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As everyone knows, the role played by extraction and sample
preparation in the analytical sciences cannot be overem-
phasized. Despite tremendous advances in chromatography,
detection, and other aspects of analysis, extraction and
sample preparation remain a preanalysis ritual of critical
importance. It has been estimated that around 50% to
70% possibly even more of the time and effort that goes
into an analytical process comprises extraction and sample
preparation. Sample preparation procedure can vary in the
degree of selectivity, speed, and convenience, depending on
the approach and conditions used, as well as on the geometric
configurations of the extraction phase and conditions. Proper
design of the extraction devices and procedures facilitates
rapid and convenient on-site implementation, coupled with
separation/quantification and/or automation.

This special issue addresses the research studies on the
sample preparation, analytical extraction, and sample clean-
up techniques. For example, M. Jabłońska-Czapla reported
a review on chemical speciation and provided numerous
examples of the hyphenated technique usage (e.g., the LC-
ICP-MS application in the speciation analysis of chromium,
antimony, arsenic, or thallium in water and bottom sediment
samples). T. Pérez-Palacios et al. investigated the use of a
mixer mill as the homogenization tool for the extraction of
free amino acids in meat samples, with the main goal of

analyzing a large number of samples in the shortest time
and minimizing sample amount and solvent volume. It takes
less time and requires lower amount of sample and solvent
than conventional techniques. N. Sher et al. studied col-
orimetric visible spectrophotometric quantification methods
for amino acids, namely, tranexamic acid and pregabalin.
Both drugs contain the amino group, and when reacted with
2,4-dinitrophenol and 2,4,6-trinitrophenol they give rise to
yellow colored complexes showing absorption maximum at
418 nmand 425 nm, respectively, based on the Lewis acid base
reaction.

J. A. Rodŕıguez et al. reported magnetic solid phase
extraction of tartrazine from nonalcoholic beverages. The
method involves the extraction and clean-up by activated
carbon covered with magnetite dispersed in the sample, fol-
lowed by themagnetic isolation and desorption of the analyte
by basified methanol. The proposed methodology saves time
and is less expensive than the referencemethod.M. Khorshid
et al. reported QuEChERS (quick, easy, cheap, effective,
rugged, and safe) method for extraction followed by solid
phase extraction for sample purification and gas chromatog-
raphy mass spectrometer, GCMS, for determination of 16
PAHs in fish at low LOQ level. E. A. Pfannkoch et al. reported
combination QuEChERS and SBSE methods for extraction
and concentration PAHs from fish and shellfish. I. Amin et al.
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reported a semiautomated extraction protocol of HCV-RNA
using Favorgen RNA extraction kit.The kit provided protocol
was modified by replacing manual spin steps with vacuum
filtration. The assay performance was evaluated by real time
qPCRbased onTaqman technology.W.Wang et al. reported a
high throughput sample preparationmethod utilizingmixed-
mode solid phase extraction (SPE) in 96-well plate format
for the determination of free arachidonic acid in plasma
by LC-MS/MS. J. Knutsson et al. reported an uncertainty
budget for the determination of fully labile Cu in water
using a DGT passive sampler. H.-R. Lee et al. reported two
different ionization techniques including electrospray ion-
ization (ESI) and atmospheric pressure chemical ionization
(APCI) coupled with liquid chromatography-tandem mass
spectrometry (LC-MS/MS) for the analysis of cholesteryl
esters (CEs). The ESI technique proved to be effective in
ionizing more kinds of CEs than the APCI technique. J.
Wang et al. evaluated various existing protein extraction
buffers with zebrafish liver tumor samples and found that
sodium deoxycholate (DOC) based extraction buffer with
heat denaturation was the most effective approach for highly
efficient extraction of proteins from complex tissues such
as the zebrafish liver tumor. B. B. Burckhardt and S. Laeer
developed sample preparation exemplified by solid phase
extraction for the bioanalytical method development of low-
volume assays for pediatric studies according to international
agency guidelines. A. Rehman et al. suggested thatOxalis cor-
niculata has good antibacterial, antifungal, and insecticidal
properties and can be used for the treatment of infections and
control of insects.The plant extracts could be a new source for
antibiotics and pesticides with minimum noxious effects on
the environment. Further studies may also lead to isolating
and characterizing the active compounds of the plant extracts
and elucidating their biological mechanisms of action.
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Chemical speciation is a very important subject in the environmental protection, toxicology, and chemical analytics due to the fact
that toxicity, availability, and reactivity of trace elements depend on the chemical forms in which these elements occur. Research on
low analyte levels, particularly in complex matrix samples, requires more and more advanced and sophisticated analytical methods
and techniques. The latest trends in this field concern the so-called hyphenated techniques. Arsenic, antimony, chromium, and
(underestimated) thallium attract the closest attention of toxicologists and analysts. The properties of those elements depend on
the oxidation state in which they occur. The aim of the following paper is to answer the question why the speciation analytics is
so important. The paper also provides numerous examples of the hyphenated technique usage (e.g., the LC-ICP-MS application in
the speciation analysis of chromium, antimony, arsenic, or thallium in water and bottom sediment samples). An important issue
addressed is the preparation of environmental samples for speciation analysis.

1. Introduction

The beginning of the 21st century is a time of great chal-
lenges in the analytical chemistry, which also includes the
environmental analytics. Such a situation is mainly related
to the new information on the toxicological properties of
elements, their forms of occurrence, and the necessity to
detect and determine lower and lower analytes levels, which
are very often observed in the complex matrix samples.
Speciation (a term borrowed from biology) describes the
occurrence of various chemical and physical forms of a
given element. The determination of such forms is known as
speciation analytics [1]. Chemical speciation is an important
subject in the environmental protection, toxicological and
analytical research because toxicity, availability, and reactivity
of trace elements depend on the chemical forms in which
such elements occur. Two aspects can be differentiated within
the speciation analytics framework, that is, determiningman-
made substances that are emitted into the environment by
humans and analysing natural compounds formed as a result
of biochemical transformations in the environment or living

organisms. The first group is particularly interesting for
the environmental analysis, whereas the other one concerns
biochemists and ecotoxicologists. The fate and influence of
trace elements are directly related to their chemical forms.
They can occur as free ions, small organometallic formations,
or bigger biomolecules included in the biological systems [1–
5].

Due to the fact that metals and metalloids have a
strong impact on the environment, the methods of their
determination and speciation have received special attention
in recent years. What is more, they have become one of the
most important fields of application in the modern analytical
chemistry. Arsenic, antimony, and thallium are examples of
toxic elements.

Antimony is a very popular element in the environment,
and its trivalent chemical species is about ten times more
toxic as oxidized Sb(V) [6–10]. Another important and
interesting metalloid is arsenic, whose inorganic species are
much more toxic than organic ones [1, 11].

There are also elements that are very important for the
health and life of living organisms.
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Such an element is chromium, which reduced; inorganic
form has amajor role for the functioning of a living organism
[12]. Unfortunately, hexavalent, oxidized chromium form is
carcinogenic and mutagenic for humans. Similarly, thallium
and its compounds are very toxic.

The element is also toxic in the dust form as it oxi-
dizes in the contact with air. Food and respiratory thallium
poisonings are possible. One of the characteristic poisoning
symptoms is hair loss preceded by hair follicle atrophy.
Other signs include digestion disorders, pain, neuropsychi-
atric complications, and cardiovascular system damage. In
the past, thallium salts were often added to rodenticides
[13]. The described elements have complex physical and
chemical characteristics and are of great interest for both
toxicologists and analytical chemists. Among them, arsenic
and its compounds are the best known and described. Less
information on antimony is available while thallium and it
compounds are still the most mysterious and unfamiliar [14].
Unfortunately, the environmental pollution caused by human
activity is still increasing, and hence the supply of metals and
nonmetals is growing.

2. Speciation by Classical Methods or Rather
by Using Hyphenated Techniques

The information obtained from toxicological tests and
research into the influence of the specific chemical species on
living organisms requires continuous lowering of the analyte
detection limits to extremely low concentration levels. Such
knowledge needs the development of the applied analytical
methods. The progress enables the researchers to examine
elements occurring at very low concentration levels and
their chemical species, interactions, transformations, and
functions in the biological systems. Such data is extremely
important to understand the toxicology andmetabolic routes
of toxic elements, such as arsenic (As), antimony (Sb),
chromium (Cr), or thallium (Tl).

Conventional methods are usually labor-intensive, time-
consuming, and susceptible to interferences [15–20]. The
most common tools for trace chemical speciation are the
combination of separation techniques coupled with highly
sensitive detector. In the early days, the separation consisted
of a special off-line sample preparation followed by the
detection step. The evolution and development of nonchro-
matographicmethodologies based on chemical speciation are
still growing because they can offer simple and inexpensive
ways to made speciation, or, at least, for the determination of
specific or toxic forms of trace elements [5]. The following
analytical techniques are used in the thallium analytics:
atomic absorption spectrometry, coulometry, spectropho-
tometry, ICP-MS, laser inducted fluorescence spectrometry,
or differential pulse stripping voltamperometry [1].

The hyphenated techniques, in which separation method
is coupled with multidimensional detectors, have become
useful alternatives. The main advantages of those techniques
consist in extremely low detection and quantification limits,
insignificant interference influence, and high precision and
repeatability of the determinations. Even though speciation
analytics is relatively expensive, it plays an important role

in the following fields: research into biochemical cycles of
selected chemical compounds, determination of the toxicity
and ecotoxicity of selected elements, quality control of food
products and pharmaceuticals, control of technological pro-
cesses, health risk assessment, and clinical analytics

In order to be able to continuously lower the detection
and quantification limits, various separation and detection
methods are combined. Such couplings are known as the
hyphenatedmethods. Effective separation techniques for var-
ious chemical species and appropriate detectors are necessary
to determine individual element forms. Most chromato-
graphic methods, such as liquid chromatography (LC), are
coupled with inductively coupled plasma-mass spectrometry
(ICP-MS). ICP-MS offersmany benefits, such as high element
selectivity, broad linear range, and relatively low limit of
detection (LOD). The basic separation mechanisms in the
high-performance liquid chromatography (HPLC) that are
applied in the environmental speciation analytics encompass
the exclusion process, ion exchange, and chromatography in
the reversed phase system.The use of the inductively coupled
plasma collision cell-quadrupole mass spectrometry (ICP-
CC-QMS), inductively coupled plasma dynamic reaction
cell-quadrupole mass spectrometry (ICP-DRC-QMS) [2],
or inductively coupled plasma-sector field mass spectrom-
etry (ICP-SF-MS) [21–23] decreases the signal background
(caused by molecular interferences) by separating the analyte
signal from the signal of a given molecular ion.

Nonetheless, ICP-MS itself does not allow the researchers
to obtain information on the chemical species of the exam-
ined element as full ionization of molecules in the plasma
does not retain any molecular data. Liquid chromatography
(LC), gas chromatography (GC), and capillary electrophore-
sis (CE) can be coupled with ICP-MS to determine various
chemical species. Importantly, the coupling of CE with ICP-
MS is not as the direct as the couplings with LC or GC.
Coupling LC, GC, or CE (as separation methods) with ICP-
MS opens up opportunities for the speciation analysis of
elements in various samples. LC enables relatively simple
coupling with the ICP spectrometer plasma torch without
anymajormodifications in the standard system of the sample
introduction in the ICP-MS spectrometer. LOD for liq-
uid chromatography-inductively coupled plasma-mass spec-
trometry (LC-ICP-MS) may not be sufficient. Consequently,
ultrasonic or pneumatic nebulizers [24, 25] can be used to
improve LOD. One of the main limitations of LC-ICP-MS is
the application of a suitable eluent. Only a mobile phase with
the appropriate (limited) salt concentration and pH can be
used. Importantly, it is advisable not to use organic solvents.
Chromatographic techniques with the liquid mobile phase
can be used to separate different chemical species, both in
the off-line and on-line modes. When compared to the direct
on-line separation of chemical species, the off-line separation
hasmany disadvantages.The coupling of the isotopic analysis
with the direct chromatographic separation can be performed
with the multicollector-inductively coupled plasma-mass
spectrometry (MC-ICP-MS). The advantages of the liquid
chromatography-multicollector-inductively coupled plasma-
mass spectrometry (LC-MC-ICP-MS) include sensitivity,
selectivity, high ionization efficiency, and the ICP source
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resistance, which enables the coupling of chromatography
and simultaneous monitoring of the relevant isotopes. At
the same time, it provides the high precision of isotope
correlations. Two separation methods are usually applied in
LC-MC-ICP-MS, that is, ion-exchange columns or reversed
phase [26].

3. Why Is Arsenic, Antimony, Chromium, and
Thallium Speciation so Important?

Arsenic, antimony, chromium, and the underestimated thal-
lium attract most interest of toxicologists and analysts. Their
properties depend on the oxidation state in which they occur.

Antimony is common in the natural environment and
comes both from natural processes and human activity. Over
the years, the human activity brought about the significant
increase in its concentration in the environment due to its
applications in the car industry (i.a., as an additive in the
car tyre vulcanization process).The geochemical behaviour of
antimony is similar to that of arsenic and bismuth [6, 27, 28].
Its biological role is not fully recognized, but it is toxic at
a low level (similarly to arsenic). Sb(III) is approximately
10 times more toxic than Sb(V). That is why there is such
an interest in its speciation analysis [8, 9, 28]. Antimony
and its salts mainly affect the central nervous system (CNS)
and blood in the toxic way. They also cause conjunctivitis
and skin inflammation and damage the heart muscle and
liver. The antimony compounds demonstrate mutagenic and
carcinogenic effects [27, 29].

Arsenic is a toxic metalloid that is common in various
biological systems and the environment. The number of its
speciation forms in the environment is still increasing due
to the economic growth. As the industrial pollution has not
been reduced in the recent decades, the arsenic emission
from the industry, steelworks, animal waste, and the dust
from fuel fossil combustion is currently rising. As arsenic is
very mobile, it occurs in all the environment elements. The
toxicity of arsenic itself and its compounds differs. However,
its inorganic chemical species are about 100 times more
toxic than the organic ones. The contact with arsenic can
cause various health effects, such as dermatologic, inhalation,
cardiologic, genetic, genotoxic, or mutagenic lesions [11]. It
accumulates in the keratin-rich tissues, such as hair, skin, or
nails. Arsenic and its inorganic forms can provoke cancers of
the respiratory system or skin. They can also cause multiple
organ cancer lesions.The dominant arsenic effects in humans
are skin and mucous membrane lesions and nerve damage.
Drinking water is one of the most important sources of the
exposure to arsenic.

Themost frequent poisonings are those caused by arsenic
and its compounds. It has been used for approximately 1,000
years as the rodenticide because it is colourless and has
neither taste nor smell. The toxic dose of arsenic is approx-
imately 10–50mg. It is lethal in the acute poisoning when
the level is 70–200mg or 1mg/kg body weight. DMPS (2,3-
Dimercapto-1-propanesulfonic acid) is validated in Germany
as a medicine used in the acute or chronic mercury or
lead poisoning (commercial names in Germany are Dimaval,
oral capsules, and Heyl DMPS that is used for injections).

In the USA, the DMPS application is considered experimen-
tal as the medicine has no approval of its effectiveness and
safety granted by the U.S. Food and Drug Administration
(FDA). Nonetheless, the reports presented in the literature
prove its safety and effectiveness, when compared to other
chelators. There is also a report that states that the oral
application of DMPS is more effective than the injections.
DMPS has been successfully used in the peripheral neuropa-
thy caused by the arsenic poisoning [30].

Chromium is a classic example of an element whose
two chemical species differ significantly in their chemical
and toxicological properties. It is believed that the Cr(III)
compounds have a positive influence on the functioning of
living organisms. They are responsible for the appropriate
glucose metabolism in mammals. They easily undergo com-
plexation with various substances present in the environ-
mental samples. On the other hand, the Cr(VI) compounds
are extremely toxic. Their inhalation causes pneumonia and
asthma, whereas their contact with skin provokes allergies
and dermatoses [29]. The International Agency for Research
on Cancer (IARC) classified the Cr(VI) compounds in the
B-2 group, that is, substances carcinogenic and mutagenic
for humans [31]. The Cr(VI) toxic effect results from its
strong oxidising properties and also from the formation of
free radicals in the reduction of Cr(VI) to Cr(III), which
occurs in the cells. The Cr(VI) compounds are usually more
easily soluble, mobile, and bioavailable, which maximizes
their toxic effect. Even though the modern speciation ana-
lytics methods are developing fast, the standards and legal
regulations still concern the total chromium and not its
particular forms. Cr(VI) is 1,000 times more toxic than
Cr(III), which is related to the fact that it easily penetrates
the cell membrane (impermeable to the reduced chromium
form).This ability results from the fact that the CrO

4

2− ion is
similar to the orthophosphoric and sulphate ions, which are
transported in the appropriate ion channels into the interior
of the cell. When the chromium ions are inside, they can
react with the enzymes responsible for the metabolism of
phosphate and sulphate ions. They can also react with DNA
and RNA and disturb their normal functions. As a result,
such reactions cause anomalies in the cell structure. The
properties of chromium and its compounds and the methods
used for their determination are described in detail in the
study [32]. The literature examples of the Cr(III) and Cr(VI)
ion determinations with the hyphenated methods are given
in [33, 34].

Thallium was discovered by Sir William Crookes in 1861
and, independently, by Claude-Auguste Lamy in 1862. The
element was introduced relatively quickly, that is, in 1880, as
a medicine in the treatment of syphilis and mycosis. It was
also used in depilation. Nonetheless, as thallium is highly
toxic, its use was stopped at the beginning of the 20th century.
Additionally, it has been abolished in pesticides in many
countries in recent years as it was considered too toxic [35]. As
the thallium application in various types of metal alloys has
been increasing since the beginning of the digital revolution,
it seems that the element has been accumulating in various
elements of the environment. It is also used as a catalyst, in
laser devices and in the production of optical fibres and high
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refractive index glass. The element occurs in two oxidation
states, that is, +1 and +3.The Tl(I) compounds are colourless,
and Tl(OH) is a strong and soluble base.The Tl(III) ions exist
in the solution only when pH is close to 0. When it is higher,
Tl(OH)

3
precipitates [21].The inorganic Tl(I) compounds are

far more stable in a water solution with neutral pH than the
Tl(III) compounds. On the other hand, the covalent organic
thallium compounds are only stable for Tl (III). Each ionic
form has different bioavailability and toxic properties. The
Tl(III) cations aremuchmore reactive and toxic than theTl(I)
ones. However, the number of Tl(III) cations is so low that
Tl(I) is believed to be the most bioactive thallium form in the
water environment, particularly for living organisms as it can
replace the K+ ion.Thallium is highly toxic. Its average lethal
dose for humans is 4–60mg/kg.TheTl(III) toxicity is difficult
to define because it is easily reduced in the biological systems
[36]. The recent research has shown that Tl(III) can be even
50,000 times more toxic than Tl(I). Therefore, it is more
toxic than Cd(II), Cu(II), Ni(II), or even Hg(II) [37, 38]. The
Tl(I) salts are easily absorbed through skin and this is how
they normally penetrate living organisms. Food is another
source of thallium and its compounds. For this reason, food
quality monitoring is very important at present. In clinical
analyses, thallium is normally determined in urine, saliva,
tissues, and blood. Balding preceded with the hair follicle
darkening is a characteristic symptom of the thallium poi-
soning. Apart from these, digestion problems, psychological
changes, and damage in the cardiovascular system occur.
In the past, thallium salts were often used in rodenticides.
Thallium is very common in the environment even though
it usually occurs at very low concentration levels. The mean
thallium concentration in the Earth crust is 0.3–0.5mg/kg.
Its content in soils is 0.02–2.8mg/kg and depends on the
geological bedrock composition and pollution. That is why
the thallium contents vary in different countries (Austria,
0.076–0.911mg/kg; China, 0.292–1.172mg/kg; and Germany,
in the vicinity of a lead and zinc mine, 8–27.8mg/kg) [39].

4. Sample Preparation for Analyses

The analyte determination is one of the last stages of the
analytical procedure that includes sampling, sample preser-
vation, transport, storage, preparation for analyses, deter-
mination, and result processing. If the sample is collected,
stored, or prepared for analyses in an inappropriate way,
the most sophisticated analytical method and the most
experienced analyst are not able to provide reliable results.
The sample preparation stage is normally the most laborious
part of the analysis. It is usually the most important source
of errors. The sampling time should be as short as possible,
which can be easily provided for water or bottom sediment
samples. Factors that influence the analyte speciation in the
real samples ought to be taken into account when storing
the samples. For example, the storage of the samples for
antimony determinations is very difficult, because Sb(III)
easily transforms into Sb(V) in the oxidising environment
[40]. To preserve the samples, the researchers often use
chelating reagents, such as the ethylenediaminetetraacetic
acid (EDTA). Studies on the stability of arsenic compounds

in water samples chiefly concern the inorganic forms of this
element, arsenite, and arsenate. There are many pieces of
information about the redox stability of inorganic arsenic.
The authors do not agree on the stability and permanence of
arsenic forms in water, especially at different pH and in the
presence of other substances [41]. Generally, in river water,
As(V) is partially converted to As(III), but after 2 days, this is
followed by gradual oxidation of As(III) into As(V) to reach
an equilibrium. Storage at 5∘C delays this oxidation by about
6 days [42].

In the case of thallium, diethylenetriaminepentaacetic
acid (DTPA) (Merck) was used for stabilization of Tl(III) and
sodium dodecyl sulfate (SDS) was used for extraction plant
samples [43]. Other authors provide that river water samples,
after sampling, were transported back to the laboratory and
separation processes were finished within 8 hours of sample
collection [39]. DTPS andHNO

3
were used as extractants for

the determination of Tl(I) and Tl(III) in the sediments of the
Kłodnica River. This extractant was later used as an eluent
during the chromatographic separation [44].

Trace elements can be present in the environmental
samples at the ppb and lower concentration levels. It is often a
great challenge for an analyst to extract the demanded analyte
forms from the samples without changing their oxidation
states. Additionally, sample storage is a very important issue
in the speciation analysis. The environmental samples are
normally frozen or stored in a refrigerator at 4∘C and
without the light access. Importantly, even such routinely
used processes as dilution, changes in pH caused by the
sample preservation, or pressure and temperature changes
can bring about irreversible changes in the primary analyte
form. There are particular difficulties when sampling takes
place under conditions that differ significantly from those
under which the sample is later analysed. The oxidation state
change can occur in both directions due to the oxidation
and reduction. For chromium, it is very unlikely (under
normal conditions) to oxidise to Cr(VI), as Cr(III) oxidation
toCr(VI) takes place under drastic conditions (high tempera-
ture and oxygen presence or strong oxidation agent presence,
such as Mn(IV) in a highly alkaline environment). It is very
important to prevent the Cr(VI) reduction to Cr(III). For
liquid samples (e.g., water samples), sampling, transport, and
storage procedures should be as short as possible. Normally,
the samples are frozen directly after sampling (transport).
Such an action reduces the redox reaction kinetics [45].

Analysts often encounter problems related to the extrac-
tion of the suitable speciation analyte forms from the sample.
It is particularly difficult when the analytes must be extracted
from a complex matrix so that there are no changes in the
oxidation state of a given chemical species. Usually, weak
acids, buffers, or complexing reagents are used to extract
inorganic or organic forms of lowmolecular weight. A proper
extractant should not influence the analyte oxidation state
and should be selected in such a way as to provide the
highest extraction efficiency. The extraction efficiency test is
performed through introducing an additive into the standard
sample or extracting certified reference materials for soils or
bottom sediments. It is assumed that the extraction procedure
is correct, when the relative standard deviation (RSD) is ±5%.
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When the repeatability of results is poorer, there is no process
control [46].

The use HPLC as time-resolved introduction techniques
into the atomic spectrometer establishes some physicochemi-
cal requirements for the analytes.This usuallymakes a sample
preparation procedure that includes the pretreatment of the
sample with some type of reagent to condition the matrix or
leach the species for the extractions step in which the species
are completely isolated from the matrix necessary.

Most living organisms reduce the toxicity of arsenic
and antimony by incorporating them into organometallic
molecules through metabolic pathways [41]. Therefore, spe-
ciation methods have to be capable of extracting these com-
pounds without structural modifications. More ubiquitous
organoarsenic environmental molecules are monomethylar-
sonic acid (MMA), dimethylarsinic acid (DMA), arsenobe-
taine (AsB), and arsenocholine (AsCh) and extraction proce-
dures can be developed to isolate them from matrices. Due
to the stability of methylated arsenic species, they are leached
together with total inorganic arsenic, using warm [47] or cold
[48] concentratedHCl from sediments and biological tissues.
Arsenic chemical species could be leaching using acidic
solvents (pH = 2.3) for As(III) or basic leaching (pH = 11.9)
for As(V), MMA, and DMA. Other weak leaching reagents
such as acetate, citrate, and oxalate buffers selectively leach
As(III) and phosphoric acid efficiently extracts total arsenic
from soils [41]. Phosphate buffer (5mM Na

2
HPO
4
/50mM

NaH
2
PO
4
(pH = 6,0) and ultrasonic bath were used for

extraction of inorganic arsenic species in sediment samples
[49]. As most of the arsenic is usually associated with iron
oxides, a selective extraction method using hydroxylammo-
nium hydrochloride as extractant with special emphasis on
the different arsenic chemical species (As(III), As(V), MMA,
and DMA) in the extract has been performed [50].

5. Application of Chromium, Arsenic,
Antimony, and Thallium Speciation
Analyses in Water Samples

Generally, it is known that the contents of chromium, arsenic,
antimony, and thallium are very low in the uncontaminated
samples. It is necessary to use very sensitive methods, such
as ICP-MS, to determine such low analyte contents [51]. Over
the last two decades, there have been many studies concern-
ing the determinationmethods and occurrence of Cr(III) and
Cr(VI) in the natural environment.The chromium chemistry
is very complex. The concentration of oxidising substances
is another important factor that affects the chromium redox
behaviour. Even though there are a few substances that are
able to oxidise Cr(III), only a few of them have sufficiently
high concentrations that enable the oxidation of Cr(III) to
Cr(VI) in the environment. The situation is different when
compared to the Cr(VI) reduction to Cr(III). In this case, the
concentrations of the reducing substances are high enough
and play the main part even though the reduction is less
thermodynamically privileged. The precipitation and disso-
lution processes also influence the contents of the chromium
chemical species [12].

The research into chromium speciation with hyphenated
techniques is very popular. Bednar et al. [32] examined
various water types (surface, ground, and tap water) with the
anion-exchange AG-11 and AS-11 columns (Dionex) coupled
with the ICP-MS detection. There was also the research
into three water reservoirs (Pławniowice and Goczałkowice
Reservoirs, and Rybnickie Lake) that differed in the anthro-
poressure type. The chromium content in the Pławniowice
reservoir demonstrated variations in the chemical species
concentrations, which depended on the sampling month.
Cr(III) dominated in winter and spring months, whereas
the Cr(VI) dominance was observed in the surface water
in June (probably related to the oxygen content of 135%).
The Cr(III) concentration in the bottom water was the
lowest in July–October period. There was also a strong
correlation between the Cr(VI) concentration and pH in the
bottom water [33]. Cr(III) also dominated the chromium
content in the Goczałkowice reservoir and Rybnickie Lake.
The water research indicated the seasonal variations in the
concentrations of the chromium chemical species. The high
oxygen content and highly reducing conditions were also
responsible for the lack of Cr(VI) in the porous water of the
bottom sediments [34], which were collected from a river
near a tannery.

It is necessary for the hyphenated methods used in the
arsenic speciation analytics (at low concentration levels) to
be both appropriately selective and sensitive. There are many
studies in the literature on the instrumental methods used in
the speciation of 5 arsenic chemical species. Most of them are
based on the chromatographic separation techniques, such as
HPLC [52].

The researchers determined arsenic chemical species in
the Ohio River water samples with the ion-pairing reversed
phase chromatography with inductively coupled plasma-
mass spectrometry (IPRP-ICP-MS) with tetrabutylammo-
nium hydroxide (TBAH) and C-18 column. The obtained
LODs were at the ng/L level [53]. Bednar et al. [54] examined
surface, ground, and even acidic waters from a coalminewith
the hyphenated system of HPLC-ICP-MS. They used various
columns and eluents.

In 1990s, there were many successful studies into the
chromium [55] and arsenic [56, 57] chemical species and
subsequently into the simultaneous determination of the
chromium and arsenic speciation forms [58]. At the begin-
ning, only water samples were examined and the obtained
LODs were at the 𝜇g/L level.

HPLC coupled with a sector mass analyser and ICP-MS
was used for the arsenic speciation in the environmental
samples collected from Moira Lake and the Moira River
(Ontario, Canada) [59]. The researchers proved that the
Moira River water was highly polluted with arsenic, par-
ticularly in summer. The total arsenic content in the river
water exceeded 140mg/L. On the other hand, the arsenic
concentration in the Moira Lake water was 40–50mg/L. The
arsenic speciation proved that As(V) was dominant in the
surface water. The content of the totally dissolved As(III) in
water was approximately 2% of the total content. Such results
are typical for waters with a high oxygen content and fast
flow. Nonetheless, As(III) was dominant in the bottom water.
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The analysis suggests that three processes affect the distribu-
tion of As(III) and As(V) in the water column, that is, diffu-
sion of As(V) from the interstitial waters to the upper layers;
As(III) formation resulting from biological transformations;
and dissolution of the suspension and atmospheric dusts that
contain As(III).

As(V) was also the main arsenic chemical species in
the Kamo and Ichonakawa Rivers (Japan) [60]. The study
indicates similarities between the geochemical behaviour of
arsenic and antimony under the oxygen conditions in the
researched rivers.

The stability of the environmental and biological samples,
and particularly waters, in the speciation analysis largely
depends on the sample matrix. The published data demon-
strates that storing water samples at 5∘C delay the oxidation
of As(III) to As(V), whereas acidification can affect the
changes in the distribution of particular chemical species
in the samples. The performed research clearly shows that
approximately 10% of As(III) oxidizes to As(V) under the
samplematrix effect after 24 hours of the surfacewater sample
storage. After the 3-day storage, 10–90% of As(III) turns into
As(V), which depended on the sample. At the same time,
the research into the Cr(VI) content in the same samples
reveals that its concentration did not change even after 15 days
[61, 62].

The arsenic speciation in the surface and well waters
showed that arsenites and arsenates were the main forms
found in the samples. In the surface waters, both DMA(V)
and AsB were also observed. The presence of the methyl
derivatives is probably related to the occurrence of microor-
ganisms. No methyl derivatives of arsenic were observed in
the well and mineral waters [52].

There are also publications which discuss simultaneous
determinations of the chemical species of various elements.
For example, in the study [61], the authors researched
arsenic speciation forms and Cr(VI) using HPLC-ICP-MS
with the anion-exchange Hamilton PRP-X100 column. The
application of HPLC-ICP-MS in the arsenic speciation for
water samples was described in detail in the study [63].

In China, antimony speciation was performed with
HPLC-ICP-MS to examine water from the biggest antimony
mine in the world. The authors determined Sb(V) and
Sb(III) in the samples. It turned out that the Sb(V) form
was the dominant one. Only trace amounts of Sb(III) were
found [64]. Asaoka et al. [60] obtained similar results. They
examined arsenic and antimony chemical species in the
waters and bottom sediments of the Kamo and Ichinokawa
Rivers (Japan). They observed that Sb(V) was the dominant
speciation form in each water sample. It was probably
dissolved as Sb(OH)

6

−.
Analysts also investigated hot spring water sold as drink-

ing water to determine the contents of the arsenic and
antimony chemical species with HPLC-ICP-MS [65]. The
researchers observed that only inorganic arsenic species, such
as As(III) and As(V), were present in the analysed waters. No
antimony chemical species were found.

In another study, tap water was examined and inorganic
antimony chemical species were determined in the samples.
Sb(V) was the dominant form, while the Sb(III) content

was below LOD [66]. Similarly [67], when tap water was
researched, it was observed that the mean Sb(V) concentra-
tion was 20 ng/L, whereas the Sb(III) and TSbCl

2
contents

were below the method LOD.
Other authors used the complexation reactions to form

stable Sb(III) and Sb(V) complexes, which were afterwards
separated in the HPLC-ICP-MS system with the PRP-X100
column. The obtained low LODs were 0.05𝜇g/L for Sb(III)
and 0.07 𝜇g/L for Sb(V) [68].

Apart from the antimony inorganic chemical species,
trimethylstiboxide (TMSbO) was examined in the surface
water [69]. TMSbO is stable in water and can be reduced
to trimethylantimony (TMSb). It can be formed either in
the bacteriological process (e.g., in the soil) or during
trimethylantimony oxidation in the biomethylation process
of the antimony compounds. Waters polluted due to the
industrial activities and mining processes were investigated.
The researchers found the contents of Sb(V) and Sb(III) at the
levels of 90% and 10%, respectively. No TMSbO was found
in the polluted water samples. Nevertheless, some chro-
matograms showed peaks of the unknown antimony species
that originated from certain stable antimony complexes.

The research into the contents of the arsenic, antimony,
and chromium chemical species is very popular. The same
situation is observed for the analyses of thallium speciation
forms in the environmental samples [70, 71]. The application
of HPLC-ICP-MS enables determining thallium species in
the samples of the sea [72] and surface [14, 44] waters.
The flow injection analysis coupled with atomic absorption
spectrometry (FIA-AAS) is another technique often applied
in the thallium speciation [73]. However, the most popular,
in the case of thallium, are speciation methods of combining
extraction procedures with very sensitive detection tech-
niques [74]. In this study, a simple and novel sequentialmixed
micelle cloud point extraction procedure for the separation
of Tl species in environmental water samples for their
determination by ICP-MS, without using any additional salts
or chelating agents was used.The anionicmixedmicelle com-
prising sodiumdodecyl sulfate (SDS) andTritonX-114 is used
for selective extraction of positive Tl(III), DTPA species into
the surfactant-rich phase. To improve the preconcentration
factor, ultrasound was used for back-extraction of Tl(III).
Other authors studied thallium speciation in river waters,
using Chelex-100 resin and atomic absorption spectroscopy
technique [39].

6. Application of Chromium, Arsenic,
Antimony, and Thallium Speciation
Analyses in Bottom Sediment Samples

The high chromium content in bottom sediments is often
caused by the close vicinity of tanneries, steelworks, or
galvanic shops. The tanning industry is a typical source of
Cr(III), including mainly sulphates [34]. Under the redox
and slightly oxidising conditions, Cr(VI) is reduced to Cr(III)
within the period that ranges between a fewminutes and a few
days. Cr(III) is the chromium chemical species that is most
often adsorbed on bottom sediments. The Cr(VI) adsorption
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is significantly lower than that of Cr(III). It depends on pH
and occurs more easily under acidic conditions.

Jabłońska et al. [33] investigated bottom sediments sam-
pled from the Pławniowice and Goczałkowice Reservoirs
and Rybnickie Lake. In the Pławniowice Reservoir [60], the
bottom sediment analysis indicated high contents of the easily
leached fractions (metals in the porous solution, carbon-
ate, and ion-exchange fractions). The chromium speciation
analysis of the Pławniowice bottom sediment revealed slight
dominance of its reduced form (Cr(III), 56%; Cr(VI), 44%).
In Rybnickie Lake, the high Cr(VI) content was observed in
the bottom sediment, which was most probably related to the
phytoplankton bloom. Phytoplankton is able to accumulate,
i.a., chromium (particularly Cr(VI)), both inside the cell
and on its surface (phytosorbent). The organic matter that
lands on the lake bottom enriches the Rybnickie Lake bottom
sediments with Cr(VI). The chromium speciation analysis in
the easily leached fractions demonstrated significant domi-
nance of the oxidised form, Cr(VI), whose percentage in the
heated water discharge zone and dam zone was 75% and 62%,
respectively.

