, un-
spiked rice extracts were also analysed in each set of conditions. 
Extracts from rice (Jasmin) were obtained by applying non-optimised 
UAE conditions (continuous sonication at 60% amplitude for 5.0 
min). Several parameters affecting the VA-D-µ-SPE process (rice 
extract pH, loading vortex stirring time and speed, eluting vortex time 
and speed, and IIP amount)were fully evaluated (experiments 
performed in triplicate and at least two blanks prepared for each set of 
tested conditions). As(III) and As(V) concentrations (analytical 
recoveries) were assessed using aqueous calibrations and after 
subtracting the As(III) and As(V) contents in the un-spiked rice 
extracts. 

3.3.1.1. Rice extract pH and loading vortex stirring time and speed 
Variables affecting the loading stage were studied using un-optimized 
eluting conditions (water as extractant, and elution vortex stirring 
speed at 2000 rpm for 2.0 min). The pH of the rice extract plays an 
important role for favouring the interactions between dissolved 
analytes (As(III) and As(V)) and IIP particles during dispersion. The 
influence of the extract pH was tested by varying the pH from 6.0 
(extract pH after UAE) to 10.0 (pHs higher than 6.0 were obtained by 
adding a few drops of ammonia to the 10 mL extract obtained after 
UAE). The spiked 1.5 mL aliquots of rice extracts after pH adjustment 
were mixed with 50 mg of IIP, and the loading step was carried out by 
vortexing at 2000 rpm for 3.0 min (non-optimized elution conditions 
as explained above). Figure 2(a) shows that As (V) analytical recovery 
is high (approximately 40%) when fixing the pH within the 6.0-8.0 
range, and decreases at the highest tested pHs (9.0 and 10.0). 
However, As (III) analytical recovery is highest (approximately 40%) 
when loading rice extracts at pH 8.0. These findings agree with 
As(III)/As(V)-pH dependence [28], which implies As(V) and As(III) 
species prevalent at neutral pH and/or at slightly alkaline pHs. The 
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highest iAs analytical recoveries were observed at pH 8.0, and this pH 
was selected. 

The role of the vortex agitator is to disperse the IIP into the 
sample solution to improve the extraction efficiency. By fixing the 
extract pH at 8.0 and the loading vortex time at 2.0 min, several 
loading vortex speeds (from 500 to 2500 rpm, 500 rpm intervals) were 
tested. Analytical recoveries for As(III) and As(V) were found to be 
dependent of the vortex speed (Figure 2(b)). Low vortex speed (500 
rpm) and vortex speeds higher than 1000 rpm led to poor extraction 
yields. The low analytical recoveries when vortexing at the lowest 
speed is attributed to an inefficient contact between As ions and the 
dispersed IIP particles. In addition, analyte-sorbent desorption (back 
diffusion), reported for several microextraction techniques [29-31], are 
responsible for the low extraction yields when using high vortex 
speeds. Taking into account these findings, the loading vortex speed 
was fixed at 1000 rpm. 

Finally, the vortex rotational speed was fixed at 1000 rpm, and 
loading experiments (rice extract at pH 8.0) were performed by 
varying the vortex stirring time from 1.0 to 5.0 min. Calculated iAs 
analytical recoveries (Figure 2(c)) show that the effect of the 
vortexing time during the loading stage is not significant, and the 
loading vortex time was set at 1.0 min.  
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Figure 2. Effect of the extract pH (a), loading vortex speed (b), and loading 
vortex time (c) on the analytical recovery of As(III) and As(V) 
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3.3.1.2. Eluting vortex stirring time and speed 
In the current experiments, 150 µL of ultrapure water were used 

for iAs species elution. Several elution times (within the 1.0-5.0 min 
range) and elution speeds (from 500 to 2500 rpm) were tested under 
optimized loading vortex conditions. As shown in Figure 3(a,b), iAs 
analytical recoveries were not significantly different within the 
time/speed range studied, and elution vortex conditions were finally 
fixed at 1000 rpm for 1.0 min. 

3.3.1.3. Effect of the IIP sorbent amount 
It is well known that the use of appropriate amounts of the IIP 

sorbent affects the extraction efficiency of the VA-D-µ-SPE procedure 
[16]. Therefore, several amounts of IIP (10, 20, 50 and 100 mg) were 
used to evaluate the recovery of As(III) and As(V) using the above 
optimized conditions. Experiments in triplicate (Figure 3(c)) showed 
that iAs species recoveries were gradually increased up till 50 mg of 
IIP sorbent, and there were no statistically significant differences 
between the recoveries of As(V) when using 50 or 100 mg of IIP. 
Hence, 50 mg of IIP was found to be adequate to quantitatively retain 
iAs. This mass of polymer was thus selected for further studies.  

3.3.2. Optimization of ultrasound-assisted extraction (UAE) 
Methanol/water mixtures (typically 1:1 ratio) have been found to be 
effective for extracting As species from biological matrices, rice 
included, and the extractive process is usually assisted by ultrasounds 
(ultrasounds water-bath) and by microwaves [27,32]. Three factors 
affecting the extractive process (use of ultrasound probe for assisting 
the extraction), ultrasounds amplitude (20, 30, 40, 50, 60, 70 and 
80%), sonication time (2, 5, 7, 10, 15 min), and sonication mode 
(continuous and non-continuous), have been fully evaluated using 10 
mL of 1:1 methanol/ultrapure water as an extractant. Experiments 
were performed in triplicate with 1.0000 g subsamples spiked with As 
(III) and As (V) at 5.0 µg L-1, and the obtained extracts were further 
subjected to the optimized VA-D-µ-SPE. Un-spiked rice subsamples 
were also subjected to the tested conditions in order to properly assess 
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the analytical recovery of the spiked As(III) and As(V) concentrations 
after HPLC-ICP-MS (use of an aqueous calibration). 

Figure 3. Effect of the elution vortex time (a), elution vortex speed (b), and 
IIP amount (c) on the analytical recovery of As(III) and As(V) 
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Results (As(III) and As(V) analytical recoveries for each set of 
conditions) show that ultrasounds amplitude (Figure S3(a), ESI) and 
continuous and non-continuous sonication (Figure S3(c), ESI) do not 
affect iAs extraction from rice. A continuous sonication at 40% 
ultrasound amplitude was chosen. Regarding the sonication time, 
Figure S3(b)(ESI) shows similar As(III) and As(V) analytical recoveries 
within the 2.0–10 min range; whereas the extraction efficiency of both 
species is impaired at high sonication times (15 min). The optimum 
sonication (extraction) time was therefore fixed at 2.0 min. 

3.3.3. Imprinting effect and cross-reactivity (IIP selectivity) studies 
The imprinting effect (iAs adsorption onto IIP particles through the 
imprinted recognition cavities) and the selectivity (avoidance of 
adsorption of other elements and/or arsenic species through the 
imprinted recognition cavities) were evaluated by subjecting aqueous 
standards of As(III) and As(V) at 5 µg L-1, aqueous standards 
containing microelements (Cd, Co, Cr, Cu, Mn, Ni, Pb, Hg, and the 
As species DMA and MMA) at concentrations of 2.0 µg L-1, and 
aqueous standards containing macro-elements (Al, Ca, Fe, K, Mg, and 
Zn) at concentrations of 5.0 µg L-1, to the optimized VA-D-µ-SPE 
procedure using IIP and NIP as sorbents (experiments in triplicate for 
MMA and DMA experiments, and experiments replicated six times 
for other elements). Extracts regarding MMA and DMA experiments 
were directly analysed by HPLC-ICP-MS (conditions in Table 1); 
whereas, extracts when testing other elements were analysed by ICP-
MS (conditions listed in Table S1, electronic supplementary 
information, ESI). In the latter case, two eluates (150 µL each one) 
were combined and diluted up to 2.0 mL with 1.0 %(v/v) nitric acid 
before ICP-MS analysis. 

Imprinting effect and selectivity were assessed by calculating the 
extraction efficiency (EF), the distribution ratio (D(M)), and the 
selectivity coefficient (S(M)) according to 

EF ሺ%ሻ=
A2

AT
× 100       Equation 1

𝐷ሺெሻ=
A2

A1
 Equation  2 
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𝑆ሺெሻ=
Dሺ஺௦ሺூூூሻሻ

Dሺெሻ
            Equation 3 

where, A1 is the amount of metal ion in aqueous solution at 
equilibrium, A2 is the amount of metal ion extracted by the IIP/NIP at 
equilibrium, AT is the total amount of metallic ion used in the 
extraction, DAs(III) is the distribution ratio for As(III) (template), and 
DM is the distribution ratio for other elements/DMA and MMA 
species. 

As expected (Table 2), As(III) and As(V) showed the highest EFs 
(100% when using IIP as a sorbent); whereas, EFs fall to 31 and 41% 
for As(III) and As(V), respectively, when using NIP as a sorbent. 
These finding imply that the interactions between the IIP particles and 
As(III) (template) and also As(V) are mainly through the imprinted 
recognition cavities generated in IIP, and the non-specific interactions 
(adsorption) are a minority. In addition, the IIP sorbent offers high 
selectivity against other arsenic species present in rice, such as MMA 
and DMA, which are not retained in the IIP (EFs lower than 10%) and 
against other elements, with EFs range from 0 to 20% (Table 2). The 
low D(M) ratios and high S(M) factors assessed for As(III) and As(V), 
and the high D(M) ratios and low S(M) factors for MMA and DMA, and 
other elements (Table 2) confirm that the prepared IIP sorbent is 
highly selective to iAs.  

3.3.4. Analytical performances of the UAE-VA-D-µ-SPE method 

3.3.4.1. Calibration and matrix effect 
Aqueous calibrations (pH 8.0 by adding small volumes of 0.1 M 

NH3 solution) with As(III) and As(V) concentrations ranging from 1.0 
to 20 µg L-1 were prepared across several days. Similarly, several 
standard addition calibrations were prepared by subjecting rice extracts 
(10 mL) spiked with As(III) and As(V) within the 0.1 – 2.0 µg L-1 
range to the proposed VA-D-µ-SPE procedure in triplicate. Taking 
into account that the pre-concentration factor of the VA-D-µ-SPE 
process is 10, the concentration levels of the standard addition 
calibrations varied from 1.0 to 20 µg L-1. Good linearity (correlation 
coefficient from 0.995 to 1.00) was observed for both aqueous and 
standard addition curves for both arsenic species. The mean slopes 
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obtained for aqueous standards (three calibrations) were 865±35 and 
812±36 for As(III) and As(V), respectively; whereas, slopes for the 
standard addition calibration were smaller than for aqueous 
calibration, 627±71 for As(III) and 718±63 for As(V). These 
differences are attributed to the matrix effect and suggest that a 
calibration based on standard additions throughout the VA-D-µ-SPE 
procedure is needed for achieving accurate results. 

Table 2. Values of extraction efficiencies (%), distribution ratios and selectivity 
coefficients of IIP and NIP after the VA-D-µ-SPE procedure 

Extraction 
Efficiency (%) 

Distribution 
 ratio (DM) 

Selectivity 
Coefficient (DAs(III)/DM) 

IIP NIP IIP NIP IIP NIP 

As (III) 100 31 ∞ 0.46 - -

As(V) 100 41 ∞ 0.70 1 98

MMA 11 2 0.12 0.03 564 2675

DMA 0 2 0 0.03 ∞ 2684

Al 0 0 0 0 ∞ ∞ 

Ca 0 0 0 0 ∞ ∞ 

Fe 0 1 0 0.01 ∞ 6278

K 0 0 0 0 ∞ ∞ 

Mg 13 0 0.16 0 441 ∞ 

Zn 18 0 0.22 0 306 ∞ 

Cd 0 0 0 0 ∞ ∞ 

Co 0 0 0 0 ∞ ∞ 

Cr 0 0 0 0 ∞ ∞ 

Cu 0 0 0 0 ∞ ∞ 

Mn 5 0 0.05 0 1403 ∞ 

Ni 0 0 0 0 ∞ ∞ 

Pb 0 0 0 0 ∞ ∞ 

Hg 0 20 0 0.25 ∞ 280
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3.3.4.2. Limit of detection (LOD) and limit of quantification (LOQ) 
The limit of detection (LOD) and the limit of quantification 

(LOQ) were d etermin ed after the analysis of eleven blank samples. 
The concentration corresponding to three times the standard deviation 
of the blank was defined as LOD, while the concentration 
corresponding to 10 times the standard deviation of the blank was 
considered as LOQ. Instrumental LOD/LOQ were 0.20 µg L-1 and 
0.67 µg L-1 for As(III), and 0.41 µg L-1 and 1.38 µg L-1 fo r As(V). 
LOD/LOQ values after considering the pre-concentration factor of 10 
(VA-D-µ-SPE) and the whole UAE process were 0.20 µg kg-1 and 
0.67 µg kg-1 for As(III), and 0.41 µg kg-1 and 1.38 µg kg-1 for As(V). 
The assessed LODs are similar to those obtained by Vu et al. when 
using HPLC-ICP-MS with a dynamic reaction cell (oxygen as a 
reaction gas) to minimize interferences [8]. The values obtained are 
well below the EU regulation limits for iAs in rice, i.e., 200 µg kg-1 
for white rice, 250 µg kg-1 for husked rice, 300 µg kg-1 for rice 
waffles, wafers, crackers and cakes, and 100 µg kg-1 for rice destined 
for the production of food for infants and young children [33]. The 
obtained LODs are also lower than maximum values proposed by the 
government of Canada (200 µg kg-1 and 300 µg kg-1 for polished and 
husked rice, respectively) [34], and by the U.S. Food and Drug 
Administration (FDA) (100 µg kg-1 of iAs in rice cereals for infants) [35].  

3.3.4.3. Precision and accuracy 
Inter-day and intraday assays were performed for assessing 

precision of the VA-D-µ-SPE and HPLC-ICP-MS procedure. Inter-day 
precision was evaluated after the analysis of rice extracts spiked with 
both iAs species at three concentration levels (0.1, 0.5 and 2.0 µg L-1), 
and was expressed as the relative standard deviation (RSD) of seven 
spiking VA-D-µ-SPE experiments for each concentration tested. 
Similarly, intraday precision was performed by preparing seven 
standard addition calibrations through the VA-D-µ-SPE procedure in 
consecutive days, and by replicating three times each concentration level 
(0.1, 0.2, 0.5, 1.0 and 2.0 µg L-1). RSD values are listed in Table 3. Good 
inter-day and intraday precision have been attained (RSDs lower than 
11% for As(III) and lower than 7% for As(V)). 



BEDIGAMA KANKANAMGE KOLITA KAMAL JINADASA 

174 

Inter-day and intraday analytical recovery were also obtained 
from the same experiments performed for inter-day and intraday 
precision assessment, and as shown in Table 3, analytical recoveries 
within the 89-103% range were obtained for all cases. Because RSDs 
values lower than 20% for inter-day/intraday precision assays, and 
analytical recoveries within the 80-120% range for inter-day/intraday 
analytical recovery assays were obtained, precision and analytical 
recovery of the proposed method is acceptable. 