In the study [69], the authors focused on the sample
preparation methods. They particularly concentrated on the
extraction of the solid samples (including bottom sediments)
for the analysis with HPLC-ICP-MS. The harbour water
and sediments (Baltimore, USA) had low concentrations of
Cr(VI), which was reduced to Cr(III) under the conditions
existing in the harbour. The application of the Brownlee C8
column in the HPLC-ICP-MS system helped to determine
highly saline samples [75].

Inorganic arsenic compounds are the most toxic arsenic
forms that occur naturally in the environment. The arsenate
toxic effect results from the mechanism of oxidative phos-
phorylation uncoupling. The research into the contents of
the arsenic chemical species in Lake Moira, which is one
of the biggest lakes in Canada, indicated the complexity of
the undergoing processes. The total arsenic concentration in
the bottom sediments was determined after acid digestion.
The result was many times higher than the background
value. The arsenic extraction from the bottom sediments
was performed with the mixture of the phosphoric acid
(1mol/L) and ascorbic acid (0.1mol/L). The concentration
of the arsenic species was determined in the HPLC-ICP-SF-
MS system. It was observed that the As(III) concentration
decreased with the increasing depth of the particular bottom
sediment layers. The As(III)/As-complex ratio in the extracts
also indicated the tendency to decrease with the increasing
depth. The highest As(III)/As-complex ratio was obtained in
the surface layer of the Lake Moira bottom sediments. The
authors suggest that As(III) was released from the surface
layer of the bottom sediments in the redox or decomposition
process. Subsequently, it was moved into water through
the bottom sediment/bottom water exchange. The research
points to the complexity of the forming organic species of
arsenic and the necessity to investigate fresh, not dried, and
bottom sediments [59].

In another study, 0.3M phosphoric acid was used as the
extractant of the arsenic chemical species from the bottom

sediment samples that were determined with the HPLC-ICP-
MS system [76].

The research into the bottom sediments of the Godavari
River Estuary (the third biggest river in India) shows that the
increase in the salinity of the water column above the bottom
sediments also affects the arsenic distribution and speciation
in the sediments.The researchers determined the As(III) and
As(V) with the spectrophotometric methods. They also used
sequential extraction procedure proposed by the Community
Bureau of Reference (BCR) [77].

The concentrations of arsenic and antimony in bottom
sediments are often correlated. The research demonstrates
that the Sb(V) content is 60–84% of the total antimony
content. The authors point to the important adsorption
influence on the arsenic and antimony concentrations in
the bottom sediments. They also reveal that the distribution
and migration of arsenic and antimony in the water bottom
sediment system were similar under the oxygen conditions
observed in the river. When taking into consideration the
redox conditions in the river, it is not surprising that As(V)
and Sb(V) forms dominated. The coefficients for arsenic
and antimony in water and bottom sediments were similar
(approximately 4.7 at Eh > 200mV) [59].

The literature does not provide many reports on the
thallium speciation in bottom sediments with HPLC-ICP-
MS [44]. Most investigations concern bottom sediment frac-
tionation [78] and extraction of particular chemical species
[79, 80]. Table 1 presents the application of LC-ICP-MS
techniques in chromium, arsenic, antimony, and thallium
speciation in water and sediment samples.

7. Conclusions

Even though speciation analytics has been rapidly developing
over the last 30 years, it is still a relatively new field of
the analytical chemistry. Its further progress depends on
many factors, such as the new sample preparation methods,
separation and detection techniques, and the availability of
the new certified reference materials. The element speciation
has more and more applications in various scientific areas.
Both the elaboration of the measurement methods and
usage of the research results should be interdisciplinary. The
speciation investigations call for the mutual cooperation of
chemical analysts with biologists and toxicologists [46].

Hyphenatedmethods provide new research opportunities
[102, 103]. Their main advantages are extremely low detec-
tion and quantification limits, insignificant influence of the
interferences in determinations, and very high determina-
tion precision and repeatability. Obviously, they also have
limitations, such as the high price and complexity of the
apparatus. Consequently, they are not normally available
and used in the laboratories. Using hyphenated techniques
requires full understanding of the analytical methodologies
and apparatus operations. The systems are expensive and
are used for scientific studies rather than routine analyses.
Nonetheless, the development of these methods is becoming
more and more important, which is corroborated by the
growing number of applications and studies [104].
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Abbreviations

CE: Capillary electrophoresis
CNS: Central nervous system
DMA: Dimethyloarsenine
DMPS: 2,3-Dimercapto-1-propanesulfonic

acid
DNA: Deoxyribonucleic acid
EDTA: Ethylenediaminetetraacetic acid
FDA: Food and Drug Administration
FIA-AAS: Flow injection analysis atomic

absorption spectrometry
GC: Gas chromatography
HPLC: High performance liquid

chromatography
HPLC-ICP-MS: High performance liquid

chromatography inductively coupled
plasma-mass spectrometry

HPLC-ICP-SF-MS: High performance liquid
chromatography sector field
inductively coupled plasma-mass
spectrometry

IARC: International agency for research on
cancer

ICP-CC-QMS: Inductively coupled plasma collision
cell quadrupole mass spectrometry

ICP-DRC-QMS: Inductively coupled plasma dynamic
reaction cell quadrupole mass
spectrometry

ICP-MS: Inductively coupled plasma-mass
spectrometry

ICP-SF-MS: Inductively coupled plasma sector
field mass spectrometry

IPRP-ICP-MS: Ion-pairing reversed phase
chromatography inductively coupled
plasma mass spectrometry

LC: Liquid chromatography
LC-ICP-MS: Liquid chromatography inductively

coupled plasma-mass spectrometry
LC-MC-ICP-MS: Liquid

chromatography-multicollector
inductively coupled plasma-mass
Spectrometry

LOD: Limit of detection
MC-ICP-MS: Multicollector inductively coupled

plasma-mass spectrometry
MMA: Monomethylarsonic acid
RNA: Ribonucleic acid
RSD: Relative standard deviation
TBAH: Tetrabutylammonium Hydroxide
TMSb: Trimethylantimony
TMSbO: Trimethylstiboxide
TSbCl

2
: Trimethlyantimony dichloride.
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and F. Lagarde, “Heat-treated Saccharomyces cerevisiae for
antimony speciation and antimony(III) preconcentration in
water samples,”Analytica Chimica Acta, vol. 629, no. 1-2, pp. 73–
83, 2008.

[9] A.Léonard andG. B.Gerber, “Mutagenicity, carcinogenicity and
teratogenicity of antimony compounds,” Mutation Research:
Reviews in Genetic Toxicology, vol. 366, no. 1, pp. 1–8, 1996.
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[33] M. Jabłońska, M. Kostecki, S. Szopa, A. Łyko, and R. Michalski,
“Specjacja nieorganicznych form arsenu i chromuwwybranych
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This study evaluated the use of a mixer mill as the homogenization tool for the extraction of free amino acids in meat samples, with
the main goal of analyzing a large number of samples in the shortest time and minimizing sample amount and solvent volume.
Ground samples (0.2 g) were mixed with 1.5mLHCl 0.1M and homogenized in the mixer mill. The final biphasic system was
separated by centrifugation. The supernatant was deproteinized, derivatized and analyzed by gas chromatography. This procedure
showed a high extracting ability, especially in samples with high free amino acid content (recovery = 88.73–104.94%). It also showed
a low limit of detection and quantification (3.8 ⋅ 10−4–6.6 ⋅ 10−4 𝜇g 𝜇L−1 and 1.3 ⋅ 10−3–2.2 ⋅ 10−2 𝜇g 𝜇L−1, resp.) for most amino acids,
an adequate precision (2.15–20.15% for run-to-run), and a linear response for all amino acids (R2 = 0.741–0.998) in the range of
1–100𝜇gmL−1. Moreover, it takes less time and requires lower amount of sample and solvent than conventional techniques. Thus,
this is a cost and time efficient tool for homogenizing in the extraction procedure of free amino acids frommeat samples, being an
adequate option for routine analysis.

1. Introduction

Meat and meat products are a good source of amino acids
and their proteins are considered of high biological quality.
After consumption of meat, free amino acids are rapidly
absorbed, while proteins are easily hydrolysed into peptides
and amino acids, which in turn are also absorbed. Apart
from their nutritional importance, amino acids also influence
meat palatability [1] and flavour [2], through the generation
of volatile compounds by Maillard reactions and Strecker
degradations [3–6]. During the processing of dry-curedmeat
products, such as dry-cured ham or loin, there happens an
increase in free amino acid content as a consequence of prote-
olytic activity [4, 7]; indeed, the amount of most amino acids
increases with processing time and with higher processing
temperatures [3, 8, 9]. Glutamic acid and phenylalanine have
been found to be themajor amino acids in freshmeat, while in

dry-cured products glutamic acid, arginine, and lysine have
shown the highest levels [10].

Traditionally, the most common method to analyze free
amino acids in food matrices has been reverse phase-
high performance liquid chromatography (RP-HPLC) with
a precolumn derivatization step [10]. Gas chromatography
coupledwithmass spectrometry (GC-MS) can be also used as
an alternative method, especially when sample amounts are
limited and high sensitivity is required [11]. In addition GC
presents higher resolution and speed of analysis and lower
instrumental cost than HPLC [12]. When GC was first used
for the analysis of amino acids, its main drawback was the
time consuming and tedious derivatization steps (esterifica-
tion + acylation) required. Then, the simultaneous silylation
of the amino and carboxyl groups in a single step, first using
bis(trimethylsilyl)trifluoroacetamide (BSTFA) [13] and later
withN-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide
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(MTBSTFA) [14], was developed. MTBSTFA allows the use
of milder derivatization conditions [15]. Jiménez-Mart́ın et
al. [10] have demonstrated the suitability of using MTBSTFA
for the determination of free amino acids in different animal
source foods.

A previous free amino acid extraction is required before
their derivatization and further analysis. Most extraction
methods for amino acids in food products involve using
perchloric acid or hydrochloric acid (HCl) diluted in water or
in ethanol [9, 10, 12, 16–20]. Other solvents for the extraction
of amino acids have also been described in the scientific
literature, such as ethanol [21], and solvent mixtures, such as
water/acetonitrile (50 : 50, v/v) [22] or 0.1% (v/v) formic acid
in 20% (v/v) methanol [23]. After mixing the sample with the
solvent, the homogenization step is essential for the amino
acids to be extracted. For this purpose, different techniques
have been used, that is, stirring [12], ultraturrax [16, 17],
stomacher [10, 17], omni mixer [9], rotary mixer at 50∘C [21],
vortex [23], and a heating block at 40∘C with stirring [18].
Then, centrifugation is usually carried out, followed by the
collection of the supernatant [20] and its filtration through
glass wool [9, 10], nylon membrane [23], or Whatman 42
paper [17]. Some authors clean up the supernatant through
a cartridge [12, 21] and others do not specify the filtration
procedure [9, 20].

The search for new and accurate methods for amino
acid analysis in meat and meat products is challenging.
The development of derivatization and chromatographic
procedures has been thoroughly studied, while less attention
has been paid to the extraction methods [24]. Recently,
Jiménez-Mart́ın et al. [10] described a GC-MSmethod for the
determination of free amino acids in animal source food. In
thismethodology, the sample is homogenized withHCl 0.1M
by using a stomacher. Acetonitrile is used for deproteinizing
and MTBSTFA for derivatizing. The application of this GC-
MS method for the determination of amino acids in meat
andmeat products constitutes an important reduction in time
and solvents in the separation and detection procedures in
comparison to RP-HPLC with diode array detector method
[3, 4, 8, 9]. However the extraction protocol is time consum-
ing and requires a large amount of sample and solvent, which
makes it frequently not suitable for routine analysis.

The present work is focused on the homogenization step
for the amino acid extraction from meat samples, with the
main goal of reducing sample amount, solvent volume, and
extraction time. Recently, Segura and Lopez-Bote [25] devel-
oped a new procedure to extract intramuscular fat from pork
based onhomogenizing the samples using amixermill, which
allowed minimizing the sample amount, the solvent use, and
the analysis time, which are important advantages for routine
analysis. The mixer mill is a compact versatile bench-top
unit, which has been developed specially for homogenizing
small amounts of sample quickly and efficiently by impact
and friction. The grinding jars perform radial oscillations in
a horizontal position. The inertia of the grinding balls causes
them to impactwith high energy on the samplematerial at the
rounded ends of the grinding jars and pulverizes it. Also, the
movement of the grinding jars combined with the movement
of the balls results in the intensive mixing of the sample.

The degree of mixing can be increased even further by using
several smaller balls.

Thus, the objective of this study was to evaluate the use
of the mixer mill as homogenization tool in the extraction
of free amino acids from meat samples, in order to analyze
a large number of samples in the shortest time, minimizing
sample amount and solvent volume.

2. Material and Methods

2.1. Samples. This study was developed with two different
meat samples, fresh pork loin and dry-cured ham. These
samples were obtained from a local store. First, samples
were ground using a commercial grinder. Subsequently, the
moisture content of the products was determined according
to the method of the Association of Official Analytical
Chemists [26] (moisture reference 935.29). The rest of the
ground samples were stored at −80∘C until free amino acid
analysis.

2.2. Reagents. Hydrochloric acid (HCl), 37% extra pure, was
used for the amino acid extraction (Scharlau, Barcelona,
Spain). Acetonitrile of HPLC-gradient grade (Panreac,
Barcelona, Spain) and dichloromethane (Merck, Darmstadt,
Germany) were used for the amino acid deproteinization
and derivatization procedures. MTBSTFA (Sigma-Aldrich,
Madrid, Spain) was the derivatization reagent. Standard
amino acids (Sigma-Aldrich) purchased for preparing the
standard solutions were alanine, glycine, valine, leucine,
isoleucine, proline, methionine, serine, threonine, phenylala-
nine, aspartic acid, hydroxyproline, cysteine, glutamic acid,
arginine, asparagine, lysine, glutamine, histidine, tyrosine,
tryptophan, and cystine.DL-Norleucine (Sigma-Aldrich)was
used as internal standard (IS).

2.3. Amino Acid Extraction Methods. Two methods for the
amino acid extraction were compared. They mainly differ in
the homogenization procedure, carried out with stomacher
(𝑆) or mixer mill (𝑀). Both methods used HCl 0.1M as
solvent extraction and the sample : solvent ratio was 1 : 7.5.
The free amino acid content of fresh loin (𝑛 = 6) and dry-
cured ham (𝑛 = 6) was analysed by using the two extraction
methods. Each sample was analysed in triplicate.

2.3.1. Stomacher Method. Samples (2 g) were weighed, mixed
with HCl 0.1M (15mL), and subsequently homogenized in
a stomacher (Stomacher 400, Lab-Blender, Barcelona, Spain)
for 4min, as described by Jiménez-Mart́ın et al. [10]. From the
stomacher bag, 2mL was transferred to a safe-lock micro test
tube and centrifuged (10000 rpm) (Eppendorf Centrifuges,
model 5810R) for 15 minutes at 4∘C. The supernatant was
stored at −80∘C until analysis.

2.3.2. Mixer Mill Method. Ground samples (0.2 g) were
homogenized with HCl 0.1M (1.5mL) and three stainless
steel balls (2mm of diameter) in the mixer mill (MM400,
Retsch technology, Haan, Germany) during 2min and cen-
trifuged (10000 rpm, 15min, 4∘C). After then, the supernatant
was stored at −80∘C until analysis.
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2.4. Deproteinization andDerivatization. To deproteinize the
sample, 250 𝜇L of acetonitrile was mixed with 100 𝜇L of
the extract in safe-lock micro test tube and centrifuged
at 10000 rpm for 3min. 100 𝜇L of the supernatant was
transferred to heat-resistant tubes and 100 𝜇L of IS solu-
tion (5 𝜇gmL−1) was added. Then, tubes were dried under
nitrogen. The residual water was removed adding 50𝜇L of
dichloromethane to the dried samples and again evaporated
under nitrogen. Finally, 50𝜇L of MTBSTFA and 50𝜇L of
acetonitrile were added to the dried tubes, whichwere shaken
and subsequently incubated at 100∘C for 60min to induce
the derivatization reaction to occur.Then, tubes where stored
at refrigeration and analyzed by GC-MS within the next 24
hours.

2.5. Instrumentation. The chromatographic analysis was car-
ried out in a GC equipment 5890 series II (Hewlett-Packard,
Barcelona, Spain) coupled to amass selective detector (MSD)
electron impact (EI), model 5973 (Agilent, Barcelona, Spain).
A 1 𝜇L portion of the derivatized extract was injected in
splitless mode onto the column. The column used was
a 50m × 0.32mm i.d., 1.05𝜇m, HP-5 (Hewlett-Packard),
being a 5% phenyl-methyl polysiloxane bonded phase fused
silica capillary column. Column head pressure was 12.8 psi,
resulting in a flow of 1.2mL/min at 280∘C.The oven program
was as follows: 170∘C for 5min, 4∘C/min ramp to 200∘C, held
at 200∘C for 3 min, 4∘C/min ramp to 290∘C, held at 290∘C for
1min, 20∘C/min ramp to a final temperature of 325∘C, and
held for 15min. The transfer line to the mass spectrometer
program was as follows: 280∘C for 35min, 10∘C/min ramp to
320∘C. Total run time was 55.75min. Free amino acids were
identified both by their retention time and by comparison
of their characteristic m/z ions with those published in the
literature [9, 10]. The quantification was carried out in the
selected ionmonitoring (SIM)mode. Table 1 shows retention
time (Rt), ions selected in SIMmode, and the selected ion for
quantification of each amino acid in this study. A calibration
curve (quantification ion AA peak area/quantification ion IS
peak area versus AA amount/IS amount) was constructed,
obtaining 𝑅2 values of 0.9999. The final results, expressed in
microgramper 100 gram sample dryweight, take into account
the moisture content and the exact weight of the sample.

2.6. Standard and Calibration Curves. A standard calibration
solution containing 200𝜇gmL−1 for each AA was prepared
(0.5 g of each amino acid was dissolved in 250mL of HCl
0.1M). From this solution, seven decreasing dilutions were
made (150, 100, 50, 25, 10, 5, and 1𝜇gmL−1). A stock solution
of IS at 5𝜇gmL−1 was prepared in 0.1M HCl.

2.7. Quality Control. Quality control of the GC-MS analysis
was performed through the routine analysis of procedural
blanks and quality control standards and samples to ensure
the absence of contaminants and the possible carryover
between samples and to assess the quality of the results.
Limit of detection (LOD) and quantification (LOQ) based
on a signal/noise ratio of 3 : 1 and 10 : 1, respectively, were
determined using aqueous standard solutions (𝑛 = 5) with
the following equations: LOD = 3SD/𝑏 and LOQ = 10SD/𝑏,

Table 1: Ions selected in SIMmode (quantification ions in bold) and
retention time (Rt) for the analysis of free amino acids.

Aminoacid Rt (min) Ions (𝑚/𝑧)
Alanine 12.86 158, 260, 232
Glycine 13.37 218, 246
Valine 16.60 186, 288, 260
Leucine 17.89 200, 302, 274
Isoleucine 18.98 200, 302, 274
Norleucine (IS) 19.45 200, 147, 274
Proline 20.38 184, 286, 258
Methionine 26.20 218, 320, 292
Serine 26.76 362, 390
Threonine 27.69 404, 376, 303
Phenylalanine 29.56 336, 302, 234
Aspartic acid 30.98 316, 418, 390
Hydroxyproline 31.78 388, 416, 314
Cysteine 32.35 406, 378
Glutamic acid 33.73 432, 330, 272
Asparagine 34.54 417, 302
Lysine 36.14 300, 431, 329
Glutamine 37.14 329, 431, 357, 338
Arginine 38.48 442, 340
Histidine 40.49 196, 489, 440, 338
Tyrosine 41.09 466, 438, 364, 302
Tryptophan 45.10 244, 489, 302
Cystine 50.18 639, 589, 537, 348

where, for each free amino acid, SD is the standard deviation
of the average of the signal obtained for the calibration
solution of lowest concentration (0.1mg/100mL) and 𝑏 is the
slope of the analytical curve calculated with the calibration
solutions. For calculating the relative standard deviation
(RSD) run-to-run, five replicate analyses of samples were
done. In these determinations, ions were selected in SIM
mode.

In order to study the recovery for each AA, loin and dry-
cured ham samples were spiked with appropriate amounts
of AA (7.5–40𝜇g) each and were extracted using 𝑆 and
𝑀 methods. Moreover, the recovery was also calculated in
unspiked samples, using the aqueous standard solutions.

2.8. Statistical Analysis. The effect of the extraction method
on total chromatographic area as well as on the content of
each detected amino acid was analysed by the Student’s t-
test for independent samples. Linear regression analysis was
carried out in order to compare the response of the different
homogenization tools. The SPSS package (v 18.0) was used.

3. Results and Discussion

3.1. Evaluation of the Mixer Mill as Homogenization Tool for
Free Amino Acid Extraction. The chromatographic areas of
each free amino acid detected in fresh loin and dry-cured
ham samples homogenized by using 𝑆 and 𝑀 are shown
in Figure 1. Most AA showed no statistical differences in
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Figure 1: Area units (AU) of chromatographic area of each free
amino acid detected in fresh loin and dry-cured ham samples by
using stomacher (light grey and white, resp.) and mixer mill (black
and dark grey, resp.) as homogenization tools. Alanine (a), glycine
(b), valine (c), leucine (d), isoleucine (e), proline (g), methionine
(h), serine (i), threonine (j), phenylalanine (k), aspartic acid (l),
hydroxyproline (m), cystine (n), glutamic acid (o), asparagine (p),
lysine (q), glutamine (r), arginine (s), histidine (t), tyrosine (u), and
tryptophan (v).

fresh loin between 𝑆 and 𝑀, whereas in dry-cured hams
chromatographic areas of free amino acids were significantly
higher (𝑃 < 0.05) when using𝑀 than 𝑆 for extraction.

Figure 2 shows aGC-MS chromatogramof the free amino
acids detected in fresh loin (Figure 2(a)) and dry-cured ham
(Figure 2(b)) when using 𝑀. Twenty-one free amino acids
were detected in dry-cured samples: alanine, glycine, valine,
leucine, isoleucine, proline, methionine, serine, threonine,
phenylalanine, aspartic acid, hydroxyproline, cysteine, glu-
tamic acid, asparagine, lysine, glutamine, arginine, histidine,
tyrosine, and tryptophan, while fresh loin samples presented
18 free amino acids, the same as dry-cured hams except for
arginine, histidine, and tryptophan.

Results on free amino acid content in fresh and dry-
cured hams using 𝑆 and𝑀 homogenization tools are shown
in Table 2. As expected, most amino acids showed a higher
content in dry-cured ham than in fresh loin, which is in
agreement with previous results [10]. This can be ascribed to
the longer time during which the proteolytic activity takes
place in the processing of the hams [4, 8, 9].

Content ofmost amino acids from fresh loin did not show
statistical differences between 𝑆 and𝑀, and nor did the sum
of total amino acids. However, hydroxyproline and glutamic
acidwere only detectedwhenusing𝑀. In addition, the profile
of free amino acid did not vary with the homogenization
method. Major free amino acids in loins were glutamine
(148.33 and 153.93mg/100 g sample dry matter in 𝑆 and 𝑀,
resp.), cysteine (100.99 and 103.71mg per 100 g sample dry
matter in 𝑆 and𝑀, resp.), while leucine (12.22 and 11.77mg
per 100 g simple dry matter in 𝑆 and 𝑀, resp.), isoleucine
(11.30 and 10.75mg per 100 g simple dry matter in 𝑆 and
𝑀, resp.), hydroxyproline (nondetected and 10.24mg per
100 g simple dry matter in 𝑆 and𝑀, resp.), and valine (11.20
and 8.80mg per 100 g simple dry matter in 𝑆 and 𝑀, resp.)
showed the lowest content. The levels of the other amino
acids detected in fresh loin were between 29 and 69mg
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Figure 2: Chromatogram of free amino acids detected in fresh loin
(a) and dry-cured ham (b) samples. Alanine (a), glycine (b), valine
(c), leucine (d), isoleucine (e), norleucine (f, internal standard),
proline (g), methionine (h), serine (i), threonine (j), phenylalanine
(k), aspartic acid (l), hydroxyproline (m), cystine (n), glutamic acid
(o), asparagine (p), lysine (q), glutamine (r), arginine (s), histidine
(t), tyrosine (u), and tryptophan (v).

per 100 g sample dry matter. These results are in agreement
with previous findings. Glutamine has been described as the
major amino acid in fresh meat [27, 28]. In relation to the
tryptophan, it has been detected in low concentration in fresh
meat [29]. According to results found by Jiménez-Mart́ın et
al. [10], glutamic acid is the major amino acid in fresh pork,
followed by glutamine, cysteine, and phenylalanine.

In dry-cured ham samples, most amino acids detected
and the sumof total amino acids showed higher contentwhen
using𝑀 for extraction as compared to 𝑆. The𝑀 procedure
could break more effectively the meat gel structure formed
during the processing of the dry-cured hams than the 𝑆 one.
In fact, other authors [29, 30] observed a difficulty of protein
extraction during the processing of Iberian hams, even using
solutions with high ionic strength for their extraction. The
observed suitability of the 𝑀 in the extraction procedures
for the analyses of these compounds could be related to
the combined movement of the grinding jars with the balls,
which results in an intensive mixing of the ham sample with
the solvent.

The obtained results highlight the accuracy of the 𝑀
homogenization tool, which is crucial in the case of samples
containing high amino acid content, as dry-cured hams do.
This is in concordance with results found by Segura and
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Table 2: Amino acid content (mg per 100 g sample dry matter) extracted from fresh loin and dry-cured ham samples by using two extraction
procedures, with stomacher (𝑆) and mixer mill (𝑀).

Fresh loin Dry-cured ham 𝑃 (fresh loin versus
dry-cured ham)𝑆 𝑀 𝑃 𝑆 𝑀 𝑃

Alanine 41.82 ± 15.38 52.43 ± 19.48 0.500 234.86 ± 31.25 307.04 ± 22.74 0.032 <0.001
Glycine <LOQ. <LOQ. — 69.49 ± 11.51 113.69 ± 10.23 0.008 <0.001
Valine 11.20 ± 1.63 8.80 ± 3.04 0.295 177.39 ± 28.43 242.10 ± 5.44 0.018 <0.001
Leucine 12.22 ± 2.10 11.77 ± 2.06 0.806 181.12 ± 29.86 254.25 ± 4.47 0.014 <0.001
Isoleucine 11.30 ± 1.45 10.75 ± 1.81 0.705 130.22 ± 20.76 174.52 ± 2.58 0.021 <0.001
Proline 36.74 ± 1.12 29.64 ± 0.97 0.001 186.77 ± 24.13 244.28 ± 15.73 0.026 <0.001
Methionine 29.38 ± 2.94 30.26 ± 9.03 0.881 77.04 ± 11.38 99.87 ± 0.41 0.026 <0.001
Serine 30.40 ± 1.46 27.98 ± 1.41 0.108 156.65 ± 30.08 244.85 ± 21.07 0.014 <0.001
Threonine 32.84 ± 2.87 37.13 ± 10.87 0.545 293.38 ± 66.02 488.86 ± 31.09 0.010 <0.001
Phenylalanine 28.23 ± 0.96 27.48 ± 4.83 0.804 118.40 ± 20.92 172.00 ± 2.26 0.012 <0.001
Aspartic acid 43.67 ± 4.24 43.43 ± 6.56 0.960 201.95 ± 38.71 281.37 ± 11.33 0.027 <0.001
Hydroxyproline n.d. 10.24 ± 2.34 0.002 17.45 ± 1.17 20.48 ± 2.01 0.087 <0.001
Cysteine 100.99 ± 22.64 103.71 ± 26.27 0.898 154.55 ± 29.13 206.79 ± 23.52 0.073 0.001
Glutamic acid n.d. 42.28 ± 2.86 <0.001 352.89 ± 80.64 520.02 ± 11.65 0.024 <0.001
Asparagine 56.75 ± 1.06 44.28 ± 2.10 0.001 47.83 ± 2.29 37.09 ± 0.90 0.002 0.059
Lysine 69.53 ± 8.15 48.94 ± 3.35 0.016 356.36 ± 91.72 554.92 ± 109.00 0.073 <0.001
Glutamine 148.33 ± 21.24 153.93 ± 28.16 0.797 69.34 ± 1.12 54.27 ± 0.90 <0.001 <0.001
Arginine n.d. n.d. — 130.22 ± 8.08 224.19 ± 4.81 <0.001 <0.001
Histidine n.d. n.d. — 119.13 ± 5.96 145.60 ± 7.29 0.008 <0.001
Tyrosine 66.39 ± 12.21 46.71 ± 6.01 0.066 91.05 ± 12.70 119.52 ± 2.73 0.019 <0.001
Tryptophan n.d. n.d. — 26.82 ± 7.49 207.58 ± 3.76 <0.001 —
Cystine n.d. n.d. — n.d. n.d. — —
LOQ: limit of quantification.
n.d.: not detected.

Lopez-Bote [25], who tested the mixer mill for the extraction
of intramuscular fat. These authors noticed that the higher
extracting ability of the mixer mill was more evident in
samples with high levels of intramuscular fat rather than in
low lipid content ones.

In spite of the influence of the homogenization tool on
the free amino acid content in dry-cured hams, the overall
profile of amino acids was similar with 𝑀 and 𝑆 extraction
methods. Glutamic acid (352.89 and 520.02mg per 100 g
sample dry matter in 𝑆 and𝑀, resp.) and lysine (356.36 and
554.91mg per 100 g sample dry matter in 𝑆 and 𝑀, resp.)
were the major amino acids in dry-cured ham samples, with
hydroxyproline (14.45 and 20.48mg per 100 g sample dry in 𝑆
and𝑀, matter, resp.) and asparagine (47.83 and 37.09mg per
100 g sample dry in 𝑆 and𝑀, matter, resp.) being the minor
ones. The content of the other amino acids in dry-cured ham
was between 54 and 307mg per 100 g sample dry matter.
Previous research on dry-cured ham showed similar results
[4, 8–10]. Nevertheless, considering results from different
works, it can be noticed a high variability in the content of
some amino acids from hams; that is, Jurado et al. [7] found
higher content of glutamic acid (1269mg per 100 g sample
dry matter) than Mart́ın et al. [4] (650mg per 100 g sample
dry matter), Pérez-Palacios et al. [9] (271mg per 100 g sample
dry matter), and Jiménez-Mart́ın et al. [10] (271mg per 100 g
sample dry matter). These differences may be ascribed to the

different processing of hams (salting time, temperature, and
moisture conditions). Moreover, several factors may affect
aminopeptidase activity during dry-cured ham processing,
such as sodium chloride, which is a potent inhibitor for these
enzymes [31]. In addition, the water loss and the subsequent
reduction in water activity that takes place during dry-cured
ham processing also influence the proteolytic activity [32].
Free amino acid accumulation has a feedback effect, reducing
aminopeptidase activity [33]. Finally, the variability in the
content of free amino acids among works can be also related
to the differences in the extraction method. In fact, this work
shows significant differences in the content of amino acids of
the same samples analyzed under the same conditions, except
for the procedure of the extraction method.

Correlation analysis between amino acid content
obtained using the 𝑆 and𝑀 extraction methods was carried
out in order to compare the response of two methodologies.
Table 3 shows regression equations and coefficient of
determination for each amino acid detected. It can be
observed that the response is linear for all amino acids
(𝑅2 = 0.741–0.998), suggesting that the validity of the 𝑀
homogenization tool is similar to that of 𝑆 one, which has
been previously validated [10].

Amount of sample and volume of solvent used and time
consumed are notable aspects to take into account when
comparing methodologies. At this respect, time analysis,
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Table 3: Regression equations and coefficient of determination (𝑅2)
between the content of each amino acid extracted with stomacher
(𝑆) and mixer mill (𝑀) as homogenization tools.

Aminoacid Regression equation 𝑅
2

Alanine 𝑦
𝑀
= 1.2674𝑥

𝑆
+ 4.4005 0.946

Glycine 𝑦
𝑀
= 1.5921𝑥

𝑆
+ 1.5241 0.971

Valine 𝑦
𝑀
= 1.3580𝑥

𝑆
− 2.6046 0.971

Leucine 𝑦
𝑀
= 1.3769𝑥

𝑆
− 0.0915 0.958

Isoleucine 𝑦
𝑀
= 1.3245𝑥

𝑆
− 1.0850 0.962

Proline 𝑦
𝑀
= 1.3859𝑥

𝑆
− 17.9915 0.965

Methionine 𝑦
𝑀
= 1.3385𝑥

𝑆
− 6.1658 0.888

Serine 𝑦
𝑀
= 1.6283𝑥

𝑆
− 15.8795 0.955

Threonine 𝑦
𝑀
= 1.6032𝑥

𝑆
− 1.4932 0.922

Phenylalanine 𝑦
𝑀
= 1.4914𝑥

𝑆
− 9.6092 0.926

Aspartic acid 𝑦
𝑀
= 1.4050𝑥

𝑆
− 10.1634 0.941

Hydroxyproline 𝑦
𝑀
= 0.5893𝑥

𝑆
+ 10.2204 0.905

Cysteine 𝑦
𝑀
= 1.4952𝑥

𝑆
− 37.4279 0.741

Glutamic acid 𝑦
𝑀
= 1.2701𝑥

𝑆
+ 57.0415 0.941

Asparagine 𝑦
𝑀
= 0.8251𝑥

𝑆
− 2.7964 0.841

Lysine 𝑦
𝑀
= 1.5545𝑥

𝑆
− 29.1033 0.832

Glutamine 𝑦
𝑀
= 1.2664𝑥

𝑆
− 33.7431 0.998

Arginine 𝑦
𝑀
= 1.7126𝑥

𝑆
+ 0.5797 0.994

Histidine 𝑦
𝑀
= 1.2203𝑥

𝑆
+ 0.1130 0.997

Tyrosine 𝑦
𝑀
= 1.9083𝑥

𝑆
− 72.6416 0.851

Tryptophan 𝑦
𝑀
= 7.0101𝑥

𝑆
+ 9.7883 0.905

Table 4: Estimation of analysis time, amount of sample, and solvent
volume for the extraction of free amino acids in twenty samples by
using stomacher (𝑆) and mixer mill (𝑀).

𝑆 𝑀

Time (min) 80 2
Sample (g) 40 4
Solvent volume (mL) 300 30

sample quantity, and solvent volume for the extraction of
free amino acids in twenty samples by using 𝑆 and 𝑀
homogenization tools were estimated (Table 4).𝑀 takes less
time and requires lower amount of sample and solvent than 𝑆
(2 versus 80min, 4 versus 40 g, and 30 versus 300mL, resp.).

The observed ability of the 𝑀 method in the homoge-
nization process for extraction of free amino acids in meat
samples, reducing notably sample and solvent amount as well
as time consuming, makes it appropriate for routine analysis.

3.2. Quality Control. Theperformance of theGC-MSmethod
was examined by determining quality parameters for each
individual amino acid. Good linearity was obtained for the
range 1–100 𝜇gmL−1 for the 22 standard amino acids. The
correlation coefficients were >0.90, except for tryptophan (𝑅2
= 0.837). Most amino acids showed a poor linearity above
150 𝜇gmL−1; thus, curve point at this concentration or higher
was avoided. A similar behaviour was reported previously
[10]. LOD and LOQ of the analytical procedure ranged from

Table 5: Recoveries (%) in aqueous standard solution (ASS) and in
spiked samples extracted by using stomacher (𝑆) andmixermil (𝑀).

ASS Fresh loin Dry-cured ham
𝑆 𝑀 𝑆 𝑀

Alanine 94.49 65.45 82.04 69.13 104.94
Glycine 99.17 69.95 98.94 85.96 90.99
Valine 96.96 91.10 71.62 71.83 104.71
Leucine 96.62 83.78 80.73 69.82 98.01
Isoleucine 97.72 87.70 83.46 71.13 98.35
Proline 105.75 90.45 78.62 72.20 102.96
Methionine 99.97 72.24 74.38 74.95 99.65
Serine 98.33 96.48 88.81 61.47 97.58
Threonine 95.99 66.45 75.13 54.97 94.74
Phenylalanine 99.90 85.49 83.21 68.14 98.79
Aspartic acid 102.18 85.70 101.23 73.05 95.66
Hydroxyproline 97.90 54.63 82.80 40.41 88.84
Cysteine 102.52 80.12 82.28 69.12 100.45
Glutamic acid 102.27 77.27 103.47 82.24 98.75
Asparagine 105.38 91.76 77.05 91.16 93.79
Lysine 104.34 91.53 64.44 57.43 92.89
Glutamine 100.78 79.56 82.56 90.66 85.62
Arginine 102.76 92.47 78.43 54.80 97.67
Histidine 104.79 90.27 74.04 85.52 98.60
Tyrosine 102.02 84.13 89.19 81.99 88.73
Tryptophan 95.06 93.14 87.74 79.39 98.14
Cystine 106.87 88.21 99.31 84.29 92.69

3.8⋅10−4–6.6⋅10−4 𝜇g 𝜇L−1 to 1.3⋅10−3–2.2⋅10−2 𝜇g 𝜇L−1, respec-
tively, for alanine, glycine, valine, leucine, isoleucine, proline,
methionine, serine, threonine, phenylalanine, aspartic acid,
histidine, and tyrosine. For glutamine, asparagine, lysine,
glutamic acid, tryptophan, and cysteine these values were
around 0.02–0.2𝜇g 𝜇L−1 and 0.07–0.66𝜇g 𝜇L−1 for LOD and
LOQ, respectively. These results are quite in concordance
with previous studies [10, 24]. Hydroxyproline and cysteine
had higher values for LOD (0.38 and 1.27𝜇g 𝜇L−1, resp.) and
LOQ (0.98 and 2.98 𝜇g 𝜇L−1, resp.). In fact, previous studies
using RP-HPLC-DAD for analyzing amino acids from dry-
cured hams did not allow the detection of hydroxyproline and
cysteine [8]. Adequate precision was achieved with a RSD of
2.15–20.15% for run-to-run.

Table 5 shows the recovery of AA in aqueous standard
solution and in spiked samples (loin and dry-cured ham)
extracted by using both 𝑆 and𝑀 extractionmethods. In aque-
ous standard solution all AA showed high recoveries (94.49–
105.75%), indicating the accuracy of the chromatographic
procedure. In the samples,mostAA showedhigher recoveries
when using the𝑀 method for the extraction in comparison
to the 𝑆 one, especially in dry-cured ham. This result points
out the suitability of the mixer mill for the extraction of AA
and it is in concordance with other studies in AA from meat
samples [34].
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4. Conclusions

Themixer mill is an appropriate tool for the homogenization
step in the extraction procedure of free amino acids from
meat samples, especially in samples with high free amino
acids content. In addition, this technique notably reduces
sample amount and solvent volume as well as analysis time.
Thus, it could be an adequate option for routine analysis of
free AA in meat and meat products.
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A high throughput sample preparation method was developed utilizing mixed-mode solid phase extraction (SPE) in 96-well plate
format for the determination of free arachidonic acid in plasma by LC-MS/MS. Plasma was mixed with 3% aqueous ammonia
and loaded into each well of 96-well plate. After washing with water and methanol sequentially, 3% of formic acid in acetonitrile
was used to elute arachidonic acid. The collected fraction was injected onto a reversed phase column at 30∘C with mobile phase
of acetonitrile/water (70 : 30, v/v) and detected by LC-MS/MS coupled with electrospray ionization (ESI) in multiple reaction
monitoring (MRM)mode.The calibration curve ranged from 10 to 2500 ng/mLwith sufficient linearity (r2 = 0.9999).The recoveries
were in the range of 99.38% to 103.21% with RSD less than 6%. The limit of detection is 3 ng/mL.

1. Introduction

Arachidonic acid is a 𝜔-6 long chain polyunsaturated fatty
acid, a senior unsaturated fatty acid. There is high content
of free arachidonic acid in the human body which usually
comes from dietary animal sources—meat, eggs, and dairy—
or is converted from linoleic acid. Arachidonic acid and
its metabolites have a strong biological activity and can
regulate a wide variety of physiological processes, such as the
regulation of lipid and glucose, prevention of cardiovascular
disease, chemoprevention of cancer cells, and improvement
of memory [1–5]. Therefore, it is important to determine the
concentration of free arachidonic acid in human plasma for
medical research and clinical diagnosis (Figure 1).

There are many methods to detect arachidonic acid in
plasma, such as gas chromatography coupled withmass spec-
trometry, liquid chromatography with precolumn derivation
fluorescence detection, and ELISA method [6–10]. However,
these methods are either too complicated to operate or lack
of good reproducibility. In contrast, LC-MS/MS has been
well accepted for the determination of arachidonic acid with

high sensitivity [11–17]. In order to detect arachidonic acid
in plasma by LC-MS/MS, the samples have to be pretreated
to remove interferences which may result in matrix effect
on mass spectrometry [18–21]. Although the traditional
techniques such as protein precipitation (PPT), liquid-liquid
extraction (LLE), and SPE with reversed phase packing
material have been reported for clean-up of plasma samples,
it is clear that these techniques are insufficient to remove
interferences of phospholipids and proteins in plasma [22–
24], while the combination of ionic interaction and reversed
phase interaction was reported to remove phospholipids and
proteins more sufficiently in the clean-up process for plasma
samples [25]. Furthermore, the analytical chemists in the field
of preclinical researches and routine clinical testing are facing
thousands of samples. Therefore, it is necessary to establish
a simple, fast, efficient, and high throughput sample clean-
up method for LC-MS/MS analysis of numerous samples
[26, 27].

The attention of this study was focused on the develop-
ment of a high throughput and sufficient sample clean-up
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Table 1: MS parameters.

Analyte 𝑡
𝑅
/min Q1 Q3 DP CE IS/V TEM/∘C GS1/Pa GS2/Pa CUR/Pa

Arachidonic acid 3.3 303 259.1 −109 −18
−4500 500 55 35 15

303 205.1 −107 −20
Phospholipids 4.1 496.3 184.3 63 20 +5500 600 50 50 15

COOH

CH3

Figure 1: Chemical structure of arachidonic acid.

method prior to the analysis of arachidonic acid in plasma by
LC-MS/MS. Various sample preparation methods including
PPT, LLE, single-mode SPE with nonpolar interaction, and
mixed-mode SPE with multiple interaction were studied.
The matrix effect of both phospholipids and proteins on the
recovery of arachidonic acid was investigated and the final
method was applied for the assay of some human plasma
samples.

2. Experimental

2.1.Materials andReagents. Arachidonic acid (purity of 99%),
formic acid, and ammonia were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Methanol, acetonitrile, and
ethyl acetate were of HPLC-grade and were purchased from
Merck (Darmstadt,Germany). Purifiedwaterwas producedby
a Milli-Q Academic System (Millipore, Billerica, MA, USA).
Human plasma samples were obtained from local hospital.

Cleanert PPT 96-well plate, Cleanert collection 96-well
plate (2mL), Cleanert PEP 96-well plate (60mg/well), and
Cleanert MAS-M 96-well plate (60mg/well) were purchased
from Agela Technologies (Wilmington, Delaware, USA).

2.2. Instrumentation. Positive pressure SPE manifold, vortex
mixer, and centrifuge for 96-well plate were purchased from
Agela Technologies (Wilmington, Delaware, USA).

The analysis was accomplished with a Shimadzu LC-
20A binary HPLC system with an autoinjector coupled with
API4000+ triple quadrupole tandemmass spectrometer (AB
SCIEX,MA,USA). AB SCIEXAnalyst software (version 1.5.1)
was used for data acquisition.The HPLC column was a 3𝜇m,
2.1mm× 50mmVenusil ASBC18 (Agela Technologies) oper-
ated at 30∘C under an isocratic condition with mobile phase
of acetonitrile/water (75 : 25, v/v). Flow rate was 0.2mL/min
and injection volume was 5 𝜇L.The target compounds eluted
from the HPLC column were introduced directly into the
MS source. Electrospray ionization (ESI) with negative ion
mode was selected for arachidonic acid and that with pos-
itive ion mode was selected for phospholipids, respectively.
Quantitative analysis was performed under MRM mode by
calculating the peak areas. The optimal MS parameters were
listed in Table 1. The ions were detected by multiple reaction
monitoring (MRM), monitoring the [M + H]+ transition
of the 𝑚/𝑧 precursor ion to the 𝑚/𝑧 of the product ion
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Figure 2: Product ion mass spectra of arachidonic acid.

for arachidonic acid. These MS/MS transitions utilized for
analysis were𝑚/𝑧 303/259.1 and 303/205.1. An example of the
mass spectra of arachidonic acidwas shown inFigure 2.AUV
detector at 254 nm wavelength was applied for the detection
of proteins.

2.3. Standards and Stock Solutions. 10mg of arachidonic acid
was dissolved in 100mL of methanol to prepare a stock
solution at 100 𝜇g/mL.The stock solution was further diluted
with a mixture of acetonitrile : water (70 : 30, v/v) to obtain
work solution with the required concentration of arachidonic
acid.

2.4. Sample Pretreatments. PPT is a widely adopted sample
pretreatment for plasma with routine procedures [22], while
LLE and single-mode SPE with reversed phase packing
material have been reported to pretreat plasma when arachi-
donic acid was detected [11, 24]. They were compared with
Cleanert MAS-M which was a mixed-mode SPE to extract
arachidonic acid in plasma. All the procedures for each
sample pretreatment method were described as follows.

5mL of plasma spiked with 50𝜇L of arachidonic acid
work solution was mixed by vortex for 30 seconds to get
homogenate samples.

2.4.1. Method A: Protein Precipitation. 100 𝜇L of plasma
sample diluted with 100 𝜇L of 1% formic acid was loaded
into each well of protein precipitation plate followed by
400 𝜇L of acetonitrile.The plate was vortexed for 30 sec. After
centrifuging at 6000 rpm for 5min, the plate was set on a
positive pressure 96-well plate manifold for eluting the target
compound into 96-well collection plate. The eluates were
dried at 45∘C under a gentle stream of nitrogen. The residues
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were reconstituted with 200𝜇L of acetonitrile : water (70 : 30,
v/v) for LC-MS/MS analysis.

2.4.2. Method B: Liquid-Liquid Extraction. 100 𝜇L of plasma
sample diluted with 100 𝜇L of 1% formic acid was loaded
into each well of 96-well collection plate followed by 5 𝜇L
of methanol. After 30 sec vortex, 500 𝜇L of ethyl acetate was
added to each well of the plate and then vortexed for 3min.
The plate was stood for 1min and centrifuged at 6000 rpm
for 5min. The supernatants were transferred into a clean
collection plate sequentially and were dried at 45∘C under
a gentle stream of nitrogen. The residues were reconstituted
with 200𝜇Lof acetonitrile : water (70 : 30, v/v) for LC-MS/MS
analysis.

2.4.3. Method C: Solid Phase Extraction with Cleanert PEP.
100 𝜇L of plasma sample diluted with 100 𝜇L of 1% formic
acid was loaded into each well of Cleanert PEP, a single-
mode SPE plate packed with reversed phase resin. The plate
was preconditioned with 1mL of methanol and 1mL of water
sequentially. 500𝜇L of methanol : water (5 : 95, v/v) was used
to wash each well of the plate. The target compounds were
eluted with 2mL of 5% ammonia in acetonitrile. The eluates
were collected into collection plate and further concentrated
at 45∘C under a gentle stream of nitrogen until dryness. The
residues were reconstituted with 200𝜇L of acetonitrile : water
(70 : 30, v/v) for LC-MS/MS analysis.

2.4.4. Method D: Solid Phase Extraction with Cleanert MAS-
M. 100 𝜇L of plasma sample diluted with 100 𝜇L of 3%
ammonium hydroxide was loaded into each well of Cleanert
MAS-M, a mixed-mode SPE plate which was preconditioned
with 1mL of methanol and 1mL of water sequentially. The
plate was washed with 500 𝜇L of water followed by 500𝜇L of
methanol.The target compoundwas elutedwith 600𝜇L of 3%
formic acid in acetonitrile and collected into collection plate.
The eluates were concentrated at 45∘C under a gentle stream
of nitrogen until dryness. The residues were reconstituted
with 200𝜇Lof acetonitrile : water (70 : 30, v/v) for LC-MS/MS
analysis.

3. Results

3.1. Comparison of Sample Pretreatment Methods on the
Effect of Eliminating Phospholipids. It is well known that
phospholipids in plasma will result in matrix effect on mass
spectrometry [19, 20]. Therefore, it is necessary to remove
phospholipids from the samples before injection. Although
PPT is a commonmethod for biosample preparation [22], the
method is unable to remove the phospholipids from plasma
efficiently. As shown in Figure 3 (PPT), the eluate obtained
from Method A results in a big phospholipids peak that may
influence the analysis of arachidonic acid. Although LLE is a
widely used sample preparation method to extract the target
compounds from aquatic samples [23], the result of Method
B (Figure 3 LLE) indicates that a wide peak of phospholipids
appeared. Comparing with LLE, SPE has become a popular
sample preparation technique in terms of reproducibility,
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Figure 3: Chromatograms and peak areas of phospholipids in
plasma treated with various clean-up methods, where “𝐴” = peak
area of phospholipids.

less usage of organic solvents, and ease of use. Moreover,
SPE is very compatible with an automatic system for high
throughput analysis. Arachidonic acid is a hydrophobic
compound with Log Kow 7.27; in Method C, therefore, a
Cleanert PEP plate packed with nonpolar polymer material
was used. However, as shown in Figure 3 (SPE), a broad
high peak of phospholipids still remains after SPE clean-up.
It is apparent to see from Figure 3 (MAS-M) that Method
D is the best one for removing phospholipids from plasma.
Cleanert MAS-M plate is packed with mixed resins with
nonpolar, anion exchange, and cation exchange interactions.
Since the pKa of arachidonic acid is 4.77, it is retained on
the plate by both anion exchange and nonpolar interactions
while the phospholipids and some proteins are retained on
the plate by cation exchange and nonpolar interactions under
experiment conditions during sample loading. Water soluble
interferences are washed out with water and the nonpolar
interferences are removed bymethanol. Since the arachidonic
acid is adsorbed on the plate by anion interaction, there is
no loss when the plate is washed by methanol. Finally, after
optimizing, 600𝜇L of 3% formic acid in acetonitrile is applied
to release arachidonic acid from the platewhile phospholipids
with choline groups and proteins with poly amino-groups are
retained by the Cleanert MAS plate.

3.2. Comparison of Sample Pretreatment Methods on the
Effect of Eliminating Proteins. Proteins with larger molecular
weight have similar retention behaviors as arachidonic acid
on reversed phase HPLC column. They would cause matrix
effect on the determination of arachidonic acid. As shown
in Figure 4 (PPT), there are two big peaks that appeared in
Method A while the rest of sample pretreatment methods are
effective enough to remove proteins from plasma (Figure 4:
LLE, SPE, and MAS-M). Combined with the capability
for removing phospholipids and proteins, Method D with
Cleanert MAS-M plate was selected for further investigation
of the analysis of arachidonic acid by LC-MS/MS.
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Table 2: Recoveries of arachidonic acid in spiked samples treated by four sample pretreatment methods.

Concentration of arachidonic
acid spiked in plasma

PPT (𝑛 = 5) LLE (𝑛 = 5) SPE (𝑛 = 5) MAS-M (𝑛 = 5)
Recoveries (%) RSD (%) Recoveries (%) RSD (%) Recoveries (%) RSD (%) Recoveries (%) RSD (%)

500 ng/mL 129.32 11.14 85.48 55.90 132.95 19.60 103.21 5.17
2 𝜇g/mL 130.42 2.06 67.05 82.21 94.66 9.21 99.38 5.34
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Figure 4: Chromatograms of proteins in samples treated with
various clean-up methods, where PPT is Method A, LLE is Method
B, SPE is Method C, and MAS-M is Method D.
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Figure 5: Chromatograms of arachidonic acid in different samples.
a: unspiked plasma of Method C, b: unspiked plasma of Method B,
c: unspiked sample of Method A, d: spiked plasma of Method D at a
concentration of 500 ng/mL, e: unspiked plasma of Method D, and
f: arachidonic acid standard, 500 ng/mL.

3.3. Comparison Study on the Chromatographic Behaviors and
Recoveries of Arachidonic Acid of Various Sample Pretreatment
Methods. It is noted that, as shown in Figure 5, the retention
time of arachidonic acid in samples treated by Methods
A to C is shifted compared with that of arachidonic acid
standard.This phenomenon may be due to the accumulation
of residual phospholipids and proteins on reversed phase
HPLC column. In contrast, the endogenous interferences are
removed efficiently in Method D by Cleanert MAS-M; the
retention of arachidonic acid is stable. Also, the results listed
in Table 2 reveal the advantage of Cleanert MAS-M.

The recoveries of arachidonic acid by various sample
pretreatment methods in two concentration levels are listed
in Table 2. As discussed in Sections 3.1 and 3.2, the elimi-
nation of phospholipids and proteins is not satisfactory by
Method A (PPT), Method B (LLE), and Method C (single-
mode SPE with Cleanert PEP). The matrix effect caused by
phospholipids and proteins is considered as themain factor to
cause the variable recoveries of arachidonic acid. In contrast,
MethodDwithCleanertMAS-Mresults in efficient removing
of impurities and obtains a sufficient, robust recovery of
arachidonic acid.

For quantitation, in order to compare the absolute recov-
eries of various sample preparation methods, the external
standard method is used so that the matrix effect on the
absolute recoveries can be observed clearly by contrast with
Method D and others.

3.4. Method Validation
3.4.1. Linearity, Limits of Detection, and Quantitation. The
calibration curve range of 10∼2500 ng/mLwas calculated by a
regression analysis of the data to a linear fit with a weighting
factor of 1/𝑥2 for the ratio of the peak area of arachidonic
acid against the nominal concentration. In this range, a linear
curve was obtained with correlation coefficients (𝑟2) better
than 0.9999; the result of the linear regression analysis for
arachidonic acid is 𝑦 = 5.18𝑒 + 3𝑥 + 9.45𝑒 + 4 (𝑟2 = 0.9999).

The limit of detection, defined as the concentration giving
the signal to noise ratio of 3, was estimated to be 3 ng/mL for
arachidonic acid.

3.4.2. Precision and Accuracy. The recoveries and precision
of the proposed method with Method D are summarized in
Table 2. Two concentration levels at 500 ng/mL and 2𝜇g/mL
were measured. The average recoveries are in the range of
99.38%∼103.21% with RSD ranged from 5.17% to 5.34%.

It is found that adding 100 𝜇L of 3% ammonium hydrox-
ide to dilute plasma is critical to improve the recovery of
arachidonic acid, because it will damage the binding of
analyte and proteins in plasma by ionizing arachidonic acid.
Also, the ionized arachidonic acid will be adsorbed strongly
in the loading process by the resin with the combination of
anion exchange and nonpolar interaction. By contrast, the
recovery of arachidonic acid was insufficient when 100 𝜇L of
water was used to dilute plasma.

3.5. Applications of the Proposed Methods. The optimized
clean-up method using Cleanert MAS-M plate coupled with
LC-MS/MS was applied to analyze free arachidonic acid in
human plasma samples obtained from local hospital. The
results are listed in Table 3.
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Table 3: Free arachidonic acid in some human plasma samples.

Sample number 1 2 3 4 5 6 7 8
Concentration
of arachidonic
acid (𝜇g/mL)

1.51 0.83 1.15 0.98 1.83 2.11 2.18 1.82

The method was also applied in medical research center
of local hospital to determine more than 100 actual plasma
samples from patients of coronary heart disease and healthy
people. With the high throughput sample clean-up method
utilizing 96-well plate, the efficiency of the analysis was
improved and well accepted by the researchers from local
hospital.The results showed the average concentration of free
arachidonic acid in the plasma from patients was lower than
that from healthy people, which fit the law of pathology.

4. Conclusion

An effective clean-up procedure is developed by comparing
four different sample pretreatment methods. The selected
method (Method D) is simple, accurate, and precise and has
high throughput for the determination of arachidonic acid in
plasma samples. In contrast to protein precipitation (Method
A), liquid-liquid extraction (Method B), and SPE on Cleanert
PEP (Method C), Cleanert MAS-M (Method D) method has
better effect on eliminating matrix effect of phospholipids
and proteins in the analysis of arachidonic acid in plasma by
LC-MS/MS. A sufficient recovery with acceptable precision
is reached. The proposed method is successfully applied for
determining arachidonic acid in human plasma. The results
indicate that the method can be used for routine analysis
of arachidonic acid in pharmaceutical industries, hospitals,
and research laboratories effectively. Since the 96-well plate
was used, the clean-up method can easily be automated. This
study has shown the possibility to apply Cleanert MAS-M
plate for the pretreatment of hydrophobic analytes in plasma
which are usually coeluted with phospholipids and proteins
on reversed phase HPLC column.
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This paper demonstrates colorimetric visible spectrophotometric quantification methods for amino acid, namely, tranexamic acid
and pregabalin. Both drugs contain the amino group, and when they are reacted with 2,4-dinitrophenol and 2,4,6-trinitrophenol,
they give rise to yellow colored complexes showing absorption maximum at 418 nm and 425 nm, respectively, based on the
Lewis acid base reaction. Detailed optimization process and stoichiometric studies were conducted along with investigation
of thermodynamic features, that is, association constant and standard free energy changes. The method was linear over the
concentration range of 0.02–200 𝜇gmL−1 with correlation coefficient of more than 0.9990 in all of the cases. Limit of detection
was in range from 0.0041 to 0.0094 𝜇gmL−1 and limit of quantification was in the range from 0.0137 to 0.0302𝜇gmL−1. Excellent
recovery in Placebo spiked samples indicated that there is no interference from common excipients. The analytical methods under
proposal were successfully applied to determine tranexamic acid and pregabalin in commercial products. 𝑡-test and 𝐹 ratio were
evaluated without noticeable difference between the proposed and reference methods.

1. Introduction

Pregabalin (PG) chemically is 3-amino methyl hexanoic
acid, with the chemical formula C

8
H
17
NO
2
. Its structural

and pharmacological features correspond to the mammalian
neurotransmitter gamma-aminobutyric acid (GABA), and it
is primarily used as anticonvulsant drug. However, its effects
are much broader being analgesic, antiepileptic, antidiabetic,
and anti-inflammatory drug. Further more, it has been
recommended for gastrointestinal damage, alcoholism, and
insomnia [1]. Exact mechanism is not known; however, it has
been an established fact that it binds to calcium channel in
the central nervous system which decreases calcium influx at
nerve endings and therefore reduces the liberation of several
associated neurotransmitters which subsequently results in
the above-mentioned activities [2]. Tranexamic acid (TXA)
is chemically designed as trans-4-(aminomethyl) cyclohex-
anecarboxylic acid, with chemical formula C

8
H
14
NO
2
. It is

the closed cyclic analogous structure of lysine. TXA has been
very potent antifibrinolytic agent, vastly used in haemor-
rhagic diseases. Its significant use is to treat ovarian tumors
and it is recommended to manage pregnancy and reduce
blood lose in surgery. It is considered as the best substitute
to surgery in cases of menorrhagia [3, 4]. Chemical structure
of TXA and PG is shown in Figure 1.

PG is not yet part of any pharmacopoeial monograph.
However, analytical method reported for PG includes spec-
trophotometry [5–9], spectrofluorimetry [10], and high pres-
sure liquid chromatography with UV detection [11], with
mass detection [12], and with fluorescence detection [13].
TXA quantification has been reported through colorimetric
spectrophotometry [14–18], HPLC [19], and spectrofluorom-
etry [20]. Although chromatographic method offers high
level of selectivity and specificity, the associated expenses are
alarming and cannot be shouldered by every pharmaceutical
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Figure 1: Structure of PG and TXA.

industry. Moreover, the molecules of TXA and PG lack UV
absorbing chromospheres, so in case of HPLC high load
on column will deteriorate and reduce its life which turned
out to be huge burden on low and middle economy-based
industries. Amino acids like TXA and PG are highly polar
and cannot be easily volatilized, so gas chromatographic
method would not be easy or straightforward. Spectrofluo-
rometers are not the common instruments in all the labs.
All these suggest that the proposed analytical methods are
highly important from quality control point of view. The
colorimetric reagents used in this study are trinitrophenol
(TNP) and dinitrophenol (DNP). These reagents have wide
range utility as quality colorimetric analyzing agents in
pharmaceutical industry [21–27].

A glance over the literature revealed few reports regarding
charge transfer complexes for PGandTXA.A structural anal-
ogous of PG and TXA gabapentin has been determined by
colorimetry-visible spectrophotometry by reacting with io-
dine, chloranil, chloranilic acid, 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone, tetracyanoethylene, methyl orange, hy-
droxy benzaldehyde, picric acid and with ninhydrin [28–30].
Colorimetric spectrophotometric methods for PG include
reaction with 1,2-naphthoquinone-4-sulphonate sodium and
2,4-dinitrofluorobenzene [5], ascorbic acid and salicylalde-
hyde [6], 7,7,8,8-tetracyanoquinodimethane, 2,3-dichloro-5,
6-dicyano-1,4-benzoquinone, 2,5-dichloro-3,6-dihydroxy-1,
4-benzoquinone, tetracyanoethylene and 2,3,5,6-tetrachloro-
1,4-benzoquinone [7], quinalizarin and alizarin [8], and
vanillin, acetyl acetone, and formaldehyde [9]. Colorimet-
ric quantification reagent for TX includes ninhydrine [14,
15], ferric chloride [15], 1,2-naphthoquinone-4-sulphonate
sodium [16], ascorbic acid [17], and Azo dye [18].

There is no report on TXA and PG determination which
utilizes TNP or DNP reagents. Most of the reported spectro-
metric methods are insensitive or need complicated extrac-
tions and heating/cooling procedures or use reagents which
do not produce linear response. Moreover, most of the
methods are based on the absorbance in near UV region and
thus specificity is questioned. The method under proposal is
highly selective and extremely simple, so it can be usefully
adopted for routine analysis in quality control laboratories.
The proposed methods are accompanied by the reaction of
amine group of amino acid with hydroxyl group, activated

by neighboring nitro groups of both TNP and DNP. As a
result, yellow color complexes are formed on simple addi-
tion of the two reagents and no extra process is required.
Thermodynamics features in respect of association constant
and standard free energy changes have been evaluated for
both reactions. Both of methods have been proved to be very
useful from routine quality control prospective and can be
considered as superior tomost of the publishedmethods with
respect to pace, ease, low cost, and sensitivity.

2. Experimental

2.1. Instrument. A UV-Visible Shimadzu Spectrophotometer
1601 with 1 cm path length quartz cells controlled by Shi-
madzu UV Probe 3.9 version software was used. MS Excel
sheet was used to evaluate 𝐹, 𝑡 tests, and other statistical
parameters.

2.2. Materials and Reagents. Analytical grade reagents were
used. Pregabalin and tranexamic acid pure drugs were a kind
gift from a local pharmaceutical agency having 99% plus
purity. Tranex capsules 250 and 500mg and Syngab capsules
200mg, 50mg, and 100mg (Atco Laboratories Ltd., Karachi,
Pakistan) were procured from the market. TNP and DNP
were acquired from Merck Sigma Aldrich, Germany. Micro-
crystalline cellulose (Avicel pH 101, maize starch, magnesium
stearate, PVP, Aerosil R-200, crospovidone-X, HPMC (606),
and PEG (6000)), titanium dioxide, and isopropyl alcohol
were a gift from a local pharmaceutical agency. The entire
chemicals were used according to their safety precautionary
measures.

2.3. General Procedure

2.3.1. Analytical Method Development

Reagents and Standard Stock Solutions Preparation. A
2.27 gL−1 TNP and 1.84 gL−1 2,4-DNP solutions were pre-
pared individually in dichloromethane corresponding to
10mMol of the concerned reagent.

160 𝜇gmL−1 of PG and 155 𝜇gmL−1 of TXAwere prepared
individually by taking 16 and 15.5mg weights, respectively,
in 100mL calibrated volumetric flasks, dissolved in 10mL of
water, and diluted to the mark level with the same solvent.

Stoichiometric Study. To study stoichiometry of the reaction,
Job’s method of continuous variation was followed [31].
Equimolar solution (1mMol) of each of the coloring reagents
and drugs were prepared. In a series of 10mL calibrated
amber volumetric flasks, solutions of PG and TXA were
prepared individually, comprising different complementary
proportions (0 : 10, 1 : 9, 2 : 8, 3 : 7, 4 : 6, 5 : 5, . . ., 9 : 1) each
with both of the reagents (TNP and DNP) separately. After
10 minutes of reaction the absorbance of the complex was
measured at the wavelength of maximum absorption against
the reagent blanks treated similarly.

DNP Method. 3mL of drug PG or TXA stock solution
was taken individually in 10mL amber volumetric flasks to
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which 4mL of the coloring reagent DNP was added. Sample
was diluted with acetonitrile up to volume. Absorbance
was measured after 10minutes of reaction at 418 nm using
appropriate blank treated similarly.

TNP Method. 3mL of drug PG or TXA stock solution was
taken individually in 10mL amber volumetric flasks to which
4mL of the coloring reagent TNP was added. Acetonitrile
was added up to the mark level. Absorbance was measured
after 10minutes of reaction at 425 nmusing appropriate blank
treated similarly.

2.3.2. Procedures for Pharmaceuticals Formulation. Homoge-
nous samples were obtained for each drug molecule. Bulk
homogenous powder equivalent to 10mg of pregabalin or
tranexamic acid was dissolved in methanol by sonication for
15min and shaking thoroughly for about 30–40min. The
samples were cooled down and diluted up to the mark level
with methanol, mixed well, and filtered using a Whatman
number 42 filter paper to give 100 𝜇gmL−1 of PG and
TXA each, individually. Further dilution and reactions were
continued as described above under general procedures.

2.3.3. Excipients Interference Evaluation. 10mg of each PG
and 10mg of TXA were spiked individually with common
excipients like magnesium stearate, HPMC (hydroxypropyl
methylcellulose), glucose, pyrrolidone, lactose, talc powder,
and starch. It was further processed as described under gen-
eral procedures. Samples were subjected to multiple analyses
and percent recovery was calculated.

2.3.4. Reaction Mechanism. This reaction is based on the
proton transfer reaction from Lewis acid such as TNP and
DNP to Lewis base such as TXA and PG, which produces
intensely yellow color ion-pair complex as depicted by Saito
and Matsunaga [26]. Mechanistic view has been expressed in
Figure 2.

2.3.5. Thermodynamic Studies. Standard free energy changes
(Δ𝐺
∘
) and association constant (𝐾

𝑐
) were determined for

both of the methods to evaluate thermodynamic aspects.
The reaction of TNP and DNP each with PG and TXA was
investigated for the association constants by the application
of Benesi-Hildebrand equation [32]:

𝐶
𝑎

𝐴

=
1

𝜀

+
1

𝐾
𝑐
⋅ 𝜀

⋅
1

𝐶
𝑏

, (1)

where 𝐶
𝑎
and 𝐶

𝑏
are the concentrations of the drug (PG or

TXA) and coloring reagent (DNP or TNP) respectively, 𝐴 is
the absorbance of the complex, 𝜀 is the molar absorptivity
of the complex, and 𝐾

𝑐
is the association constant of the

complex.
Utilizing the above equation, 𝐴 was plotted against 𝐶

𝑎

in both cases and straight lines were obtained. Standard free
energy changes were calculated by the following equation:

Δ𝐺
∘
= −2.356𝑅𝑇 log𝐾

𝑐
, (2)
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Figure 2: Mechanism of reaction.

where Δ𝐺∘ is free energy change associated with com-
plex (kJmol−1), 𝑅 is the thermodynamic gas constant
(1.987 calmol−1 deg−1),𝑇 is the Kelvin temperature (273+∘C),
and𝐾

𝑐
is the equilibrium constant.

2.4. Assay Validation. ICH guideline was followed for the
validation purpose and various experiments were performed
[33].

2.4.1. Linearity. Linearity is the ability of method to show
absorbance correspondingly to the analytes concentration.
Least square procedurewas adopted to develop the regression
equations which showed linear relation of the concentration
of complex with absorbance, complying Lambert Beer’s law.
Under these experimental set-ups, absorbance at the given
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wavelength was found to vary directly with the concentra-
tions of both the donner and the acceptor molecules.

2.4.2. Precision and Accuracy. Accuracy of the analytical
method is that the parameter confirms that the test results
obtained with the method are close to the true or accepted
values, while precision is the reproducibility of test result
when the same homogenous sample is subjected to multiple
testing. Solutions containing three different concentrations of
pregabalin and tranexamic acid were arranged and investi-
gated in triplicate for accuracy and precision.

2.4.3. Specificity. Specificity is the quantification of the ana-
lytes in presence of component mixtures, excipients, and
additives. The effect of common excipients and additives
was evaluated by designing spiking experiments. Both TXA
and PG were evaluated with common excipients at different
concentration levels individually.

2.4.4. Limit of Detection (LOD) and Limit of Quantification
(LOQ). Both reactions were evaluated for LOD and LOQ
values. The empirical formulas 3𝜎/𝑆 and 10𝜎/𝑆 were used to
establish LOD and LOQ for the method, where 𝑆 is the slope
and 𝜎 is the standard deviation of the response statistically
inferred from calibration curve. A signal to noise ratio of
3 : 1 was defined for LOD and of 10 : 1 was defined for LOQ,
respectively [33].

3. Results and Discussion

The reaction of coloring reagent TNP or DNP as Lewis acids
with amino acid (PG andTXA) as Lewis base afforded intense
yellow charge transfer complex. The intensity in color is
attributed to the formation of phenolate ion [26] as shown
in reaction scheme in Figure 2.

3.1. Method Optimization. In order to achieve optimum
experimental condition, various factors were evaluated
including time, temperature, solvent of choice, and concen-
tration of drugs and reagent. Those experimental factors
which were affecting the absorbing abilities of the resulting
complex were optimized to enhance selectivity and sensitiv-
ity. The reaction and stability of the complex were evaluated
with respect to time in intervals at room temperature.
Maximum absorbance was obtained in 5- to 10-minute time
period and prolonged period of time did not affect the
absorbance of the complex. However, a negative impact was
noted when reaction mixture was heated especially beyond
60∘C. Similarly, effect of coloring reagent was evaluated
by adding it to the fixed concentration of drug substance.
To 100 𝜇gmL−1 of drug substance, reagents TNP and DNP
were added in the range from 1 to 9mL. The amount of
coloring reagent linearly increased the absorbance up to
equimolar stage beyond which the absorbance remains con-
stant at maximum absorbance, which corresponds to 4.0mL
of solution of each DNP and TNP. Different solvents sys-
tems including chloroform, acetone, 2-propanol, acetonitrile,
and dichloromethane were evaluated for optimum results.