Table 3. Inter-day and intraday precision and analytical recovery 

As(III) As(V)

Concentration 
(µg L-1) 

Analytical 
recovery (%) 

RSD 
(%) 

Analytical 
recovery (%) 

RSD 
(%) 

0.1 89 11 103 7 
Interday 0.5 94 11 97 7

2.0 93 10 96 7

0.1 91 8 99 7 
0.2 99 9 98 5

Intraday 0.5 95 8 95 7

1.0 99 4 97 6
2.0 89 9 97 7

Accuracy was also evaluated by analysing a certified reference 
material ERM-BC211 with a certified value of iAs of 124±11 µg kg-1. 
Three subsamples of ERM-BC211 were subjected to the optimised 
UAE, VA-D-µ-SPE and HPLC-ICP-MS procedure, and the found iAs 
concentration was 120±5 µg kg-1 (concentration calculated by summing 
the As(III) and As(V) concentrations, 107±5 and 13±1 µg kg-1, 
respectively, and taking into account the propagation of error for 
assessing the standard deviation). Results show that there are no 
statistically significant differences between the certified and the 
experimental value (P >0.05, t-test, 95% confidence level). As an 
example, Figure 1(c) shows a chromatogram for an extract obtained 
from the ERM-BC211. In addition, as listed in Table 4, total As 
concentration (252±2 µg kg-1) is not statistically different (P >0.05, 
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t-test, 95% confidence level) to the certified total As content in the 
CRM (260±13 µg kg-1). 

Desp ite the fact that ERM-BC2 11  is n o t certified  fo r sin g le 
As(III) and As(V) concentrations, the As(III) and As(V) 
concentrations found in the current research are in good agreement 
with those reported by Maher et al. (106 ±18 µg kg-1 of As(III) and 16
±6 µg kg-1 of As(V)) after a microwave-assisted extraction with 2%(v/
v) nitric acid and HPLC-ICP-MS analysis [13]. These authors 
confirmed the validity of their results using X-ray absorption near 
edge spectroscopy (XANES) [13]. However, our results are quite 
different from those reported by Vu et al. (< LOD for As(III) and 
134.79 ±10.93 µg kg-1 for As(V)) [8]. The high concentration of 
As(V) found by these authors could possibly be due to the fast 
oxidation of As(III) to As(V) during the sample preparation and 
analysis steps [4, 36]. 

3.3.4.4. IIP reusability 
Reusability of the IIP sorbent was tested by using three single IIP 

portions (50 mg each) which were used in successive days at the same 
time that inter-day and intraday assays were performed. In this 
experiment, rice extracts spiked with 1.0 µg L-1 As(III) were subjected 
to the proposed VA-D-µ-SPE procedure for over 10 days, implying 23 
sorption-desorption cycles each. As shown in Figure S3 (ESI), 
analytical recoveries for As(III) were found to be within the 80-100% 
range during at least 20 sorption-desorption cycles. Therefore, the 
same IIP portion can be reused 20 times with quantitative results.  

3.3.5. Application 
The UAE-VA-D-µ-SPE procedure was used for the determination of 
As (III) and As (V) ions in three rice samples (Basmati, Jasmin, and 
wild rice). As(III), As(V), and iAs, and also total As concentrations 
(microwave assisted acid digestion and ICP-MS) are listed in Table 4. 
In general, As(III) concentrations were higher than As(V) levels in the 
three rice samples. The iAs concentrations ranged from 30±5 to 
213±16 µg kg-1, and are in agreement with the iAs concentrations 
found in the literature [4]. These results show that the iAs levels in 
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some of the studied commercial rice samples is quite close to the 
EU/EC regulated values (200 µg kg-1 for white rice, 250 µg kg-1 for 
husked rice [33]). Basmati rice surpasses the EU limit for rice destined 
for the production of food for infants and young children, and the 
recommended action level guidance by FDA (100 µg kg-1 of iAs) [35]. 
In addition, iAs level in wild rice is also close to the limit proposed by 
FDA.  

Table 4. Concentration of total As, iAs, As(III) and As(V) in ERM-BC211 
certified reference material and commercial rice samples 

Rice type 
Total As 

(µg kg-1) 

iAs percentage 

(%) 

As(III) 

(µg kg-1) 

As(V) 

(µg kg-1) 

iAs 

(µg kg-1)a 

ERM-BC211b 252±2 48±2 107±5 13±1 120±5 

Wild rice 92±11 101±15 76±17 17+3 93±17 

Basmati rice 139±6 92±9 120±13 7±1c 127±13 

Jasmin rice 51±2 59±10 30±11 < LODd 30±11 

(a) Concentration obtained as a sum of As(III) and As(V) concentrations; (b) 

Certified total As concentration of 260±13 µg kg-1; (c) Concentration between the 

LOD and the LOQ of the method; (d) Lower than 2.2 µg kg-1 

3.4. CONCLUSIONS 

The proposed VA-D-µ-SPE procedure based on IIPs as sorbents has 
demonstrated to offer excellent selectivity for both As(III) and As(V) 
ions. It can be implemented for the selective assessment (pre-
concentration) of iAs without the need for pre-oxidation and/or pre-
reduction steps to ensure a quantitative iAs pre-
concentration/isolation. Although HPLC-ICP-MS was used as a 
hyphenated analytical technique for assessing As(III) and As(V) in the 
current research, the proposed selective pre-concentration method can 
be used as a previous step for selective and direct iAs quantification 
by atomic spectrometry techniques such as ICP-MS, inductively 
coupled plasma – optical emission spectrometry (ICP-OES), 
electrothermal atomization atomic spectrometry (ETAAS), and 
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hydride generation based atomic spectrometry techniques. VA-D-µ-
SPE is a low cost procedure because it does not require sophisticated 
laboratory devices. In addition, IIP synthesis is not expensive and each 
50 mg subsample can be reused at least 20 times. Regarding the 
proposed UAE procedure for isolating As species from rice, the 
selected conditions and extractants have proved to avoid As(III) 
oxidation during the sample pre-treatment (UAE) and pre-
concentration step (VA-D-µ-SPE). Finally, the developed sample pre-
treatment procedure and HPLC-ICP-MS provided quantitative iAs 
recoveries and showed good accuracy when analysing the ERM-
BC211 certified reference material, and LOD/LOQ values lower than 
the maximum iAs levels established by several international 
regulations in rice and rice-based products.  
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3.7. ELECTRONIC SUPPLEMENTARY INFORMATION (ESI) 

ICP-MS measurements 
Total As in acid digests from fish, as well as other trace elements such 
as Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Na, P, Pb, and Zn in cross-
reactivity studies, were determined by ICP–MS under operating 
conditions given in Table S1. Total As determination implied 1:10 
dilution of acid digests with ultrapure water, the use of 74Ge (10 µg L-1) 
as an internal standard, and kinetic energy discrimination (KED) by 
using He (4.0 mL min-1) as a collision gas for selectively polyatomic 
interferences attenuation. Nitric acid (1.0% (v/v)) matched calibration 
within the 0-100 µg L–1 range was performed for assessing total As 
contents. The determination of other elements (cross-reactivity 
studies, Table S1) was carried out using 54Sc (10 µg L-1) as an internal 
standard for Ca, K, Mg, Na, and P under standard conditions, and 74Ge 
(10 µg L-1) as an internal standard for Cu (standard conditions) and for 
Co, Cr, Fe and Zn (KED mode, He 4.0 mL min-1). Finally, 103Rh (10 
µg L-1) was used as an internal standard for Cd, Hg and Pb 
determinations (standard conditions measurements). Determinations 
were performed using 1.0% (v/v) nitric acid matched calibration 
within the 0-100 µg L–1 range for all elements. 
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Table S1. Operating ICP-MS conditions for total As determination in acid 
digests from fish samples, and for P, K, Ca, Mg, Na, Zn, Co, Fe, Cr, Pb, Hg, Cd, 

and Cu determination in cross reactivity studies. 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows Nebulization 0.92 mL min-1

Auxiliary 1.2 mL min-1

Plasma 16 mL min-1

Standard mode Ca, Cu, K, Mg, Na, P 

KED mode: 
He flow rate/ 4.0 mL min-1  As, Cd, Co, Cr, Fe, Hg, Pb, Zn 

Analytes 
75As, 43Ca, 111Cd, 59Co, 53Cr, 63Cu, 57Fe, 39K, 
202Hg, 26Mg, 23Na, 31P, 208Pb, 66Zn 

Internal standards 
74Ge (As, Co, Cr, Fe, and Zn) 
54Sc (Ca, K, Mg, Na, and P) 
103Rh (Cd, Hg, and Pb) 

Wave number (cm-1) 

Figure S1. FT-IR spectra of IIP (before and after template removal) and NIP 
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Figure S2. (A) SEM images of synthesized IIP (B) synthesized IIP after template 
removal (C), and NIP  
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Figure S3. (A) Optimization of percentage of amplitude, (B) Sonication time, 
(C) Sonication mode 
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Abstract 
An analytical procedure using low-cost instrumentation 
(fluorescence/phosphorescence spectrophotometer) has been 
developed to assess total mercury in fishery products. Determinations 
were based on the room temperature phosphorescence (RTP) 
quenching of a composite Ph-QDs consisting of phenobarbital-
containing polymer/silica coated Mn-doped ZnS quantum dots. Under 
optimum conditions (fish extract pH of 8.0, Ph-QDs concentration of 
20 mg L-1, and an interaction time of 12 min), the material offers high 
selectivity for inorganic mercury and methyl-mercury over other 
common ions present in the fish matrix. Moreover, good linearity was 
obtained for mercury concentrations within the 0-100 µg L-1 range, 
and the obtained limit of detection (68.2 µg kg-1) is low enough for a 
reliable assessment of total mercury in fish and seafood samples. The 
developed method was found to be free of matrix effects, and offers 
the advantage that the fish extracts can be directly analysed even at a 
1:10 dilution. The method was found to be accurate after analysing a 
fish certified reference material, and after comparing total mercury 
levels in a set of fish samples analysed by the proposed chemosensor 
probe and by inductively coupled plasma mass spectrometry after an 
acid decomposition sample pre-treatment. 
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4.1.INTRODUCTION 

The increase of the presence of heavy metals, especially mercury 
(Hg), due to natural (weathering of rocks, degassing of the earth’s 
crust and volcanism) and anthropogenic (coal combustion, mining 
industry and by-products, agriculture fertilizers, and waste 
incineration) activities is becoming one of the most serious problems 
in the world [1 -3]. According to the World Health Organization 
(WHO), Hg is “one of the top ten chemicals or groups of chemicals of 
major public health concern” [4]. Moreover, the Government Agency 
for Toxic Substances and Disease Registry (ATSDR) of the United 
States ranked Hg as third on their substances priority list in 2017 [5]. 
After the release of Hg into the environment, it becomes a part of the 
biogeochemical cycle, with transformation of the species and 
transpositions between the atmosphere, soil and aquatic ecosystems 
[6,7]. In the atmosphere, elemental Hg (Hg0) is the most common 
species, and it can travel long distances before being deposited far 
from its original source [ 8 ]. The deposited inorganic Hg can be 
transformed by anaerobic bacteria, mainly forming methyl mercury 
(MeHg) or dimethyl mercury (Me2Hg) in the aquatic environment. 
MeHg can be readily bioaccumulated in aquatic biota and even 
biomagnified in higher trophic levels of the aquatic food chain; hence, 
fish and seafood are one of the main pathways of Hg exposure for 
humans [9,10]. 

Mercury concern in the environment and human health has led to 
the development of several strategies for mercury species isolation 
and the assessment of total mercury as well as mercury species 
(speciation studies). Critical reviews regarding sample pre-treatment 
methods [11,12] and analytical techniques, mainly high performance 
liquid chromatography (HPLC) hyphenated with inductively coupled 
plasma – mass spectrometry (ICP-MS), for mercury species 
assessment [12,13] can be found in recent literature. Although these 
methods are highly sensitive, they have a number of disadvantages, 
such as the fact that most of them require sophisticated and high-cost 



III. Results and Discussion. CHAPTER 4

193 

instrumentation as well as staff with technical expertise. The 
development of fast and low cost analytical methodologies is therefore 
desired not only for screening purposes but also for reliable 
quantification of mercury species in complex matrices. 

Nanoparticles (NPs), mainly quantum dots (QDs), have received 
much attention because of their potential for bio-imaging and sensor 
development [14,15]. The unique photo-physical and photochemical 
properties of QDs, such as high luminescence quantum yields, size-
dependent narrow emission bands, stability against photo-bleaching, 
and high selectivity and sensitivity [16,17], are responsible for the 
great QDs’ capabilities for sensor probe development. Sensing is 
based on the changes in QD luminescence after analyte-QDs’ surface 
interactions. QDs’ fluorescence has been commonly used in many 
applications, but room temperature phosphorescence (RTP) has 
recently been reported to offer better performances than fluorescence 
due to its reliability, longer lifetime, and absence of auto-fluorescence 
and scattered light [ 18 , 19 ]. Selectivity of luminescent-based QD 
methods can be achieved by coating the QDs’ surface with a reagent 
with selective properties through the target (analyte), and the use of 
molecularly imprinted polymers (MIPs) to enhance selectivity. This is 
an appealing approach for preparing the so-called molecularly 
imprinted optosensing materials (MIOM) [20]. 

There are some reported QD-based fluorescence chemosensors 
for mercury (mainly inorganic mercury) detection/quantification 
which use carbon dots (CDs) [ 21 ], surface modified CDs with 
poly(ethylene glycol) (PEG-CDs) [22], and carbon nitride quantum 
dots (CNQDs) or nitrogen doped CDs (N‐CDs) [23,24], the latter 
synthesized using a nitrogen containing reagent together with the 
carbon source. A CNQDs chemosensor based on the 
chemiluminescence of the CNQDs-potassium ferricyanide system has 
also been reported for inorganic mercury detection since mercury ions 
form a stable non-luminescent CNQD-Hg(II) complex and diminish 
the chemiluminescence CNQDs-potassium ferricyanide reaction [25]. 
Other QDs-based chemosensors for mercury detection consist of CdTe 
[26], CdTe@CdS QDs [27], ZnS QDs [28], Mn doped ZnSe/ZnS QDs 
[29], Mn-doped ZnS QDs [30], and QDs derived from fluorescent 
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semiconducting polymers (pQDs) such as poly(3,4-
ethylenedioxythiophene) (PEDOT) [31]. Selectivity of the prepared 
QD probes can be poor, and luminescence quenching can be attributed 
to the present of several ions such as those reported for chitosan-
stabilized ZnS QDs [28]. Selectivity improvements can be attained by 
attaching certain ligands to the QDs’ surface, ligands which offer 
specificity for a certain ion. Therefore, mercaptopropionic acid (MPA) 
capped Mn-doped ZnSe/ZnS QDs [29], thioglycolic acid (TGA)-
capped Cd-Te QDs [26], and L-cysteine-capped Mn-doped ZnS QDs 
[30] have been found to be quite selective for the fluorescence 
detection of Hg(II) in water. However, TGA-capped CdTe QDs were 
further coated by denatured bovine serum albumin (dBSA) to avoid 
quenching by other ions such as Cu(II) and Ag(I) [26]. 

On other occasions, Fe3O4@SiO2/dendrimers/Cd-Te-QD systems 
have been proposed for developing an ultrasensitive 
electrochemiluminescence (ECL) aptasensing assay for selective 
detection of Hg(II) [27]. Biological materials such as fish and seafood 
have been successfully analysed by applying some of the proposed 
chemosensor probes after convenient extraction procedures [22] for 
determining MeHg, or after acid decomposition of the sample for 
detecting inorganic mercury [21,25,27]. 