Table 1: Thermodynamic study.

Drug molecule DNP TNP
PG TXA PG TXA

Molar absorptivity
(Ma) 1326.85 1337.35 1404.77 1418.36

𝐾
𝑐

1.51 × 103 1.62 × 103 2.74 × 103 2.86 × 103

Δ𝐺
∘

−2.336 −2.358 −2.498 −2.508
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Figure 3: Spectrum of complexes and blanks.

Water was used to prepare stock solution of PG and TXA
because of the free solubility of the drugs and working
range solutions were prepared in acetonitrile. It has been
known that methanol interferes in charge transfer complex
formation so acetonitrile was used inworking range solutions
in subsequent analysis [25]. Dichloromethane was found to
be suitable for preparation of DNP and TNP solutions. The
solutions were scanned in visible range (800 to 350 nm) by
spectrophotometer using the corresponding blank. It was
found that, for TNP complex, 𝜆max was 425 nm, while for
DNP it was 418 nm which justifies intensity in color of
complex derived from TNP as compared to that of DNP as
in Figure 3. In view of these results, all working solutions
to reaction were prepared in acetonitrile in sequence of
drug-reagent solvent, maintained at 25 ± 2∘C. Absorbance is
measured at 418 and 425 nm for DNP and TNP complexes,
respectively, after 10 minutes of mixing.

3.2. Stoichiometry. Job’s continuous variations method sug-
gested a 1 : 1 molar ratio for both reagents with both
drugs. However, experimental design considered the drug
molecules to be limiting reactants, so the chromogenic
reagent was taken in slight excess in subsequent analysis in
order to make the reaction drug concentration dependent
and to counter any possible interference.

3.3. Thermodynamic Study of the Complex. Complexes were
studied in detail by applying Bensi-hilbrand theory. Asso-
ciation constant (𝐾

𝑐
) was in the range of 1.51–1.62 × 103

for DNP, while it was in the range of 2.74–2.86 × 103
for TNP and standard free energy changes were −2.336 to
−2.358 for complex derived from DNP and −2.498 to −2.508
for TNP-based complex. Results are portrayed in Table 1.
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Table 2: Linearity and range.

Parameter DNP TNP
PG TXA PG TXA

Linearity range (𝜇g/mL) 0.02–200 0.02–200 0.02–200 0.02–200
Correlation coefficient (𝑟) 0.99962 0.99971 0.99948 0.99987
Slope (𝑚) 0.01002 0.02035 0.01423 0.01553
Intercept (𝑐) −0.0012 −0.0028 0.0021 −0.0011
(LOD) (𝜇gmL−1) 0.0059 0.0094 0.0041 0.0075
(LOQ) (𝜇gmL−1) 0.0195 0.0302 0.0137 0.0269

Table 3: Accuracy and precision.

Pregabalin (PG) Tranexamic acid (TXA)
50% nominal 100% nominal 150% nominal 50% nominal 100% nominal 150% nominal
con. %recovery con. %recovery con. %recovery con. %recovery con. %recovery con. %recovery

%l.c found %RSD %l.c found %RSD
DNP 98.10 1.235 101.68 0.525 101.93 0.235 99.84 0.545 99.84 0.412 101.85 0.864
TNP 100.60 0.320 99.89 0.536 99.17 0.938 101.60 0.940 100.69 0.526 101.57 0.638

Table 4: Recovery studies in commercial products.

Brand name (active molecule): Label claim Label claim (%) ± S.D.
DNP TNP

Tranex (TXA): 250mg 101.23% ± 0.51 100.15% ± 0.61
Tranex (TXA): 500mg 99.95% ± 0.63 99.19% ± 0.92
Syngab (PG): 100mg 99.99% ± 0.77 99.91% ± 0.65
Syngab (PG): 200mg 101.47% ± 1.13 100.27% ± 1.22

Standard free energy changes value indicates spontaneity of
the reaction.Highwavelength, high association constant, and
low standard free energy changes with complex involving
TNP as compared toDNP justify the resonance phenomenon
in the phenolate ion derived from TNP compared to DNP
[26].

3.4. Validation Studies. After development method vali-
dation studies were conducted in line with the above-
mentioned protocol. Using linear regression equation, meth-
ods showed linear response in concentration range from
0.02 to 200𝜇gmL−1 with correlation coefficient of more than
0.9990 in both cases. In all the cases studied, Beer’s law was
obeyedwith small intercept values (−0.0028 to 0.0021). Slopes
were found to be in the range of 0.01018 to 0.0146. Small
intercept and insignificant variation of slope are attributes
of the excellent response of the methods. Low LOQ values
of (0.095–0.109) 𝜇gmL−1 explained sensitivity of the method
as in Table 2. Obtained results in Tables 3 and 4 are very
close to 100% label claim, indicating excellent accuracy, while
very good precision is obvious from the % relative standard
deviation which is less than 2. During spiking experiments
no interference was found which indicated that none of those
additives possess enough basicity to cause interference in
analysis of TXA and PG. In addition, good % recoveries in
common excipients spiked samples that ranged from 98.3

to 101.4% further confirmed the specificity of the projected
methods.

3.5. Application of the Method in Pharmaceuticals. General
procedures described above were followed to determine
content of capsule dosage pharmulations for both of the
drugs. The projected colorimetric methods based on charge-
transfer complexes were applied to determine PG and TXA,
along with the reference methods 9 and 15 for PG and
TXA, respectively, to evaluate the test results. 𝑡-test and
𝐹 test were carried out with MS Excel, and the proposed
methods were found to be comparable to the referenced
methods and no considerable variation was found between
themwhich indicated similar precision and accuracy. Results
are presented in Table 5.

4. Conclusions

To estimate the quantity of tranexamic acid and pregabalin in
commercial products, two simple and sensitive colorimetric
methods were developed and validated. Picric acid and 2,4-
dinitrophenol, the two coloring reagents, have been utilized
to develop two simple, much more common but sensitive
and selective visible range spectrophotometric methods for
routine analysis of tranexamic and pregabalin in bulk raw
material and finished or semifinished dosage form. The
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Table 5: 𝐹 and 𝑡 tests of the method.

Taken (mg) TNP DNP Reference method
PG found (mg) TXA found (mg) PG found (mg) TXA found (mg) PG [9] found (mg) TXA [15] found (mg)

100.1 100.2 100.6 101.6 100.7 100.3 101.1
101.1 99.8 100.3 98.6 99.4 100.8 99.8
100.2 100.1 99.8 100.9 100.3 99.7 101.2
100.4 100.2 99.6 99.1 98.7 99.3 100.7
100.3 100.6 100.6 98.4 97.9 99.5 100.4
99.6 100.5 101.4 97.5 98.1 100.5 100.3
MEAN 100.23 100.38 99.35 99.13 100.01 100.58
SD 0.288 0.646 1.576 1.184 0.601 0.527
RSD 0.287 0.644 1.586 1.195 0.601 0.524
𝑡-Test 0.44 0.569 0.355 0.022
𝐹-Test 0.131 0.665 0.054 0.110

suggested methods are superior to the already established
spectrophotometric methods in terms of simplicity. 𝑡 and
𝐹 tests guaranteed high accuracy and precision. Hence, the
proposedmethods can be eagerly adopted by pharmaceutical
quality control laboratories for routine quantitative analysis.
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Oxalis corniculata is a common medicinal plant widely used against numerous infectious diseases. The agrochemical potential
of methanolic extract, n-hexane, chloroform, ethyl acetate, and n-butanol fractions were assessed to measure the antibacterial,
antifungal, and insecticidal activities of the plant.The crude, chloroform, and n-butanol soluble fractions showed excellent activities
againstEscherichia coli, Shigella dysenteriae, Salmonella typhi, andBacillus subtilis but have no activity against Staphylococcus aureus.
Similarly the crude, n-hexane, and chloroform fractions were also found to have significant activity against fungal strains including
Fusarium solani, Aspergillus flexneri, and Aspergillus flavus and have no activity against Aspergillus niger. Chemical pesticides have
shown very good results at the beginning, but with the passage of time the need was realized to use the natural plant sources for the
safe control of insects.The current study will provide minor contribution towards it. Highmortality rate was recorded for the crude
extract and chloroform fraction againstTribolium castaneum.The two isolated compounds 5-hydroxy-6,7,8,4-tetramethoxyflavone
(1) and 5,7,4-trihydroxy-6,8-dimethoxyflavone (2) were evaluated for antibacterial, antifungal, and insecticidal activities. The
results showed that compound 2 was more active than compound 1 against the tested bacterial strains and insects.

1. Introduction

The progress in new antimicrobial agents to multidrug resist-
ant pathogens for the treatment of various infectious diseases
is of increasing interest. Therefore different plant extracts of
many plants have been used locally against various path-
ogens, which showed positive results [1].

Higher plants and their extracts are used for the treatment
of infectious disease as traditional medicines from the very
beginning of life. About 80 percent of the world population
defends upon the plant extracts [2]. But there are only a
small percentage of these plants that have been subjected
to pharmacological or biological screening [3]. Microbes
which are free to move around the world cause different
infections in human races. In developing countries about
43 percent of total deaths are due to infectious diseases.
WHO claims significant control in major infectious diseases
[4]. Due to jumbled use of existing antimicrobial drugs
pathogenic bacteria have developed resistance against wide
range of antibiotics. The 𝛽-lactamase producers like Staphy-
lococcus aureus, Escherichia coli, Klebsiella pneumonia, and

many others have become a major therapeutic problem,
resulting in increased treatment failure and health care cost.
Microbiologists from all over the world are in search to
formulate new antimicrobial drugs and evaluate the efficiency
of plant products to replace chemical antimicrobial agents
[5]. Medicinal plants extracts have shown to serve as a cheap
source of antimicrobial agents against pathogenic microbes.
These extracts have biologically active compounds, which
make them attractive fowler for preying these pathogens [6].

Annual postharvest losses are resulting due to insect
damage, microbial deterioration, and many other environ-
mental factors such as humidity, aeration, temperature, and
cleanliness of the massive storage and are expected to be
10–25% of production throughout the world. Insects are
the major problem in stored grain because they destroy the
quantity and quality of the grains [7]. Higher plants and
their extracts can be used for environmentally safe control
of insects. It is claimed that 99 families, 276 genera, and
346 species of medicinal plants have environment- friendly
insecticidal properties [8]. Plant extracts or pure compounds
control insects in several ways, including antifeedant, growth
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inhibitors, toxicity, mortality suppression of reproductive
behavior, and fertility [9]. Synthetic chemical pesticides have
some serious flaws to environmental and health related
concerns. It is expected that only inAmerica about 200 people
are dying every year due to this pesticidal poisoning [10].
These problems resulted in renewed interest in formulating
new botanical pesticides, which could be nonhazardous,
effective, biodegradable, and of low cost and pose less threat
to the environment [11].

The aim of the present study was to evaluate the anti-
bacterial, antifungal, and insecticidal activities of different
fractions of Oxalis corniculata. These include methanol, n-
hexane, chloroform, ethyl acetate, and n-butanol soluble
fractions. Selection of Oxalis corniculata fractions was based
on the fact that these fractions were not previously screened
for these activities.

2. Material and Methods

2.1. Collection of Plant Sample. Oxalis corniculata was col-
lected from District Buner, KPK, Pakistan in June 2012. Plant
was identified by plant taxonomist Dr. Nisar Ahmad, Chair-
man Department of Botany, Kohat University of Science &
Technology, Kohat, KPK, Pakistan, and a voucher specimen
number 169 was stored there in the herbarium.

2.2. Preparation of Extract. Plant was shade dried at room
temperature and 1 kg dried plant materials were soaked in
methanol to obtain methanolic extract. Extract was evap-
orated under reduced pressure to dryness; the residue was
weighed (81 g) and redissolved in distilled water.The aqueous
solution of the plant extract was subjected to different
solvents on the basis of increasing polarity like n-hexane,
chloroform, ethyl acetate, and n-butanol to get the respective
n-hexane, chloroform, ethyl acetate, and n-butanol solvent
soluble fractions with the ratio of 15 g (n-hexane fraction),
22 g (chloroform fraction), 16 g (ethyl acetate fraction), 14 g
(n-butanol fractions), and 10 g (aqueous fraction), respec-
tively. All the fractionswere dried at low pressure using rotary
evaporator and stored at 4∘C.

2.3. Microbial Strains. To evaluate the antimicrobial activity
of different fractions of Oxalis corniculata, nine microbial
species were used, five of which were bacterial pathogens in-
cluding Bacillus subtilis (ATCC7966), Staphylococcus aureus
(ATCC 12600), Escherichia coli (ATCC8677), Shigella dysen-
teriae (ATCC29027), and Salmonella typhi (ATCC0650) and
four fungal species including Fusarium solani, Aspergillus
flexneri, Aspergillus flavus, and Aspergillus niger were taken
from culture collection of Department of Microbiology,
Kohat University of Science & Technology, Kohat, Pakistan.

3. Antibacterial Assay

3.1. Preparation of Bacterial Inoculums. The bacterial strains
were subcultured to get fresh cultures of bacteria. For this
purpose a single colony from bacterial strain was inoculated
on nutrient broth. The broth was incubated for 24 hours

at 37∘C. 14 g of nutrient agar media was dissolved in 1 L of
distilled water at PH 7 and autoclaved for 20minutes at 121∘C.
The media were allowed to cool down to 45∘C and poured
to petri plates (14 cm) for preparing 75mL of solid media.
Using sterile cork borer (8mm) 7 wells per plate were made
in the solidified media. Agar diffusion method was used for
antibacterial activity [12]. Bacterial culture was inoculated on
the surface of solid media. The crude extract and fractions
were dissolved in dimethyl sulfoxide (DMSO) at the same
concentration of 2mg/mL to prepare stock solutions. From
the stock solutions, 100 𝜇L was poured into respective wells.
Cefixime was used as positive control while DMSO was
used as a negative control. The zones of inhibition of crude
extract and fractions were measured in mm after 24 hours of
incubation at 37∘C and compared with the zone of inhibition
of standard drug Cefixime [12].

4. Antifungal Assay

4.1. Preparation of Fungal Inoculums. Four fungal strains
including Aspergillus flexneri, Aspergillus niger, Aspergillus
flavus, and Fusarium solani were tested for the antifungal
activity. Fungal strains were subcultured in potato dextrose
agar (PDA) and incubated for 7 days at 28∘C. To eval-
uate the antifungal activity the disk diffusion method was
used [3]. Fungal strains were inoculated on the potato dex-
trose agar plate (PDA) by point inoculation. 100𝜇L of solu-
tion (2mg/mL in DMSO), pure DMSO (−ve control), and
antibiotic terbinafin 2mg/mL (+ve control) were used. After
incubation of 7 days at 28∘C, the fungal activities were noted.

5. Insecticidal Assay

The insects Ephestia cautella and Tribolium castaneum were
taken from Department of Zoology, Kohat University of
Science & Technology, Kohat, Kpk, Pakistan.The insecticidal
activity was determined by direct contact application [13].
60mm of petri dish was used to conduct the surface film
activity of all the extract by dissolving 50mg/mL of crud
extract and fractions in DMSO. Extracts were sprayed on
to the lower part of the petri dish and allowed to dry out.
The insects were released in these treated petri dishes. Pure
DMSO was taken as a standard. These treated petri dishes
having insects were kept at room temperature in a secured
place. The result was observed from time to time starting
from 30 minutes to 48 hours and finally recorded. The mor-
tality of insects was confirmed by using simple microscope
to check any movement of their organs. In last, the living (if
any) insects were recovered and submitted to their respective
department [14].

The percentage mortality rate was determined by the
following formula:

Mortality (%)

=
100 − number of survival insamples

number of survival in control
× 100.

(1)
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Table 1: Showing zones of inhibition (mm) against different bacteria.

S. number Fractions Gram positive bacteria Gram negative bacteria
B. subtilis S. aureus E. coli S. dysenteriae S. typhi

1 Crude 24 00 21.3 17 11

2 n-Hexane 14 00 00 14.6 09

3 Chloroform 11.3 00 11 12 00

4 Et. acetate 14.8 00 11.7 00 8.4

5 n-Butanol 24 00 16.5 13.2 08

6. Results and Discussion

Medicinal plants are the most prominent source of natural
products against various common infectious microbes. The
appearance of multidrug-resistant infectious microbes, high
cost of synthetic compounds, and uninvited side effects of
certain drugs insisted the new era to search for the new
curative agents from alternative and low cost sources like
medicinal plants.

The current attempt was made due to increasing resis-
tance of different pathogens (bacteria and fungi) and insects
against available antibiotics and insecticides, respectively.
Plants extracts and compounds are of innovative interest as
safe and health friendly antimicrobial and insecticidal agents.
As a result the different fractions of Oxalis corniculata were
screened for their antimicrobial and insecticidal activities.

To assess the antimicrobial activity of Oxalis corniculata,
the microbial strains used were tested bacterial pathogens
including Escherichia coli, Bacillus subtilis, Staphylococcus
aureus, Salmonella typhi, and Shigella dysenteriae; the fun-
gal species including Fusarium solani, Aspergillus flexneri,
Aspergillus flavus, and Aspergillus niger were used. For the
evaluation of insecticidal activity the insects used were
Ephestia cautella and Tribolium castaneum. The plant solvent
soluble extracts showed a broad spectrum of activities against
used microbes and insects. The crude extract, n-butanol,
and ethyl acetate soluble fractions showed excellent activities
against Escherichia coli, Salmonella typhi, andBacillus subtilis.
Similarly crude extract, n-hexane, chloroform, and n-butanol
soluble fractions were active against Shigella dysenteriae but
not active in case of ethyl acetate soluble fraction. No activity
was recorded against Staphylococcus aureus as shown in
Table 1. Similarly the crude extract, n-hexane, and soluble
fractions were also found to have significant activity against
fungal strains including Fusarium solani and Aspergillus
flexneri; the crude extract, chloroform, and ethyl acetate
soluble fractions were active against Aspergillus flavus. The
n-butanol soluble fraction was only active against Aspergillus
flexneri; also chloroform, ethyl acetate, and n-butanol soluble
fractions were inactive against Fusarium solani. In case of
Aspergillus niger all the fractions showed no activity as shown
in Table 2. Taley et al., 2012 [15], investigated the methanol
and aqueous extracts ofO. corniculata leaves for antibacterial
activities against 5 bacterial strains: E. coli, S. aureus, P.
aeruginosa, P. vulgaris, and B. subtilis. They recorded zone of
inhibition in the range of 6–14mm against these pathogens
among which B. subtilis showedmaximum zone of inhibition

Table 2: Showing activity of different fractions against fungi.

S. number Fractions A. flavus A. flexneri A. niger F. solani
1 Crude + + − +
2 n-Hexane − + − +
3 Chloroform + + − −

4 Et. acetate + − − −

5 n-Butanol − + − −
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Figure 1: 5-Hydroxy-6,7,8,4-tetramethoxyflavone.

(14mm), while, in our present investigation, the whole plant
(O. corniculata) crude extract, its solvent soluble fractions,
and the isolated compounds were evaluated for antibacterial
and antifungal activities and obtained significant results.

The maximum toxicity of plant against Ephestia cautella
and Tribolium castaneum was recorded for the crud extract
and chloroform soluble fraction with highest mortality rate
especially for theTribolium castaneum (up to 62%).n-Butanol
soluble fraction also showed valuable mortality (46%) in 48
hours as shown in Table 3. The lowest mortality rate was
recorded for ethyl acetate and n-butanol soluble fractions
against Ephestia cautella (08%) after 48 hours; however it
was nonactive till 24 hours. No significant change in tox-
icity was observed in the experiment with passage of time.
The comparative study shows that the plant is more toxic
against Tribolium castaneum than Ephestia cautella. There is
no literature available on the insecticidal activity of Oxalis
species to compare with the present results.

6.1. Compounds Isolated from Oxalis corniculata. The chlo-
roform soluble fraction was subjected to column chromatog-
raphy and as a result two known compounds, compound 1
(Figure 1) and compound 2 (Figure 2), were isolated whose
structures were elucidated with the help of EI, HREIMS, 1D,
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Table 3: Showing percentage mortality rate of insects against different fractions of Oxalis corniculata.

S. number Fractions T. Castaneum T. castaneum E. cautella E. cautella
24 hours 48 hours 24 hours 48 hours

1 Crude 53 57 34 49

2 n-Hexane 15 23 22 25

3 Chloroform 62 62 44 47

4 Et. acetate 11 14 00 08

5 n-Butanol 38 46 00 08

Table 4: Zone of inhibition (mm) of compounds 1 and 2 against different bacteria.

S. number Compounds E. coli S. dysenteriae S. aureus S. typhi B. subtilis
1 Compound 1 13.3 14.9 00 10.1 14.3

2 Compound 2 16.5 14.6 00 11.7 15.6
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H3C
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Figure 2: 5,7,4-Trihydroxy-6,8-dimethoxyflavone.

Table 5: Percentage mortality rate of T. castaneum against com-
pounds 1 and 2.

S. number Compounds T. castaneum T. castaneum
24 hours 48 hours

1 Compound 1 34.21% 38.47%
2 Compound 2 41.56% 45.33%

and 2D NMR techniques. The two isolated compounds 1
and 2 were subjected to antibacterial, antifungal, and insec-
ticidal activities. The result showed that compound 2 was
more active than compound 1 against the tested organisms.
Antibacterial activity of compound 2was potent as compared
to compound 1. Both the compounds were active against
all the tested bacteria except S. aureus as shown in Table 4.
While compounds 1 and 2 showed negative activity against
Fusarium solani, Aspergillus flavus, Aspergillus niger, and
Aspergillus flexneri which indicates that these compounds
are inactive against these species of fungi. Table 5 shows that
insecticidal activity of compound 2 was also potent as com-
pared to that of compound 1. Both the compounds showed a
good mortality rate against the Tribolium castaneum.

7. Conclusions

The present study suggests that Oxalis corniculata has good
antibacterial, antifungal, and insecticidal properties and can

be used for the treatment of infections and control of
insects. The plant extracts could be a new source for antibi-
otics and pesticides with minimum noxious effects on the
environment. Further studies may also lead to isolate and
characterize the active compounds of the plant extracts and
to elucidate their biological mechanisms of action.
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Majority of the proteomic studies on tissue samples involve the use of gel-based approach for profiling and digestion.The laborious
gel-based approach is slowly being replaced by the advancing in-solution digestion approach. However, there are still several
difficulties such as difficult-to-solubilize proteins, poor proteomic analysis in complex tissue samples, and the presence of sample
impurities. Henceforth, there is a great demand to formulate a highly efficient protein extraction buffer with high protein extraction
efficiency from tissue samples, high compatibility with in-solution digestion, reduced number of sample handling steps to reduce
sample loss, low time consumption, low cost, and ease of usage. Here, we evaluated various existing protein extraction buffers with
zebrafish liver tumor samples and found that sodium deoxycholate- (DOC-) based extraction buffer with heat denaturation was
the most effective approach for highly efficient extraction of proteins from complex tissues such as the zebrafish liver tumor. A
total of 4,790 proteins have been identified using shotgun proteomics approach with 2D LC, which to our knowledge is the most
comprehensive study for zebrafish liver tumor proteome.

1. Introduction

It is increasingly important to profile proteins in order to
understand biological processes in a postgenomic era as
the dynamics of proteins between cells at different times
and under different environmental conditions provide an
actual biological phenotype. In particular, the presence of
posttranslational modifications in proteins further highlights
the importance of proteomic analysis which is not replaceable
by other genomic approaches [1]. To profile the proteome
of tissue samples, the proteins have to be extracted using
relevant solvent. Currently, there are two major approaches
to prepare the tissue samples for proteome analysis. The
first approach, termed as gel-based separation and in-gel
digestion, involves the use of detergents like SDS to solubilize
the proteins before separation by SDS-PAGE and subsequent
digestion of the proteins trapped in the gel [2]. The second
approach, termed as in-solution digestion, involves the use of

strong chaotropic reagents like urea and thiourea to solubilize
the proteins before digesting the proteins in the solution [3].

Proteomic studies on zebrafish liver tissue had been
conducted using the gel-based approaches [4–9]. However,
the amount of work required from two-dimensional gel elec-
trophoresis, to protein spot excision, to protein identification
using mass spectrometry (MS) can be laborious. In-solution
digestion coupled with mass spectrometry (MS) seems to
present a better alternative to reduce the labor involved and
allow for more high-throughput proteomic analysis. More
studies are beginning to adopt this approach for proteomic
analysis [10–12]. However, numerous difficulties still exist
such as difficult-to-solubilize proteins, poor proteomic anal-
ysis in complex tissue samples, and the presence of sample
impurities.

In 2009, Wiśniewski et al. [13] developed a protein
extraction approach and coined it the filter-aided sample
preparation (FASP). FASP incorporates the advantages of
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both gel-based and in-solution digestion for subsequent
proteomic analysis using MS. FASP uses high concentration
of SDS and urea as detergents to solubilize the proteins. This
resulted in the need to use an ultrafiltration system consisting
of a filter membrane and facilitated via centrifugation to
remove these detergents as they are known to interfere
with both enzymatic digestion of proteins into peptides
and MS analysis. Although the authors demonstrated the
effectiveness of FASP in proteomic analysis, multiple steps
were included for the removal of the detrimental detergents.
These could create unforeseen problems for different types
of samples. Hence, there is still a great demand to formulate
a highly efficient protein extraction buffer with high protein
extraction efficiency from tissue samples, high compatibility
with in-solution digestion, reduced number of sample han-
dling steps to reduce sample loss, low time consumption, low
cost, and ease of usage.

In this study, we evaluated various existing protein extrac-
tion buffers (SDS, RIPA, urea, 2D, sodium deoxycholate
(DOC), and triethylammonium bicarbonate (TEAB)/urea/
triton-X/SDS (TUTS) [14] buffer) for their protein extraction
and solubilization efficiency for in-solution digestion using
both 1D SDS-PAGE and shotgun proteomics approaches.
Comparison of efficiency using these approaches indicated
that DOC was the most efficient protein extraction buffer in
our study. Our results provide the evidences for the effective
application of DOC-based protein extraction buffer in MS-
based proteomic studies on the whole zebrafish liver tumor
and our method could be applied to other tissue samples
across different organisms for proteomics analysis.

2. Materials and Methods

2.1. Chemicals and Reagents. All reagents were of ACS grade
or higher; all solvents used, including water, were of LC/MS
grade. Urea, SDS, DOC, triethylammonium bicarbonate
(TEAB), tris(2-carboxyethyl)phosphine (TCEP), phosphoric
acid, and formic acid were purchased from Sigma-Aldrich
(St. Louis, MO). Sequencing grade trypsin was obtained
from Promega (Madison, WI). Methyl methanethiosulfonate
(MMTS) was purchased from Pierce, Thermo-Fisher Sci-
entific Inc. (Rockford, IL). Unless otherwise indicated, all
the other reagents used for the biochemical methods were
purchased from Sigma-Aldrich. LC/MS grade ACN and
LC/MS grade water were purchased from Thermo-Fisher
Scientific (Waltham, MA).

2.2. Zebrafish Sample Preparation. The Tet-on transgenic
zebrafish, TO (xmrk), were generated previously by Li et al.
[15]. Both male and female TO (xmrk) zebrafish were used
in this study. The TO (xmrk) zebrafish were treated with
60 𝜇g/mL of doxycycline for 6 weeks to induce the develop-
ment of liver cancer.The tumor-bearing fish were euthanized
in ice-cold water, dissected, and rinsed with phosphate buf-
fered saline (PBS). Liver tumors were collected and stored at
−80∘C until protein extraction. For protein extraction, frozen
liver tumors were placed in a ceramic mortar and ground
into dry powder using a pestle in the presence of acetone.

Equal amount (10mg) of tissue powder was transferred to
seven Eppendorf tubes containing equal volume (200𝜇L) of
different protein extraction buffers (Table 1) and placed on
ice. Each tube of the mixtures was sonicated using a probe
sonicator at 2 s sonication bursts with a 2 s rest between each
sonication burst for a total of 1min. The lysate was then
centrifuged in a bench-top centrifuge at 14,000x rpm for half
an hour. Each of the supernatants was collected for 1D SDS-
PAGE or for in-solution digestion. Samples were aliquoted
and stored at −80∘C for later analysis.

2.3. 1D SDS-PAGE Comparison of Zebrafish Liver Tumor
Proteome Extracted Using Various Buffers. For SDS buffer
and DOC buffer, both raw (without heating) and heat-
denatured samples were prepared. The heat denaturation
involves heating the samples on a 95∘C heat block for 15min
after sonication.The lysates were then centrifuged in a bench-
top centrifuge at 14,000x rpm for half an hour and collected
for downstream analysis. Equal volumes (5𝜇L) of protein
samples extracted by different buffer were mixed with 5𝜇L
of 2x SDS loading buffer. The samples were heated to 95∘C
for 10min and then separated by SDS gel electrophoresis
with 10% polyacrylamide gel. After 1D SDS-PAGE, gels were
stained using CBB solution (Bio-Rad, Hercules, CA) and
destained in accordance with the manufacturer’s protocol.

2.4. Liver Tumor Proteome In-Solution Digestion. Protein
concentration of each lysate was determined using Bradford
assay (Bio-Rad). Twenty-microgram samples (extracted by
DOC buffer or SDS buffer) were used for the following in-
solution digestion. Samples were diluted using 0.5M TEAB
to lower the detergent concentration in order to maintain the
activity of the trypsin (0.05% SDS or 1% DOC does not affect
the trypsin activity [16, 17]). pH was measured and adjusted
to eight for trypsin digestion. The sample was subsequently
reducedwith 5mMTCEP in a 65∘Cheat block for 60min and
alkylatedwith 10mMMMTS for 15min at room temperature.
Following reduction and alkylation, trypsin (1 𝜇g, Promega;
protein versus trypsin ratio: 20/1) was added and the sample
incubated at 37∘C overnight on a thermoshaker.The digested
peptides were stored at−20∘Cpending LC separation andMS
analysis.

2.5. Sample Cleanup before LC-MS/MS. Before the LC-
tandem MS (LC-MS/MS) analysis, the sample must be
cleaned up to remove the detergent, dissolution buffer
(TEAB), reducing agent (TCEP), alkylating agent (MMTS),
SDS, and other unknown interfering substances. To remove
most of the DOC, 0.1% TFAwas added into the DOC sample.
After acidifying the sample, DOC was precipitated and
removed by centrifugation at 14,000 rpm for 20min. Then
the DOC sample was subjected to strong cation-exchange
chromatography (SCX) using the iTRAQ Method Develop-
ment Kit (AB SCIEX; Foster City, CA). The bound peptides
were eluted with 5% ammoniumhydroxide (NH

4
OH) in 30%

methanol. The eluate was desalted using a Sep-Pak C18 car-
tridge (Waters, Milford, MA), dried, and then reconstituted
with 100 𝜇Lof diluent (98%water, 2%ACN, and 0.05% formic
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Table 1: Overview of the various lysis buffer and the number of proteins identified using 1D LC-MS/MS shotgun analysis.

Number Lysis buffer Buffer component Heat Number of protein ID
1 SDS 1% SDS, 0.5M TEAB − NA.
2 SDS 1% SDS, 0.5M TEAB + 622
3 RIPA 50mM Tris, 150mM NaCl, 1% NP-40, 1% DOC, and 0.1% SDS − NA.
4 Urea 9M urea − NA.
5 2D 7M urea, 2M thiourea, 4% CHAPS, 20mM DTT, and 40mM Tris − NA.
6 DOC 5% DOC − NA.
7 DOC 5% DOC + 823
8 TUTS 25mM TEAB, 8M urea, 2% triton X-100, and 0.1% SDS − NA.
TEAB: triethylammonium bicarbonate; TUTS: TEAB/urea/triton-X/SDS.

acid). For the SDS lysed sample, it was also cleaned up by SCX
and Sep-Pak C18 cartridge.

2.6. Protein Identification and Quantification. The detailed
methods for LC-MS/MS were described previously [18].
Briefly, separation of the peptides was carried out on an Eksi-
gent nanoLC Ultra and ChiPLC-nanoflex (Eksigent, Dublin,
CA) in Trap-Elute configuration. Five-microliter samples
were loaded onto the LC system. Peptides were separated by a
gradient formed by 2% ACN, 0.1% FA (mobile phase A), and
98% ACN, 0.1% FA (mobile phase B): 5–12% of mobile phase
B (20min), 12–30% of mobile phase B (90min), 30–90%
of mobile phase B (2min), 90% of mobile phase B (5min),
90–5% of mobile phase B (3min), and 5% of mobile phase
B (13min), at a flow rate of 300 nL/min. The MS analysis
was performed on a TripleTOF 5600 system (AB SCIEX) in
information dependent mode.

The detailed method of ProteinPilot analysis was
described previously [18]. Briefly, the protein identification
was performed with ProteinPilot 4.5 (AB SCIEX) which
uses the Paragon algorithm to perform database searches.
The database used includes the International Protein
Index (IPI) v3.87 zebrafish protein sequences. The search
parameters used were as follows: cysteine alkylation of
MMTS; trypsin digestion; TripleTOF 5600; and biological
modifications. Redundancy was eliminated by the grouping
of identified proteins using the ProGroup algorithm in the
software. A decoy database search strategy was used to
determine the false discovery rate for peptide identification.
A corresponding randomized database was generated using
the Proteomics System Performance Evaluation Pipeline
feature in the ProteinPilot Software 4.5. In this study, a strict
unused score cut-off ≥1.3 was adopted as the qualification
criterion, which corresponded to a peptide confidence level
of ≥95%. The identification results were then exported into
Microsoft Excel for manual data analysis.

2.7. Gene Ontology and Pathway Analysis. The identified
proteins were subjected to gene ontology (GO) analysis using
Software Tool for Rapid Annotation of Proteins (STRAP)
v1.5.0.0 [19].The pathway analysis was performed using Inge-
nuity Pathway Analysis (IPA) software v21249400 (Qiagen,

Hilden, Germany). The figures generated were abstracted
from IPA.

3. Results and Discussion

3.1. 1D SDS-PAGE Showed Better Protein Extraction Efficiency
with SDS and DOC. In order to maximize the efficiency in
the protein extraction and solubilisation of the liver tumors
for downstream analysis, we compared various extraction
buffers commonly used in laboratories worldwide (Table 1).
Of these, SDS was chosen because it is one of the most com-
mon surfactants used to assist in the solubilisation of proteins,
especially membrane proteins, during protein extraction [12,
13, 20]. Urea, a chaotrope, is another commonly used protein
solubilizing agent that competes with the protein’s native
interactions, resulting in the unfolding of the protein and its
solubilization [21]. In addition, urea is also found in TUTS
buffer (one of the buffers tested in our study) which was
formulated for a previous study on the subcellular local-
ization of membrane proteins [14]. Furthermore, thiourea,
a component in the 2D extraction buffer, is found to be
a stronger denaturant than urea [22]. Henceforth, the 2D
extraction buffer was also included in our study. DOC is
an inexpensive bile salt surfactant which has been used in
studies of membrane proteins [23, 24] and was included in
our study due to its comparative protein extraction efficiency
as SDS [23]. Lastly, RIPA is another commonly used protein
extraction buffer in proteomic studies, and it contains a small
percentage of both SDS and DOC.

Following protein extraction from the harvested liver
tumor tissue using the various extraction buffers, 1D SDS-
PAGE analysis was performed to provide an initial visual
indication of protein extraction efficiency. As shown in Figure
1, protein extraction using the DOC extraction buffer was
potentially better than the other extraction buffers, as evident
from the larger number of protein bands as well as higher
intensity bands in the DOC-extracted protein lysate samples.
Our results were comparable to a previous study conducted
by Proc et al. [23], who demonstrated that both SDS and
DOC were more superior denaturants than urea in terms of
the greater amount of solubilized human plasma proteins.
This could explain the larger number of protein bands in the
liver tumor samples extracted with SDS or DOC. However, in
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Figure 1: CBB stained gel from the 1D SDS-PAGE of proteins
extracted from liver tumor samples using various extraction buffers.
The loading concentration of each sample reflects the amount of
proteins extracted from the liver samples before trypsin digestion.
Larger number of protein bands would mean larger number of
proteins extracted. Darker protein bands from each lane would
mean a higher amount of proteins extracted. Black boxes indicate
the two best extraction buffers and conditions in terms of number
of protein bands and the intensity of the CBB stain. The highlighted
regions for Lanes 2 and 7 show a larger number of visible bands
compared to other lanes. Δ: heat.

extraction buffers like RIPA and TUTS, the concentration of
SDS and DOC could be too low to obtain comparable results
with those of SDS or DOC extraction buffers.

Furthermore, as shown in Figure 1, the addition of the
heat-denaturing step in our protocol greatly increased the
extraction efficiency in SDS-extracted as well as DOC-
extracted samples. In contrast, the introduction of the heat
denaturing step by Proc et al. [23] did not show a significant
increase in the digestion efficiency of human plasma proteins.
Our observations were based on the amount of proteins
extracted directly from a tissue rather than the digestion
efficiency of trypsin investigated by the authors. Additionally,
our results were based on the whole liver tumor tissue
rather than just plasma proteins. Hence, the addition of
heat denaturation step could greatly improve the amount of
proteins extracted in our study. Hence, our results indicated
the need to include the heat denaturation step to improve the
protein extraction efficiency from the whole tissue.

3.2. 1D LC-MS/MS Shotgun Analysis of SDS- and DOC-
Extracted Liver Tumor Samples. Following the above obser-
vations, both SDS-heat-extracted (SDSΔX) and DOC-heat-
extracted (DOCΔX) samples were subjected to 1D LC-
MS/MS shotgun proteomics (1D shotgun) analysis to deter-
mine the number of proteins that could be identified. In
our 1D shotgun results, 659 and 881 unique proteins were
identified from SDSΔX and DOCΔX samples, respectively
(Supplementary Tables 1 and 2) (see Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2015/763969).

SDS
DOC

516143 365

Figure 2: A comparison between the identified proteins from SDS-
heat- and DOC-heat-extracted samples. A total of 1,024 unique
proteins were identified from 1D shotgun analysis.

Between the two sets of identified proteins, there were 516
overlapping proteins, with 143 and 365 proteins uniquely
found in SDSΔX and DOCΔX samples, respectively (Figure
2). Therefore, the use of DOC-heat might be more effective
than SDS-heat in extracting liver proteins orDOC-heatmight
have improved the downstream sample processing mainly
including trypsin digestion and MS analysis.

Although no direct comparison of the 1D shotgun profile
between SDSΔX and DOCΔX liver tumor tissue samples has
been reported in literature, a study by Zhou et al. [24] on the
evaluation of the application of SDS in the proteomic analysis
of rat hippocampal plasma membrane has shown that the
use of DOC has resulted in a larger, although insignificant,
number of total identified plasma membrane proteins or
membrane-associated proteins than the SDS method. Our
results also showed a difference in the total number of
proteins identified between SDSΔX and DOCΔX samples,
with the latter having a significantly larger number of proteins
identified.

To determine whether different proteins identified from
the two groups differ in terms of their subcellular localization,
we conducted a GO analysis of the proteins using the D.
rerio GOSLIM database. In the GO analysis of SDSΔX and
DOCΔX samples, majority of the proteins are found in the
cytoplasm (20% and 25% resp.; Figure 3). The subcellular
localization profiles of both samples are observed to be
very similar, but the additional proteins identified from the
DOCΔX samples resulted in more even distribution of pro-
tein in the various subcellular locations, even detecting pro-
teins in the endosome, which is absent from the SDSΔX sam-
ple. Our results highlighted the comparability of DOC- and
SDS-based extraction method in their proteome coverage.

3.3. 2D LC-MS/MS Shotgun Analysis of DOC-Extracted Liver
Tumor Sample. Since the DOC extraction buffer was able to
extractmore proteins from the nucleus and various organelles
compared to the SDS extraction buffer, this could potentially
increase the proteome coverage of the whole zebrafish liver
using the DOC extraction buffer. To further increase the
coverage of the whole proteome for the liver tumors, we con-
ducted a 2D LC-MS/MS shotgun (2D shotgun) analysis on
the DOCΔX sample since our 1D shotgun analysis revealed a
better proteome coverage using DOC extraction buffer.
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Figure 3: Subcellular localization of the identified proteins based on GO analysis. (a) 881 proteins identified in DOCΔX samples; (b) 659
proteins identified in SDSΔX samples generated using STRAP.The identified subcellular localization profiles are largely similar between both
samples, with only the DOCΔX samples having proteins located in the endosome.The larger number of proteins identified from the DOCΔX
samples also showedmore even distribution of proteins across all subcellular locations. Percentages are rounded to the nearest whole number.

By 2D shotgun analysis, we identified a total of 4,790
unique proteins from the DOCΔX sample. In comparison,
a previous study conducted by Wang et al. [12] on the pro-
teomic profiling of cytosolic component of the zebrafish liver
has identified a total of 1,204 proteins via the combination
of three extraction methods as compared to a single one
in our study. In another study by Carlson et al. [11], the
investigators have used 8Murea buffer to extract the proteins
from adult zebrafish liver tissue, identifying a total of 745
proteins. Furthermore, Abramsson et al. [10] have employed a
mixture of chloroform andmethanol to extract proteins from
various adult zebrafish organs including the liver and they
have identified a total of 1,394 proteins from multiple tissues
including blood, brain, fin, heart, intestine, liver, and skeletal
muscle.

To the best of our knowledge, our study has by far the
largest number of proteins reported to be identified from the
zebrafish liver tissue. A full list of the proteins identified is
presented in Supplementary Table 3. Using STRAP, the iden-
tified proteins were grouped according to their (1) subcellular

locations, (2) biological processes, or (3)molecular functions.
The data generated provide an overview of the proteins
identified from xmrk oncogene induced zebrafish liver tumor
(Figure 4).

The grouping of the 2D shotgun dataset indicated that
the identified proteins were well represented across various
subcellular locations, thus dismissing the possibility of sub-
cellular location biasness. As illustrated in Figure 4(a), the
identified proteins were originated from various subcellular
locations, importantly from the nucleus (17%), mitochondria
(8%), and the various organelles. In particular, the presence
of plasmamembrane proteins (4%) in our 2D shotgun dataset
supports the previous study on the effectiveness of DOC
in the extraction of poor water-soluble proteins like plasma
membrane proteins by Zhou et al. [24]. This provides a
further support in the use ofDOC for tissue extraction of liver
and other organs.

From our GO analysis for biological processes, we identi-
fied proteins involved mainly in cellular process (40%), reg-
ulation (19%), developmental process (9%), and localization
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Figure 4: Distribution of proteins identified from the 2D shotgun dataset of DOC-extracted liver tumor samples based on (a) subcellular
localization; (b) biological processes; (c)molecular functions. A total of 4,790 proteinswere used in thisGOanalysis using STRAP. Percentages
are rounded to the nearest whole number.

(8%; Figure 4(b)). Our GO analysis for molecular functions
identified proteins mainly with catalytic activity (44%) and
binding functions (42%; Figure 4(c)). From our GO analysis,
we have demonstrated the capability of our DOC-based pro-
tein extractionmethod to generate proteomic data, providing
a platform to allow protein extraction from various organs for
the study of diseases via proteomic approaches.

3.4. Identification of Proteins Involved in Important Signaling
Pathways of Liver Cancer. Since the protein samples for our
proteomic analysis were derived from liver tumors induced
by expression of the xmrk oncogene, it is interesting to see
if our DOC-based extraction method was able to identify
proteins from pathways related to liver cancer. Our IPA
results identified proteins involved in various diseases and
biological functions such as cancer (2545 proteins), cell cycle
progression (268 proteins), cell death (938 proteins), and
proliferation of cells (1009 proteins) which could provide us
with insight into liver cancer in future studies. More pieces

of detailed information pertaining to the proteins classified
into the respective diseases and biological functions with
significance to liver cancer were provided in Supplementary
Table 4.

Further analysis using IPA revealed high coverage of our
identified proteins in numerous canonical pathways. A close
look into the pathways involved in the molecular mechanism
of cancer identified a total of 77 associated proteins from
our dataset, and Figure 5 shows the coverage of these
proteins in the various cancer pathways. The coverage is
relatively extensive, with many proteins identified upstream
of pathways such as EGFR-Ras-mitogen-activated protein
kinase (MAPK) and phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT).The carcinogenesis of liver cancer con-
sists of a complex, multifactorial, stepwise development [25].
These include genetic mutations affecting signaling pathway
such as Wnt-𝛽-catenin, hedgehog, hepatocyte growth factor/
mesenchymal-epithelial transition factor (HGF/c-Met),
insulin-like growth factor (IGF), PI3K/AKT/mammalian
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Figure 5: The major pathways involved in the molecular mechanisms of cancer as adapted from Ingenuity Pathway Analysis (IPA) database.
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dataset from our 2D-LC-MS/MS are associated with the molecular mechanisms of cancer.

target of rapamycin (mTOR), MAPK, p53, phosphoretino-
blastoma (pRb), Janus kinase-signal transducers and activat-
ors of transcription (JAK-STAT), and transforming growth
factor-𝛽 (TGF𝛽) pathways [25–27].

These genetic alternations will result in changes to the
cellular proteome; thus the use of comprehensive approaches
to profile for these changes might provide insights to the
molecular mechanism leading to the development of liver
cancer. Our IPA results revealed good representation of our

identified proteins in Wnt-𝛽-catenin (28 proteins), HGF/c-
Met (28 proteins), IGF (32 proteins), PI3K/AKT/mTOR (79
proteins), MAPK (51 proteins), JAK-STAT (21 proteins), and
TGF𝛽 (21 proteins) pathways. A detailed list of the iden-
tified proteins for each pathway is listed in Supplementary
Table 4.These results again demonstrated the potential of our
DOC-based protein extraction method in high-throughput
proteomic studies to elucidate the molecular progression of
diseases.
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Two of the fundamental hallmarks of cancers are the
ability to sustain prolonged cell proliferation and the use
of abnormal metabolic pathways to generate energy. The
PI3K/AKT/mTOR pathway is documented to regulate cell
growth, aging, and metabolism [28]. Furthermore, our pre-
vious study also identified the presence of dysregulated
PI3K/AKT/mTOR pathway in xmrk zebrafish liver tumors
[29]. It has been documented that this pathway is upregulated
in 40–50% of hepatocellular carcinoma, which is the most
common primary cancer of the liver [30–32]. Henceforth,
we subjected our 2D shotgun dataset to pathway analysis
using IPA. Our results showed that 79 associated proteins
were identified belonging to the PI3K/AKT/mTOR pathway,

notably Ras, PI3K, AKT, mTOR, p70S6K, 4EBP, and eIF4E
proteins (Figure 6). With such a high coverage of proteins
associated with the PI3K/AKT/mTOR pathway, it would
be highly beneficial for further studies pertaining to this
pathway in relation to liver cancer. This again demonstrates
the potential of our DOC-based protein extraction method
in high-throughput proteomic studies to elucidate themolec-
ular progression of diseases.

3.5. Overview of the Strengths of DOC in Protein Extraction
from Tissue Samples. Our study demonstrated the feasibility
of using DOC in the extraction of proteins from zebrafish
liver tumor tissue. Figure 7 presents a general overview
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Figure 7: An overview of advantages of DOC as a protein extraction buffer for proteomic analysis.

of the advantages of using DOC as an extraction buffer
for proteomic studies. DOC is an inexpensive and widely
available denaturant. In addition, its acid-insolubility and
precipitation at low pH enable its removal from the sample
before LC-MS/MS analysis [24].This is one of the key features
over the more commonly used SDS. SDS is impossible to
be removed by reversed-phase high performance LC, and
trace amount of SDS (<0.01%) will disrupt the separation
of peptides with LC [33, 34]. Moreover, SDS suppresses the
ionization in matrix-assisted laser desorption/ionization and
electrospray ionization MS approaches [23], causing the loss
of signal that could potentially result in the low-confidence
detection of proteins.

Another key to obtain a large coverage of proteins in
a proteome profiling study is the complete digestion of the
proteins into peptides. Thus, any chemical or solvent that
impedes the activity of the enzyme (commonly trypsin) used
would result in reduced enzymatic digestion and peptide
numbers. The reduced amount of peptides will result in
reduced detection, and hence the identification of the protein
will be affected. However, the activity of trypsin is largely
unaffected by high concentration of DOC solution, even up
to 10% DOC [16]. This property allows the use of a higher
concentration of the denaturant DOC to aid in solubilizing
those hard-to-solubilize proteins.

Additionally, the pH value of 8 for DOC also facilitates
trypsin digestion without the need to readjust the pH.
Furthermore, it is also compatible with iTRAQ approach,
which is by far the most commonly used quantitative pro-
teomics profiling approach. The pH for iTRAQ labelling is
optimally conducted at pH 8. Hence, the pH value does not
need to be adjusted before iTRAQ labelling, reducing the
amount of work needed as well as potential parallel sample
processing variations. Interestingly, iTRAQ-based proteomic
studies have a pH reduction step before applying the sample
to SCX. Therefore, the reduction in pH could result in the
precipitation of DOC, hence its removal.

The addition of heat during the processing of ourDOCΔX
sample further improved the protein extraction efficiency of
DOC as highlighted in our previous session. Heat was not
applied to extraction buffers containing urea because heat

can break down urea to release isocyanate that can cause
carbamylation of proteins [35]. In addition, heating of protein
samples can induce protein aggregation without the presence
of additives such as detergents [36]. Hence, heat could induce
protein aggregation in the other lysis buffers containing the
low concentration of detergents and denaturants. However,
the high concentration of detergents in our SDS and DOC
extraction buffers prevented potential protein aggregation
with the addition of heat to our protein extraction step,
further highlighting the strength of ourDOC-heat-extraction
method.

4. Conclusions

In conclusion, the advantages of DOC coupled with heat
treatment have greatly increased the number of proteins
identified by mass spectrometry in proteomic studies, and
this further indicated the suitability and simplicity of DOC
in protein extraction of tissue from liver and other organs.
Our positive evaluation of DOC is in line with the study by
Proc et al. [23], who have demonstrated the high digestion
efficiencies, and the highest average reproducibility in the
proteins detected among other chemicals and solvents, rec-
ommending DOC as the most ideal denaturant over SDS.
More importantly, we have shown the suitability of DOC
in protein extraction of complex tissue (liver tumors in this
study) without compromising the quality and coverage of
the proteome. This is further justified by our detection of
low abundant proteins, thus allowing for the detection of
potential cancer biomarkers in our liver tumor samples.
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A method is presented for magnetic solid phase extraction of tartrazine from nonalcoholic beverages. The method involves
the extraction and clean-up by activated carbon covered with magnetite dispersed in the sample, followed by the magnetic
isolation and desorption of the analyte by basified methanol. The tartrazine eluted from the magnetic support was determined
by spectrophotometry. Under optimal conditions, the linear range of the calibration curve ranges from 3 to 30mg L−1, with a limit
of detection of 1mg L−1. The method was validated by comparing the results with those obtained by HPLC. A precision of <5.0%
was obtained in all cases and no significant differences were observed (𝑃 < 0.05).

1. Introduction

Dyes are a group of additives used to improve the appearance
of foods, textiles, and medicine allowing the homogenizing
and the assertion of the color, which is the most important
sensory characteristic [1]. Synthetic dyes have been used
because they aremore resistant to changes in temperature and
acidity [2] than natural dyes. All of these compounds contain
a chromophore group and different substituents resulting in
a large group of synthetic dyes, each with particular chemical
properties.

The azo dyes are the most commercially used group of
synthetic dyes. The main feature of these compounds is the
presence of an azo group (–N=N–) and aromatic groups,
resulting in a substance with high electron conjugation and
a high molar absorption coefficient, making it useful at low
concentrations [3].

Tartrazine, also known as yellow 5 or E 102 dye, is one
of the most important synthetic azo dyes used in the food
industry to confer a yellow color to food. It is soluble in
water (14mg/100mL) giving a yellow color to the solution.
It is usually applied in pastries, baked goods, snacks, drinks,
biscuits, ice cream, and other sweets [4].

In spite of its useful qualities, tartrazine has also been
associated with allergenic effects, hyperactivity, and attention
deficit disorder [5]. For this reason, the toxicity of tartrazine
was studied in the early 60s by the Expert Committee
on Food Additives of FAO/WHO, which established an
acceptable daily intake (ADI) of 7.5mg kg−1 of body weight
per day. Moreover, since 2010, foods containing tartrazine
must carry the warning “may alter the activity and attention
in children.” In Mexico, this dye is regulated according to
the Official Mexican Standard NOM-218-SSA1-2011 which
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allows 100mg L−1 as the maximum amount of tartrazine in
commercial beverages [6].

In general, the methodology for the quantification of
dyes involves a sample treatment, identification, and quan-
tification steps. The chosen method depends on the type
of food and the lipid, protein, and carbohydrate content.
Other properties such as acid-base properties of the analyte
and the interferences present in the sample matrix are also
important [7]. Thus, when liquid chromatography, capillary
electrophoresis, and electrochemical techniques are used,
it requires a simple treatment of the sample, usually dilu-
tion and subsequent filtration. However, these instrumental
methods have certain disadvantages such as the high cost
of analysis (equipment and reagents) and lower analysis rate
(2–4 samples per hour) [8, 9]. On the other hand, if the
determination of dyes is completed using a quick and simple
spectrophotometric technique, it must be considered that the
presence of preservatives (sodium benzoate or citrate) and
proteins may interfere significantly during the quantification
step. According to this, the isolation of the sample dye using
different extraction materials is critical during the analytical
process [9].

Different separation strategies have been evaluated for
dye extraction. Anion exchange, where acid dyes are retained
by sulfonic groups present in the polymer structure [10],
and liquid-liquid extraction (𝑛-butanol-water) based on the
formation of ion pairs with trimethyloctadecylammonium
salts [11] have been proposed. Solid phase extraction is
another technique used to isolate dye from complexmatrices.
The solid phases used for this purpose were zeolite or silica
C18; the retained dye was eluted from the solid phase with
methanol [12, 13].

Additionally, activated carbon has been proposed as
colorant adsorbent because it has an excellent surface area
and a well-defined pore structure that favors the retention
of the analyte [14–17]. Despite its versatility, the activated
carbon has the disadvantage of being difficult to separate
from the aqueous matrix where it was dispersed. In order to
facilitate separation of the extraction support from the liquid
phase, Šafař́ıková and Šafař́ık [18] propose the magnetic
solid phase extraction (MSPE). MSPE is based on the use of
magnetite-modified activated carbon as the solid phase with
paramagnetic properties. For this reason, the support can be
easily isolated from the dispersion medium by applying an
external magnetic field. The main advantages of MSPE are as
follows: (1) presenting the possibility of using large volumes
of samples, greatly reducing the time of pretreatment and the
analysis result; (2) having great interaction between analytes
and the solid phasewith the full dispersion of the adsorbent in
the sample; and (3) providing easy isolation of the adsorbent
from the analytical matrix, reducing the risk of loss of analyte
[19].

In spite of their promising qualities, the MSPE has been
used mainly for the separation of antibiotics and other
organic molecules [20].The use for the extraction of dyes has
been limited to the determination of Reactive Red 198 [21],
and methylene Blue [22]. In all cases, the main advantage of
the adsorbent support was its selectivity in the extraction of
the analyte and the possibility of using volumes from 100 to

1000mL [18], providing shorter analysis times as compared
to conventional techniques.

According to the above-mentioned, the purpose of this
work is to design a methodology based on magnetic solid
phase extraction using magnetite-modified carbon for the
spectrophotometric analysis of tartrazine. The method was
used for the analysis of this dye in a complex matrix of
nonalcoholic beverages.

2. Materials and Methods

2.1. Synthesis and Characterization of Magnetite-Modified
Carbon. For the synthesis of themagnetite-modified carbon,
a commercial activated vegetable carbon from Clarimex S.A.
de C.V. was used. The synthesis was performed in two stages:
in the first stage, magnetite was obtained by precipitation
and its partial oxidation of iron (II) sulfate heptahydrate
FeSO
4
⋅7H
2
O (3.6 g). The iron precursor was dissolved in

100mL of deionized water, stirring constantly and keeping at
60∘C.The pH solution was adjusted to 10.0±0.2 and a stream
of air was passed through the reaction mixture. The initial
green precipitate (Fe(OH)

2
⋅ 𝑥H
2
O) turned black after 40

minutes of reaction as a consequence of the partial oxidation
of Fe(II) to Fe(III) by the action of the O

2
from the air stream;

the black color of the precipitate is characteristic for Fe
3
O
4

[23]. In the second step, 1.0 g of activated carbonwas added to
the reaction vessel and themixturewas stirred for 30minutes.
Themagnetic phase was separated with amagnet and washed
three times with distilled water. The solid phase was dried
at 60∘C for 24 h. The solid phase was pulverized in an agate
mortar and stored in a desiccator until use.

In order to carry out the characterization of the syn-
thesized magnetite-modified carbon, various instrumental
techniques were used. X-ray powder diffraction analysis
was performed in a Philips PW1710 instrument equipped
with a copper anode and an automatic divergent opening.
The conditions for the analysis were 1.54 Å CuK𝛼 radiation;
40 kV voltage tube; 30mA current tube; 0.500 intensity ratio
(𝑎2/𝑎1); 1∘ divergence slit; 0.1 receiving slit; (2𝜃∘) 5 initial
angle; (2𝜃∘) 70 end angle.

Morphological analysis of the solid was performed in a
scanning electron microscopy (SEM) JEOL JSM-820. Qual-
itative analysis and determination of the distribution of
magnetite in the solid were performed with a LINK QX-
2000 analyzer by Energy Dispersive X-ray Spectroscopy. All
spectra were obtained at 15 kV, a distance of 39mm, and 2,500
counts; the detector angle relative to the sample in all cases
was 45∘.

2.2. Tartrazine Extraction-Elution. For the extraction studies,
0.05 g ofmagnetite-modified carbonwasmixed with 20.0mL
of aqueous solution of tartrazine and stirred mechanically
for 30 minutes. The pH value for tartrazine solution was
varied using acetate (pH = 5.0), phosphate (pH = 7.0), and
borate (pH = 9.0) solutions at 1.0mol L−1 concentration.
After the extraction, the solid phase was separated using
a neodymium magnet and the remaining liquid phase was
analyzed by spectrophotometry at a wavelength of 434 nm
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in a UV-Vis spectrophotometer HACH DR-2700 with a
quartz cell with 1.0 cm of path length. Thus, the remaining
tartrazine was quantified by interpolation in a calibration
line constructed with standard solutions of tartrazine (10.0–
100.0mg L−1) prepared in the respective buffer solution. A
control experiment was carried out using activated carbon in
order to evaluate the effect of the magnetic modifications in
support of the tartrazine extraction.

For the elution of the retained tartrazine from the
synthetized support, several eluting systems were evaluated
following this procedure in triplicate: 50mg of solid phase
containing tartrazine was mixed with 2.0mL of eluent and
stirred using ultrasound for 5 minutes. 2mL of the resulting
solution was transferred to a 10mL volumetric flask and filled
with eluent solution up to themark.The eluted tartrazine was
quantified by interpolation in a calibration line constructed
with absorbance values of standard solutions of tartrazine
(10.0–100.0mg L−1) prepared in the respective eluent solu-
tion.

2.3. Analysis of Real Samples. Six samples of commercial
beverages containing tartrazine were analyzed in triplicate
following this protocol: 10mL aliquot of the drink was
mixed with 2.5mL of 1.0mol L−1 acetate buffer solution and
transferred to a 25mL volumetric flask and then deionized
water was added up to the mark. Later, 20.0mL of this
solution was placed in a polypropylene tube containing
75mg of magnetic support and mechanically stirred for 30
minutes in order to extract the dye. After the extraction, the
solid phase was removed from the aqueous matrix using a
neodymium magnet. The solid phase was then mixed with
1.0mL of eluent and stirred for 5 minutes using ultrasound
to remove the extracted tartrazine. The liquid phase was
transferred to a 10mL volumetric flask and filled with elution
solution up to the mark. The concentration of tartrazine in
the last solution was determined spectrophotometrically.

In order to evaluate the proposed methodology, the
amount of tartrazine in the commercial beverages was also
analyzed using an HPLC. This method considers a calibra-
tion line using standard solutions of tartrazine from 5 to
20mg L−1. Samples were prepared as follows. An aliquot of
0.5mLwas diluted adding amobile phase up to 5mL. In order
to introduce the samples to the chromatographic system, it
was necessary to filter it using membranes of 0.45 𝜇m pore
size.

3. Results and Discussion

3.1. Characterization of Modified Carbon. Instrumental tech-
niques were used to provide information about the compo-
sition and structure of the magnetic modified carbon. Thus,
the X-ray diffraction (XRD) studies were performed in order
to determine the iron oxide form present in the solid. The
XRDdiffractograms fromFigure 1(a) show the signals labeled
as “m” that correspond to the characteristic diffraction lines
of Fe
3
O
4
(2𝜃 = 30.1∘, 35.5∘, 43.1∘, 53.4∘, 57.0∘, and 62.6∘)

according to the Joint Committee on Powder Diffraction
Standards [24]. The broadband signal observed between 20∘
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Figure 1: Diffractogram of (a) magnetic modified carbon support
and (b) activated carbon.

and 30∘ for the 2𝜃 angle (Figure 1(b)) is characteristic of
amorphous carbon, the raw material.

The morphological study with scanning electron micros-
copy (SEM) for activated carbon shows a uniform phase
with inhomogeneous particle sizes greater than 20𝜇m
(Figure 2(a)). The micrograph is consistent with SEM studies
performed without modifying the activated carbon [25]. In
the case of the synthetized support, it can be seen that the
activated carbon is covered by a phase with a smaller size
(Figure 2(b)). This was confirmed with the energy dispersive
spectrum (Figure 2(c)) that shows a larger amount of carbon
for the section (I), while the Fe-content is greater for the area
(II), so it is concluded that the magnetite phase is covering
the activated carbon.

3.2. Study of Chemical Variables for the Extraction of Tar-
trazine with the Magnetic Modified Carbon Support. The
extraction of tartrazine from standard solutions using the
synthetized modified carbon is shown in Figure 3. It is pos-
sible to visually verify the cleaning process of the tartrazine
solution.

The capability of the synthetized modified carbon for the
extraction of tartrazine was also evaluated at different pH
values. The results shown in Figure 4 correspond to acidic,
basic, and neutral medium adsorption isotherms constructed
by plotting the concentration of tartrazine in the solution at
equilibrium (𝜇M) against the concentration of the sorbate on
the solid phase (mmol kg−1) after adsorption. Additionally,
Table 1 shows themaximumquantity of adsorbate on the solid
support at different pH values.

According to Figure 4 and Table 1, the decrease of pH
values results in the increase of the amount of absorbed
tartrazine.This is consequence of the interaction of tartrazine
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Figure 2: (a) Micrograph for activated carbon; (b) micrograph for magnetic modified carbon support; (c) energy dispersive spectra obtained
from the analysis of zones I and II of magnetic modified carbon support.

Figure 3: Adsorption experiment. From left to right: dissolution
of tartrazine, mixture of tartrazine with magnetic modified carbon,
and magnetic support separation.

Table 1:Maximumadsorbed tartrazine on the adsorbent at different
pH values.

pH value Tartrazine adsorbed (mmol kg−1)
5.0 54.5
7.0 48.4
9.0 42.7

in its anionic form with the acid form of the magnetite at low
pH values. In basic medium a repulsion between the negative
charges of tartrazine in solution and the support is reflected in
the reduction of the adsorbate retention [26]. Based on these
results, pH of 5.0 was selected as the most suitable value for
the retention of dye.

As part of the characterization of the MSPE-dye system,
the affinity constant value between substrate and tartrazine
was estimated. The analysis of the isotherm values using a
Scatchard plot demonstrates the value of the affinity constant
𝐾
𝑑
for the following dissociation reaction [27]:

TS  T + S, (1)

where TS corresponds to tartrazine adsorbed on the support,
T is the tartrazine in solution, and S is the magnetic modified
carbon support.

log𝐾
𝑑
values are shown in Table 2, observing a linear

trend which is associated with the homogeneity of the
support. Because this is a dissociation constant, it follows
that the support with a higher affinity is the activated carbon;
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Figure 4: Adsorption isotherms for tartrazine on magnetic carbon
modified at pH values (∙) 5.0, () 7.0, and (◻) 9.0.

Table 2: Tartrazinemagnetic-modified carbon support dissociation
constants.

Support log𝐾
𝑑

Activated carbon −28
Magnetic-modified carbon −6.5

Table 3: Results of the evaluation of different systems for tartrazine
elution.

Eluent Signal 1 Signal 2 Signal 3
Methanol 0.6000 0.6010 0.6020
Basified methanol 0.7720 0.7700 0.7700
Acetonitrile 0.1460 0.1460 0.1450
Basified acetonitrile 0.4440 0.4420 0.4440

however, the synthetized support has a suitable log𝐾
𝑑
value

because in the retention-elution methodologies design, it is
recommended that the support has an average affinity to the
substrate with log𝐾

𝑑
values between −7.0 and −4.0 [20].

Additional studies on the selection of the best chem-
ical conditions for the tartrazine elution adsorbed on the
magnetic modified carbon were performed. Thus, several
eluting systems were evaluated for the elution step: methanol,
acetonitrile, basified methanol, and basified acetonitrile [28,
29]. After the spectrophotometric analysis of the eluted
tartrazine, it can be seen that basified methanol provides
the greater signal (Table 3) as a consequence of removing a
greater amount of tartrazine. For this reason, this eluent was
chosen for elution of tartrazine in the following experiments.

3.3. Optimization of the Physical Variables of the MSPE
Process. To optimize the conditions for the retention and
elution of tartrazine involved in the MSPE system, a Taguchi

Table 4: Matrix obtained during optimization design for the MSPE
system.

Experiment 𝑉𝑀(mL)
𝑉
𝐸

(mL)
𝑚C
(mg)

𝐶
𝐸

(M) % recovery

1 10.0 1.0 50 0.0025 6.66
2 10.0 2.0 75 0.025 23.48
3 10.0 3.0 100 0.25 27.74
4 20.0 1.0 75 0.25 99.95
5 20.0 2.0 100 0.0025 7.49
6 20.0 3.0 50 0.025 44.10
7 30.0 1.0 100 0.025 31.59
8 30.0 2.0 50 0.25 90.58
9 30.0 3.0 75 0.0025 24.19

experimental design was performed. The main advantage of
this technique is that it provides useful information with
minimal experimentation using matrices of special design
(orthogonal arrays), in which columns (factors or control-
lable parameters) and rows (experiments) are accommodated
in such a way that a combination of factors and levels of each
experiment are indicated [30].

The selected response factor was the percentage of recov-
ery for the analysis of 20mL of a solution of 30mg L−1
tartrazine. The selected control factors (parameters), each
at 3 levels, were sample volume, volume of eluent, mass of
magneticmodified carbon support, andNaOHconcentration
in the eluent [20]. Based on an L9 (34) Taguchi orthogonal
array, the matrix design and results obtained are shown in
Table 4.

Figure 5 shows a typical graph obtained by plotting the
average percentage of recovery for each factor against each
of its levels. According to this, the most suitable conditions
for tartrazine adsorption-elution were 20mL sample, 1mL of
eluent, 75mg of magnetic modified carbon, and a concentra-
tion of 0.25mol L−1NaOH for the basifiedmethanol solution.
These conditions correspond to experiment number 4, which
has the highest percentage of dye recovery.

Additionally, the contribution percentage of each variable
was determined by ascertaining that NaOH concentration in
the eluting solution has the greater effect (45.4%), followed by
the sample volume (23.6%), the mass of adsorbent (20.4%),
and the eluent volume (10.6%). The higher contribution of
the eluting solution in the tartrazine elution step confirms
the theory of charge-repulsion between support and analyte,
which is favored at a higher concentration of NaOH.

3.4. Analytical Parameters of the MSPE Developed Method.
Under the optimized conditions described above, calibration
lines using tartrazine standard solutions in the concentration
range of 5.0 to 30.0mg L−1 were carried out. The obtained
signal (AU) was measured in triplicate and the calibration
lines were plotted using the average signal of the eluted tar-
trazine. Calibration lines show a linear dependence between
the average signal and the concentration of tartrazine present
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Table 5: Parameters of the regression line for signal (AU) versus
tartrazine concentration (mg L−1) plot.

Parameter Value
Root mean square deviation, 𝑠

𝑒
0.013

Intercept, 𝑏
0
± ts (𝑏

0
) 0.010 ± 0.031

Slope, 𝑏
1
± ts (𝑏

1
) 0.041 ± 0.003

Linear interval (mg L−1) 3.0–30.0
Limit of detection (mg L−1) 1.0
Repeatability (%RSD, 𝑛 = 3, 10.0mg L−1) 1.8
Reproducibility (%RSD, 𝑛 = 9, 10.0 mg L−1) 3.2

in the initial standard solution. Table 5 shows the calibration
line regression parameters.

From the values reported in Table 5, it can be seen that the
proposed methodology allows for the quantification of tar-
trazine in drinks at levels established by the Official Mexican
StandardNOM-218-SSA1-2011which allows 100mg L−1 as the
maximum amount of tartrazine in commercial beverages [5].

3.5. Interference Study. Several nonalcoholic beverages con-
taining tartrazine also have additives as proteins and preser-
vatives that improve physical appearance and shelf life. For
this reason, the tartrazine adsorption-elution method was
evaluated adding several interfering compounds. The eval-
uated interferents included casein, egg albumin, acesulfame
K, sodium benzoate, aspartame, sodium citrate, glucose,
and sucrose. Solutions of each interfering compound were
prepared dissolving 10mg in 10mL acetate buffer.

To perform the test, 75mg of magnetic modified carbon
was mixed with 20mL of 30mg L−1 tartrazine solution and
3mL of interferent solution. After this absorption step, 1mL

Table 6: Chemical composition of the analyzed commercial bever-
ages.

Sample Composition

1
Soy (water and selected soy seeds), sugar,
maltodextrin, concentrated pineapple juice, flavor
identical to natural, pectin, and tartrazine.

2 Water, sugar, concentrated orange, tartrazine, and
sodium.

3
Water, corn syrup, high fructose, concentrated
pineapple juice reconstituted, citric acid, pectin,
artificial flavor, acesulfame K, and yellow 5.