All developed QD probes have been proved to be more or less 
selective for one mercury species (mainly Hg(II)), but the 
simultaneous recognition/detection of both inorganic (Hg(II)) and 
organic (MeHg) mercury species has not been yet addressed. One of 
the objectives of this research is the combination of the RTP response 
of Mn-doped ZnS QDs with the selectivity provided by a polymer that 
includes a non-vinylated ligand (phenobarbital) that has shown to give 
an strong affinity for inorganic (Hg(II)) and organic (MeHg and ethyl-
mercury, EtHg) mercury species [32]. The prepared phenobarbital 
containing polymer/silica coated Mn-doped ZnS quantum dot 
composite (Ph-QDs) has been found to be quite selective for both 
Hg(II) and MeHg, providing a reliable RTP quantification of total 
mercury in fishery products. 
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4.2. MATERIAL AND METHODS 

4.2.1. Reagents 
Zinc sulfate heptahydrate [ZnSO4.7H2O] was from Panreac 
(Barcelona, Spain); whereas, manganese dichloride [MnCl2], and 
N,N-dimethylformamide (DMF) [HCON(CH3)2] were purchased from 
Merck (Darmstadt, Germany). Sodium sulfide hydrate [Na2S.xH2O], 
2,2′-azobis(2-methyl propionitrile) (AIBN) [C8H12N4], (3-
aminopropyl)-triethoxysilane (APTES) [H2N(CH2)3Si(OC2H5)3], 
tetraethyl orthosilicate (TEOS) [Si(OC2H5)4], methacrylic acid 
[H2C=C(CH3)COOH], phenobarbital sodium salt [C12H11N2NaO3], 
and methylmercury chloride (CH3ClHg) were from Sigma Aldrich (St. 
Louis, MO, USA). Element standard solutions (Hg measurements and 
cross-reactivity studies) were prepared by using single element 
standards of Hg, Cr, K, Na, K, P, Pb and Zn (stock standard solutions 
of 1000 mg L-1) from Scharlab (Barcelona, Spain), Cd, Cu, Fe and Na 
(stock standard solutions of 1000 mg L-1) from Perkin Elmer (Shelton, 
CT, USA), Ca, Co and Mg (stock standard solutions of 1000 mg L-1) 
from Merck, and As(III) and As(V) stock solutions (stock standard 
solutions of 1000 mg L-1) from Panreac). Arsenobetaine (AsB) stock 
solution (1000 mg L-1) was prepared by dissolving appropriate 
amounts of AsC5H11O2 from Tri Chemical Laboratory Inc. 
(Yamanashi, Japan). Other chemicals such as nitric acid (Hyperpur, 69 
%), and 33% hydrogen peroxide were supplied by Panreac. NexIon 
Setup Solution (10 μg L-1 of Be, Ce, Fe, In, Li, Mg, Pb, and U in 1 % 
HNO3) was purchased from Perkin Elmer. The BCR-463, tuna fish 
certified reference material (CRM), was from the European 
Commission Joint Research Centre, Institute for Reference Materials 
and Measurements (Geel, Belgium).  

All chemical and reagents were of analytical grade or better and 
used as purchased, except for 2,2’-azobisisobutyronitrile (AIBN) 
which was purified by crystallization at -20 °C after dissolving the 
reagent in methanol at 50-60 °C. All aqueous solutions were prepared 
with ultrapure water with a resistivity of 18.2 MΩ/cm obtained from a 
Milli Q-A10 device (Millipore Co., Bedford, MA, USA).  
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4.2.2. Instrumentation 
RTP measurements were carried out using a Cary Eclipse 
fluorescence spectrophotometer (Varian, Victoria, Australia) equipped 
with a xenon flash lamp as an excitation light source and 1 cm 
standard quartz cells. Phenobarbital coated QD composites were 
characterized by transmission electron microscopy – energy-
dispersive spectroscopy (TEM-EDS) using a JEM-2010F (JEOL, 
Tokyo, Japan) equipped with an IncaEnergy TEM detector (Oxford 
Instruments, High Wycombe, United Kingdom), by X-ray diffraction 
spectrometry (XRD) using an EMPYREAM instrument from 
PaNalytical (Almelo, Netherlands), and by Fourier transform infrared 
spectrometry (FTIR) using a Spectrum-Two FT-IR spectrometer 
(Perkin Elmer, Waltham, MA, USA) operating at the attenuated total 
reflectance (ATR) mode. Total Hg level was measured by using a 
Perkin Elmer NexIon 300X ICP–MS equipped with SeaFast SC2 DX 
autosampler (Elemental Scientific, Omaha, NB, USA). An Ethos Plus 
microwave accelerated system (Milestone, Sorisole, Italy) equipped 
with 100-mL closed Teflon vessels was used for sample preparation 
previous to the measurement of total Hg concentration. The pH 
measurements were taken on a XS-pH50+DHS pH meter (Labbox, 
Barcelona, Spain). Other equipment included a USC60TH ultrasonic 
cleaner bath (45 kHz, 120 W) from VWR (Leuven, Belgium), an 
ultracentrifuge (Sigma 2K15, Osterode, Germany), a domestic Taurus 
blade grinder (Taurus, Barcelona, Spain), and an analytical balance 
(Mettler Toledo, Columbus, OH, USA).  

4.2.3. Ph-QDs synthesis 
Mn-doped ZnS QDs were encapsulated using APTES and TEOS and 
modified with a polymer containing phenobarbital. All synthesis steps 
were performed at room temperature as follows: 

(1) 12.5 mmol of ZnSO4, 1 mmol of MnCl2 and 40 mL of ultrapure 
water were introduced into a three-necked flask, under ultrasonication 
and a nitrogen stream. After 10 min, a volume of 10 mL of 1.25 mmol 
Na2S solution was added dropwise using an addition funnel, and the 
mixture was ultrasonicated (37 kHz, 325 W) for 30 min [ 33 ]. 
Afterward, 2 mL of TEOS and 2.5 mL APTES were added, and the 
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mixture was ultrasonicated for 4.5 h under an N2 stream. The resulting 
silica coated Mn-doped ZnS QDs [Figure 1(A, B)] were centrifuged at 
3000 rpm for 20 min. Centrifugation was repeated 3 times, and the 
material was rinsed with 5 mL of ethanol between each step. Finally, 
nanoparticles were dried in a desiccator and stored at 4 °C. 

(2) A pre-polymerization mixture was prepared by dissolving 0.3 
mmol of phenobarbital and 0.75 mmol of MMA in 4 mL of DMF, and 
sparged with N2. 

(3) A mass of 0.5 g of the previously prepared silica coated QDs 
were introduced in a conical flask and mixed with the pre-
polymerization mixture (step 2), 25 mL of ultrapure water, 4.5 mL of 
EDMA and 50 mg of AIBN [Figure 1(C)]. The mixture was 
ultrasonicated (37 kHz, 325 W, 4 h) to favour EDMA and AIBN 
transfer to the pre-polymerization mixture (DMF containing MMA 
and phenobarbital) and to allow dispersion of the pre-polymerization 
mixture droplets in water and over the dispersed QDs. Afterwards the 
composite was centrifuged (3000 rpm, 20 min), washed with ethanol, 
dried and stored as explained in step 1. Phenobarbital trapped into the 
polymeric matrix ensures specificity towards mercury by interaction 
through the N functionalities [Figure 1(D)]. 

The prepared powder Ph-QD composites were stored in amber 
glass bottles at 4°C. Similarly, Ph-QD suspensions prepared in 0.1M 
KH2PO4 (pH 8) were also kept in amber glass bottles at 4°C.  

4.2.4. Analysis of fish samples 
Fish species such as yellowfin tuna (Thunnus albacares), swordfish 
(Xiphias gladius), bluefin tuna (Thunnus thynnus), and blue shark 
(Prionace glauca) were purchased from local fish markets. Fish 
entrails were removed, and the fish flesh was separated from the bones 
and skin. Isolated flesh was homogenized, and each sample (wet 
weight ranging from 0.2 to 1.0 kg) was stored in polyethylene vials 
with hermetic seals at –20 °C before analysis.  
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Figure 1. Schematic procedure for the synthesis of Mn-ZnS@SiO2 QDs (A, B), 
Ph-Mn-ZnS@SiO2 QDs (C), and Hg (II)-Ph-Mn-ZnS@SiO2 QDs interaction (D) 

4.2.4.1. Ultrasound assisted acid extraction 
Total mercury extraction (inorganic mercury and methyl-

mercury) from wet fish tissues was performed according to [34] with 
some modifications for RTP measurement. Briefly, 1.0 g of wet fish 
flesh (or 0.3 g of CRM) was weighted into a screw-capped vial and 5 
mL of 5.0 M HCl were added. Mixtures were then ultrasonicated 
(ultrasound water bath, 45 kHz, 120 W, 5 min), and the extracts were 
separated by centrifugation (3500 rpm, room temperature, 10 min). 
Finally, extract pH was adjusted to 8.0 by adding small volumes of 
12.5% (v/v) ammonium hydroxide. The fish extract was finally made 
up to 25 mL with ultrapure water. Each sample was subjected to the 
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extractive procedure in triplicate, and at least two blanks were 
prepared in each ultrasound assisted acid extraction set. 

4.2.4.2. Microwave assisted acid digestion 
A reference sample pre-treatment method based on microwave 

assisted acid digestion in combination with ICP-MS was used for 
comparative purposes. Briefly, 1.0 g of wet homogenized fish (or 0.3 
g of CRM), was weighted in Teflon reactors, and pre-digested with 
4.0 mL of 69 % (v/v) HNO3, 2.0 mL of ultrapure water, and 2.0 mL of 
H2O2 for 15 min at room temperature. The reactors were subjected to 
microwave energy by increasing the temperature from room 
temperature to 200 °C for 13.5 min, followed by a treatment at this 
temperature for 10 min [35]. The digests were made up to 25 mL with 
ultrapure water and stored in polyethylene bottles at room 
temperature. Three acid digests were prepared from each sample, and 
at least two blanks were prepared for each microwave assisted acid 
digestion set. 

4.2.4.3. RTP measurements 
RTP measurements were carried out at room temperature (20-25 °C). 

The excitation wavelength was set at 289 nm, and emission was 
scanned between 520 and 720 nm. The excitation and emission slits 
were set as 10 and 20 nm, respectively. Other optimized parameters 
were: total decay time 0.003 s, number of flashes 1, delay time 0.1 ms, 
gate time 2.0 ms, and a photomultiplier tube (PMT) voltage operating 
at medium mode.  

All measurements were based on peak area and were carried out 
using a constant volume of 1.5 mL of 20 mg L-1 Ph-QDs dispersion 
(0.1M KH2PO4, pH 8.0, as a solvent). Ph-QDs dispersion was mixed 
with 200 µL of fish extract and 300 µL of buffer (0.1M KH2PO4, pH 
8), which implies a 1:10 sample dilution. RTP measurement was 
performed after an interaction time of 12 min. Total Hg assessment 
was based on the changes produced in the phosphorescence intensity 
(quenching effect) when inorganic mercury and methylmercury are 
present. 
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Figure 2. RTP quenching in presence of increasing concentrations of Hg (II) 

The absence of matrix effect allowed a buffered calibration (0.1M 
KH2PO4, pH 8.0) using 20 mg L-1 of Ph-QDs and varying the Hg2+ 
concentration within the 0-100 µg L-1. Figure 2 shows the overlaid 
phosphorescence spectra when increasing Hg (II) concentrations. 

Finally, Ph-QDs were of single used, and nanocomposites 
contained in each 1.5 mL of the 20 mg L-1 Ph-QDs dispersion were 
discharged after the RTP measurement. 

4.2.4.4. ICP-MS measurements 
ICP-MS parameters (nebulization gas flow, torch position, optical 

lens, and quadrupole voltages) were adjusted to achieve high 
sensitivity and accuracy. The m/z ratio monitored was 202Hg (Table 
S1, Electronic Supplementary Information, ESI), and rhodium (m/z 
ratio of 103Rh, and at 5.0 µg L-1) was used as an internal standard. 
Measurements were performed in kinetic energy discrimination (KED) 
mode using He as a collision gas at a flow rate of 1.0 mL min-1. Acid 
digests from fish were 1:25 diluted with ultrapure water before ICP-MS 
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measurement by using the standard addition technique (0-10 µg L-1 

range) to make up for matrix effects.  

4.3.RESULTS AND DISCUSSION 

4.3.1. Ph-QDs characterization 
The morphological TEM characterization of Ph-QDs shows 
agglomerated spheres covered with the Ph-based polymer (Figure 
3A). EDS analysis (Figure 3B) reveals the presence of Zn, S, and Mn 
(core of the composite), and Si, thus confirming an efficient Si coating 
over the metallic nanoparticles. 

The crystalline structure of the prepared nanocomposites was 
studied by XRD. Figure 3C shows the X-ray diffraction pattern of 
QDs (silica-Mn ZnS QDs) and Ph-QDs which consist of broad 
diffraction β-ZnS peaks at 2θ values of 28.74°, 47.7° and 56.5°, and 
indicate a cubic structure with peaks assigned to 111, 220 and 311. 
Results agree with those previously reported for Zn1–xMnxS QDs [36] 
and give mean crystallite sizes of 19.2±2.3 Å (1.9±0.2 nm) for silica-
Mn ZnS QDs, and 20.2±5.1 Å (2.0±0.5 nm) for Ph-QD. 

The FTIR spectrum of the silica coated QDs and the Ph-QDs 
composite (Figure 3D) show the characteristic peak at 610 cm-1, 
which can be assigned to the ZnS band [37], and bands within the 
1000-1150 cm-1 range which are attributed to the asymmetric and 
symmetric stretching vibration of Si-O-Si. These findings bear out the 
presence of a ZnS core and an effective Si coating. In addition, the 
increase of the bands at 2926 cm-1 (-CH2) and 1412 cm-1 (-CO) observed 
in the Ph-QD composite indicate that the phenobarbital containing 
polymer has been capped to the surface of the silica coated QDs.  

The phosphorescence spectrum of the synthesized Ph-QDs is 
shown in Figure 2. The emission spectrum exhibits a symmetric peak 
with a maximum at 597 nm, observed when Ph-QDs are excited at 
289 nm. The emission spectrum is assigned to the transition of Mn2+ 
from the triplet state to the ground state [15, 38 ]. Therefore, 
throughout the study, the excitation wavelength of 289 nm was used, 
with 10 and 20 nm as excitation and emission slits. 

The luminescence and recognition capacities of the synthesized 
Ph-QD prepared in two different days (two different Ph-QD batches) 



BEDIGAMA KANKANAMGE KOLITA KAMAL JINADASA 

202 

were found to be similar. The material from both batches was used 
interchangeably for approximately ten months, finding repeatable 
results. The storage of the powdered Ph-QD composite and Ph-QD 
suspensions (amber glass bottles, 4°C) guarantees stability of the 
material and RTP reproducibility during at least ten months. 

Figure 3. TEM image for Ph-Mn-ZnS QDs (A), EDS spectra for a selected point 
in the TEM image (B), XRD spectra for Mn-ZnS QDs and Ph-Mn-ZnS QDs (C), and 

Fourier transform infra-red spectra for Mn-ZnS QDs and Ph-Mn-ZnS QDs (D) 

4.3.2. RTP operating conditions 

4.3.2.1. Effect of interaction time 
The influence of the interaction time between Ph-QDs and 

inorganic mercury (Hg2+) was investigated by mixing 1.5 mL of Ph-
QDs (100 mg L-1, prepared in 0.1 M KH2PO4, pH 8) with 40 µL of 
500 µg L-1 Hg(II), and 460 µL of buffer (0.1 M KH2PO4, pH 8.0), 
which leads to a final Hg(II) concentration of 10 µg L-1. Emission 
intensity (peak area) was measured at two-min intervals. As shown in 
Figure 4, there was an immediate decrease in the RTP intensity within 
the first 6.0 min. After 12 min, the signal was found to be constant, 
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which indicates stabilization of Hg (II)-Ph-QDs interaction (Figure 4). 
A stabilization time of 12 min was therefore set for further studies. 

Figure 4. Effect of the interaction time between Ph-QDs and Hg2+ ions on 
the RTP intensity 

4.3.2.2. Effect of the pH 
The influence of pH on the Ph-QDs’ RTP quenching when Hg(II) 

ions are present was evaluated by fixing the Ph-QDs concentration at 
100.0 mg L-1 (material dispersed in 0.1 M KH2PO4 buffers at the tested 
pH of 6.0, 7.0, 8.0 and 9.0). Aliquots of 1.5 mL of the Ph-QDs 
buffered solutions were mixed with several volumes of the selected 
buffer and Hg (II) standard solution (500 µg L-1) to obtain Hg (II) 
concentrations within the 0 - 100.0 µg L-1 range (final volume of 2 mL). 
RTP intensities were measured in triplicate after 12 min. The slopes 
(absolute values) of the calibration curves are plotted in Figure 5A. 
The highest slopes of the calibration curves (the highest RTP 
quenching) were observed when a slightly alkaline pH was used 
(-0.465±0.03 for pH 8.0, and -0.448±0.04 for pH 9.0). These findings 
agree with the N atoms deprotonation in the pyrimidine heterocyclic 
skeleton, which is favoured at alkaline pH. Deprotonated N atoms in 
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the phenobarbital residues promote a better Ph-QDs-mercury 
interaction and hence higher quenching. Buffered Ph-QDs and Hg (II) 
solutions at pH 8.0 were therefore selected for further experiments. 

4.3.2.3. Effect of Ph-QD concentration 

Ph-QDs dispersions were prepared in 0.1 M KH2PO4 (pH 8.0) 
using several Ph-QDs concentrations (10.0, 20.0, 50.0, 100.0, and 
200.0 mg L-1), and 1.5 mL aliquots were mixed with the required 
volume of the Hg2+ standard (500 µg L-1, also prepared in 0.1 M 
KH2PO4, pH 8.0), and additional buffer volumes to 2.0 mL. Recorded 
RTP intensities after 12 minutes (Figure 5B) show that RTP 
quenching increased up to a Ph-QDs concentration of 20.0 mg L-1. 
The use of Ph-QDs at higher concentrations than 20 mg L-1 led  to  a 
weak RTP quenching effect when mercury ions are present, although 
the magnitude of the RTP quenching is quite similar within the 50 – 
200 mg L-1 range). These findings have been attributed to inner-filter 
effects as proposed by Tan et al. [30]. Considering these two 
phenomena and the higher slope (Figure 5B), a Ph-QDs concentration 
of 20.0 mg L-1 was selected to carry out further analysis. 
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Figure 5. Effect of the pH (A) and Ph-Mn-ZnS QDs concentration (B) on 
the calibration’s slope (Hg (II) concentration from 0 to 100 µg L-1) 
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4.3.3. Selectivity. Quenching effect from coexisting ions and 
compounds 
The quenching effect of methylmercury and inorganic mercury 
(Hg(II)), and other ions [As(V), Ca(II), Cd(II), Co(II), Cu(II), Fe(III), 
K(I), Mg(II), Na(I), P(III), Pb(II), and Zn(II)] and compounds 
(arsenobetaine, AsB) on the response of Ph-QDs phosphorescence 
was examined. The RTP quenching was calculated according to the 
Stern–Volmer equation. 

𝑃଴

𝑃
ൌ 1 ൅ 𝐾ௌ௏ሾ𝑄ሿ     ሺ1ሻ 

where P0 and P are the RTP intensities of the Ph-QDs in the absence 
and presence of the quencher (Hg(II), MeHg, or other tested ions), [Q] 
is the concentration of Hg (II), MeHg or other tested ions, and KSV is 
the Stern-Volmer constant. Hg (II) and MeHg concentrations, as well 
as the concentrations of other potential quenchers, varied within the 
0 – 100 µg L-1 range. 

As shown in Table 1, the same KSV value was obtained for Hg (II) 
and MeHg, which means that the same response of the Ph-QDs is 
achieved for both mercury species. Therefore, the prepared material is 
useful for total mercury assessment since MeHg and Hg (II) are the 
main mercury species in seafood and fish.  

The selectivity factors of the prepared material were calculated as 
the ratios of the Stern-Volmer constant calculated for mercury to the 
respective Stern-Volmer constants of the other quenchers 
[Ksv(Hg)/Ksv(Q)]. The selectivity factors, also listed in Table 1, 
confirm that the prepared material is highly selective for MeHg and 
Hg (II), and the RTP of the prepared material is not affected by the 
presence of other co-existing ions in the fish extracts.  

4.3.4. Method validation 

4.3.4.1. Calibration and matrix effect 
Matrix effect could be a serious drawback when using rapid 

detection methods such as luminescent based-QDs because of the 
presence of concomitants in the sample (extract) when a direct 
analysis is performed. Due to the complex matrix of fish extracts 
(large amounts of fats, proteins, vitamins and various minerals), 
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matrix effect was evaluated by comparing the slopes of the standard 
addition curves obtained using several dilutions of the sample extracts 
(1:10, 1:20 and 1:40, which implies the use of 200, 100 and 50 µL of 
fish extract, respectively) with the slope of the calibration. The slopes 
achieved (experiments in triplicate) were -0.65±0.02, -0.65±0.02 and 
-0.68±0.06 au µg-1 L for 1:10, 1:20 and 1:40 dilution, respectively. 
There were no significant differences (95% confidence interval) 
between these slopes and the slope of calibration curves (-0.68±0.03, n=3) 
after applying an ANOVA test (Table S2, Electronic Supplementary 
Information, ESI). Hence, the lowest dilution tested (1:10) was 
selected for sample analysis, and measurements (total mercury 
assessment) were performed using buffer calibration. 

Table 1. Stern-Volmer constants and selectivity factors for Hg (II), MeHg, 
and other potential quenchers 

Element Ksv (Ph-QDs) Selectivity factor (Ksv(Hg)/Ksv(Q))a 

Hg(II) 0.007 1.0

MeHg 0.007 1.0

Pb(II) 0.00006 117

Cd(II) 0.0002 35

Co(II) 0.00007 100

Mg(II) 0.0002 35

Ca(II) 0.00008 88

Na(I) 0.00006 117

Zn(II) 0.00002 350

Cu(II) 0.0001 70

Fe(III) 0.00008 88

Arsenobetaine 0.0001 70

As(V) 0.00007 100

P(III) 0.0002 35

K(I) 0.0003 23

(a) Selectivity factor defined as the ratio between the Stern-Volmer constant for 
Hg (II) and the Stern-Volmer constant for the tested quencher 
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In addition, buffer calibrations were prepared using inorganic 
mercury (Hg(II)) and MeHg as calibrants (0-100 µg L-1 range), and 
similar slopes (experiments in triplicate) were obtained for both 
calibrants (-0.65±0.02 and -0.66±0.01 au µg-1 L for Hg(II) and MeHg, 
respectively). These findings imply that the prepared QD-based 
material gives similar responses for inorganic and organic mercury, 
and can thus be used for total mercury assessment in fish extracts. 
Inorganic mercury (Hg (II)) was finally selected as a calibrant for 
further studies. 

4.3.4.2. Limit of detection and limit of quantification 
The sensitivity of the method was estimated by calculating the 

limit of detection (LOD) of the method. This parameter was 
determined by the 3σ/k equation, where σ is a standard deviation of 11 
reagent blanks, and k is the slope of the calibration curve. Similarly, 
the limit of quantification (LOQ) was calculated by 10σ/k. The 
instrumental LOD and LOQ were 0.27 and 0.91 µg L-1, respectively, 
whereas, the method LOD and LOQ were 68.2 and 227 µg kg-1, 
respectively. The LOD and LOQ obtained indicate that the current 
method is sensitive enough to measure total mercury levels in fish. 
The obtained LOD is quite lower than the maximum allowable limits 
for Hg in fish (0.5 or 1 mg kg-1, depending on the fish species) 
established by the European Union [39]. 

4.3.4.3. Precision and accuracy 
The inter-day precision and analytical recovery of the method were 

evaluated at three Hg (II) concentration levels (5.0, 20.0, 100 µg L-1) 
measured seven times (each concentration level was studied in several 
consecutive days). Similarly, intra-day precision and analytical recovery 
were examined at all calibration levels (5.0, 10.0, 20.0, 50.0, 100 µg L-1) 
measured in triplicate in seven consecutive days. Results (Table 2) 
show RSD values below 16%, confirming that the proposed RTP 
method offers excellent precision because they were below 20%, 
which is the value assigned by European method validation 
procedures [40]. Regarding analytical recovery, values were close to 
100%, ranging from 95 to 117% (Table 2). 
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Finally, a CRM (BCR-463, tuna fish) was also analysed for total 
mercury by the proposed RTP method (ultrasound assisted acid 
extraction performed in triplicate, and each acid extract was measured 
by RTP based Ph-QDs, also in triplicate). Total Hg concentration 
found after applying the proposed methodology (3.07±0.013 mg kg-1) 
agrees with the certified total Hg concentration in the CRM 
(3.04±0.16 mg kg-1). These findings, together with good analytical 
recovery, mean that the proposed RTP method is accurate. 

Table 2. Inter-day and intraday precision and analytical recovery of the method 

Concentration (µg L-1) Analytical recovery (%) RSD (%) 

Inter-day (n=7) 5 116±1 16 
50 117±3 13

100 95±4 5

Intraday (n=7) 5 115±1 10 

10 111±1 11

20 112±1 5

50 98±3 6
100 101±6 6

4.3.4.4. Comparison to other QD-based chemosensors for mercury 
detection 

Ph-Mn doped ZnS QDs synthesis is quite easier and safer (room 
temperature and absence of toxic reagents) than those required for 
other QDs such as CdS, CdTe, and CdTe@CdS (hydrothermal method 
at 90°C and/or boiling under reflux) [14, 26, 27]. In addition, special 
devices (microwave ovens) required for CD synthesis [21, 23, 25] are 
not needed. Sensitivity of the prepared material is comparable or 
better than the sensitivity reported for other authors (others CDs/QDs 
based chemosensors) for mercury assessment (Table 4). However, 
most screening procedures based on chemosensors (Table 4) allow the 
assessment of only one mercury species. The proposed Ph-QD-based 
chemosensor allows the simultaneous assessment of both mercury 
species (inorganic mercury and methyl-mercury). The simultaneous 
assessment of both mercury species is an advantage over other 
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proposed chemosensor screening procedures because inorganic 
mercury and methyl-mercury are both highly toxic, and the total 
mercury content should be screened. 

4.3.5. Application 
The proposed RTP based Ph-QDs method was applied to five 
commercial fish samples. The same samples were also analysed by 
ICP-MS after a microwave assisted acid digestion process for 
comparative purposes (total mercury concentration). Found 
concentrations are given in Table 3. After applying a paired sample t-
test (p>0.05), total mercury concentrations by RTP Ph-QDs and ICP-
MS were not found to be statistically significant different (tcal of 1.97 
lower from the ttab of 2.78 for 95% confidence interval and four 
degrees of freedom).  

Table 3. Total mercury concentrations in fish samples by RTP and ICP-MS 

Sample [Hg] (mg kg-1)a [Hg] (mg kg-1)b tcal (Paried t test) 

Swordfish-1 0.60±0.03 0.59±0.01
Swordfish-2 0.16±0.04 0.14±0.01

Yellowfin tuna 0.28±0.02 0.26±0.02 
Bluefin tuna 1.51±0.05 1.47±0.07 
Blue shark 0.96±0.01 0.97±0.15 1.97c

(a) Ultrasound assisted extraction and RTP (1:10 dilution) determination 
(b) Microwave assisted acid digestion and ICP-MS determination 
(c) ttab (95%, 4 degrees of freedom) = 2.78 
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4.4.CONCLUSIONS 

Phenobarbital has been novelty demonstrated to confer highly 
selective properties throughout mercury species (Hg (II) and MeHg). 
A phenobarbital-based polymer for coating Mn-doped ZnS QDs has 
resulted in a sensitive and selective RTP chemosensor for assessing 
total mercury in fish extracts. The RTP method was found to offer 
results comparable to those obtained using more sophisticated 
analytical techniques such as ICP-MS. The proposed method, 
however, requires low-cost instrumentation and can thus be 
implemented worldwide. The method was found to be precise and 
accurate. It offers LOD/LOQ lower than the European Union 
maximum allowable limits for total mercury in fish. In conclusion, 
this method is a highly selective, sensitive, reliable and cost-effective 
option for quality control of total mercury in fishery products. 
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4.7. ELECTRONIC SUPPLEMENTARY INFORMATION (ESI) 

Table S1. Operating ICP-MS conditions for total Hg determination in acid 
digests from fish samples. 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows Nebulization 0.92 mL min-1 

Auxiliary 1.2 mL min-1 

Plasma 16 mL min-1 

KED mode: He flow rate 1.0 mL min-1 

Analytes 202Hg 

Internal standards 103Rh  

Table S2. ANOVA output when comparing the slopes of calibration and 
standard addition (1:10, 1:20, and 1:40 dilution) graphs 

Source Sum of squares Degree of freedom Mean square F ratio p-value 

Between groups 0.007425 3 0.002475 1.87 0.2134 

Within groups 0.0106 8 0.001325 

Total (Corr.) 0.018025 11 
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Abstract 
In contrast to most of essential and heavy metals, mercury levels in 
seaweed are very low, and pre-concentration methods are required for 
an adequate determination, and also methylmercury and inorganic 
mercury speciation in edible seaweed. A molecularly imprinted 
polymer-based solid phase extraction (on column) pre-concentration 
procedure has been optimized for mercury species enrichment before 
high performance liquid chromatography hyphenated with inductively 
coupled plasma mass spectrometry determination. The polymer has 
been synthesised by using a ternary pre-polymerization mixture 
containing the template (methylmercury), a non-vinylated monomer 
(phenobarbital), and a vinylated monomer (methacrylic acid), and by 
the precipitation polymerization method. Factors affecting the 
adsorption/desorption of Hg species (extract pH, loading and elution 
flow rates, volume of eluent, etc.), and parameters such as 
breakthrough volume and reusability, were fully studied. Mercury 
species were first isolated from seaweed by ultrasound assisted 
extraction using 0.1% (v/v) HCl, 0.12% (w/v) L-cysteine, 0.1% (v/v) 
mercaptoethanol as an extractant mixture. Under optimized conditions, 
the limits of detection were 0.007 and 0.02 µg kg-1 dw for methylmercury 
and Hg (II), respectively. The pre-concentration factor (volume of 10 
mL of seaweed extract) was 50. Repeatability and reproducibility of 
the method were satisfactory with relative standard deviations (RSDs) 
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lower than 16%. The proposed methodology was finally applied for 
the selective pre-concentration and determination of methylmercury 
and Hg (II) in a BCR-463 certified reference sample and several 
edible seaweeds. 