4

Water, high fructose corn syrup, sugar, citric acid,
sodium chloride, sodium citrate, monosodium
phosphate, Arabic gum, ester gum, natural
lemon-lime flavor, and tartrazine.

5

Water, high fructose corn syrup, concentrated juice
(7% orange and 3% pineapple), citric acid, ascorbic
acid, acacia gum, ester gum, natural and artificial
flavors, sodium citrate, yellow 5 (tartrazine), and
beta carotene dyes.

Table 7: Contents of tartrazine (mean and %RSD, 𝑛 = 3) in
real samples determined with the proposed methodology and
comparison with HPLC reference method.

Sample [Tartrazine] (mg L−1)
MSPE-UV HPLC

1 5.5 (1.3) 5.4
2 22.7 (0.8) 22.4
3 5.9 (1.8) 5.7
4 22.8 (2.3) 23.0
5 5.5 (2.6) 5.7

of basified methanol with NaOH 0.25mol L−1 was used to
elute tartrazine.Then 0.5mL of the eluted solution was trans-
ferred to a 5mL volumetric flask and filled up to the mark.
This solution was analyzed by UV-Vis spectrophotometry.
Results did not show a %RSD value higher than 5% of the
analytical signal in a similar experiment without interferents.
According to this, the proposed compounds do not interfere
with the tartrazine determination following the proposed
methodology.

3.6. Analysis of Real Samples. The tartrazine concentration
in six commercially available beverages was determined. The
main components of every beverage that were reported by the
manufacturer are listed in Table 6.

Following the developed and optimized method, the tar-
trazine concentration for each beverage is shown in Table 7.
This value represents the average of three independent deter-
minations. Additionally, in Table 7 it is possible to observe the
results for the analysis of samples using the HPLC reference
method and MSPE-HPLC (Figure 6). For each beverage,
the average concentration of tartrazine obtained using both
methods was compared using a 𝑡-test with 2 degrees of
freedom and 95% of confidence (𝑡tab = 4.3). This analysis
revealed no significant differences between the results from
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Figure 6: Chromatograms of (a) original sample and (b) eluted tartrazine solution after using MSPE developed method.

each method. Therefore, the methodology of MSPE is com-
parable with the reference methodology. Additionally, the
MSPE is a robust preconcentration technique that can be
coupled even to spectrophotometry or HPLC.

4. Conclusions

In the present work, an activated carbon covered with mag-
netite support was synthesized; this support has magnetic
properties that allow its separation by applying an external
magnetic field.

The best conditions for the extraction and elution of
tartrazine were an initial sample volume of 20mL, buffered
with acetate buffer solution, at pH 5, and mixed with 75mg
of magnetic modified carbon, tartrazine elution with 1mL of
NaOH 0.25mol L−1 in methanol.

Thus, the proposed sample treatment coupled to spec-
trophotometric analysis is an alternative to the analysis of azo
dyes in the food industry because the parameters, analytical
precision, and accuracy are similar to HPLC methodologies.
However, the proposed methodology saves time and is less
expensive than the reference method.
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A semiautomated extraction protocol of HCV-RNA using Favorgen RNA extraction kit has been developed. The kit provided
protocol was modified by replacing manual spin steps with vacuum filtration. The assay performance was evaluated by real-time
qPCR based on Taqman technology. Assay linearity was confirmed with the serial dilutions of RTA (Turkey) containing 1 × (106,
105, 104, and 103) IUmL−1. Comparison of test results obtained by two extraction methods showed a good correlation (𝑟 = 0.95,
𝑛 = 30) with detection limit of 102 IUmL−1. The semiautomated vacuum filtration based protocol demonstrated high throughput:
35 minutes for the extraction of a batch of 30 samples (150 𝜇L each) with reduced labor, time, waste, and cost. Performance
characteristics of semiautomated system make it suitable for use in diagnostic purpose and viral load determinations.

1. Introduction

The extraction process is a key component of nucleic acid
detection, as it affects both the reliability and the repro-
ducibility of target amplification. The manual extraction
method (spin based) using Favorgen extraction RNA kit is
time consuming and requires meticulous technical skills to
achieve reproducible results [1, 2]. Therefore, demand for
automated system has grown in recent years. Automated
nucleic acid extraction process is potentially beneficial to
reduce working time, labor cost, and risk of contamination
and at the same time increases the worker safety and lab-
oratory efficiency [3]. However, fully automated extraction
system is very expensive and raises the cost of diagnosis.
Therefore, developments towards semiautomation (vacuum
filtration based protocol) not only reduce labor, plastic waste,
and price (100 Pak Rs. or 1 US dollar) but also speed up the
extraction process.

Although the introduction of real-time PCR has led to
considerable progress in automating the amplification and
detection steps, still nucleic acid isolation remains very labor-
intensive when performed manually. Thus, the objective of
the present study was to evaluate performance of vacuum

manifold system and spin based protocols for extraction of
HCV-RNA using Favorgen kit high efficiency silica based
spin column as reported in [4] followed by RT-qPCR. The
sensitivity of two methods was compared using samples of
different viral load.

2. Materials and Methods

In the present study, 30 EDTA anticoagulated plasma samples
submitted to the Punjab Institute of Nuclear Medicine for
quantitative analysis of HCVwere processed. HCV-RNA had
been extracted by use of the Favorgen kit according to the
manufacturer’s instructions [5] as shown in Figure 1. In 2mL
microcentrifuge tubes, 150 𝜇L plasma samples were mixed
with 575 𝜇L of lysis buffer and appropriate amounts of inter-
nal controls. After incubation for 12min, 575𝜇L of ethanol
was added to the tube for precipitation. The samples were
vortexed (vortex mixer Labnet) and centrifuged (Eppendorf
centrifuge 5424). Subsequently, the working solution was
loaded into spin column in two steps and was separated by
centrifugation at 8000 rpm (RCF) for 1min. To remove cell
debris, RNA attached to silica membrane was washed with
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Lysis

Add 575𝜇L of ethanol

Load to spin column (Favorgen) in 2 steps

Add 500𝜇L wash buffer 1 Add 500𝜇L wash buffer 1

Dry spin to remove traces of ethanol Dry spin to remove traces of ethanol

Add 50𝜇L RNase-free water

Collect elute and store at −70∘C

Add 1500𝜇L wash buffer 2 in 2 steps Add 1500𝜇L wash buffer 2 in 2 steps

VNE buffer 575𝜇L and 160𝜇L serum

Vortex for 30 s
10,000 rpm for 1min

Incubate for 10min at 25∘C

Vortex for 30 s

8,000 rpm for 1min

8,000 rpm for 1min in each step

8,000 rpm for 1min

8,000 rpm for 1min in step 1

14,000 rpm for 2min in step 2

14,000 rpm for 3min
14,000 rpm for 3min

Incubate for 2min
8,000 rpm for 2min

50kPa for 1min

50kPa for 2min

50kPa for 2min

50kPa for 1.15min in step 1

50kPa for 4min in step 2

Dry spin 8000 rpm for 1min

Figure 1: Spin and vacuum filtration based protocol for HCV-RNA extraction using Favorgen kit.

buffers 1 and 2. After complete removal of the final washing
buffer by centrifugation at 14000 rpm for 3min, RNA was
eluted with RNase-free water, and the eluate was stored at
−70∘C. At least 30 samples could be processed in 60min.

2.1. Semiautomated Extraction Protocol. To permit a higher
throughput, the manual protocol described above was imple-
mented on vacuum filtration assembly (Welch-Ilmvac 2522)
under conditions as shown in Figure 1.

2.2. RT-qPCR. HCV-RNA was quantified using real-time
Taqman based AmpliSens HCV-FRT kits [6]. A 15 𝜇L master
mix containing RT-G-mix-2, RT-PCR-mix-1, RT-PCR-mix-2,
polymerase (TaqF), and TM-Revertase (MMIv) was added to
10 𝜇L of each eluted nucleic acid.

RT-qPCR was completed on Rotor-Gene Q 6000 (5 Plex-
HRM) using the following cycling parameters: an initial
cDNA synthesis by holding at 50 and 95∘C for 15min each,

followed by 45 cycles of denaturation (95∘C for 2 s), annealing
(60∘C for 5 s), and extension (72∘C for 15 s). Mathematical
analysis and graphical representations were performed using
Rotor-Gene Q software.

3. Results and Discussions

Almost 30 clinical samples were subjected to RNA extraction
in parallel by the spin and vacuum filtration based protocol
using Favorgen kit. The experimental conditions of vacuum
filtration were optimized by repeating experiments using
positive control. RT-qPCR results by two extraction methods
are given in Table 1. All the samples were run in duplicate
and mean value was used for data analysis. Assay linearity
was confirmed with the serial dilutions of RTA (Turkey)
containing 1 × (106, 105, 104, and 103) IUmL−1. Viral load
HCV-RNA was expressed in IUmL−1. Although the differ-
ence of viral load was not very dramatic but rather high,
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Table 1: RT-qPCR results using spin and vacuum filtration based protocols for HCV-RNA extraction.

Sample ID CT
Internal control

CT CT IUmL−1 IUmL−1 Cv %
Vacuum filtration Spin Vacuum filtration Spin

1 25.99 15.6 ± 0.3 18.4 ± 0.4 481,419 67,458 0.9
2 26.48 16.0 ± 0.3 17.0 ± 0.3 360,304 177,932 0.6
3 26.57 22.6 ± 0.7 24.7 ± 0.5 3,602 847 0.01
4 26.8 12.8 ± 0.2 15.1 ± 0.3 3,299,175 704,535 6.4
5 27.5 18.6 ± 0.4 19.6 ± 0.4 60,629 28,823 0.1
6 26.34 13.3 ± 0.2 15.7 ± 0.3 2,461,014 430,986 4.7
7 27.14 16.1 ± 0.3 18.8 ± 0.4 348,791 51,043 0.7
8 26.86 17.6 ± 0.3 18.6 ± 0.4 112,812 56,348 0.2
9 27.84 14.6 ± 0.2 16.8 ± 0.3 946,830 206,548 1.8
10 26.54 17.2 ± 0.3 31.8 ± 1.2 160,482 54,132 0.3
11 26.29 19.2 ± 0.4 20.4 ± 0.6 38,131 16,544 0.1
12 24.9 21.4 ± 0.6 22.18 ± 0.7 9,683 5,736 0.0
13 24.7 15.07 ± 0.3 17.2 ± 0.3 767,124 179,381 0.2
14 26.28 18.9 ± 0.4 19.8 ± 0.4 52,693 29,976 0.02
15 26.77 22.2 ± 0.7 22.6 ± 0.7 5,810 4,340 0.0
16 26.2 20.4 ± 0.6 21.2 ± 0.6 19,312 11,584 0.01
17 25.4 19.8 ± 0.4 20.0 ± 0.4 29,849 25,136 0.01
18 26.8 21.6 ± 0.6 21.8 ± 0.7 8,328 7,507 0.00
19 26.1 15.3 ± 0.3 17.1 ± 0.3 642,090 187,782 0.2
20 26.0 21.4 ± 0.6 23.4 ± 0.7 9,533 2,555 0.0
21 26.1 18.8 ± 0.4 19.0 ± 0.4 55,731 50,456 0.02
22 26.1 17.2 ± 0.3 18.3 ± 0.4 171,609 83,106 0.06
23 25.7 19.3 ± 0.4 20.1 ± 0.4 46,845 24,354 0.02
24 28.4 21.5 ± 0.6 22.5 ± 0.7 9,201 4,760 0.0
25 26.1 22.1 ± 0.6 24.3 ± 0.7 5,980 1,307 0.0
26 26.8 20.3 ± 0.6 20.7 ± 0.6 20,985 16,260 0.01
27 31.5 26.0 ± 0.9 26.9 ± 0.8 280 150 0.01
28 18.5 18.1 ± 0.3 18.5 ± 0.4 95,495 70,695 0.04
29 31.2 16.2 ± 0.3 17.5 ± 0.3 352,282 145,151 0.1
30 27.5 19.44 ± 0.4 20.5 ± 0.6 37,850 18,256 0.01

yield for the sera with amplified product was obtained by
vacuum filtration based protocol with coefficient of variation
of 6.4% [7]. One of the reasons thatmight be possible for high
HCV-RNA yield is strong retention capacity of HCV-RNA
on silica based membrane under employed vacuum pressure
[8]. Constant amplification efficiency made the comparison
reliable between two assays as demonstrated by threshold
cycle of internal control CT IC.

A bivariate normal distribution fit between two assays
gave diagonally distributed density ellipsoid with correlation
of 95% between vacuum filtration and spin based protocols,
indicating that both methods were efficient in the removal of
inhibitory substance; see Figure 2.

Nevertheless, the modification of protocol from spin
to vacuum filtration allowed extraction to be completed
within 35 minutes. In addition, costs for consumables in
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R = 0.95
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Figure 2: Bivariate fit between two assays.
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semiautomated vacuum filtration based extraction reduced
from $1 to 0.5 with reduced labor. At the same time, this
protocol is more environmentally friendly due to reduced
incineration of infected collection tubes. Thus, semiautoma-
tion is a more forward looking approach for nucleic acid
purification together with real-time qPCR.

4. Conclusion

The performance of semiautomated vacuum filtration based
extraction method was shown to permit a quick extraction
process and accurate results for a quantitative assay of HCV-
RNA. The method might be an alternative to an expensive
full automation station for developing countries which is easy
to perform and efficient. In short, costly instruments are not
required to prevent contamination and to enhance the safety
of worker.
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The approach of two different ionization techniques including electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI) coupled with liquid chromatography-tandem mass spectrometry (LC-MS/MS) was tested for the analysis of
cholesteryl esters (CEs). The retention time (RT), signal intensity, protonated ion, and product ion of CEs were compared between
ESI andAPCI. RT of CEs fromboth ionizations decreasedwith increasing double bonds, while it increasedwith longer carbon chain
length. The ESI process generated strong signal intensity of precursor ions corresponding to [M+Na]+ and [M+NH

4
]+ regardless

of the number of carbon chains and double bonds in CEs. On the other hand, the APCI process produced a protonated ion of CEs
[M+H]+ with a weak signal intensity, and it is selectively sensitive to detect precursor ions of CEs with unsaturated fatty acids. The
ESI technique proved to be effective in ionizing more kinds of CEs than the APCI technique.

1. Introduction

Mother’s milk is widely known as the first and essential food
for infants [1]. Many studies have discovered that mother’s
milk provides numerous beneficial health effects including
improving neurologic development, immune system against
pathogens, gastrointestinal function, and obesity inhibition
[1–4]. Mother’s milk consists of various nutrients including
cholesterol (Chl), and such components are dependent on
the mother’s diets and are required for infant’s growth [5]. A
previous study suggested that a high level of Chl intake during
infancy throughmother’s milk can reduce the blood Chl level
in adults, implying a high amount of Chl intake can decrease
the risk of atherosclerosis and heart disease [5, 6].

Cholesteryl ester (CEs) is an esterified form of Chl in
mother’s milk and it consists of a long chain fatty acids,
connecting with the hydroxyl group of Chl. It is known as

an efficient form to transport Chl through the blood stream
[7]. There are two enzymes involved in the biosynthesis of
CEs in humans, that is, lecithin-cholesterol acyl transferase
(LCAT) and acyl-coA:cholesterol acyltransferase (ACAT).
LCAT catalyzes Chl to cholesteryl esters by transferring fatty
acids to Chl. In the small intestine, absorbed Chl is esterified
by ACAT (Figure 1) [7–10]. The biosynthesis of CEs plays a
role in the regulation of cholesterol transport and storage as
well asmembrane function.More importantly, it is controlled
by intracellular Chl levels [11].

Many approaches have been developed that are well-
suited for analyzing hydrophobic components. Gas liquid
chromatography (GC) and thin-layer chromatography (TLC)
have been utilized for the analysis of CEs in human milk
[7, 12, 13]. Recently, high performance liquid chromatograph
(HPLC) condition has been optimized for the identification
and quantification of CEs in various matrices such as human

Hindawi Publishing Corporation
International Journal of Analytical Chemistry
Volume 2015, Article ID 650927, 6 pages
http://dx.doi.org/10.1155/2015/650927

http://dx.doi.org/10.1155/2015/650927


2 International Journal of Analytical Chemistry

meibum, human plasma, and margarine spread [14–16]. For
instance, a hexyl-phenyl HPLC column with a mobile phase
consisting mixture of acetonitrile and water was used with
an atmospheric pressure chemical ionization (APCI) source
to analyze the CEs in food matrices such as orange juice
and margarine spread [13]. Butovich [15] utilized a reversed-
phase (RP) C18 HPLC column with a mobile phase mixture
coupled ammonium formate, acetonitrile, and propan-2-ol
with an APCI source for the identification of 20 kinds of
CEs in humanmeibum. To date, electrospray ionization (ESI)
and APCI are the most common ionization sources for the
coupling of LC to a tandem mass spectrometry (MS/MS)
[16]. Under optimal ESI conditions, a charged liquid is
formatted and sprayed for evaporating the solvent. And then,
ion formation occurs in the fission of charged droplets due
to the high field intensity. This technique is appropriate
for analyzing polar components [17]. In optimized APCI,
a mixture of solvent molecules and analyte molecules goes
through a corona discharge after being dried in the gas
phase. The solvent molecules are ionized to create charged
solvent ions. The charge which is located with solvent ions is
transferred to the analyte molecules, producing analyte ions.
APCI is usually used to analyze nonpolar molecules with
lowermolecular weight [18]. Hence, we hypothesized that the
ESI process is more adequate ionization for analysis of CEs
than the APCI due to the ESI and APCI different mechanism
of ionization, a potential polarity of CEs attributed to the ester
group, and CEs’ large molecular weight.

2. Materials & Method

2.1. Chemicals. HPLC grade acetonitrile, propan-2-ol, meth-
anol, andwaterwere purchased fromFisher scientific (Leices-
tershire, UK). Chloroform, n-hexane, ethanol, ammonium
acetate, petroleum benzene, and diethyl ether were obtained
from Merck-chemicals (Darmstadt, Germany). Ammonium
formate and acetic acid glacial were obtained from Biosolve
(Dieuze, France).

Twenty three standards of cholesterol esters (CEs)
including; Chl-butyrate, Chl-valerate, Chl-heptanoate, Chl-
caprylate, Chl-nonanoate, Chl-caprate, Chl-undecanoate,
Chl-laurate, Chl-tridecanoate, Chl-myristate, Chl-pentade-
canoate, Chl-palmitate, Chl,-heptadecanoate, Chl-nonadeca-
noate, Chl-arachidate, Chl-heneicosanoate, Chl-behenate,
and Chl-lignocerate were purchased fromNu-Chek (Elysian,
MN). Chl-arachidonate, Chl-linoleate, Chl-palmitelaidate,
Chl-oleate, and Chl-stearate were purchased from Sigma
Aldrich (St. Louis, CA).

2.2. Preparation of Standard Solution. Aliquot amount of
each standard was weighed and solubilized in 100% chlo-
roform. Stock solution was consequently diluted by n-
hexane/propan-2-ol (1 : 1, v/v) for calibration by HPLC-
MS/MS (ThermoFisher Scientific, Franklin, MA).

2.3. Analytical Conditions

2.3.1. High-Performance Liquid Chromatography (HPLC).
The method from Butovich [15] was adopted with certain

modifications. The samples were analyzed by using HPLC
(ThermoFisher Scientific, Franklin, MA) with aria OS soft-
ware (ThermoFisher Scientific, Franklin,MA). Hypersil Gold
C18 column (150mm × 2.1mm, 5 𝜇m) obtained fromThermo
Electron (San Jose, CA) was used for the separation of CEs.
Acetonitrile containing 5% of 5mM aqueous ammonium
formate was used as mobile phase A, whereas propan-2-ol
contains 5% of 5mM ammonium formate as mobile phase
B. Before the injection, the column was preequilibrated with
a solvent mixture (A : B, 47.4 : 52.6, v/v). The gradient rate
was linearly changed to 7.6% of mobile phase A over the
period of 35min.The gradient rate wasmaintained for 10min
and then went back to the initial condition having 47.4% of
mobile phase A within the next 1min. It was reequilibrated
for another 14min.

2.3.2. Mass Spectrometry (MS) Condition. MSwas conducted
after separation by HPLC using Thermo LTQ having inter-
changeable ESI and APIC probes (Thermo Fisher Scientific
Inc., San Jose, CA). The full scan with speed in events per
second was carried out.

(1) Atmospheric Pressure Chemical Ionization Source (APCI).
Theentire flowwas directed to the APCI ion source operating
in the positive ion mode. Total ion chromatograms were
recorded in them/z range of 50 to 800. The vaporization and
capillary temperature were set at 270 and 250∘C, respectively.
Sheath, ion sweep, and auxiliary gas pressure were set at 20,
2.0, and 5 psi, respectively. InMS

2
(MS/MS) experiments, the

normalized collision energy was optimized for each of the
compounds. Helium was used as a collision gas.

(2) Electrospray Ionization Source (ESI). The entire flow was
directed to the Thermo LTQ ESI ion source operating in the
positive ion mode (Thermo Fisher Scientific Inc., San Jose,
CA). Total ion chromatograms were recorded in the m/z
range of 50 to 800. ESI probe ion was used. Spray voltage
was set to 4000V.Vaporization and capillary temperaturewas
set at 240 and 280∘C, respectively. Sheath (N

2
), ion sweep,

and auxiliary gas (N
2
) pressure were, respectively, set at 10,

2.0, and 5 psi. In MS2 (MS/MS) experiments, the normalized
collision energy was optimized for each of the compounds.
The particular transitions, the collision energy, and the tube
lens settings were specific for each analyte and obtained using
the TSQ Tune Master software in the optimization MS +
MS/MS mode. These were shown in Table 1.

3. Results and Discussion

3.1. Comparison of Retention Time, Intensity, and Ion Frag-
mentation of CEs between ESI and APCI Mass Spectra. ESI
is one of the primary ionization techniques for the coupling
of LC to MS, while APCI is a supplementary technique
to electrospray and suitable for thermally stale polar and
nonpolar compounds due to no generation of charged ions.
ESI is particularly suited for polar organic compounds and
is sensitive to matrix effects. High molecular weight com-
pounds can be observed as multicharged molecular ions in
ESI. In contrast to ESI, the APCI technique is used to analyze
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Figure 1: Biosynthesis of cholesterol esters (CEs) in human by two enzymes: lecithin-cholesterol acyl transferase (LCAT) (a) and acyl-
coA:cholesterol acyltransferase (ACAT) (b).

smaller molecular compared to ESI technique [16, 19, 20].
Owing to different ionization mechanism and characteristics
of CEs, we hypothesized that ESI ismore suitable for isolation
and identification of CEs than APCI; firstly, polarity of CEs is
due to the ester group. Secondly, the least molecular weight of
CEs is 428.7, which is combined cholesterol with acetic acid
(C2:0).

The retention time (RT) of CEs by using both ESI and
APCI process is expressed in Table 1. Overall, RT of CEs
on total ion chromatogram (TIC) was affected by a number
of carbon chains and double bonds. The Chl-lignocerate
(C24:0) appeared at 28.49min of RT, while Chl-myristate was
separated at 16.06min of RT. RT increasedwith longer carbon
chain lengths. CEs containing the same number of carbons
with different number of double bonds such as Chl-linoleate
(C18:2), Chl-oleate (C18:1), andChl-stearate (C18:0) appeared
at 15.55, 18.13, and 21.31min of RT, respectively. The present
double bonds reduced RT. These findings are similar to a
previous study in which fatty acid’s chain length and double
bond influenced the RT in the analysis fatty acid [21, 22].

Under ESI technique, both full and product ion scan
of CEs standards were demonstrated to generate protonated
molecular ions such as [M+Na]+ and [M+NH

4
]+ (Table 1).

Among the protonated ions, [M+Na]+ was the most abun-
dant for 18 CEs: m/z 479 for Chl-butyrate, m/z 493 for
Chl-valerate, m/z 521 for Chl-heptanoate, m/z 535 for Chl-
caprylate, m/z 549 for Chl-nonanoate, m/z 563 for Chl-
caprate, m/z 577 for Chl-undecanoate, m/z 519 for Chl-
laurate, m/z 605 for Chl-tridecanoate, m/z 619 for Chl-
myristate, m/z 633 for Chl-pentadecanoate, m/z 647 for
Chl-palmitate, m/z 661 for Chl-heptadecanoate, m/z 675

for Chl-stearate, m/z 689 for Chl-nonadecanoate, m/z 703
for Chl-arachidate, m/z 717 for Chl-heneicosanoate, and
m/z 731 for Chl-behenate. As shown in Table 1, 5 other
CEs including Chl-palmitelaidate, Chl-linoleate, Chl-oleate,
Chl-arachidonate, and Chl-lignocerate were detected cor-
responding to [M+NH

4
]+ at m/z 690, 666, 640, 668, and

754, respectively. This adduct ion ([M+NH
4
]+) appeared to

have stronger intensity than other proton adducts such as
[M+Na]+ and [M+H]+. In the HPLC-ESI-MS/MS analysis
of CEs, all standards lost its fatty acid as well as created
a specific fragment with m/z 369 derived from Chl. The
product ion at m/z 369 is supposed to be Chl upon its
dehydration, corresponding to [M-H

2
O+H]+ and suggesting

that Chl produces the specific daughter ion with an m/z 369
by using ESI technique. Up to now, only 20 kinds of CEs
in human medium have been analyzed by APCI linked to
HPLC-MS [15]. To our knowledge, there is no study regarding
the analysis of various CEs using ESI as a source.

APCI ion source hardware is quite similar to that of ESI.
The differences are both the APCI probe, which consists
of a heated ceramic tube where the effluent is evaporated
and a corona needle [23]. Thus, the difference in signal
intensity and product ion of CEs between APCI and ESI
source was investigated. In the current study, 23 CEs were
analyzed according to the APCI technique (Table 1). All
CEs standards created the protonated molecule, [M+H]+,
showing a lower signal intensity at the same concentration
compared to the consequence of the ESI source. This implies
that the insufficient parent ion of CEs was produced using
APCI. Nevertheless, CEs containing double bonds were
observed to have relatively strong signal intensity from APCI



4 International Journal of Analytical Chemistry

Ta
bl
e
1:
Ti
m
e-
sc
he
du

le
d
SI
M

co
nd

iti
on

s,
𝑚
/
𝑧
io
ns

an
d
co
rr
es
po

nd
in
g
str

uc
tu
re
su

se
d
in

th
eL

C-
ES

I-
M
S/
M
S
an
al
ys
is
of

CE
s.

C
om

po
un

d
Re

te
nt
io
n
tim

e(
RT

,m
in
)

M
ol
ec
ul
ar

w
ei
gh
t(
M
w
)

SR
M

tr
an
sit
io
ns

(𝑚
/
𝑧
)P

re
cu
rs
or

io
n
→

Pr
od

uc
ti
on

C
ol
l.
en
er
gy

(v
)

C
or
re
sp
on

di
ng

str
uc
tu
re

N
L

Fa
tty

ac
id

ES
I

A
PC

I
ES

I
A
PC

I
ES

I
A
PC

I
ES

I
A
PC

I

Ch
l-b

ut
yr
at
e

7.0
2

45
6.
8

47
9.4
→

119
45
7.5
→

10
5.
20

40
62

[
M
+N

a]
+
[
M
+H

]+
2.
82
E
+
03

1.2
2E

+
02

4:
0

47
9.4
→

36
9

45
7.5
→

36
9

5
7

Ch
l-v

al
er
at
e

7.6
9

47
0.
8

49
3.
4
→

10
5

47
1
→

36
9

39
20

[
M
+N

a]
+
[
M
+H

]+
8.
14
E
+
03

9.5
4E

+
01

5:
0

49
3.
4
→

36
9

—
9

Ch
l-h

ep
ta
no

at
e

8.
93

49
8.
8

52
1.4
→

14
7

49
9.6
→

36
9

31
8

[
M
+N

a]
+
[
M
+H

]+
1.2

8E
+
04

1.1
4E

+
01

7:
0

52
1.4
→

36
9

—
9

Ch
l-c

ap
ry
la
te

9.7
7

51
2.
8

53
5.
5
→

14
7

51
4
→

36
9

22
10

[
M
+N

a]
+
[
M
+H

]+
1.4

4E
+
04

2.
94
E
+
01

8:
0

53
5.
5
→

36
9

—
13

Ch
l-n

on
an
oa
te

10
.6
4

52
6.
9

54
9.5
→

10
5

52
8
→

36
9

42
5

[
M
+N

a]
+
[
M
+H

]+
1.2

4E
+
04

6.
03
E
+
01

9:
0

54
9.5
→

36
9

—
10

Ch
l-c

ap
ra
te

11
.6
4

54
0.
9

56
3.
5
→

10
7

54
2
→

36
9

30
11

[
M
+N

a]
+
[
M
+H

]+
1.5

0E
+
04

2.
88
E
+
02

10
:0

56
3.
5
→

36
9

—
18

Ch
l-u

nd
ec
an
oa
te

12
.5
1

55
5

57
7.5
→

16
1

55
6
→

36
9

32
8

[
M
+N

a]
+
[
M
+H

]+
1.7

6E
+
04

3.
42
E
+
02

11
:0

57
7.5
→

36
9

—
14

Ch
l-l
au
ra
te

13
.6
8

56
9

59
1.5
→

16
1

57
0
→

14
6.
9

32
32

[
M
+N

a]
+
[
M
+H

]+
1.5

0E
+
04

1.4
0E

+
03

12
:0

59
1.5
→

36
9

57
0
→

36
9

13
10

Ch
l-a

ra
ch
id
on

at
e

13
.9
8

67
3.
11

69
0.
6
→

10
9

67
4
→

14
7.1
4

43
36

[
M
+N

H
4]

+
[
M
+H

]+
5.
03
E
+
05

2.
46

E
+
04

20
:4

69
0.
6
→

36
9

67
4
→

36
9

10
14

Ch
l-t
rid

ec
an
oa
te

15
.0
9

58
3

60
5.
5
→

10
5

58
4
→

36
9

46
10

[
M
+N

a]
+
[
M
+H

]+
1.2

2E
+
04

1.9
6E

+
02

13
:0

60
5.
5
→

36
9

—
13

Ch
l-l
in
ol
ea
te

15
.5
5

64
9.0

8
66

6.
6
→

16
1

65
0
→

37
3.
26

30
15

[
M
+N

H
4]

+
[
M
+H

]+
2.
77
E
+
05

1.1
4E

+
04

18
:2

66
6.
6
→

36
9

65
0
→

36
1.2

6
9

15

Ch
l-p

al
m
ite
la
id
at
e

15
.9
2

62
3.
05

64
0.
6
→

10
8

62
4
→

33
5.
21

35
15

[
M
+N

H
4]

+
[
M
+H

]+
6.
73
E
+
04

4.
10
E
+
03

16
:2

64
0.
6
→

36
9

62
4
→

36
9

9
13

Ch
l-m

yr
ist
at
e

16
.0
6

59
7

61
9.5
→

10
8

59
8
→

36
9

39
14

[
M
+N

a]
+
[
M
+H

]+
1.5

7E
+
04

2.
61
E
+
02

14
:0

61
9.5
→

36
9

—
16

Ch
l-p

en
ta
de
ca
no

at
e

17.
52

61
1.1

63
3.
6
→

36
9

61
2
→

36
9

12
5

[
M
+N

a]
+
[
M
+H

]+
5.
06
E
+
03

1.7
5E

+
03

15
:0

Ch
l-o

le
at
e

18
.13

65
1.1

66
8.
6
→

14
7

65
2
→

36
3.
28

33
20

[
M
+N

H
4]

+
[
M
+H

]+
1.6

2E
+
05

8.
79
E
+
03

18
:1

66
8.
6
→

36
9

65
2
→

36
9

8
11

Ch
l-p

al
m
ita
te

18
.6

62
5.
1

64
7.6
→

14
7

62
6
→

16
1.1

28
23

[
M
+N

a]
+
[
M
+H

]+
1.1
7E

+
04

2.
23
E
+
03

16
:0

64
7.6
→

36
9

62
6
→

36
9

14
11

Ch
l-h

ep
ta
de
ca
no

at
e

19
.9
2

63
9.1

66
1.6
→

10
5

64
0
→

14
6.
89

69
32

[
M
+N

a]
+
[
M
+H

]+
1.4

3E
+
04

1.6
7E

+
03

17
:0

66
1.6
→

36
9

64
0
→

36
9

16
10

Ch
l-s
te
ar
at
e

21
.31

65
3.
1

67
5.
6
→

13
5

65
4
→

27
3.
16

38
31

[
M
+N

a]
+
[
M
+H

]+
9.7

8E
+
03

7.0
3E

+
02

18
:0

67
5.
6
→

36
9

65
4
→

36
9

15
6

Ch
l-n

on
ad
ec
an
oa
te

22
.53

66
7.2

68
9.6
→

119
66

8
→

14
7

45
28

[
M
+N

a]
+
[
M
+H

]+
1.2

4E
+
04

7.3
4

19
:0

68
9.6
→

36
9

66
8
→

36
9

19
9

Ch
l-a

ra
ch
id
at
e

23
.8
5

68
1.2

70
3.
6
→

33
5

68
2
→

22
8.
75

16
33

[
M
+N

a]
+
[
M
+H

]+
7.3
2E

+
04

6.
00
E
+
02

20
:0

70
3.
6
→

36
9

68
2
→

36
9

15
5

Ch
l-h

en
ei
co
sa
no

at
e

25
.14

69
5.
2

71
7.7
→

34
9.5

69
6
→

27
2.
6

17
31

[
M
+N

a]
+
[
M
+H

]+
5.
94
E
+
04

2.
92
E
+
03

21
:0

71
7.7
→

36
9

69
6
→

36
9

19
14

Ch
l-b

eh
en
at
e

26
.39

70
9.2

73
1.7
→

36
3

71
0
→

38
6.
13

17
14

[
M
+N

a]
+
[
M
+H

]+
6.
73
E
+
04

1.8
2E

+
03

22
:0

73
1.7
→

36
9

71
0
→

36
9

23
9

Ch
l-l
ig
no

ce
ra
te

28
.4
9

73
7.3

75
4.
7
→

13
2

73
8
→

10
8.
96

50
28

[
M
+N

H
4]

+
[
M
+H

]+
4.
86
E
+
04

5.
01
E
+
03

24
:0

75
4.
7
→

36
9

73
8
→

36
9

11
16



International Journal of Analytical Chemistry 5

source. For example, signal intensity of Chl-arachidonate
(C20:4) was higher than that of Chl-arachidate (C20:0) in
theMS

1
experiment of their [M+H]+ ions.The same patterns

occurred among Chl-linoleate (C18:2), Chl-oleate (C18:1),
and Chl-stearate (C18:0) as shown in Table 1. The precursor
ion of CEs with unsaturated fatty acids seems to be sensitively
detected compared to CEs with saturated fatty acid by the
APCI technique. Butovich [15] found that the fragmentation
of CEs containing saturated fatty acids did not generate clear
specific product ions except for m/z 369 because of the very
low intensity of their precursor ions [M+H]+.