Keywords: Molecularly imprinted polymer, solid-phase extraction, 
mercury speciation, edible seaweed 

5.1.INTRODUCTION 

Seaweed (benthic marine algae or macroalgae) are a source of food for 
humans since ancient times, and they have been also used in medicine 
and as animal fodder [1]. Seaweed can be classified into three main 
groups according to their dominant pigmentation: red (Rhodophyta), 
brown (Phaeophyta), and green (Chlorophyta) seaweed. According to 
the Food and Agriculture Organization (FAO) statistics, world 
seaweed mariculture production reached 24.9 million tons (valued 
about six billion USD) in 2014 [2]. As a food source, edible seaweed 
are rich in polysaccharides, proteins, dietary fibre, polyunsaturated 
fatty acids, vitamins (A, C, B2 and B12), iodine, and minerals 
(magnesium, sodium, and iron) [3,4]. Additionally, seaweed are used 
as low-calorie food (body weight control), and their consumption has 
been reported to prevent cancer, and gastrointestinal and 
cardiovascular diseases [4,5]. Another important application of 
seaweed is the production and extraction of derivatives such as agar, 
carrageenan, and alginate, and bio-active compounds [5]. However, 
some studies are showing the safety hazard of seaweed due to their 
content of non-essential trace metals (Hg, Cd, Pb, As, etc.), 
radioactive isotopes, dioxins, and pesticides [6-8].  

Mercury (Hg) is a highly toxic element that can be bio-
accumulated and biomagnified through the food chain, especially in 
the marine environment [9]. The World Health Organization (WHO) 
has classified Hg as “one of the top ten chemicals or groups of 
chemicals of major public health concern” [10], and the Agency for 
Toxic Substances and Disease Registry (ATSDR) of the United States 
(US) ranked Hg on the third place of their substance’s priority list 
[11]. The sources of Hg in the aquatic environment originate from 
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several natural processes such as volcanism, weathering of rocks and 
degassing of the earth's crust; and several anthropogenic activities that 
are a consequence of rapid urbanization and industrialization (e.g. coal 
combustion, mining industry and by-products, use of agriculture 
fertilizers, and waste incineration) [12,13]. The toxicity of Hg is related 
to the chemical form, and the path of entry into the organism. As an 
example, in the digestive tract methyl mercury (MeHg) has the greatest 
impact and has shown the ability to affect the nervous system [14].  

The levels of heavy metals in seaweed depend on several factors 
i.e. pH, salinity, presence of complex organic-inorganic molecules, 
temperature, light irradiation, oxygen, and nutrient concentration. 
According to the published scientific data, Hg concentration present in 
seaweed varies with the type of seaweed and sampling location, and in 
contrast to other non-essential metals, Hg levels in seaweed are low 
[15]. Therefore, many investigations have reported the Hg content as 
total Hg concentration (tHg), and the levels were frequently below the 
limits of detection of most of conventional instrumental techniques 
[6,16-18].  

An adequate sample pre-treatment is very important when 
assessing ultra-trace levels of Hg (and Hg species), and accurate 
quantification of Hg and/or mercury species in seaweed usually 
requires a pre-concentration technique before instrumental analysis. 
Microwave assisted acid digestion has been typically used for 
seaweed solubilization when total Hg is assessed [19-22]. Other 
authors have performed alkaline treatments by using aqueous KOH or 
KOH/methanol for MeHg isolation [23-25] when applying the US 
Environmental Protection Agency (USEPA) 1630 method [26] with 
cold vapour – atomic fluorescence spectrometry (CV-AFS) 
quantification (total mercury assessment, MeHg assessment, and 
inorganic Hg by difference) [24,25]. On other occasions, organic 
solvents such as toluene [27] and HCl/toluene mixtures [28] have been 
proposed, although several additional stages (back extraction step with 
sodium thiosulfate and a final oxidation of MeHg with acidified BrCl 
for total Hg determination by CV-AFS) are required [27]. CV-AFS 
hyphenated with high performance liquid chromatography (HPLC) 
has been used by Brombach et al. for Hg speciation in seaweeds [23]. 
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Although a first microwave assisted extraction was performed with 
aqueous KOH as an extractant, a further treatment with concentrated 
HCl was needed for a quantitative extraction of mercury species. 

In order to pre-concentrate and/or cleaning the extracts/digests 
from seaweed, some procedures, mainly based on solid phase 
extraction (SPE), have been proposed. Because of the great affinity of 
mercury ions for thiol groups, sulfydryl-based absorbents such as 
laboratory made sulfydryl cotton fiber (SCF) for total Hg 
determination by coul vapour atomic absoroption spectrometry (CV-
AAS) [19], and thiol-thiourea on silica by HPLC-CV-AFS [23]. 
Molecularly imprinted polymers (MIPs) and ionic imprinted polymers 
(IIPs) are promising absorbents for selective pre-concentration, matrix 
removal, and medium exchange [29], and some few applications have 
been developed for Hg determination/speciation [30]. Selective MIP-
based SPE has been applied for pre-concentrating mercury species 
from seawater before HPLC-inductively coupled plasma – mass 
spectrometry (ICP-MS) [31], although most of MIP/IIP applications 
have been focused on total Hg determination or the assessment of a 
specific species (MeHg) in fish [20,21,28], wine [32], human hair 
[21,22], and human serum [33]. Similarly, IIPs have been also used 
for developing selective electrodes for potentiometric/voltammetric 
determination of total mercury in freshwater [34,35]. However, to the 
best of authors’ knowledge, there are not developments of MIPs for 
ultra-trace pre-concentration of Hg species from extracts from 
complex materials such as seaweed. In this work, a selective MIP for 
mercury species has been synthesized by the precipitation 
polymerization method, and a on column pre-concentration method 
combined with HPLC-ICP-MS has been optimized for assessing low 
concentrations of Hg(II) and MeHg in edible seaweeds.  

5.2. MATERIALS AND METHODS 

5.2.1. Reagents 
Methylmercury stock solution (1000 mg L-1) was prepared from 

methylmercury chloride from Sigma Aldrich (St. Louis, MO, USA). 
This reagent was also used when preparing the MIP (MeHg as a 
template). The Hg (II) stock solution (1000 mg L-1) was from Scharlab 
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(Barcelona, Spain). Working standard solutions of MeHg and Hg (II) 
were prepared daily by appropriate dilution of the stocks. 
Hydrochloric acid from Panreac (Barcelona, Spain) and ammonia 
solution from Merck (Darmstadt, Germany) was used for pH 
adjustment of extracts. The ammonium chloride/ammonium 
hydroxide (NH4Cl/NH4OH) buffer solution was prepared from NH4Cl 
and NH4OH from Merck. Ultrapure water (18.2 MΩ/cm resistivity) 
was obtained from a Milli-QA10 water purification system (Millipore 
Co., Bedford, MA, USA) and was used for the preparation of all 
solutions and for extracts dilution. 

The following reagents were used for the synthesis of MIPs: 
phenobarbital sodium salt, methacrylic acid (MA), and ethylene 
glycol dimethacrylate (EGDMA) from Sigma Aldrich (St. Louis, 
MO, USA), 2,2′-azobis(2-methyl propionitrile) (AIBN) from Fluka 
(Steinheim, Germany), and acetonitrile from Merck. Thiourea 
(Sigma Aldrich) and HCl (Fluka) were used for template removal. 
Multi-element standard solutions for the cross-reactivity study were 
prepared by combining single As, Ca, Co and Mg stock standard 
solutions (1000 mg L-1) from Merck, single Cr, K, P, Pb and Zn 
stock standard solutions (1000 mg L-1) from Scharlab, and single Cd, 
Cu, Fe and Na stock standard solutions (1000 mg L-1) from Perkin 
Elmer (Shelton, CT, USA). Internal standard solutions (Ge, Sc, and 
Rh) were prepared from single-element standards (1000 mg L-1) 
purchased from Perkin Elmer. Nitric acid (Hyper pure, 69%), and 
33% of hydrogen peroxide were supplied by Panreac (Barcelona, 
Spain). Due to the non-availability of Hg certified reference material 
for Hg species in seaweed, a tuna fish certified reference material 
(BCR-463) from the European Commission Joint Research Centre, 
Institute for Reference Materials and Measurements (Geel, Belgium) 
was used to evaluate the accuracy of the method. 

To avoid contamination with Hg throughout the study, all 
glassware and plastic-ware were thoroughly rinsed with ultrapure 
water, soaked 2 days in 10% (v/v) nitric acid, and finally rinsed 
several times with ultrapure water. 
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5.2.2. Instrumentation 
A Perkin Elmer Nex-Ion 300X ICP–MS (Waltham, MA, USA), 
coupled with a Flexar LC HPLC (LC pump, column oven, and LC 
autosampler) from Perkin Elmer, was used for Hg speciation. A 
Kinetex C-18 100 Å analytical column (100 mm × 2.10 mm, 5 µm 
particle diameter) connected with a C-18 guard column from 
Phenomenex (Torrance, USA) was used for reverse-phase 
chromatographic separation.  

Polymerization was performed in a Boxcult temperature-
controlled chamber (Stuart Scientific, Surrey, UK), with the support of 
a low-profile roller (Stovall, Greensboro, NC, USA). The MIP sorbent 
was packed into 5 mL syringes (Dispomed Witt OHG, Gelnhausen, 
Germany) between two Teflon frits (Supelco, Bellefonte, USA). SPE 
was performed by using an 8 channel Minipuls-3 (Gilson, Middleton, 
WI, USA) peristaltic pump equipped with PVC 2-stop tubing (1.52 
mm i.d.) from SCP Sciences (Baie-D'Urfe, Quebec, Canada). MIPs 
characterization was performed by Fourier transform infrared 
spectrometry (FT-IR) using a Spectrum-Two FT-IR (Perkin Elmer) 
operating in ATR mode. 

Other general instrumentation such as an USC60TH ultrasonic 
cleaner bath (45 kHz, 120 W) from VWR (Leuven, Belgium), an 
ultracentrifuge (Sigma 2K15, Osterode, Germany), a pH meter with a 
glass combined electrode (Crison Basic 20, Barcelona, Spain), a 
vibrating zircon ball mill (Retsch, Haan, Germany), an oven model 
207 from Selecta (Barcelona, Spain), and a Classic ML analytical 
balance (Mettler Toledo, Columbus, OH, USA) were used throughout 
this research.   

5.2.3. Preparation of the MIPs 
The MIPs were synthesized following a three step-procedure 
developed by Rodríguez-Reino et al. [31], with minor changes. To 
prepare the pre-polymerization mixture, 0.053 g of CH3ClHg, 0.097 g 
of phenobarbital salt, 71 µL of MA, and 25 mL of porogen (18.75 mL 
ACN and 6.25 mL H2O) were mixed into a glass tube. The mixture 
was then stirred for 5 min and kept into a dark place overnight. 
Afterward, 1.13 mL of EGDMA and 55 mg of purified AIBN were 
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added into the test tube. The mixture was again stirred for 1 min, 
purged with argon for 10 min, placed into the low-profile roller (33 
rpm) and incubated at 60 °C for 24 h inside of the temperature-
controlled incubation chamber. After finishing the polymerization, the 
synthesized material was vacuum filtered, washed 3 times with an 
acetonitrile/water mixture (3:1), and oven-dried at 40 °C overnight. 
NIPs (non-imprinted polymers) were prepared in the same manner, 
without adding the template ion.  

The template (methylmercury ion) was leached by passing 400 mL 
of 1.0 M thiourea solution in 1.0 M HCl through a syringe containing 
0.5 g of MIPs at a flow rate of 0.5 mL min-1. The polymer was then 
washed with ultrapure water, dried at 40 °C in an oven (12 h), and 
stored in sealed bottles until use in further analysis. 

Figure 1. FT-IR spectra of MIP (before and after template removal) and NIP 

In accordance with previous works [31], scanning electron 
microscopy (SEM) characterization of MIP and NIP showed 
agglomeration of spherical particles of diameters lower than 10 µm. 
Characterization by FT-IR spectrometry (FT-IR spectra of MIPs after 
template removal and before template removal, and NIP in Figure 1 
shows similar characteristic peaks for all cases: 3584 cm-1 (stretching 
peak of O-H), 2986 cm-1 (stretching vibration of C-H3), 1732 cm-1 
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(stretching vibration of C=O), 1456 cm-1 (bending vibration of C=C, 
C=N), 1389 cm-1 (bending vibration of C-H3), 1254 cm-1 (bending 
vibration of N-H), and 1148 cm-1 (stretching vibration of C-O). All 
these bands confirmed that the MIP has been successfully formed, and 
the presence of prominent C=N-, N-H bands confirm that the 
complexing agent phenobarbital trapped into the polymeric matrix. 

5.2.4. Ultrasound assisted extraction of mercury species from seaweed 
Dehydrated seaweed samples were pulverized using a ball mill and 
dried in an oven at 70 °C for 24 h. Then, seaweed samples and the 
CRM were prepared according to published methods [36,37] with 
small modifications. Homogenized dried seaweed samples (0.2 g 
portions) were weighed in triplicate into polypropylene centrifuge 
tubes, and a volume of 10 mL of the extractant solution [0.1% (v/v) 
HCl, 0.12% (w/v) L-cysteine, 0.1% (v/v) mercaptoethanol] was 
added. These suspensions were ultrasonicated at 45 kHz and room 
temperature for 30 min. After centrifugation (5000 rpm, 30 min), 
supernatants (extracts) were separated, and these extracts used in 
further experiments. 

5.2.5. MIP-based solid phase extraction procedure 
Sorbent particles (200 mg of MIP) were placed between two Teflon 
frits into 5 mL syringes and the sorbent was conditioned by passing 
volumes of 20 mL of NH3/NH4Cl buffer solution (pH 9.0) at a 2 mL 
min-1. Loading stage consisted of passing 10 mL of seaweed extract 
(pH adjusted to 9.0) at 2 mL min-1 flow rate, which was followed by a 
cleaning step with 10 mL of pH 9.0 NH3/NH4Cl buffer solution also at 
a  flo w rate  o f 2  mL  min-1. The retained Hg ions were subsequently 
eluted with 2 mL of a solution containing 0.8% (v/v) 2-mercaptoethanol 
and 20% (v/v) methanol (pH adjusted to 4.5) at a flow rate of 1.0 mL 
min-1. The eluate was dried under N2 gas, and then re-dissolved in 200 
µL of mobile phase solution (0.4% (v/v) 2-mercaptoethanol and 10% 
(v/v) methanol, pH 2.0) for HPLC-ICP-MS analysis. A pre-
concentration factor of 50 was achieved by the previous treatment. 

First attempts for total Hg determination in seaweed after a 
microwave assisted acid digestion procedures led to undetected total 
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Hg concentrations in the tested seaweed samples because of the strong 
matrix effect of the acid matrix. Therefore, the same extraction 
procedure (section 5.2.4) followed by the MIP-based SPE (but re-
dissolving the residues in 5-10 mL of ultrapure water after N2 stream 
drying) was used for total Hg determination by ICP-MS. 

5.2.6. Determinations by HPLC-ICP-MS and ICP-MS 
Operating conditions for Hg (II) and MeHg species separation and 
determination (reverse-phase chromatography) are listed in Table 1. 
Quantification of both Hg species was achieved by using calibration 
matched with the mobile phase an covering the 0-50 µg L-1 and 0-20 
µg L-1 range for Hg (II) and MeHg, respectively (chromatograms in 
Figure 2 show signals at a retention time of 3.5 min for MeHg, and at 
4.8 min for Hg (II)). 

Total Hg determination were assessed by ICP-MS following the 
operating conditions listed in Table 1 (103Rh at 10 µg L-1 as an internal 
standard) and using aqueous calibration covering the 0-10 µg L-1 
concentration range. Elements involved in cross-reactivity studies (Ca, 
As, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Na, P, Pb, and Zn) were also 
measured by ICP-MS by using suitable aqueous calibrations and 
internal standards (74Ge, 54Sc and 103Rh, all at 10 µg L-1). 

Figure 2. HPLC-ICP-MS chromatograms for a 5.0 µg L-1 Hg (II) and 2.0 µg L-1 MeHg 
aqueous standard and a pre-concentrated extract from a Sea-spaghetti sample. 
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Table 1. Operating ICP-MS conditions for total Hg determination and cross 
reactivity studies and operating HPLC-ICP-MS conditions for Hg speciation 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows Nebulization 0.92 mL min-1 

Auxiliary 1.2 mL min-1 

Plasma 16 mL min-1 

Standard mode Ca, Cu, K, Mg, Na, P 

KED mode: 
He flow rate/ 4.0 mL min-1  As, Cd, Co, Cr, Fe, Hg, Pb, Zn 

Analytes 
75As, 43Ca, 111Cd, 59Co, 53Cr, 63Cu, 57Fe, 39K, 
202Hg, 26Mg, 23Na, 31P, 208Pb, 66Zn 

Internal standards 
74Ge (As, Co, Cr, Fe, and Zn)
54Sc (Ca, K, Mg, Na, and P) 

103
Operation HPLC conditions

Column Kinetex C-18 100 A (100×2.10 mm, 5 µm)

Mobile phase 0.4% mercaptoethanol, 10% methanol, pH 2.0

Flow rate 0.3 mL min-1, 8.5 min 

Injection volume 50 µL 

(a) Auxiliary O2 only when operating as HPLC-ICP-MS

5.3. RESULTS AND DISCUSSION 

5.3.1. MIP-based solid phase extraction 

5.3.1.1. Loading conditions: extract pH and loading flow rate 
The hydrogen ion amount and the charge distribution on the 

absorbent surface play an important role in the adsorption of target 
ions, especially in metal ion speciation [38]. The effect of varying the 
pH of the extract on the absorption process was investigated in the 
range from pH 5.0 to 11.0, performing the experiments in triplicate. 
Briefly, a volume of 10 mL of seaweed extract was spiked with 0.5 µg L-1 
MeHg standard (pH adjusted with 0.1 M HCl and 0.1 M NH3OH) and 
passed through the syringe under non optimized conditions 
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(loading/elution flow rate of 1.0 mL min-1) and 2.0 mL of 0.8% (v/v) 
2-mercaptoethanol and 20% (v/v) methanol (pH 4.5) as an eluting 
solution [31]. The Hg (II) concentration measured in the eluates and 
the analytical recovery of MeHg under several pHs are shown in 
Figure 3(a), and low mercury species retention was observed when the 
extracts were adjusted at the lowest (acid) pHs. These findings are 
probably because of the hindrance of H+ ions. Moreover, the 
absorption of both Hg(II) and MeHg diminishes at when adjusting the 
extracts’ pHs at the highest values (10 and 11), which might be due to 
the increase in the concentration of OH- ions. Hence, a pH 9.0 was 
selected and used for further optimization of other loading and elution 
variables. Previous results when pre-concentrating Hg species from 
seawater revealed optimum pHs within the 8.0-9.0 range [31]. 

Seaweed extracts (10 mL spiked with 0.5 µg L-1 MeHg) at pH 9.0 
were loaded at several loading flow rates (0.5, 1.0, and 2 mL min-1) in 
triplicate (non-optimized elution conditions as shown above were 
used). Figure 3(b) shows that there were not retention differences in 
Hg (II) under all tested loading flow rates but improved analytical 
recoveries for MeHg were obtained at higher loading flow rates. Since 
flow rates higher than 2.0 mL min-1 were not possible with the 
peristaltic pump used, a flow rate of 2.0 mL min-1 was selected. 
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5.3.1.2. Eluting conditions: eluting flow rate and volume of the 
eluting solution 

Several elution speeds (0.5, 1.0 and 2 mL min-1) and elution volumes 
(0.5, 1.0, 2.0, 3.0 and 4.0 mL) of a 0.8% (v/v) 2-mercaptoethanol and 
20% (v/v) methanol (pH 4.5) eluting solution were evaluated. 
Analytical recoveries of MeHg were similar at 0.5 and 1.0 mL min-1 
elution flow rates (Figure 3(c)), but the concentration of Hg (II) in the 
eluate decreased when eluting at 0.5 mL min-1.The highest elution 
flow rate (2.0 mL min-1) led to poor retention for both MeHg and 
Hg(II). Therefore, 1.0 mL min-1 was selected as the best elution speed 
for further studies. 

Finally, the influence of the volume of the eluting solution has 
been demonstrated to be quite important (Figure 3(d)) and analytical 
recoveries of MeHg, and also Hg(II) concentrations are increased for 
volumes of the eluting solution of 2.0 mL or higher (analytical 
recovery for MeHg is close to 100% when using the highest volumes). 
A volume of the eluting solution of 2.0 mL was therefore selected. 

5.3.2. Breakthrough volume, mass capacity and reusability 
In order to find the maximum volume that can be loaded into the MIP 
syringes without a breakthrough of the analyte (breakthrough 
volume), the optimum SPE conditions were applied with varying 
loading volumes. Aqueous solutions (10, 25, 37.5, 50, and 100 mL at 
pH 9.0) were spiked with 1 µg L-1 of MeHg and Hg (II) standards and 
were passed through the syringes in triplicate. It was proved that no 
significant losses of MeHg and Hg (II) took place, not even when a 
volume of 100 mL of sample was loaded (Figure 4(a)). This finding 
implies that the MIP could be successfully used as an SPE sorbent for 
loading high volumes of extracts, and the pre-concentration factor can 
therefore be quite high. 

Mass capacity of the MIP sorbent was calculated by loading 
volumes of 50 mL (5 aliquots of 10 mL) of aqueous solution (pH 9.0) 
containing 100 µg L-1 of MeHg in triplicate under the optimum 
conditions. After passing through the syringe, each 10 mL aliquots 
were collected and analyzed for MeHg. No chromatographic signals 
were recorded for MeHg in the solutions after being loaded until the 
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fourth 10 mL aliquot. Taking into account a volume of 30 mL and the 
amount of MIP used in the experiment, the mass capacity of the MIP 
was found to be 20±0.13 µg g-1.  

The reusability of the MIP absorbent was evaluated with the same 
set of three syringes and using aqueous standards of 1.0 µg L-1 of 
MeHg and Hg (II) (50 µg L-1 after pre-concentration). As shown in 
Figure 4(b), the analytical recovery of MeHg and Hg (II) was found 
between 80-100 % at least after performing 15 absorption/desorption 
cycles. These findings suggest that the same MIP syringe (the same 
MIP portion) can be reused 15 times without losing its 
recognition/sorption properties. 

Figure 4. Effect of the sample volume (breakthrough volume of the MIP-based 
SPE procedure) on the analytical recovery of Hg(II) and MeHg (a), and analytical 
recovery of Hg(II) and MeHg after several loading/elution cycles (reusability of 

each MIP portion) (b) 
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5.3.3. Cross-reactivity  
The selectivity of the prepared MIP and NIP for the target compounds 
(Hg (II) and MeHg) was evaluated by comparing their extraction 
efficiencies with those of several foreign metal ions. An aqueous 0.1% 
(v/v) HCl, 0.12% (w/v) L-cysteine, 0.1% (v/v) mercaptoethanol 
solution (pH 9.0) spiked with 0.04 µg L-1 of MeHg and 0.1 µg L-1 of 
Hg (II), As(III), Cd(II), Pb(II), Cr(III), and Co(II) at 2 μg L-1, and 
Ca(II), Mg(II), Fe(III), Cu(II), Na(I), K(I), and Zn(II)) at 20 μg L-1, 
was prepared and subjected to the optimized MIP-SPE in triplicate. 
After eluate evaporation to dryness, the residues were re-dissolved in 
600 µL of ultrapure water and analyse by ICP-MS (operating 
conditions in Table S1, electronic supplementary information). The 
selectivity was studied by calculating extraction efficiencies, 
distribution ratios, and selectivity coefficients as shown in Table 2. 

According to the results, MIP sorbent favoured the extraction of 
MeHg and Hg (II) ions and high extraction efficiencies (97% and 
95%, respectively) were obtained (Table 2). NIP material showed a 
low extraction efficiency for target analytes (12% for MeHg and 10% 
for Hg (II)), which indicates that Hg(II) and MeHg interaction with 
MIP occurs through the recognition cavities in MIP and not surface 
absorption (unspecific interactions in NIP). The distribution 
coefficients for MeHg and Hg (II) have been found to be higher (30 
and 19, respectively) than those found for the foreign ions (Table 2), 
which implies that the imprinting process produces cavities with 
adequate conformations for the interactions between the target ions 
(Hg(II) and MeHg) and MIP particles. As a conclusion, the 
synthesized MIP showed excellent recognition ability and selectivity 
for MeHg and Hg (II) species.  
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Table 2. Extraction efficiency, distribution ratio and selectivity coefficients for 
the IIP and the NIP applied to the SPE of seaweed extract 

Ions Extraction efficiency (E) 
/%a 

Distribution ratio 
(D)b 

Selectivity coefficient 
(S)c 

MIP NIP MIP NIP MIP NIP

MeHg 96.8 11.7 30 0.13 _ 226

Hg (II) 95.0 9.6 19 0.11 2 282 

Cd(II) 78.3 0.2 3.61 0.00 8 ---d 

Pb(II) 26.0 0.2 0.35 0.00 85 ---d 

Al(III) 35.6 10.4 0.55 0.12 54 258

Cr(II) 0.9 0.1 0.01 0.00 3249 �

Fe(III) 5.8 1.2 0.06 0.01 491 2394

Co(II) 0.7 0.2 0.01 0.00 4301 ---d 

Ni(II) 3.1 0.2 0.03 0.00 940 ---d 

Cu(II) 0.4 0.0 0.00 0.00 ---d ---d 

Zn(II) 0.5 0.0 0.00 0.00 ---d ---d 

As(III) 1.4 0.6 0.01 0.01 ---d 4654

Na(I) 0.0 0.3 0.00 0.00 ---d ---d 

K(I) 0.0 1.7 0.00 0.02 ---d 1770

Ca(II) 2.5 0.0 0.03 0.00 1174 ---d 

Mg(II) 1.0 0.8 0.01 0.01 3014 3627

(a) E % = A2

AT
x100 

(b) D= A2

A1
 

(c) SMeHg/M=
DMeHg

DM

(d) Not calculated 
A1 = Analyte concentration at equilibrium 
A2 = Analyte concentration enriched by IIP/NIP SPE at equilibrium 
AT = Total analyte concentration 
M = Hg(II), Cd(II), Pb(II), Al(III), Cr(III), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), As(III), 
Na(I), K(I), Ca(II), Mg(II) 
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5.3.4. Calibration and matrix effect 
Many studies on analytical troubleshooting have focused on the 
problems which arise due to matrix effects, mainly signal 
suppression/enhancement in the presence of matrix concomitants. 
Matrix effects on MeHg and Hg (II) have been estimated by 
comparing the slopes of mobile phase (0.4% (v/v) 2-mercaptoethanol 
and 10% (v/v) methanol, pH 2.0) matched calibration curves and 
standard addition curves (solutions prepared from seaweed extracts 
spiked with variable MeHg and Hg(II) concentrations and subjected to 
the MIP-based SPE procedure described in section 5.2.5.). Matched 
calibrations and standard addition calibrations cover five concentration 
levels within the 0-20 µg L-1 range for MeHg and 0-50 µg L-1 range for 
Hg (II) (regarding standard addition calibrations, the MeHg and Hg(II) 
concentrations have been calculated taking into account a pre-
concentration factor of 50). The mean slopes obtained for calibrations 
(experiments in triplicate) were 3012±547 and 4987±166 for MeHg and 
Hg (II), respectively; whereas, mean slopes for the standard addition 
calibration were 3048±142 for MeHg and 5322±174 for Hg (II). There 
was not a statistically significant differences between the slopes of the 
standard addition calibration graphs and the slopes of aqueous standard 
calibration graphs (p>0.05), which means that the matrix effect is 
negligible in this procedure. 

The EU has established that a correlation coefficient higher than 
0.9980 is required to obtain satisfactory linearity using confirmatory 
methods [39]. Acceptable linearity was obtained for the aqueous 
calibration and standard addition curves for both Hg (II) and MeHg 
(correlation coefficients higher than 0.999).  

The limit of detection (LOD) was calculated as 3 times the standard 
deviation (3 σ) of eleven replicate measurements of the blank sample, 
while the limit of quantification (LOQ) was calculated as 10 times the 
standard deviation (10 σ). Therefore, eleven reagent blank samples 
were prepared and treated as described in section 5.2.5, and the 
analytical responses were then expressed as concentrations dividing 
by the mean slope of the calibration graph. LOD and LOQ values 

5.3.5. Limit of detection and limit of quantification 
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referred to the mass sample (seaweed) were calculated after 
considering the pre-concentration factor of 50 of the MIP-based SPE 
process. The calculated LODs were 0.007 and 0.02 µg kg-1 dw (dry 
weight) for MeHg and Hg (II), respectively, whereas, LOQs were 0.02 
and 0.07 µg kg-1 dw for MeHg and Hg (II), respectively. These LODs 
are much better than some published LODs for Hg assessment in 
seaweed such as 0.120 µg kg-1 for MeHg by pre-concentration and 
HPLC-CV-AFS [23], 1.3 µg kg-1 for MeHg in cyanobacteria [40], and 
0.01 mg kg-1 dw for MeHg using an automatic Hg analyzer [41]. The 
LOD obtained by Morrison et al. [24] was 0.435 µg kg-1 ww using the 
1630 USEPA method, while the LOD for biota obtained by Shoham-
Frider et al. [27] was 0.07 µg kg-1 dw. 

On the other hand, the Regulation No 464/2018 of the European 
Parliament and the Council establishes the maximum residue level 
(MRL) for Hg in algae, prokaryotic organisms, and food products 
based on seaweed as 0.01 mg kg-1 [42], much higher than the LOD 
value found in the present study which implies that the propose 
method can be applied to the analysis of commercial edible seaweed. 

5.3.6. Repeatability, reproducibility, and accuracy 
Reproducibility (inter-day assay) and repeatability (intraday assay) 
were studied using seaweed extracts spiked with MeHg and Hg (II) at 
different concentration levels. Inter-day assay was performed by 
spiking seven seaweed extracts with three concentration levels of 
MeHg (0.02, 0.1, 0.4 μg L-1; i.e. concentrations of 1, 5, and 20 μg L-1

after pre-concentration), and three Hg (II) concentration levels 
(0.04, 0.2, 1 μg L-1; i.e., 2, 10, 50 μg L-1 after pre-concentration) and 
measuring the seven replicates of each concentration level in the same 
day. Intraday assay was performed by preparing seven standard 
addition curves in seven different days by spiking in triplicate several 
seaweed extract aliquots at five concentration levels of MeHg (1, 2, 5, 
10 and 20 μg L-1 after pre-concentration) and Hg (II) (2, 5, 10, 20 and 
50 μg L-1 after pre-concentration). As it can be observed in Table 3, 
good analytical recovery and precision is obtained since all analytical 
recoveries ranged between 89-112% for MeHg and 86-108% for Hg (II), 
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and the relative standard deviations (RSDs) were lower than 20% (13% 
for MeHg and 16% for Hg (II) for all concentration levels). 