In conclusion, the ESI technique produced two proto-
nated ions of CEs such as [M+Na]+ and [M+NH

4
]+ with

strong signal intensity; otherwise, the APCI technique gener-
ated protonated ion [M+H]+. The ESI process coupled with
LC-MS more effectively ionized CEs than the APCI process
regardless of number of carbon chains and double bonds.
However, there is a limitation for comparison in the ESI and
APCI source regarding which one is appropriate ionization
on analyzing of CEs. It is necessary to study the comparison
in the limit of detection, limit of quantification, matrix effects
of ESI, andAPCI for providing a suitableMS to LC conditions
for CEs.
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In USA and Europe, medicines agencies force the development of child-appropriate medications and intend to increase the
availability of information on the pediatric use.This asks for bioanalyticalmethodswhich are able to deal with small sample volumes
as the trial-related blood lost is very restricted in children. Broadly used HPLC-MS/MS, being able to cope with small volumes, is
susceptible to matrix effects. The latter restrains the precise drug quantification through, for example, causing signal suppression.
Sophisticated sample preparation and purification utilizing solid-phase extraction was applied to reduce and control matrix effects.
A scale-up from vacuum manifold to positive pressure manifold was conducted to meet the demands of high-throughput within
a clinical setting. Faced challenges, advances, and experiences in solid-phase extraction are exemplarily presented on the basis of
the bioanalytical method development and validation of low-volume samples (50 𝜇L serum). Enalapril, enalaprilat, and benazepril
served as sample drugs. The applied sample preparation and extraction successfully reduced the absolute and relative matrix effect
to comply with international guidelines. Recoveries ranged from 77 to 104% for enalapril and from 93 to 118% for enalaprilat.
The bioanalytical method comprising sample extraction by solid-phase extraction was fully validated according to FDA and EMA
bioanalytical guidelines and was used in a Phase I study in 24 volunteers.

1. Introduction

For the last years both competent authorities, the US
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), force the development of high
quality child-appropriate medications and intend to improve
the availability of information on the pediatric use. Due to the
current lack of sufficient evidence-based pharmacotherapy in
children, sophisticated clinical investigations in all pediatric
age groups (particularly in neonates and infants) are required
to overcome this drawback.

Unfortunately, most bioanalytical assays are not yet tai-
lored to meet current ethical and analytical burdens for
research in children. Although the blood sample volume for
determination of drug concentration is limited tomicroliters,
it is essential for a valuable determination in pediatric patients

to keep the calibration range as broad as or even broader
than in assays applied in adult studies. HPLC-MS/MS is
a predestinated analytical technique that appears to be the
most suitable to deal with small sample volumes obtained
from children and is linked with high selectivity for the
quantification of the analytes of interest in diverse biological
matrices.However, both the chromatographic equipment and
the mass spectrometer (MS) encounter problems caused by
the matrix. For example, the lifetime of the HPLC column is
reduced if the sample purification is insufficient. Additionally,
the detection by MS is susceptible to matrix effects leading
to ionization suppression or enhancement [1, 2]. The matrix
has a profound impact and restrains a precise quantification
especially at the lower concentration levels. This ends up
in nonrobust methods that do not encompass the broadest
calibration range possible.
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Therefore, the role played by proper sample prepara-
tion and extraction is important to overcome and control
the interference caused through the biological matrices. A
sophisticated sample clean-up removes material that chro-
matographically interferes with the analyte, enables appro-
priate recoveries, and erases matrix compounds that shorten
column lifetime and affect the detection by MS. Attempts to
simplify sample preparation and to reduce the preparation
time ended in the awareness that this process accounts for less
accuracy and precision in quantification [3]. Biological fluids
like plasma, serum, urine, and saliva present a varying com-
position of, for example, lipids, proteins, electrolytes, cells,
coeluting metabolites, impurities, and degradation products.
All of these components might interfere with the analyte
of interest. To reduce this interference several approaches
had been developed in the past. Commonly used extraction
techniques are protein precipitation (PPT), liquid/liquid
extraction (LLE), and solid-phase extraction (SPE).

The purpose of the present work was to illustrate the
importance of sample preparation exemplified by solid-phase
extraction for the bioanalytical method development of low-
volume assays for pediatric studies according to international
agency guidelines. Using the method validation of enalapril,
enalaprilat, and benazepril (internal standard), the encoun-
tered challenges and advances in sample preparation and
solid-phase extraction as well as their effects on bioanalytical
method validation of small volume sampleswere emphasized.

2. Methods

2.1.Material. Thedrug substances enalapril maleate CRS and
enalaprilat dihydrate CRS (both European Pharmacopoeia
Reference Standards) were purchased at the European Direc-
torate for the Quality of Medicine & Healthcare (Stras-
bourg, France). Benazepril hydrochloride (≥ 98%, HPLC)
and ethyl acetate (100% p.a.) were obtained from Sigma-
Aldrich (Seelze, Germany). Methanol (HiPerSolv Chro-
manorm HPLC grade), water (super gradient grade), and
acetone (AnalaR Normapur) were purchased from VWR
(Germany). Alternative supplier of methanol (HPLC grade)
was Fisher Scientific (Loughborough, United Kingdom).
Formic acid (98–100% p.a.) was delivered by AppliChem
(Gatersleben, Germany). Ammonium formate (99%, HPLC
grade) was obtained from Fluka (Seelze, Germany). Blank
human serum was provided by employees of the Institute
of Clinical Pharmacy and Pharmacotherapy (Düsseldorf,
Germany). Oasis 96-well plates (30 and 10mg) and XBridge
BEH C18 3.5 𝜇m columns (3.0mm × 150mm) were obtained
fromWaters (Eschborn, Germany).

2.2. Preparation of Standard and Quality Control. Stock
solutions of enalapril, enalaprilat, and benazepril (internal
standard) were prepared at 0.10mg/mL in methanol. These
stock solutions were diluted with water to obtain working
solutions with 10 𝜇g/mL enalapril and enalaprilat as well as
166 ng/mL benazepril. For the calibration curve, blank serum
was spiked with the analytes of interest and serially diluted.

The final calibration range of the mass spectrometry was 0.2–
200 ng/mL enalapril and 0.18–180 ng/mL enalaprilat. Quality
control (QC) samples were independently prepared at four
concentration levels over the whole calibration range (LLOQ,
low, medium, and ULOQ).

2.3. Sample Preparation, Extraction, and Scale-Up. Based on
preliminary investigations on the degree of sample dilution
prior to solid-phase extraction a dilution ratio of 1 : 23 using
water led to a robust method with high recovery rates for all
analytes of interest.

Solid-phase extraction was chosen for the extraction pro-
cess of the biological fluid owing to the superior purification
performance if compared to protein precipitation or liquid-
liquid extraction. Based on the compound properties of
enalapril and enalaprilat, strong mixed-mode ion exchangers
were chosen as sorbent material for the purification. Both
a cation exchanger that interacts with the carboxylic acid
groups and an anion exchanger that binds with the amino
group of all above-mentioned substances were evaluated on
their applicability (Oasis MCX and MAX material). The SPE
protocol included a conditioning step utilizing methanol to
enable optimal wetting of the cavernous sorbentmaterial. For
the subsequent equilibration step, different pH values and
acids in aqueous solutions were tested to warrant for best
interaction conditions prior the aqueous sample was loaded
into the cavity. Namely, 2% formic acid (v/v), 4% phosphoric
acid (v/v), 0.2N hydrochloric acid, and pure water were
evaluated. To purify the sample as much as possible, washing
steps from hydrophilic to lipophilic properties were evalu-
ated (water, 2% formic acid, hydrochloric acid, methanol,
isopropanol, acetone, ethyl acetate, and mixtures of the
aforementioned). Elution was assessed by acidified methanol
for MAX sorbent material and ammonium in methanol
for MCX sorbent material. The kind of acid (or base), its
concentration, and the corresponding elution volumes were
investigated to obtain all analytes within one fraction by
reducing the coeluted residual matrix to a minimum.

To meet current demands in sample throughput within
a clinical study, the scale-up to offline positive pressure
extraction was conducted.The switch to 96-well format came
along with a changeover from vacuum extraction to positive
pressure extraction. SPE-formats with higher amounts of SPE
cavities per plate were commercially not available. For the
critical steps of sample load, washing, and sample elution, the
positive pressure was kept between 1 and 2 psi to warrant an
intensive interaction between analyte and sorbent material
as well as reproducible flow rate. Figure 1 illustrates the
corresponding scale-up.

2.4. Chromatographic and Mass Spectrometric Conditions.
The utilized modular HPLC system (Shimadzu Deutsch-
land GmbH, Duisburg, Germany) consisted of a controller
SCL-10Avp, two separate pumps LC-10ADvp, three-channel
online degasser DGU-20A3 prominence, autosampler SIL-
10ADvp, and a column oven (L-2300, VWR/Hitachi). For the
separation of enalapril and enalaprilat an XBridge BEH C18
3.5 𝜇m column (3.0mm × 150mm) was used. After injection
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Figure 1: Scale-up process and optimization steps to establish a high-throughput approach of all bioanalytical assays utilizing solid-phase
extraction. On the left side the development approach of sample preparation and purification is illustrated (a). The solid-phase extraction is
performed by cartridges using the vacuummanifold. By contrast the scale-up is shown on the right side (b). Samples were prepared in 96-well
approaches utilizing multichannel pipettes. The purification is conducted on a positive pressure manifold with 96-well plates. For the drying
process the applied thermomixer was modified by a heatable water bath and a special drying top frame to deal with the deep-well collection
plates (in-house development).

of 10 𝜇L sample solution (methanol/water 40 : 60, v/v) the
samples were separated under gradient conditions within 6-
minute run time utilizing a methanol/water mixture (40 : 60,
v/v) buffered with formic acid (1%, v/v) and ammonium
formate (2mM). The applied gradient started with 40% of
methanol and increased stepwise after 0.5 minute to 60%
and after 1 minute to 80%. Between 1 and 4 minutes the
amount of methanol was continuously increased to 95% and
reduced at 4.5 minutes to 40% of methanol again. It stayed
at this level till the end of the run time. The flow rate was
0.4mL/min and the column temperature was maintained
at 50∘C which resulted in a moderate back pressure of 125
bar. Triple-quadrupole tandemmass spectrometric detection
was performed on an Applied Biosystems SCIEX API 2000
(Applied Biosystems/MDS SCIEX, Concord, Canada) with
an electrospray ionization (ESI) interface running in pos-
itive ionization mode. The device screened the transitions
channels 377.2 to 234.2 m/z (enalapril), 349.1 to 206.1 m/z
(enalaprilat), and 425.3 to 351.2m/z (benazepril) in multiple
reaction monitoring (MRM) mode. All dwell times were set
to 250ms.

2.5. Validation. The bioanalytical method was fully validated
according to current FDA and EMA bioanalytical guidelines

as a quantitative confirmatory method in terms of linearity,
specificity, accuracy, precision, recovery, matrix effect, and
stability [4, 5]. A main focus during validation was on the
extraction process. The latter was in particular validated on
recovery of the extraction process and absolute plus relative
matrix effect. Additionally, extraction process efficiency and
interference caused by hyperlipidemic and hemolyzed sam-
ples were evaluated.

The ratio of peak area of serum spiked with analyte prior
to solid-phase extraction (Area

𝐴
) with the peak area of blank

serum spikedwith analyte after the extraction (Area
𝐵
) yielded

the recovery of the assay. Recovery was determined at four
concentration levels with five replicates per level. Calculation
was performed as follows:

RE [%] = (
Area
𝐴

Area
𝐵

) ∗ 100, (1)

where RE = recovery; Area
𝐴
= peak area of serum spiked with

analyte prior to extraction; Area
𝐵
= peak area of blank serum

spiked with analyte after the extraction.
Although the blood composition and pH value are

strongly controlled and vary only slightly within a healthy
subject, the overall consequence of all compounds in a
biological sample matrix contributes to the matrix effect
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that alters the accurate and precise determination of the
analyte of interest. Therefore, a suitable sample preparation
and purification by SPE contributes extremely to a robust
method being less-sensitive to the effect. Apart from broadly
investigated absolute matrix effect, the investigation of the
relative matrix effect appears in this contect more relevant
for precise and robust methods for the analysis of biological
samples [2].

Calculation of the absolute matrix effect was conducted
by calculating the ratio of the peak area of extracted human
serum postspiked with analyte (Area

𝑥
) to the peak area of the

analyte in the same concentration dissolved in mobile phase
(Area

𝑦
). The absolute matrix effect was determined at four

concentration levelswith five replicates per level.The absolute
matrix effect was calculated according to the equation by
Matuszewski et al. [2]:

ME [%] = (
Area
𝑥

Area
𝑦

) ∗ 100, (2)

where ME = matrix effect; Area
𝑥
= detected peak area of

extracted human serum postspiked with analyte; Area
𝑦
=

detected peak area of dissolved analyte in mobile phase.
To distinguish between ion suppression and ion enhance-

ment caused by the matrix, the calculated matrix effect was
subtracted by 100. A value < 0 indicated ion suppression
caused by the matrix while ion enhancement was present if
the calculated value was > 0.

According to international guidelines, the absolutematrix
effect should be evaluated but is not limited to a certain range.
However, the applicant needs to be able to estimate the effect
of the matrix on the assay’s performance.

By contrast the European Medicines Agency provides
a guidance mentioning fixed acceptance criteria for the
relative matrix effect. The intersubject variability of the
internal standardnormalized relativematrix effect (IS-ME) of
processed samples should be maximum 15% and is expressed
as coefficient of variation (CV) [4]. The calculation of the
latter was done by evaluation of the individual IS-normalized
matrix effect being defined as the matrix factor of the analyte
divided by the matrix factor of the IS. The matrix factor
represents the ratio of the peak area in the presence and the
absence of the matrix of the corresponding substance. The
CV of the IS-normalized matrix effects of seven subjects was
used to assess the relative ME. The relative matrix effect was
evaluated at 0.39 ng/mL enalapril and 0.35 ng/mL enalaprilat
(low concentration level) as well as at 200 ng/mL enalapril
and 180 ng/mL enalaprilat (ULOQ). Per concentration level
three replicates per subject were analysed:

IS-ME [%]

= ((

Peak area of analytePresence of matrix
Peak area of analyteAbsence of matrix

)

∗ (
Peak area of ISPresence of matrix
Peak area of ISAbsence of matrix

)

−1

) ∗ 100,

(3)

where IS-ME = internal standard normalized matrix effect.

To calculate the process efficiency of the solid-phase
extraction the following equation by Taylor [1] was used:

PE [%] = RE [%] ∗ (100 −ME [%])
100

, (4)

where PE = process efficiency; RE = recovery; ME = absolute
matrix effect.

Further validation parameters, as listed in the interna-
tional bioanalytical guidelines, were investigated as follows:
linearity was evaluated by measuring freshly spiked human
serum with enalapril and enalaprilat at 11 concentration
levels. The bioanalytical method was evaluated on four
different days by four different runs on accuracy and preci-
sion. Therefore, five independently prepared quality control
samples were assessed on four concentration levels (enalapril:
0.2, 3.13, 25, and 200 ng/mL; enalaprilat: 0.18, 2.81, 22.5,
and 180 ng/mL) per run. The precision was determined by
ANOVA while the accuracy was described by percentage
deviation of the mean value to the nominal values of each
concentration level. A maximum deviation of ±15% (±20%
at the LLOQ) was regarded as acceptable [4]. The selectivity
was assessed by check for interaction caused by 7 human
serum samples spiked with 11 common comedications. The
long-term stability of the drugs was evaluated at −80∘C for at
least 60 days, short-term stability conducted at 20∘C for 24 h,
and autosampler stability for 24 h also at 20∘C. Additionally,
the stability of the dried eluate after sample extraction was
investigated at −20∘C for 24 h.

2.6. Application. The high-throughput approach was applied
to a Phase I study in 24 healthy volunteers. Both urine
and serum samples were withdrawn and analyzed after
administration of 10mg enalapril maleate. With focus on
sample extraction, the applicability was evaluated on the time
required to run the extraction, the occurrence of any clotting
of the cavity during extraction, and the goodness of extrac-
tion by checking for any shift in retention time in samples
of different volunteers and different sample conditions (e.g.,
hemolyzed samples).

3. Results and Discussion

3.1. Sample Preparation. Preliminary investigations on the
degree of sample dilution had been shown to influence the
extraction performance and accounted highly for a robust
method with high recovery. Investigations on suitable sample
dilution solvents (formic acid, phosphoric acid, hydrochloric
acid, and water) and their mixing ratio with the sample itself
were conducted. To determine the best suitable mixing ratio
of acids or pure water, the ratio was varied between 1 : 1 and
1 : 23. The conducted investigations on the most appropriate
dilution solvent showed that water is sufficient if high dilution
factors were applied. By increasing the mixing ratio, the
detected peak areas of enalapril and enalaprilat increased in
parallel (Figure 2). A mixing ratio of 1 : 10 and 1 : 23 worked
best with regard to sample recovery.Thehighest dilution ratio
resulted in a total sample volume of about 1.2mL. Owing to
the maximum capacity of a cavity (∼1.4mL), a higher degree
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Figure 2: Comparison of mixing ratios of serum and water on resulting peak areas. The detected peak areas of enalapril (a) and enalaprilat
(b) of purified serum samples are presented. The mixing ratio was varied between 1 : 1 and 1 : 23. Each determination was conducted by three
independently prepared quality control samples. The mean and corresponding standard deviations are shown.

of dilution is not recommended for routine. It increases the
risk of carryover and rises the likelihood of sample mix-up
as the sample solution needs to be pipetted at least in two
parts into the cavity. The final composition of the diluted
sample solution consisted of 50 𝜇L serum being mixed with
5 𝜇L benazepril working solution (IS) and 1100 𝜇L water.

3.2. Sample Extraction. Specifically, if small biological sam-
ple volumes like in pediatric research require purification,
the sample extraction plays a particular role. Commonly,
protein precipitation (PPT), liquid/liquid extraction (LLE),
and solid-phase extraction (SPE) are applied as extraction
techniques. PPT is a fast and simple approach but works
best only in protein-rich matrices such as whole blood,
plasma, or serum. Nevertheless, the PPT is nonselective and
does not remove matrix interferences other than proteins.
In the investigations by Dams et al., PPT in combination
with LC-MS/MS had the greatest matrix effect amongst the
investigated purification approaches [3]. It is a useful and fast
technique to optimize lifetime of the equipment but does not
increase the analytical sensitivity which is important for low-
volume LC-MS/MS assays. LLE allows separation of analytes
of interest from proteins and other hydrophilic components,
but if emulsions are formed, the separation of the organic
solvent becomes difficult and might result in incomplete and
various-analyte diffusion. Jessome and Volmer emphasized
the cumbersome sample preparation by LLE and LC-MS/MS
[6]. Especially the complex adjustment of the pH value
for the transfer in the organic phase, extraction of highly
polar substances and necessary multiple extraction steps are
some challenges faced. In particular for high-throughput
analytics—as it is useful in clinical study approaches—the
LLE is not the first choice. Consequently, SPE was selected
owing to its superior purification properties and flexibilities
in extraction protocols to cope with diversity of analytes,
purifications solvents, and biological fluids.

The selected drug combination (calculated log𝑃 values of
enalapril: 2.5; enalaprilat: −0.9; benazepril: 3.5) carried the
risk of improper binding to the sorbent due to Coulomb
repulsion, losing hydrophilic analytes during too extensive
and not well-balanced washing steps or by incomplete recov-
ery of the more lipophilic compounds from the sorbent
material during elution. All this may be attributed to low
recovery or bad reproducibility which in turn narrows the
calibration range, because especially lower concentrations
might not conform to international guideline requirements.
Available sorbent phases characterized by different interac-
tion possibilities (van der Waals forces, ionic interaction,
etc.) and different amounts of sorbent per cavity and the
high flexibility in the SPE protocol on how intensive the
purification of sample needs to be conducted represent some
of many useful tools to overcome those drawbacks.

First extraction attempts were undertaken by utilizing
Oasis MCX. This polymeric material is characterized by a
strong cation exchanger (on sulfonic acid base) binding the
carboxylic acids groups of the analytes of interest. However,
purified samples showed a split peak for the selected tran-
sition of enalaprilat if determined by HPLC-MS/MS. The
corresponding chromatograms revealed a peak occurring at
an earlier retention time plus a second peak at the expected
retention time of the compound (Figure 3).

The peak area and intensity of the first peak did not
alter with different enalaprilat concentrations per sample
and accounted therefore most likely for a residual serum
matrix component. It was not possible to erase the peak
neither by thought-out SPE nor by any number of different
LC gradients or by different HPLC columns featured with
opposed chromatographic properties (Atlantis T3, XBridge,
and XSelect). The checks for contamination in mobile phase,
autosampler, or solutions for SPE were additionally negative.
At the lowest concentration level of the calibration curve,
the first peak and the one of enalaprilat were comparable
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Figure 3: Determined split peak in serum with the transition
349.1 → 206.1m/z duringmethod development.The split peakwas
measured on several HPLC columns after SPE purification by Oasis
MCX. In grey, the ion count of a low enalaprilat concentration in
serum is shown that clearly identifies the split peak. As reference, the
enalaprilat standard solved inmobile phase is presented by the black
line without any split peak (base line is nudged to prevent overlap).

in shape, intensity, and peak area. This phenomenon carried
the risk of less robustness if automated integration of the
chromatogram is preferred. After also scanning for the
secondmost intense transition of enalaprilat (349.1 → 303.1
m/z), clarity was brought to question as the first peak did
not belong to enalaprilat. However, quantification with two
transitions would have resulted in a higher LLOQ which
was undesired as very low concentration levels are expected
in the scheduled pediatric studies. Therefore, the sorbent
material of the SPE was changed from cation exchanger to
strong anion exchanger (MAX) and a new extraction protocol
was developed. This brought success to the method, as the
compound with the same transition as enalaprilat (349.1 →
206.1 m/z) could be detached by SPE and consequently the
split peak was removed.

At this stage an excuse to an already established and fully
validated extraction method for the same drug entities in
urine (amongst others) is made to introduce another useful
approach to purify the sample matrix, to reduce the relative
matrix effects, and to meet the current EMA bioanalytical
guideline [4]. A two-step solid-phase extraction by a weak
anion exchanger followed by a strong cation exchanger sig-
nificantly reduced the internal standard normalized matrix
effect compared to the purification by MCX only (Figure 4).
The more hydrophilic the compound was the merrier the
improvement of the matrix effect was pronounced. However,
it expounds how diverse the several biological fluids are and
emphasizes the high required effort in method development
to reduce the relative matrix effect. By applying the final two-
step extraction the following results for the relative matrix
effect were obtained: at the LLOQ the CV was 4.04% and
6.62% for enalapril and enalaprilat, respectively. A CV of
1.26% for enalapril and 1.25% for enalaprilat was calculated at
the ULOQ and was therefore well within the EMA require-
ments of 15% [7].This bioanalytical urinarymethod was fully

0.6

0.8

1.0

1.2

Enalapril Enalaprilat

IS
-n

or
m

al
iz

ed
 re

lat
iv

e m
at

rix
 eff

ec
t P = 0.03 P = 0.002

MCX WAX + MCX MCX WAX + MCX

[v
al

ue
×
1
0
0

]

Figure 4: Comparison of different extraction methods on the
internal standard normalized matrix effect. The SPE extraction by
Oasis MCX is compared to the two-step extraction by Oasis WAX +
MCX. Each boxplot describes median, 25th, 75th percentile + 10th,
and 90th percentile as whisker. 𝑁 = 9 measurements per boxplot.
Statistical analysis was performed by a Mann-Whitney-𝑈 test (two-
tailed 𝑃 value).

validated according to the strictest validation parameters of
EMA and FDA bioanalytical guidance [7].

At an early development stage of the extraction protocol
in serum at which the extraction was not methodologically
sound, we encountered some deviation in retention time
when comparing the chromatograms of analyte solved in
mobile phase to extracted analyte in serum (Figure 5). By
increasing the amount of organic washing steps as well as the
elution force of the used organic solvents (methanol, acetone,
and ethyl acetate), this timely shift could be eliminated
(Figure 5). Even the intensities and peak areas of both, the
analyte in mobile phase and the analyte in purified serum,
were finally comparable. This pointed out the gained high
degree of sample purification and accounted for a very limited
signal suppression by the residual matrix compound in the
final extract. However, it illustrates that matrix effects not
only affect the signal intensities of the mass spectrometer
but can also alter the chromatographic performance. A
comparable effect was recently published by Fang et al. [8].

Finally, the conducted investigations on the most appro-
priate elution solvent and its volume yielded 0.4mL acidified
methanol (2% formic acid, v/v). This elution step did not
only served to elute the analytes of interest but also acted
as a final step to fraction the analytes of interest and
other interfering residual compounds. Hereby the choice and
elution force of the solvent as well as the amount of solvent
were investigated on their effect to attribute to a rugged,
reliable, and selective protocol. As illustrated in Figure 6,
there was a reciprocal relationship between the elution
volume of acidified methanol and the detected peak areas of
the analytes of interest. The obtained smaller peak areas—
after the sorbent material was eluted with higher volumes of
acidifiedmethanol—might be explained by the fact thatmore
interfering matrix was coeluted. The interference induced by
the matrix led to ion suppression and smaller peak areas.



International Journal of Analytical Chemistry 7

0

1

2

3

4

0

1

2

3

In
te

ns
ity

 (c
ps

)

0 2 4 6
Time (min)

In
te

ns
ity

 (c
ps

)

2
.1

m
in

2
.4

m
in

4
.2

m
in

3
.9

m
in

4
.6

m
in

4
.7

m
in

×10
05

×10
04

(a)

0 2 4 6

0

1

2

3

4

Time (min)

In
te

ns
ity

 (c
ps

)

4
.4

m
in

4
.9

m
in

5
.1

m
in

×10
05

(b)

Figure 5: Multiple reaction monitoring scan chromatograms of enalapril, enalaprilat, and benazepril. The left graph illustrates the shift
in retention time detected by comparing the analytes solved in mobile phase versus the analytes in purified matrix during first extraction
attempts. Right graph shows the final chromatogram by comparing also the analytes in mobile phase versus analytes in purified serum. A
timely shift in retention time was not detectable anymore. MRMs: 377.2 → 234.2 m/z (enalapril), 349.1 → 206.1 m/z (enalaprilat), and
425.3 → 351.2 m/z (benazepril). The black line identifies the extracted serum samples and the grey line illustrates the drug substances
dissolved in mobile phase. Cps: counts.
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Figure 6: Effect of elution volume on peak area of the analytes of interest. The peak areas of enalapril (a), enalaprilat (b), and benazepril (c)
after elution are presented with different volumes of 2% formic acid in methanol. Each determination was conducted by three independently
prepared quality control samples. The mean and corresponding standard deviations are shown.



8 International Journal of Analytical Chemistry

The final protocol for the serum method was destined
to the following approach: the samples were extracted with
OasisMAX solid-phase extraction cartridges (10mg, 1mL)—
a mixed mode, reverse-phase, and strong anion exchanger
(on quarternary amine base).TheMAX96-well plates chosen
allowed for high sample throughput and were primed with
1mL of formic acid in methanol (2%, v/v) followed by an
equilibration step with 1mL water. On the one hand, this
aqueous step prior to sample load ensured that, for example,
no denaturation and therefore clotting of sample matrix on
the sorbent material happened. On the other hand, it offered
the best interaction conditions with the sorbents. After the
sample mixture was loaded into the cartridges and passed,
the sorbent of the cartridges was washed by 1.0mL of water,
1.0mL of methanol-acetone mixture (60 : 40, v/v), 1.0mL of
ethyl acetate, and 500 𝜇L of methanol. The increasing elution
force of the investigated organic solvents was used mainly
to wash out phospholipids that are known to be responsible
for a large part of matrix effect in blood, serum, and plasma
[9]. Finally the analytes were eluted from the cartridges
once with 0.4mL of formic acid in methanol (2%, v/v). The
eluate was evaporated to dryness under a gentle stream of
compressed air while shaking at 550 rpm at 40∘C.The residue
was reconstituted with 100 𝜇L of methanol and water (40 : 60,
v/v).

3.3. Scale-Up of Sample Preparation and Extraction to 96-
Well Setting. For reproducible and high-quality solid-phase
extraction (SPE) with a high run-to-run consistency as
desired for clinical studies, the switch from single cartridges
by vacuum extraction to 96-well positive pressure extraction
was conducted. This scaling presented the highest possible
offline scaling for the used SPE material. SPE-formats with
higher amounts of SPE cavities per plate were commercially
not available. The conventional vacuum manifold had the
disadvantage of irreproducible analyte recoveries due to
variable processing times in the columns. For the highest
possible reproducibility during extraction, the controlled and
appropriate flow rate is much more essential than applying
either vacuum or positive pressure. However, the positive
pressuremanifold had the advantage of being equippedwith a
monitor to check for the flow rate of the liquid. Specifically the
sample load, washing, and elution step are known to be the
most sensitive and critical steps regarding the flow rate. The
exact adjustment of the flow rate of the liquids was important
to generate a well-balanced setting of high reproducibility,
best extraction speed and duration of sample extraction.

The transfer from vacuum extraction to positive pressure
not only enabled a semiautomated extraction but also highly
increased the sample amount up to about thousand samples
which can be purified per week by one laboratory technician.
Since appropriate equipment for rapid and continuous drying
was not commercially available, required equipment for the
drying process was self-developed to suit best the laboratory
preconditions and needs. Figure 1 is enclosed illustrating
the scale-up from single cartridges using vacuum technique
to the positive pressure extraction in 96-well formate. As
indicated in Figure 7, the scale-up is a mandatory step in
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Figure 7: Comparison of required time for bioanalysis between
development scale by applying single cartridges and the high-
throughput approach with 96-well plate. The calculation bases on
a sample amount of 96 samples. The black areas mark the required
time for sample purification by solid-phase extraction and grey areas
identify the time frame required for sample preparation.The dashed
line represents one full working day (8 hours). By applying the
high-throughput approach the sample preparation and purification
is finalized within 2 hours while the same amount of samples is
impossible to purify within one working day by one lab technician
using the previous development scale.

method development if the assay will be applied to analyze
hundreds or thousands of samples. In our positive pressure
approach, it took about 2 hours from raw sample to sample
preparation and extraction to the final sample solution ready
to be determined by HPLC-MS/MS. In such a run, 96
samples could be prepared which required much more than
one full working day (8 h) of one laboratory technician to
prepare the same amount by the previously used vacuum
manifold approach.The applied pressures of 1–3 psi were fully
sufficient to ensure a continuous and appropriate flow rate
of solvent/sample solution through the sorbent material. The
scale-up enabled a nearly sixfold higher sample throughput.

3.4. Validation. The chosen calibration range of 0.2–200 ng/
mL enalapril and 0.18–180 ng/mL enalaprilat, respectively,
showed guideline-conforming linearity over all eleven con-
centration levels. Best fit of the linear regression was gained
by 1/𝑥2 weighting for both analytes. No additional peaks
above the guideline limits within ±0.3 minutes of the
retention time of enalapril, enalaprilat, and benazepril were
observed in the spiked serum samples with coadministered
drugs (acetylsalicylic acid, aliskiren, ramipril, ramiprilat,
candesartan, atenolol, bisoprolol, metoprolol, pantoprazole,
and pravastatin). No interferences in blank samples of the
different sources were detected and the signal-to-noise ratios
of spiked to blank samples of all sources were above 5 : 1.
Obtained results by one-way ANOVA for the intrarun pre-
cision ranged from 2.2 to 5.0% for enalapril and from 4.9
to 18.0% for enalapril. These precision results conformed
all to the current bioanalytical guidelines. Mean accuracy
results of the quality control samples were likewise within the
guideline requirements of ±15% at all concentration levels (at
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Table 1: Results for recovery, absolute matrix effect, and process efficiency.

Concentration [ng/mL] Absolute matrix effect ± S.D. [%] Mean recovery ± S.D. [%] Mean process efficiency [%]

Enalapril

0.195 −12.6 ± 11.9 77.1 ± 0.7 67.4
3.13 −8.9 ± 2.2 103.5 ± 3.7 94.3
25 −19.8 ± 4.4 102.9 ± 6.3 77.6
200 −17.5 ± 3.5 92.0 ± 6.9 72.5

Enalaprilat

0.175 −1.5 ± 10.8 99.9 ± 7.8 98.4
2.81 0.3 ± 3.7 118.3 ± 4.6 118.7
22.5 10.5 ± 4.9 102.4 ± 4.7 113.2
180 2.2 ± 3.5 92.9 ± 9.2 94.9

Benazepril 25 −7.2 ± 2.8 76.9 ± 2.3 71.3
Data compiled as mean or mean ± standard deviation (S.D.).

Table 2: Relative matrix effect obtained in seven different human sources.

Donor Enalapril Enalaprilat
0.39 ng/mL 200 ng/mL 0.35 ng/mL 180 ng/mL

Healthy adults
29–86 years old
D Donor 1 106.7 96.8 162.5 135.9
D Donor 2 99.1 95.7 122.1 108.2
D Donor 3 96.6 96.6 120.9 119.4
C Donor 4 111.1 97.6 132.1 126.6
C Donor 5 107.2 97.8 121.0 114.5
C Donor 6 98.8 94.5 123.1 112.1
D Donor 7 98.4 92.8 114.4 106.7

Mean value of normalized relative ME ± S.D. [%] 102.6 ± 5.6 96.0 ± 1.8 128.0 ± 16.1 117.6 ± 10.5
CV [%] within donors 5.49 1.87 12.56 8.96
ME: matrix effect; S.D.: standard deviation; CV: coefficient of variation.

the LLOQ±20%).Hemolyzed blood aswell as hyperlipidemic
blood samples had no detectable influence on the specific
MS-channels of enalapril, enalaprilat, and IS, respectively.
Obtained stability results of enalapril and enalaprilat for
long-term storage (−80∘C, 60 days), for short-term storage
(20∘C, 24 h), and in the autosampler (20∘C, 24 h) proved the
drug stability. Additionally, both drug substances showed no
significant degradation if they were stored as dried elution
extract at −20∘C for 24 h.

The effect of the matrix on the determination of enalapril
and enalaprilat was evaluated at the LLOQ (0.2 ng/mL;
0.18 ng/mL), one low concentration (3.13 ng/mL; 2.81 ng/mL),
one middle concentration (25 ng/mL; 22.5 ng/mL), and at
the ULOQ (200 ng/mL; 180 ng/mL). By combining SPE and
chromatographic separation the matrix effect was observably
reduced in this setting, leading to an ion suppression of
−8.9 to −19.8% for enalapril and of −7.2 ± 2.8% for the
internal standard benazepril. The sample matrix had no or
a slight ion enhancing effect on detection of enalaprilat. It
ranged between −1.5 and 10.5%. All analytes were almost
fully recovered from the sorbent of the mixed-mode anion
exchanger, resulting in a process efficiency of 67 to 94% for
enalapril, 95–119% for enalaprilat, and 71% for benazepril.
Details are arranged in Table 1.

The relative matrix effects of the extracted serum sam-
ples at a low concentration level (0.39 ng/mL enalapril and
0.35 ng/mL enalaprilat, resp.) were 5.49% (CV) for enalapril
and 12.56% for enalaprilat. At the ULOQ, coefficients of
variation of 1.87% for enalapril and 8.96% for enalaprilat
were evaluated for all seven different human sources. All
findings complied with EMA bioanalytical guideline. Details
are arranged in Table 2.