Table 3. Inter-day and intraday analytical recovery and precision (RSD) 

MeHg Hg(II)

Concentration 
µg L-1 

Analytical 
recovery 

%

RSD 
% 

Concentration 
µg L-1 

Analytical 
recovery 

%

RSD 
% 

Interday  

1 112±8 8 2 86±10 12

5 97±13 13 10 108±18 16

20 98±10 10 50 102±8 8

1 94±7 6 2 98±8 8

2 92±9 9 5 100±7 7

Intraday 5 89±7 9 10 102±10 10 

10 89±8 9 20 102±4 4

20 95±6 6 50 97±5 4

In addition to the analytical recovery, accuracy of the developed 
method was also tested by analysing a BCR 463 (tuna fish) CRM (a CRM 
for total Hg and/or Hg species in seaweed is not commercially available). 
After BCR 463 UAE and MIP-based SPE (section 5.2.4 and 5.2.5) 
and ICP-MS determination, a total Hg content of 3.01±0.06 mg kg-1 
was obtained, which is in good agreement with the certified value 
(2.85±0.16 mg kg-1). HPLC-ICP-MS analysis gave a Hg(II) 
concentration of 0.01±0.001 mg kg-1, and a MeHg concentration of 
2.86±0.05 mg kg-1. The found MeHg concentration is in good agreement 
with certified MeHg content in BCR 463 (3.01±0.06 mg kg-1). In addition, 
the total Hg concentration as a sum of Hg(II) and MeHg concentrations 
after HPLC-ICP-MS (2.87±0.07 mg kg-1) also agrees with the certified 
total Hg content in BCR 463 (2.85±0.16 mg kg-1). 

5.3.7. Applications 
Three edible seaweed samples were subjected to the optimized MIP-
based SPE after UAE extraction and before HPLC-ICP-MS (Hg(II) 
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and MeHg assessment) and ICP-MS (total Hg assessment) analysis. 
Results are given in Table 4 and it can be observed that the results 
obtained by HPLC-ICP-MS (sum of the species) are in good 
agreement with the total Hg concentration levels measured directly in 
the eluates by ICP-MS. Hg (II) is the major species in the tested 
seaweed sample, and the highest Hg (II) content was recorded in sea 
spaghetti species (0.11±0.02 mg kg-1 dw). 

Table 4. Mercury species concentration in BCR-463 and in commercial seaweed 
samples 

Sample Hg (II) 
mg kg-1a 

MeHg 
mg kg-1a 

tHg 
mg kg-1b 

tHg  
mg kg-1c 

Wakame 0.06±0.01 0.01±0.002 0.07±0.01 0.07±0.01 

Sea-spaghetti 0.11±0.02 0.06±0.02 0.17±0.03 0.19±0.02 

Hijiki 0.06±0.01 0.01±0.002 0.07±0.01 0.06±0.003 

(a) Hg(II) and MeHg concentrations after MIP-based SPE and HPLC-ICP-MS 
determination 
(b) Total Hg expressed as the sum of Hg (II) and MeHg concentrations after MIP-
based SPE and HPLC-ICP-MS determination 
(c) Total Hg after MIP-based SPE and ICP-MS determination 

5.4.CONCLUSIONS 

The molecularly imprinted polymer based on the interaction between 
MeHg (template) and phenobarbital (complexing agent) was found to 
offer excellent recognition capabilities for MeHg and Hg(II). The 
MIP-based SPE procedure is robust since large sample volumes 
(seaweed extracts) can be loaded without impairment of the analytical 
performance. High pre-concentration factors can be therefore 
achieved, which implies quite sensitive determinations. The prepared 
material has demonstrated a large absorption capacity and stability, 
and each 200 mg portions can be reused at least fifteen times (fifteen 
absorption/desorption cycles). The optimized MIP-based SPE 
combined with HPLC-ICP-MS allows low limits of detection, and the 
methodology can be successfully applied for quantifying mercury 
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species (MeHg and Hg(II)) at very low concentrations in complex 
samples such as seaweeds.  
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5.7. ELECTRONIC SUPPLEMENTARY INFORMATION (ESI) 

Table S1. Operating ICP-MS conditions for total As determination in acid 
digests from fish samples, and for P, K, Ca, Mg, Na, Zn, Co, Fe, Cr, Pb, Hg, Cd, 

and Cu determination in cross reactivity studies. 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows Nebulization 0.92 mL min-1

Auxiliary 1.2 mL min-1

Plasma 16 mL min-1

Standard mode Ca, Cu, K, Mg, Na, P 

KED mode: 
He flow rate/ 4.0 mL min-1  As, Cd, Co, Cr, Fe, Hg, Pb, Zn 

Analytes 
75As, 43Ca, 111Cd, 59Co, 53Cr, 63Cu, 57Fe, 39K, 
202Hg, 26Mg, 23Na, 31P, 208Pb, 66Zn 

Internal standards 
74Ge (As, Co, Cr, Fe, and Zn) 
54Sc (Ca, K, Mg, Na, and P) 
103Rh (Cd, Hg, and Pb) 
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Development of fast methodology for analysis and speciation of 
mercury and arsenic in foodstuff 

Considering the initial objectives of this Thesis, the general conclusions that 
can be outlined are the following: 

1. Development of fast and low-cost analytical methodologies for
assessing total inorganic arsenic (iAs) by using Quantum Dots (QDs) and 
Ionic Imprinted Polymer (IIP) based Solid Phase Extraction (SPE) 
methodologies for iAs speciation in foodstuff  

1.1. There are several difficulties to use high-end technological 
instrumentation mainly due to these pieces of equipment are associated with 
high cost, need for training people to handle the equipment, and need for 
maintaining special environmental conditions to achieve the best 
performance. Therefore, simple and low-cost screening techniques to detect 
and quantify toxic trace elements such as As in food samples are needed. 
Quantum Dots (QDs) exhibit luminescent properties which can be used as a 
sensing probe.  

In Chapter 1, a nanosensor probe based on IIP-QDs has been used to 
assess iAs contents in fish samples by Room Temperature Phosphorescence 
(RTP). The synthesized IIP over the Mn-doped ZnS QDs enhances 
selectivity for As(III) and As(V) and the analytical response (RTP 
quenching) is only attributed to the presence of iAs. In addition, the use of 
siliceous materials during the synthesis of the IIP-QD composite has found 
to give robustness to the prepared material under drastic acid conditions 
(required for template removal). The developed method was successfully 
applied for iAs assessment in fish, and the obtained results were comparable 
to those obtained after confirmatory analysis (iAs speciation by High 
Performance Liquid Chromatography – Inductively Coupled Plasma – Mass 
Spectrometry, HPLC-ICP-MS). 

1.2. The synthesized IIP as an absorbent in SPE procedures has been 
found to be quite selective for iAs. Since iAs concentration in fish is very 
low (the major As species concentration in fish is the non-toxic 
arsenobetaine) the selective enrichment of iAs by the prepared IIP has 
allowed a reliable assessment of As(III) and As(V) species by HPLC-ICP-
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MS without interferences of the major As species. Two different pre-
concentration schemes have been developed: a conventional column SPE 
procedure which was applied for iAs assessment in fish (Chapter 2), and a 
micro-solid phase extraction (µ-SPE) procedure (a vortex assisted 
dispersive micro solid-phase extraction, VA-D-µ-SPE) which was used for 
iAs speciation in rice (Chapter 3). The developed procedures offer the 
advantages of SPE (µ-SPE) techniques (green process since the low 
amounts of organic solvents/reagents are required). Moreover, the use of 
IIPs provides high selectivity for As (III) and As (V). The vortex assisted D-
µ-SPE offers as an advantage the quick extraction process as well as the 
possibility of reusing several times the absorbent. 

2. Development of fast and low-cost analytical methodologies for
assessing total Hg (tHg) by using Quantum Dots (QDs) and Molecularly 
Imprinted Polymer (MIP) based Solid Phase Extraction (SPE) 
methodologies for Hg speciation in foodstuff  

2.1. In Chapter 4, a nanosensor probe based on a phenobarbital-based 
MIP – silica coated Mn doped ZnS QDs composite has been developed for 
selective recognition of tHg (Hg(II) plus MeHg) in fish samples. The 
strategy was based on covering the QDs with a specific ligand 
(phenobarbital) for recognizing Hg ions. Phenobarbital was used as a ligand 
that shows a high and selective affinity for Hg ions. The developed RTP 
nanoprobe allows a low-cost assessment of tHg in fish, and the obtained 
results are comparable with those obtained after ICP-MS determinations. 

2.2. A MIP has been synthesized by using a ternary pre-polymerization 
mixture containing the template (MeHg), a non-vinylated monomer 
(phenobarbital), and a vinylated monomer (methacrylic acid), and a 
selective column SPE process was optimized for Hg speciation in seaweed 
by HPLC-ICP-MS (Chapter 5). The optimized MIP-SPE procedure 
allowed the selective pre-concentration of low amounts of Hg species 
(Hg(II) and MeHg) from seaweed extracts, and has been found to be robust 
since large sample volumes (seaweed extracts) can be loaded without 
impairment of the analytical performance. In addition, the prepared MIP 
exhibits a large adsorption capacity and stability, and each 200 mg MIP 
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portions can be reused at least fifteen times. The MIP-based SPE – HPLC-
ICP-MS allows low limits of detection, and the methodology can be 
successfully applied for quantifying MeHg and Hg(II) at very low 
concentrations in complex samples such as seaweeds 
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Resumen y discusión 
Los alimentos son la principal fuente de exposición a los metales 
esenciales y no esenciales (metales pesados) en los seres vivos. El 
comercio internacional y la globalización de las fuentes de alimentos, 
junto con el desarrollo industrial de fertilizantes y la contaminación de 
las aguas de riego, ha incrementado la presencia de metales pesados 
en los alimentos, y por tanto, el potencial riesgo para la salud tanto en 
países desarrollados como en países en desarrollo. Ciertos metales, 
como el arsénico (As) y el mercurio (Hg), no tienen ninguna actividad 
biológica en los seres vivos; y por el contrario, se ha demostrado que 
provocan un deterioro de la salud y enfermedades que pueden 
desembocar en la muerte. Sin embargo, la toxicidad y la 
biodisponibilidad de estos elementos dependen de varios factores, 
incluida la concentración y la forma química (especie química). 

El mercurio se considera uno de los contaminantes ambientales de 
mayor prioridad a escala mundial. La toxicidad del mercurio es 
conocida desde la antigüedad, y la toxicidad del metilmercurio 
(MeHg) en humanos se observó por primera vez en Minamata (Japón) 
en 1955, y después en Niigata (Japón), tras el consumo de pescado 
contaminado con metilmercurio (MeHg). El origen de esta 
contaminación por MeHg se debió en ambos casos a descargas de Hg 
(hasta el 70% de mercurio estaba en forma metilada) a las aguas de los 
estuarios por parte de fábricas químicas tras el empleo de mercurio 
inorgánico (Hg(II)) durante el proceso tecnológico para producción de 
acetaldehído. Posteriormente, se comprobó también la biometilación 
del Hg(II) por parte del plancton marino. La contaminación de los 
sistemas terrestres por compuestos de Hg utilizados en la agricultura 
como fungicidas y desinfectantes de semillas representa también un 
problema a gran escala. Así, existen evidencias de intoxicaciones por 
ingestión de semillas tratadas con fungicidas a base de alquilmercurio. 
Durante la década de 1960 se observó acumulación de Hg en la biota 
terrestre y marina, haciendo evidente que el problema de la 
contaminación por Hg era mucho más extenso que una situación local 
aguda aislada, como Minamata y Niigata. De esta forma, y ya en la 
década de 1970, países como Estados Unidos y Canadá establecieron 
restricciones a la comercialización y consumo de pescado con niveles 
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de Hg superiores a 0,5 mg kg-1 en peso húmedo. El mercurio es uno de 
los metales traza que presenta uno de los más altos niveles de 
biomagnificación en la cadena trófica, y muchas directivas de 
agencias y organizaciones internacionales, nacionales y regionales 
regulan las emisiones de Hg. Debe enfatizarse que el papel del 
desarrollo de métodos sensibles y específicos para la especiación y 
análisis de Hg jugó un papel importante para una mejor comprensión 
de los efectos del Hg en los seres vivos. 

Durante muchos siglos, la palabra "arsénico" tuvo el significado 
de "veneno", connotación que cambió a finales del siglo XX debido, 
en parte, a la introducción de ciertos medicamentos que contenían 
arsénico (As). La Agencia para el Registro de Sustancias Tóxicas y 
Enfermedades de los Estados Unidos (Agency for Toxic Substances 
and Disease Registry, ATSDR) sigue clasificando al As dentro de la 
lista de sustancias toxicas prioritarias (actualización de 2017), 
mientras que la Agencia Internacional para la Investigación del Cáncer 
(International Agency for Research on Cancer, IARC) ha clasificado 
el arsénico como un carcinógeno humano. Las diferentes toxicidades 
de los compuestos que contienen As se hicieron evidentes cuando se 
demostró que los compuestos organoarsénicos (oAs), que son las 
principales especies de As en alimentos de origen marino, son casi 
100 veces menos tóxicas que el arsénico inorgánico (iAs). El arsénico 
está presente de forma natural a niveles traza en el aire, el agua, el 
suelo y en la biota. Sin embargo, las concentraciones naturales de As 
pueden elevarse principalmente por actividades humanas y ciertos 
fenómenos naturales, los cuales pueden plantear serios problemas de 
salud pública. Los compuestos arsenicales utilizados en la industria 
agroquímica comenzaron en la década de 1970, y sus usos se 
focalizaron en la conservación de la madera y en la formulación de 
insecticidas, pesticidas y herbicidas. Actualmente, el As se utiliza 
ampliamente en la industria electrónica como arseniuro de galio y gas 
arsina en la preparación de semiconductores. Además, se emplea 
como alguicida, como agente desecante en la cosecha mecánica de 
algodón, en la fabricación de vidrio y aleaciones no ferrosas, y en la 
industria de piensos como aditivo. En general, el iAs [las especies de 
As en estados de oxidación +3 y +5 (As (III) y As (V)), es más tóxico 
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que el oAs. Además, el As (III) es más tóxico que As (V). Sin 
embargo, el ácido dimetil arsónico (DMA) y el ácido monometil 
arsónico (MMA) son más tóxicos que las especies de As de partida. 
Por el contrario, compuestos como la arsenobetaína (AB), la 
arsenocolina (AC), los arsenoazúcares (arsenosugars, ASs) y los 
arsenolípidos (arsenolipids, ALs), que contribuyen con 
aproximadamente el 80% del total de As en productos marinos, son 
inocuos. Por lo tanto, la determinación de las distintas especies o 
formas de As en alimentos es un factor importante a considerar en los 
estudios de evaluación de riesgos y salud humana. 

El análisis de especiación es una actividad habitual en muchos 
laboratorios especializados. La Unión Internacional de Química Pura 
y Aplicada (International Union of Pure and Applied Chemistry, 
IUPAC) define el término especiación como "la actividad analítica de 
identificar y medir la cantidad de una o más especies químicas 
individuales en una muestra". Se han desarrollado varios métodos de 
especiación empleando distintas técnicas instrumentales; entre éstas, 
destacan las técnicas híbridas que implican la combinación de una 
técnica de separación cromatográfica o electroforética y una técnica de 
espectrometría, fundamentalmente de espectrometría de masas 
atómicas. En general, estas técnicas ofrecen una especiación elemental 
rápida y con límites de detección muy bajos; sin embargo, la mayoría 
implican una instrumentación de alto coste y especialización técnica. 
Este inconveniente ha llevado al desarrollo de métodos de cribado 
(screening) empleando instrumentación analítica más accesible y 
económica; y en este sentido, el desarrollo de nanomateriales se ha 
convertido en una pieza clave. Además de los nanomateriales con 
propiedades electroquímicas para el desarrollo de métodos eléctricos 
de análisis, los nanocristales coloidales semiconductores 
(denominados quantum dots, QDs) se han constituido como fase 
sensoras ideales para el desarrollo de sensores químicos luminiscentes. 
La alta sensibilidad analítica de las técnicas luminiscentes 
combinada con el incremento de selectividad de los QDs al 
modificarlos en superficie con determinados compuestos ofrece una 
posibilidad económica para llevar a cabo determinaciones de metales 
y especies organometálicas. Los polímeros sintéticos basados en las 
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técnicas de impronta molecular/iónica (molecularly imprinted 
polymers/ionic imprinted polymers, MIPs/IIPs) ofrecen una alta 
selectividad debido a las cavidades de reconocimiento específicas 
generadas en los mismos hacia el analito plantilla, y de esta forma la 
detección luminiscente (fundamentalmente espectrofluorimetría) 
empleando compositos MIP/IIP-QDs como fases quimiosensoras está 
en pleno desarrollo. 

Los procedimientos para la determinación del contenido total de 
un elemento y de los niveles de sus distintas especies químicas 
requiere de tres etapas principales que incluye (1) aislamiento de las 
especies de interés con o sin etapa de preconcentración; (2) separación 
de las distintas formas químicas; y (3) cuantificación de cada especie. 
Existen muchos enfoques para la extracción y preconcentración previa 
de metales/especies metálicas en distintos tipos de muestras. Mientras 
que los procedimientos de descomposición de la muestra, 
fundamentalmente aquellos basados en digestiones ácidas, son los más 
empleados para una posterior determinación del contenido total del 
elemento, los métodos de extracción y preconcentración clásicos más 
comunes para especies organometálicas en muestras sólidas son la 
extracción asistida por ultrasonidos (ultrasound assisted extraction, 
UAE), la extracción asistida por Soxhlet (Soxhlet assisted extraction, 
SAE), la extracción acelerada con solventes (accelerated solvent 
extraction, ASE) y la extracción asistida por microondas (microwave 
assisted extraction, MAE). Para muestras líquidas, o bien para 
extractos obtenidos de muestras sólidas, las técnicas de extracción y/o 
preconcentración más habituales son la extracción en fase sólida (solid 
phase extraction, SPE) y la extracción líquida basada en solventes 
(solvent based liquid extraction, SBLE). Las técnicas de 
microextracción (microextraction techniques, MET) se introdujeron 
en la década de 1990 con el desarrollo de la microextracción en fase 
sólida (solid phase microextraction, SPME). A partir de la 
introducción de la técnica SPME, se desarrollaron distintos enfoques 
encaminados a la miniaturización de las técnicas convencionales de 
extracción. El conjunto de estas técnicas presenta como ventajas una 
alta reducción del tiempo de operación, una mayor facilidad de 
automatización, y una reducción considerable de los volúmenes 
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(masa) de muestras y, fundamentalmente, de los volúmenes de  
disolventes extractantes. Este último aspecto es importante en el 
concepto de Química Verde, siendo un conjunto de prácticas a 
implementar en los laboratorios analíticos. La hibridación o 
combinación de distintos procedimientos MET entre sí o con técnicas 
de extracción convencionales (combined microextraction techniques, 
CMET) es otra área importante de trabajo de cara al desarrollo de 
procedimientos de pretratamiento de la muestra modernos y robustos. 

En la presente memoria de Tesis Doctoral se presenta una 
discusión crítica de nuevos materiales basados en MIPs e IIPs y en 
nanopartículas, empleados como absorbentes en SPE o como fases 
sensoras, para la determinación/especiación de As y Hg en alimentos 
(Introducción 2). Posteriormente, se discuten los resultados obtenidos 
en la síntesis y empleo de compositos MIP/IIP-QDs como fases 
sensoras para el cribado de iAs (Capítulo 1) y Hg total (Capítulo 4) 
por espectrometría de fosforescencia a temperatura ambiente (room 
temperature phosphorescence, RTP). La preparación de nuevos 
absorbentes para la preconcentración selectiva de iAs basada en IIPs, 
así como la especiación de iAs por cromatografía líquida hibridada a 
espectrometría de masas con plasma acoplado por inducción (high 
performance liquid chromatography – inductively coupled plasma – 
mass spectrometry, HPLC-ICP-MS) se detallan en el Capítulo 2 
(procedimiento SPE en columna para la especiación de iAs en 
productos de la pesca) y en el Capítulo 3 (procedimiento de 
microextración dispersiva para la especiación de iAs en arroz). 
Finalmente, en el Capítulo 5 se muestra la metodología IIP para l a  
especiación de Hg (Hg(II) y MeHg) en algas comestibles. 

En la Introducción se discute la bibliografía existente sobre el 
empleo de MIPs e IIPs como absorbentes para la preconcentración de 
As y Hg haciendo especial hincapié en las metodologías de 
eliminación del ion plantilla y su relación con el tipo de monómero 
empleado (monómero bifuncional o monómero vinilado asociado a un 
reactivo complejante). Se revisa también la bibliografía relativa a 
nanopartículas de oro y plata en el desarrollo de métodos de cribado 
colorimétricos, basados fundamentalmente en mecanismos de 
agregación-dispersión; y en el empleo de nanomateriales a base de 
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carbono (carbon dots, CDs) y QDs en el desarrollo de fases sensoras 
para cribado luminiscente. En relación a los QDs, se discute la mejora 
de la selectividad de la respuesta luminiscente en función de la 
modificación en superficie de estas nanopartículas, proponiendo las 
ventajas de una modificación con MIPs/IIPs. 

El método de cribado luminiscente desarrollado para iAs 
(Capítulo 1) se basa en un composito IIP-QDs cuya preparación 
requirió la síntesis de QDs de base ZnS dopado con Mn (Mn-ZnS 
QDs) modificados en superficie con un IIP (arseniato como ion 
plantilla y 1-vinil imidazol como monómero) previa funcionalización 
de la superficie de las nanopartículas con grupos –NH2 [recubrimiento 
con (3-aminopropil)trietoxisilano (APTES)]. El nanomaterial 
preparado presenta un máximo de RTP a 595 nm tras la excitación a 
289 nm. El sensor químico de cribado luminiscente resulto ser 
selectivo para iAs, no observando atenuación de la RTP en presencia 
de especies orgánicas de As y de otros iones mayoritarios en extractos 
de productos marinos. El método de cribado desarrollado ofrece un 
límite de detección de 29,6 μg kg−1, valor inferior al máximo 
permitido por la UE en relación al contenido de iAs en alimentos 
(arroz). Por otra parte, los resultados de cribado para iAs son 
comparables a los obtenidos tras aplicar metodologías avanzadas 
como HPLC-ICP-MS a muestras de pescado y a materiales de 
referencia certificados (CRMs) después de un procedimiento UAE con 
metanol y agua como mezcla extractante para extraer las especies de 
As. 

Una metodología similar de trabajo se llevó a cabo para un 
cribado luminiscente (RTP) de Hg total en productos de la pesca 
(Capítulo 4 ). Se empleó igualmente un núcleo luminiscente de Mn-
ZnS QDs recubiertos en superficie con una doble capa de sílice 
[empleo de tetraetoxisilano (TEOS) para una funcionalización con 
grupos –OH, y APTES para una funcionalización con grupos –NH2]. 
Se llevaron a cabo distintas síntesis de IIPs sobre la superficie 
modificada del QD, siendo la más prometedora aquella que empleaba 
fenobarbital como monómero funcional y ácido metacrílico (MMA) 
como monómero vinilado (técnica de atrapamiento del ion plantilla, 
en ese caso MeHg). Sin embargo, el fuerte enlace del ion plantilla con 
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el monómero auxiliar dificultó enormemente la etapa de la 
eliminación del mismo (procedimiento necesario para que queden 
disponibles las cavidades de reconocimiento iónico). En condiciones 
suaves de eliminación, la cantidad de ion plantilla eliminada fue 
insignificante; por el contrario, empleando condiciones de extracción 
enérgicas y disoluciones fuertemente ácidas, se lograba extraer la 
plantilla pero se perdía parte del polímero sobre la superficie del QD. 
Además, las propiedades luminiscentes del QD se alteraban tras estos 
procedimientos drásticos de eliminación del ion plantilla. La estrategia 
que se propuso fue la de llevar a cabo una síntesis del polímero en 
ausencia del ion plantilla (MeHg), formalmente sintetizar un MIP para 
el fenobarbital (molécula plantilla). Dado que el fenobarbital es muy 
selectivo tanto para el ion Hg(II) como para el MeHg, se decidió 
emplear el composito generado con este MIP (sin eliminación de la 
molécula plantilla de fenonarbital) para el reconocimiento selectivo de 
Hg(II) y MeHg.  

Igualmente que en la fase sensora diseñada para iAs (Capítulo 1), 
el composito presenta un máximo de RTP a 595 nm tras la excitación 
a 289 nm, pero en este caso la atenuación de la RTP se observa 
únicamente cuando los iones Hg(II) y MeHg están presentes. El 
sensor RTP desarrollado ofrece un límite de detección de 68,2 μg 
kg−1, valor inferior al límite máximo permitido por la UE (entre 0,5 y 
1,0 mg kg−1 según la especie de pescado). Los resultados de Hg total 
obtenidos en muestras de pescado y en CRMs por el método RTP 
(UAE con ácido clorhídrico 5,0 M como extractante) son similares a 
los medidos tras aplicar una metodología ICP-MS (digestión ácida 
asistida por microondas como pretratamiento de la muestra). 

La proporción de iAs en los productos de la pesca es muy 
pequeña en comparación con las especies orgánicas de As, 
especialmente la AB, que puede llegar a representar el 90% del As 
total. Al llevar a cabo la especiación de As por HPLC las elevadas 
señales cromatográficas para AB a menudo dificultan la integración de 
las pequeñas señales de las especies As(III) y As(V), y en muchas de 
las aplicaciones apenas se determinan las concentraciones de estas 
especies inorgánicas minoritarias. En el Capítulo 2  se describe la 
síntesis de un IIP para su empleo como nuevo absorbente en SPE para 
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iAs. La alta selectividad esperada para este absorbente hace que 
únicamente las especies minoritarias de iAs sean preconcentradas, 
facilitando su detección por HPLC-ICP-MS e impidiendo que las 
señales debidas a los compuestos mayoritarios de As interfieran. La 
síntesis del IIP se llevó a cabo mediante un procedimiento de 
polimerización mixto entre la polimerización por bloque y la 
polimerización por precipitación (exceso de porogen con respecto a lo 
requerido para la polimerización por bloque, pero porogen en defecto 
respecto al requerido para la polimerización por precipitación). Las 
condiciones para una polimerización por precipitación requerían un 
volumen de porogen para el cual la síntesis del IIP mostró muy poco 
rendimiento. Por el contrario, a medida que se disminuía el volumen de 
porogen el rendimiento de la síntesis era mayor. El volumen de porogen 
seleccionado, considerablemente mayor que el requerido para la 
polimerización en bloque, permitió obtener partículas dispersas de IIP, 
de forma similar a una polimerización por precipitación. En la síntesis 
se empleó arseniato como ion plantilla y 1-vinil imidazol como 
monómero bifuncional. El absorbente preparado se utilizó en el 
desarrollo de un procedimiento SPE en columna para preconcentrar 
selectivamente iAs en extractos de pescado (previa extracción por 
UAE). El procedimiento de preconcentración con el IIP sintetizado 
resultó altamente selectivo para iAs, obteniéndose cromatogramas 
donde solamente aparecen dos señales cromatográficas, las debidas a 
las especies iAs (As(III) y As(V)). El procedimiento, además, es 
altamente sensible, obteniéndose límites de detección de 0,32 and 0,39 
μg kg−1 para As(III) y As(V), respectivamente (valores por debajo de 
los límites máximos establecidos en la UE para arroz). 

El IIP previamente descrito en el Capítulo 2 se ha utilizado 
también en la optimización de una metodología de microextracción 
para iAs en arroz (Capítulo 3). En concreto, se desarrolló una técnica 
de microextracción dispersiva asistida por agitación vórtex y 
empleando una pequeña cantidad de IIP (ionic imprinted polymer – 
vortex assisted dispersive micro-solid phase extraction, IIP-VA-D-µ-
SPE). La extracción de las especies de As se optimizó empleando 
sonda de ultrasonidos, que resultó ser más eficaz que el baño de 
ultrasonidos para la matriz de arroz. El procedimiento IIP-VA-D-µ-
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SPE requirió tan solo 50 mg del absorbente, pudiendo cada porción de 
50 mg ser reutilizada al menos 20 veces sin perder las capacidades de 
absorción selectiva. El límite de detección obtenido con esta técnica 
de preconcentración fue menor para la especie As(III) (0,20 μg kg−1) 
en comparación con la metodología SPE (0,32 μg kg−1); sin embargo, 
el límite de detección para la especie As(V) (0,41 μg kg−1) fue similar 
al obtenido con el procedimiento convencional (0,39 μg kg−1).  

A diferencia de los moderados niveles de Hg en productos 
marinos como el pescado y los mariscos, el Hg se encuentra a niveles 
ultratraza en las algas marinas. Por tanto, para evaluar la presencia de 
este elemento altamente tóxico en este tipo de alimento, y a diferencia 
de lo que ocurre en pescados y mariscos, se requiere el desarrollo de 
procedimientos previos de preconcentración de las especies 
mercuriales. De esta forma, en el Capítulo 5 se describe la síntesis de 
un IIP selectivo a Hg (Hg(II) y MeHg) el cual se ha empleado como 
absorbente selectivo para SPE en columna en la preconcentración de 
trazas de Hg(II) y MeHg en algas marinas comestibles (previa 
extracción de las especies de Hg por UAE empleando una mezcla de 
ácido clorhídrico 0,1% (v/v), L-cisteína al 0,12% (m/v) y 
mercaptoetanol al 0,1% (v/v)). La síntesis del IIP se llevó a cabo con 
la técnica de la polimerización por precipitación y atrapamiento del 
ion plantilla (MeHg), empleando fenobarbital como monómero 
funcional y MAA como monómero vinilado. En este caso, la 
eliminación del ion plantilla requirió de condiciones moderadas 
(disolución de ácido clorhídrico 1,0 M y tiourea 1,0 M) que no dañaron 
los sitios de reconocimiento iónico generados en el polímero. El IIP 
sintetizado resultó ser selectivo para especies de Hg teniendo además 
una alta capacidad de carga. El procedimiento IIP-SPE desarrollado 
junto con la instrumentación HPLC-ICP-MS ha permitido llevar a 
cabo una determinación altamente sensible, consiguiendo límites de 
detección de 0,007 y 0,02 µg kg-1 para Hg(II) y MeHg, 
respectivamente. Los resultados obtenidos en el análisis de un CRM 
para pescado fueron concordantes tanto para el contenido de Hg total 
como para el contenido de MeHg. Las muestras de algas analizadas 
arrojaron niveles de Hg total (como suma de las concentraciones de 
Hg(II) y MeHg, tras el proceso de extracción UEA, preconcentración 
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IIP-SPE y HPLC-ICP-MS) similares a las obtenidas tras el proceso de 
extracción UEA, preconcentración IIP-SPE e ICP-MS.
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