3.5. Application. For the Phase I study, in total approximately
1600 serum and 600 urinary samples were analyzed. No
clotting of serum sample solution in any SPE cavity was
noticed. A shift in the retention times of enalapril, enalaprilat,
and benazepril in purified serum samples of 24 different
sources was not detected during the analysis by HPLC-
MS/MS and allowed for an automated intergation. Further-
more, hemolyzed samples did not affect the extraction run
negatively and showed no significant interference during
analysis. The determined pharmacokinetic results of the
Phase I study will be used to apply a new marketing autho-
rization and remain therefore confidential. However, during
sample determination 22 calibration curves in serum and 7 in
urine were required to quantify the drug concentration in the
corresponding samples. Obtained results of the calibration
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Figure 8: The plots show the accuracy results of 22 serum calibration curves and the accuracy results of 7 urinary calibration curves (each
covering 11 concentration levels per drug substance) of enalapril (black) and enalaprilat (grey) used for the evaluation of the obtained results
of the conducted Phase I study. Additionally the accuracy thresholds (dashed lines) according to FDA and EMA bioanalytical guidelines for
all concentrations levels (±15%) and the LLOQ (±20%) are indicated.

curves on intra- and interrun accuracy proved the appli-
cability of the established bioanalytical method comprising
the good sample extraction and their suitable preparation.
Figure 8 shows the accuracy results for the serum and urine
calibration curves.

Furthermore, these tailored low-volume assays will be
applied to pediatric Phase II and III studies. The avail-
able pediatric study investigating the pharmacokinetics of
enalapril and its active metabolite enalaprilat in hypertensive
children was published by Wells et al. using a radioim-
munoassay [10]. They found mean concentrations between
2 and 25 ng/mL enalaprilat. Lloyd et al. reported enalaprilat
concentration values between 0.9 and 12.7 ng/mL in children
with heart failure [11]. Both reported ranges are covered
by the linear range of the assay presented and confirm
its applicability for pediatric research. The required sample
volume of 50 𝜇L serum for reliable determination appears
additionally well suitable for clinical trials in all age groups,
especially for neonates and newborns. The required sample
volumes of published LC-tandem mass spectrometry assays
on enalapril and enalaprilat range between 200 and 1000𝜇L
blood [12–17].

4. Conclusion

Using the example validation of the low-volume bioana-
lytical method of enalapril and enalaprilat, pitfalls as well
as improvements of the extraction protocol were shown.
The aim of an accurate and precise low-volume method
encompassing a broad calibration range with very low limits
of quantification was only gained by complex extraction
protocols. The calibration range of the established assay
covers reported enalapril and enalaprilat concentrations
in pediatric patients and proves its applicability for pedi-
atric research. It was shown that the undertaken efforts
for a sophisticated extraction protocol utilizing solid-phase

extraction resulted in a high recovery and high reduction
of matrix effect. Controlling the latter—amongst others—
warranted for a valuable and reliable bioanalytical method
in serum. It allowed successful validation of a low-volume
bioanalytical HPLC-MS/MS method according the FDA and
EMA bioanalytical guidelines. The applicability of the high-
throughput approach was proven by a clinical study in 24
volunteers.
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A gas chromatography equipped with mass spectrometer (GCMS) method was developed and validated for determination of
16 polycyclic aromatic hydrocarbons (PAHs) in fish using modified quick, easy, cheap, effective, rugged, and safe (QuEChERS)
method for extraction and solid phase extraction for sample cleanup to remove most of the coextract combined with GCMS for
determination of low concentration of selected group of PAHs in homogenized fish samples. PAHs were separated on a GCMSwith
HP-5msUltra InertGCColumn (30m, 0.25mm, and 0.25 𝜇m).Mean recovery ranged from56 to 115%.The extraction efficiencywas
consistent over the entire range where indeno(1,2,3-cd)pyrene and benzo(g,h,i)perylene showed recovery (65, 69%), respectively,
at 2 𝜇g/kg. No significant dispersion of results was observed for the other remaining PAHs and recovery did not differ substantially,
and at the lowest and the highest concentrations mean recovery and RSD% showed that most of PAHs were between 70% and
120% with RSD less than 10%.Themeasurement uncertainty is expressed as expanded uncertainty and in terms of relative standard
deviation (at 95% confidence level) is ±12%. This method is suitable for laboratories engaged daily in routine analysis of a large
number of samples.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large group
of organic compounds that are included in the European
Union (EU) and US Environmental Protection Agency
(US EPA) priority pollutant list due to their mutagenic and
carcinogenic properties [1]. The most important sources of
PAHs have been identified as coke ovens in the production
of aluminum, iron, and steel; heating in power plants and
residences; cooking; motor vehicle traffic; environmental
tobacco smoke; and the incineration of waste material [2].
Cooking and food processing at high temperatures have been
shown to generate various kinds of genotoxic substances or
cooking toxicants including PAHs [3]. A number of PAHs
are known for their carcinogenic, mutagenic, and teratogenic
properties like benzo(a)anthracene, benzo(b)fluoranthene,

benzo(k)fluoranthene, benzo(g,h,i)perylene, benzo(a)pyrene,
chrysene, dibenzo(a,h)anthracene, and indeno(1,2,3-cd)pyrene
[4]. PAHs containing up to four fused benzene rings are
known as light PAHs and those containing more than four
benzene rings are called heavy PAHs. Heavy PAHs are more
stable and more toxic than light ones [5]. Light PAHs are
more volatile, water soluble, and less lipophilic than the
heavy PAHs, so PAHs migrate through the food chain into
hydrophobic compartments and thus accumulate in lipid
components due to their lipophilic nature [6–8].

Seven of the PAHs have been classified by the US EPA
as compounds of probable human carcinogens. These are
benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluo-
ranthene,chrysene, benzo(a)pyrene, dibenzo(a,h)anthracene,
and indeno(1,2,3-cd)pyrene [9]. With the aim of minimizing
harmful effects on human health, recently, the European
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Union established a maximum level of 2 ng/g wet weight for
benzo(a)pyrene (the marker used for carcinogenic risk of
PAHs) in muscle meat of fish [10].

In 2008, a scientific opinion adopted by the Euro-
pean Food Safety Authority (EFSA, 2008) concluded that
benzo(a)pyrene alone is not a suitable indicator for the
occurrence and toxicity of PAHs in food and that eight
specified PAHs (PAH

8
), for which oral carcinogenicity data

are available, and/or a subgroup of these, PAH
4
, are more

suitable markers. It was further concluded that PAH
8
would

not provide much added value compared to PAH
4
(the

sum of benzo(a)pyrene, chrysene, benz(a)anthracene, and
benzo(b)fluoranthene) [11]. In September 2012, benz(a)an-
thracene, benzo(b)fluoranthene, and chrysene were included
in the assessment and recorded together with benzo(a)pyrene
as a sum parameter (group of “PAH

4
”), as per Regulation

(EU) number 835/2011.
Developed analytical methods include soxhlet extraction

[12], dispersed solid phase extraction [13], and accelerated
solvent extraction coupled to sample cleanup using gel
permeation chromatography [14] which had been used to
assess most of PAHs in different matrices by changing the
technique of cleanup from coextracted interferences thatmay
cause false positive results, but most of these techniques are
expensive, use chlorinated solvent for extraction, and are
time and chemicals consuming. In 2013 a simple solid phase
extraction (SPE) method [15] followed by comprehensive
two-dimensional gas chromatography coupled to time-of-
flight mass spectrometry has been developed for analysis
of (15 + 1) carcinogenic polycyclic aromatic hydrocarbons
(PAHs).Thismethod includes three critically assessed sample
preparation approaches: (i) gel permeation chromatography
(GPC), (ii) GPC followed by silica based SPE, and (iii) SPE
employing PAHs-dedicated molecularly imprinted polymers
(MIPs).

Also in 2013, two of the most relevant analytical methods
including different extraction procedures such as ultrasound-
assisted solvent extraction (USAE) and ultrasound-assisted
emulsification microextraction (USAEME) for determina-
tion of 11 mutagenic and carcinogenic PAHs were optimized
by the selected extraction techniques. The recoveries ranging
from 70% to 100% by USAE and from 70% to 108% by
USAEMEwith estimated quantification limits between 0.020
and 2.6 𝜇g/kg were achieved [16].

A few researches on the development of QuEChERS
analytical method for determination of PAHs levels in fish
have been previously published in the literature. The stream-
line of QuEChERS (quick, easy, cheap, effective, rugged, and
safe) method for extraction of pesticides in tissues of high
fat (>3.5%) encourages scientists to apply modifications and
develop this method in order to extract veterinary drugs [17]
and PAHs from seafood such as shrimp [18] and in fish by
using QuEChERS for extraction followed by dispersive SPE
analysis by GCMS in SIM mode for quantification [19].

The aim of this study is to adapt and validate QuEChERS
method [20] for extraction followed by solid phase extraction
for sample purification and gas chromatography mass spec-
trometer GCMS for determination of 16 PAHs in fish at low
LOQ level.

2. Materials and Methods

2.1. Sample Preparation. The edible parts (head, bones, and
removable skin were removed) of nonsmoked blank Herring
fish were obtained and completely homogenized in a food
mixer as a blank sample and then stored in a freezer at −20∘C.

2.2. Chemicals and Reagents. Acetone (Riedel-de Häen,
purity 99.8%), acetonitrile (Sigma-Aldrich, purity > 99.9%),
toluene (Merck), dichloromethane chromatography grade,
and n-hexane (purity > 99.0%) were the solvents used.
Agilent QuEChERs salts and buffers were prepackaged in
anhydrous packages for EN 15662 containing 4 g magnesium
sulfate (MgSO

4
), 1 g sodium chloride (NaCl), 1 g sodium

citrate, and 0.5 g disodium citrate sesquihydrate. Silica gel
(60–120mesh, Fluka)was activated at 150∘C for 12 hours prior
to use.

A 1000𝜇g/mL stock solution of 14 PAHs includes naph-
thalene, fluorene, fluoranthene, benz(a)anthracene, chry-
sene, pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, acenaphthene, phenanthrene, anthracene,
acenaphthylene, and pyrene-d

10
(surrogate standard) and

reference standards obtained from Sigma-Aldrich with
purity > 95% were prepared, while benzo(g,h,i)perylene
and dibenz(a,h)anthracene were obtained as readymade of
100 𝜇g/mL inmethylene chloride and indeno[1,2,3-cd]pyrene
200𝜇g/mL in methanol. A 1𝜇g/mL working solution of all
16 PAHs was prepared in toluene. Calibration mixtures with
concentration 2, 10, 50, 100, and 500 ng/mL were prepared
from serial dilution of the working solution in toluene where
pyrene-d

10
maintained at level 50 ng/mL in all calibration

levels and all stored in refrigerator at 4∘C.

2.3. Apparatus. PFTE or polyethylene 50mL tubes with
screw cap and 15mL tubes contain 1 g magnesium sul-
fate were obtained for sample extraction. Centrifuge up
to 4000 rpm (Heraeus Labofuge 400), Vortex, Automatic
Pipettes (Hirschmann Laborgerate) suitable for handling vol-
umes of 10 𝜇L to 100 𝜇L and 100 𝜇L to 1000 𝜇L, 10mL solvent-
dispenser (Hirschmann Laborgerate) for Acetonitrile. The
glassware were washed with detergent and water then rinsed
with acetone and dried at 90∘C before use.

2.4. Sample Extraction Steps. The validation procedure needs
to be considered, the context of fitness for purpose and cost
benefit criteria [21]. About 10 g of fish sample was weighted
in 50mL Teflon centrifuge tube, 50 𝜇L of 10 𝜇g/mL pyrene-
d
10
was added which acts as surrogate standard of 50 𝜇g/Kg,

and each set of 6 replicates was spiked with 20, 100, and
500𝜇L of 1 𝜇g/mL spiking mixture to get 2, 10, and 50 𝜇g/kg,
respectively. 10mL of acetonitrile was used for extraction,
shaken for 2minutes, mixedwithAgilentQuEChERs, shaken
for 1 minute, and centrifuged at 4000 rpm for 5 minutes.
Aliquots of the resulting supernatant were transferred to
Teflon tube containing MgSO

4
, vortexed for 30 seconds,

and centrifuged at 4000 rpm for 2 minutes; 4mL of the
acetonitrile layer was transferred into 50mL flask and then
evaporated near to dryness.
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2.5. Cleanup of PAHs Samples by Packed Solid Phase Extrac-
tion (SPE) Steps. All fish extracts were subjected to packed
solid phase cleanup cartridge which was prepared in-house
as follows. Plug a glass wool on 10mL length syringe; 1 g
20% deactivated silica gel and 0.2 MgSO

4
were weighted and

conditioned with 5mL of n-hexane/dichloromethane (3 : 2),
the sample extract loaded to the cartridge using 10mL of elute
(n-hexane/dichloromethane). Collect fractions in a 50mL
flask, evaporate on rotary evaporator at 40∘Cnear to dryness
and dissolve in 2mL toluene and then apply to GCMS for
analysis.

2.6. GC-MSD Conditions. Agilent 6890N series gas chro-
matography instrument equipped with 5975 series mass
selective detector and Agilent GC Column of model J&W
HP-5ms Ultra Inert with the specifications (30m length,
0.25mm internal diameter, 0.25𝜇mfilm thickness) were used
for both qualitative and quantitative determination of PAHs.
Helium gas was used as the carrier gas; the column was
maintained at a constant flow rate of 1.3mL/min. The back
injector linewasmaintained at 260∘C. Injection volumeswere
1.0 𝜇L in the splitless mode. The column temperature was
initially held at 90∘C for 2min, ramping to 180∘C at a rate
of 15∘C/min, held at 180∘C for 15min, ramping to 250∘C at
a rate of 10∘C/min, held for 2min, ramping to 290∘C at a rate
of 10∘C/min, and held for 10min.Themass spectrometer was
operated in the ionization mode and spectra were acquired
using a mass range of 45–450m/z. SIM acquisition was
carried out by comparison of the base peak of each targeted
PAH as shown in Table 1.

Quality control and assurance of each patch were passed
by monitoring the performance of the GCMS and the mass
selective detector daily by tuning themass detector andmon-
itoring the sensitivity and linearity of the calibration curve,
respectively, and also analyzing blank sample to confirm that
there in contamination effect on the results during analysis.

3. Results and Discussion

3.1. Chromatographic Results. Figure 1 represents overlay
between blank and spike fish at level 50 𝜇g/kg samples to
show the separation of 16 PAHs byGCMS in 35minutes using
Agilent J&W HP-5ms Ultra Inert GC Column (30m length,
0.25mm internal diameter, and 0.25 𝜇m film thicknesses).
PAHs corresponding to chromatogram numbers can be
found in Table 1. This representative chromatogram of PAHs
in fish matrix indicates good cleanup separation techniques
with minimum interference of coextract that may influence
the accuracy of the result. Matrix matched standards were
used in order to compensate the matrix enhancement effect.
This indicates good selectivity and specificity of the method.

3.2. Method Linearity. The linearity was obtained by plotting
the peak area of each analyte versus its concentration.

The linearity of all PAHs indicates that both di-
benz(a,h)anthracene and indeno(1,2,3-cd)pyrene compounds
had 𝑟2 values of 0.996; all others were 0.998 or higher
within measurement range of 2–50𝜇g/L indicating excellent
linearity.

Table 1: Representing the PAHs used and respective analytical ions
used for quantification.

Compounds name CAS
number

Target compound
monitored SIM ions (𝑚/𝑧)
Quant. Confirm.

Naphthalene 91-20-3 276 277, 274
Acenaphthene 83-32-9 153 154, 152
Acenaphthylene 208-96-8 152 151, 150
Fluorene 86-73-7 166 165, 167
Phenanthrene 85-01-8 178 176, 179
Anthracene 120-12-7 178 176, 179
Fluoranthene 206-44-0 202 203, 200
Pyrene 129-00-0 202 200, 203
Benz(a)anthracene 56-55-3 228 226, 229
Chrysene 218-01-9 228 226, 229
Benzo(b)fluoranthene 205-99-2 252 253, 250
Benzo(k)fluoranthene 207-08-9 252 253, 250
Benzo(a)pyrene 50-32-8 252 253, 250
Indeno(1,2,3-c,d)pyrene 193-39-5 128 127, 129
Dibenzo(a,h)anthracene 53-70-3 278 279, 276
Benzo(g,h,i)perylene 191-24-2 276 277, 274
Pyrene-d10 1718-52-1 212 211, 208
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Figure 1: Representing total ion chromatogram of 16 PAHs in fish
sample at level 50 𝜇g/kg by weight.

3.3. The Limit of Determination (LOD). It is the minimum
concentration of analyte in the test sample that can be
measured with a stated probability that the analyte is present
at a concentration above that in the blank sample. Limits
of detection expressed as three multiplied by SD of the
recovery replicates at the lowest expected concentrations
ranging between 0.09 and 1.94 𝜇g/kg are shown in Table 2.

3.4.The Limit of Quantitation (LOQ). It is the lowest concen-
tration of analyte that can be determined with an acceptable
level of uncertainty according to Eurachem guideline and it
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Table 2: Retention times (RT), regression coefficient (𝑟2), regression equation, limit of detection (LOD), and standard deviation (SD) obtained
for standards in toluene calibration.

Compounds RT (min) 𝑟
2 Regression equation LOD SD

(1) Naphthalene 5.241 0.998 𝑌 = 2.68𝑒4𝑋 + 2.67𝑒5 1.22 0.41
(2) Acenaphthylene 7.815 0.999 𝑌 = 1.14𝑒0𝑋 + 1.56𝑒2 0.36 0.12
(3) Acenaphthene 8.092 0.999 𝑌 = 1.53𝑒4𝑋 + 4.47𝑒4 1.17 0.39
(4) Fluorene 9.040 0.999 𝑌 = 1.80𝑒4𝑋 + 2.69𝑒4 1.64 0.55
(5) Phenanthrene 11.803 0.999 𝑌 = 2.48𝑒4𝑋 + 7.34𝑒4 0.74 0.25
(6) Anthracene 11.984 0.999 𝑌 = 2.23𝑒4𝑋 + 8.11𝑒4 1.94 0.65
(7) Fluoranthene 16.077 0.999 𝑌 = 2.55𝑒4𝑋 − 3.26𝑒4 0.95 0.32
(8) Pyrene 16.720 0.999 𝑌 = 2.53𝑒4𝑋 − 3.12𝑒4 0.50 0.17
(9) Benzo(a)anthracene 20.285 0.999 𝑌 = 8.37𝑒1𝑋 − 9.44𝑒2 0.75 0.25
(10) Chrysene 20.409 0.999 𝑌 = 9.17𝑒1𝑋 − 7.76𝑒3 0.33 0.11
(11) Benzo(b)fluoranthene 23.792 0.998 𝑌 = 6.34𝑒1𝑋 − 9.62𝑒2 0.57 0.19
(12) Benzo(k)fluoranthene 23.861 0.999 𝑌 = 8.40𝑒1𝑋 + 6.26𝑒2 0.58 0.19
(13) Benzo(a)pyrene 24.612 0.998 𝑌 = 7.78𝑒1𝑋 − 9.25𝑒2 0.37 0.12
(14) Indeno(1,2,3-cd)pyrene 27.809 0.996 𝑌 = 3.86𝑒1𝑋 − 8.83𝑒2 0.44 0.15
(15) Dibenz(a,h)anthracene 27.870 0.996 𝑌 = 5.10𝑒1𝑋 − 8.85𝑒2 0.90 0.30
(16) Benzo(g,h,i)perylene 28.534 0.999 𝑌 = 7.98𝑒1𝑋 − 5.45𝑒2 0.09 0.03

Table 3: Representing recovery percentage, relative standard deviation (RSD%), and RSDpooled% results of 𝑛 = 6 replicates on each spiking
level.

Compounds Recovery ± RSD% RSDpooled%2.0 𝜇g/Kg 10.0𝜇g/Kg 50.0 𝜇g/Kg
(1) Naphthalene 95 ± 16 96 ± 11 88 ± 5 5
(2) Acenaphthene 96 ± 5 108 ± 10 113 ± 11 5
(3) Acenaphthylene 107 ± 12 118 ± 3 97 ± 5 4
(4) Fluorene 85 ± 10 117 ± 11 114 ± 10 5
(5) Phenanthrene 102 ± 12 109 ± 5 116 ± 10 5
(6) Anthracene 87 ± 10 112 ± 10 115 ± 10 5
(7) Fluoranthene 102 ± 12 106 ± 13 115 ± 9 5
(8) Pyrene 101 ± 13 111 ± 12 115 ± 10 5
(9) Benzo(a)anthracene 96 ± 6 99 ± 4 105 ± 2 2
(10) Chrysene 89 ± 19 88 ± 6 103 ± 2 4
(11) Benzo(b)fluoranthene 76 ± 6 72 ± 4 105 ± 3 3
(12) Benzo(k)fluoranthene 89 ± 10 76 ± 6 97 ± 6 4
(13) Benzo(a)pyrene 70 ± 8 74 ± 13 106 ± 5 4
(14) Indeno(1,2,3-cd)pyrene 65 ± 9 61 ± 7 98 ± 5 4
(15) Dibenzo(a,h)anthracene 74 ± 9 72 ± 9 97 ± 5 4
(16) Benzo(g,h,i)perylene 69 ± 3 56 ± 9 96 ± 5 4

is usually the lowest point on the calibration curve which
is 2𝜇g/kg. The analytes were considered to be quantitative
when their abundance confirmation ion signal to noise is
S/N ≥ 3 with an accurate quantitation of ±20% of their true
value in the calibration standard. Sample residues that met all
criteria but had S/N < 3 were reported as less than the limit
of quantification (<LOQ) while those which had not fit any
criteria were reported as not detected (N.D.).

3.5. Recovery and Relative Standard Deviation (RSD). The
recovery of (𝑛 = 6) replicates at each level was calculated and

summarized in Table 3 which shows very good recovery and
excellent RSD.

From Table 3, the recovery of each set of 6 replicates
was in the range of 56–115% where the lower spiking level
was selected in order to include the lower concentration of
PAHs fish muscle fixed at 2𝜇g/Kg. The extraction efficiency
was consistent over the entire range with indeno(1,2,3-
cd)pyrene and benzo(g,h,i)perylene being the most affected
compounds where their recovery at lower level was 65 and
69%, respectively, and at the second level was 61 and 56%.
No significant dispersion of results was observed for the other



International Journal of Analytical Chemistry 5

remaining PAHs and recovery did not differ substantially at
the lowest and the highest concentrations.

According to Commission Regulation (EC) number
1881/2006 and (EC) number 333/2007 [22, 23], the maximum
level for the determination of PAHs in fish was 2𝜇g/kg wet
weight and the recovery range of the methods used should be
50–120%, indicating that the validated method complies with
these criteria.

Where RSDpooled can be calculated [21] as

RSDpooled = √
RSD2
1
(𝑛
1
− 1) + RSD2

2
(𝑛
2
− 1) + ⋅ ⋅ ⋅

(𝑛
1
− 1) + (𝑛

2
− 1) + ⋅ ⋅ ⋅

. (1)

RSD is the relative standard deviation, 𝑛 is the number of
samples, and the equation used to calculate the recovery is
[24]

Recovery% =
𝐶
𝑓

𝐶
𝑒

× 100, (2)

where 𝐶
𝑓
is the found concentration and 𝐶

𝑒
is the expected

concentration.
Figures 2, 3, and 4 represent mean recovery and RSD%

ranges; most of the PAHs recovery was between 70 and 120%
with most of RSD less than 10%.

The reported results provide evidence that the adapted
QuEChERS method achieved for most of the PAHs gives
good recoveries, repeatability, and reproducibility.

3.6. Method Uncertainty Calculation. Using these equations
the following was found.

Relative standard uncertainty 𝑈Rec = 3.6% and

𝑈
(Rec) =

𝑠

√𝑛

. (3)

Combined uncertainty 𝑈
𝑐
is

𝑈
𝑐
= √(𝑈

𝑝
)

2

+ (𝑈Rec)
2

+ 𝑈Ref = 6.2%. (4)

𝑈
𝑐
is combined uncertainty. 𝑈Rec is the uncertainty

due to recovery. 𝑈Ref is the uncertainty due to reference
standard preparation. 𝑈

𝑝
is the uncertainty due to precision

experiments.
The uncertainty due to reference standard preparation
𝑈Ref = 0.7.
𝑈
𝑝
which is the relative standard uncertainty due to pre-

cision experiments expressed as relative standard deviation
was found to be less than 5% (the highest pooled RSD% for
pyrene).

Expanded uncertainty is obtained by multiplying the
combined uncertainty by a coverage factor 𝑘. For confidence
level of 95% 𝑘 is 2. The expanded uncertainty (at 95%
confidence level) was found to be ±12%.

The higher sample weight used in the proposed method
(10 g) with accepted solid phase extraction cleanup tech-
niques compared with E1 and E2 QuEChERS acetonitrile
based extraction method (1 g) [19] facilitates the ability of
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lowering the limits of quantification for PAHs where the
recoveries obtained at 500 𝜇g/Kg for traditional acetonitrile
based QuEChERS extraction using extraction scheme E1 (1%
acetic acid in acetonitrile and AOAC salts) yield average
recoveries less than 67%, with individual PAHs recoveries
typically ranging from 35 to 87%, also for extraction scheme
E2 (acetonitrile and EN salts) performed equally poorly,
with average PAHs recoveries being less than 68% and
individual PAHs recoveries ranging from 24 to 88%, while for
the proposed method the individual PAHs recoveries range
from 65 to 107% at the LOQ limits (2 𝜇g/Kg) with method
uncertainty equal to ±12 (at 95% confidence level) indicating
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that the method is quite fit for purpose with acceptable LOQ,
precision, and accuracy according toCommissionRegulation
(EC) number 1881/2006 and (EC) number 333/2007.

4. Conclusion

The results found were very promising; it may be concluded
that modified QuEChERS method of extraction followed by
cleanup silica gel packed solid phase extraction combined
with GCMS for quantitation is an efficient method for
determination of low concentration of selected group of
PAHs in homogenized fish samples. This method is suitable
for laboratories engaged daily in routine analysis of a large
number of samples, and the LOQof themethod is sufficiently
attained low in order to be used in the national monitoring
program of Egypt for determination of PAHs in fish as well as
in imported and exported fish following Codex regulations.
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National Oceanic and Atmospheric Administration (NOAA) Method NMFS-NWFSC-59 2004 is currently used to quantitatively
analyze seafood for polycyclic aromatic hydrocarbon (PAH) contamination, especially following events such as the Deepwater
Horizon oil rig explosion that released millions of barrels of crude oil into the Gulf of Mexico.This method has limited throughput
capacity; hence, alternative methods are necessary to meet analytical demands after such events. Stir bar sorptive extraction
(SBSE) is an effective technique to extract trace PAHs in water and the quick, easy, cheap, effective, rugged, and safe (QuEChERS)
extraction strategy effectively extracts PAHs from complex food matrices.This study uses SBSE to concentrate PAHs and eliminate
matrix interference from QuEChERS extracts of seafood, specifically oysters, fish, and shrimp. This method provides acceptable
recovery (65–138%) linear calibrations and is sensitive (LOD = 0.02 ppb, LOQ = 0.06 ppb) while providing higher throughput and
maintaining equivalency between NOAA 2004 as determined by analysis of NIST SRM 1974b mussel tissue.

1. Introduction

When the Deepwater Horizon oil rig exploded off the north-
ern coast of the Gulf of Mexico on April 20, 2010, millions of
barrels of crude oil were released into the gulf before the well
was capped, and later sealed, almost six months later. Fragile
ecosystems, air and water quality, food supplies, human
health, and economies in and around the Gulf of Mexico
are still being impacted by this spill [1]. Without effective
monitoring of food and water quality after such spills,
fisheries could remain closed unnecessarily or products from
unmonitored fisheries may enter the general food supply,
leading to potential endangerment of public health. Nine
PAHs were initially selected as markers for contamination in
seafood harvested in and around potentially impacted areas
[2]. Regulatory limits and established safe levels of exposure
for each of these analytes are summarized in Table 1.

The National Oceanic and Atmospheric Administration
is responsible for closing and opening Federal waters for
seafood harvest. The NOAAOffice of Response and Restora-
tion (OR&R) publication entitled Managing Seafood Safety
after an Oil Spill [3] and input from NOAA, the Food and
Drug Administration, the Environmental Protection Agency,
and several state authorities were used to establish criteria for
analytically screening seafood for oil contamination as part
of the Deepwater Horizon explosion. NOAA currently rec-
ommends using NOAA Method NMFS-NWFSC-59 2004 [4]
as the preferred method for quantifying polycyclic aromatic
hydrocarbons (PAHs) in seafood harvested from potentially
oil-impacted areas. This gas chromatography/mass spec-
trometry (GC/MS) method recommends running batches
of only 12 to 14 samples where assay preparation, sample
preparation, and extensive sample cleanup require multiple
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Table 1: United States PAH regulatory limits for reopening impacted areas.

Chemical1 Levels of concern (ppm)
mg/kg/day 13 g/day (shrimp and crabs) 12 g/day (oysters) 49 g/day (finfish)

Naphthalene 0.02 123 133 32.7
Fluorene 0.04 246 267 65.3
Anthracene/phenanthrene 0.3 1846 2000 490
Fluoranthene 0.3 246 267 65.3
Pyrene 0.03 185 200 49
Benz[𝑎]anthracene 0.0002 1.32 1.43 0.35
Chrysene 0.02 132 143 35
Benzo[𝑎]pyrene 0.00002 0.132 0.143 0.035
1Includes alkylated homologues, specifically C-1, C-2, C-3, C-4 naphthalenes; C-1, C-2, C-3 fluorenes; C-1, C-2, C-3 anthracenes/phenanthrenes; C-1, C-2
pyrenes.
Table modified from FDA 2010 [2].

days of work to complete. Additionally, size-exclusion high-
performance liquid chromatography is completed prior to
GC/MS analysis for further sample cleanup. Lastly, the
GC/MS method is almost an hour long for each sample
[4]. All of these steps result in a low-throughput method.
Hence, there is concern that theNOAA2004methodmay not
have the throughput capacity necessary during an emergency
response. Other methods have been utilized to extract PAHs
from seafood, like solid-liquid extraction with n-hexane or
dichloromethane with a mandatory solid phase extraction
cleanup step [5], but larger volumes of chlorinated solvents
are necessary and relative standard deviations (RSDs) are
high for some compounds. Also, solid-phasemicroextraction
(SPME) has been utilized to extract PAHs from seafood,
which eliminates the need for solvents and a separate cleanup
step [6], but is not high throughput since the SPME fiber is
exposed to a single sample for 60 minutes.

As a result of the Deepwater Horizon explosion, a new
PAH screening method was developed using liquid chro-
matography/fluorescence (LC/FL) technology [2]. Although
the LC/FL method is fast and high throughput, this method
lacks quantification and mass spectral confirmation and is
only used for screening purposes [7]. Incorporating existing
extraction procedures like QuEChERS (quick, easy, cheap,
effective, robust, and safe)may retain the throughput capacity
of this method and add much needed quantification capabil-
ities.

QuEChERS was first developed to extract a broad spec-
trum of pesticides from fruits and vegetables and has been
shown to yield high recovery of apolar compounds from a
variety of plant materials [8]. The technique has since been
extended to other analytes including PAHs in fish tissue with
recoveries of >90% [9, 10]. QuEChERS uses a water-miscible
solvent to extract analytes of interest but requires dispersive
solid phase extraction (dSPE) for further sample cleanup. In
dSPE procedures, primary secondary amine (PSA) adsorbent
is typically used to remove organic acids while C18 or
graphitized carbon black can be included to remove fats and
pigments [11–13].

In 1999, Baltussen et al. developed amicroextraction tech-
nique commonly referred to as stir bar sorptive extraction
(SBSE) [14], which initially was used to extract compounds

from liquid matrices [15]. This technique uses 1-2 cm mag-
netic stir bars coated with a 0.5 or 1.0mm film of poly-
dimethylsiloxane (PDMS), a commonly used sorptive mate-
rial, to extract compounds with high octanol : water partition
coefficients (log𝐾

𝑜/𝑤
> 2 ) [14, 16]. SBSE is easy to use and

parts per billion detection levels for apolar pollutants, like
PAHS, in aqueous solutions are possible when combinedwith
GC/MS [17, 18]. Also, SBSE has been successfully applied for
the detection and quantification of trace levels of numerous
analytes in food, environmental, and forensic applications [15,
19, 20]. Further, the United States Environmental Protection
Agency Region 7 Laboratory concluded that SBSE can meet
EPA Method 625 performance criteria for all 18 PAHs listed
[21].

The purpose of this study is to determine if QuEChERS
and SBSE technology can be combined to provide an extrac-
tion and concentration procedure for PAHs from fish and
shellfish that can be coupled to GC/MS. This new extraction
method will result in a high throughput approach, unlike the
NOAA2004method,with quantifiable results andmass spec-
tral confirmation, unlike the LC/FL method. This method
is the first to combine QuEChERS with SBSE technology
to successfully develop a method to minimize matrix inter-
ference and significantly increase sample throughput while
maintaining quantifiable results for low level measurements.

2. Materials and Methods

2.1. Reagents and Chemicals. Analytical PAH standards (part
number 31458) and deuterated Semi-Volatile Internal Stan-
dard Mix (part number 31006) were from Restek (Bellefonte,
PA, USA), while optima LC-MS grade acetonitrile (ACN),
methanol, dichloromethane, and sodiumhydrogen carbonate
were all purchased from Sigma Aldrich (St. Louis, Missouri,
USA). Deionized (DI) water used for this work was purified
to 18.2MΩ-cm resistivity. NIST (Gaithersburg, MD, USA)
standard reference material was organics in mussel tissue
(SRM 1974b). QuEChERS AOAC extraction kits containing
6.0 g MgSO

4
and 1.5 g sodium acetate were provided as

generous gifts from Agilent Technologies (Santa Clara, CA,
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USA). Stir bars were conditioned using a TC-2 tube condi-
tioner (GERSTEL, Linthicum, MD, USA). Unless otherwise
specified all other chemicals and reagents were of reagent
grade or higher.

2.2. Equipment. Studies were performed in two different
laboratorieswith slightly different instrumentation as follows:
Sample tissue was homogenized using (1) equal parts sample
and DI water using a Waring (Lancaster, PA, USA) model
LB10S variable speed steel bowl lab blender, or (2) homoge-
nized frozenwith a Robot Coupe (Jackson,MS,USA)RSI 2Y1
laboratory grade blender by incorporating a small amount
of dry ice. Samples were agitated either manually or with an
ATR (Laurel, MD, USA) RKVSD Rotamix rotating inverter.
All extracts were centrifuged with either a Thermo Fisher
Scientific (Waltham, MA, USA) Sorvall Evolution RC cen-
trifuge or Eppendorf (Hamburg,Germany) 5430R centrifuge.
SBSE was performed at room temperature with GERSTEL
Twister stir bars in 10mL headspace vials on a 20 position
magnetic stir plate. Stir bars were thermally desorbed using
a TDU thermal desorption unit with a CIS 4 programmed
temperature vaporizing inlet and analysis automated using
an MPS 2 autosampler with Maestro software (GERSTEL,
Linthicum, MD, USA). Lastly, an Agilent (Santa Clara, CA,
USA) 7890 GC interfaced with either an Agilent 5975 or 5973
MS was used.

2.3. Standard and Sample Preparation. Samples of frozen gulf
shrimp, fresh oysters, and Atlantic croaker (Micropogonias
undulatus) were either obtained from local markets or as a
generous gift from the Alabama Public Health Laboratory.
Seafood obtained at local markets was purchased whole to
verify identification prior to being homogenized. Sample
tissue (fresh or partially frozen) was homogenized either with
equal parts water or by using dry ice in a laboratory grade
blender. No difference in results was seen between either of
preparation methods. Dry ice was sublimed from homog-
enized samples at −20∘C prior to analysis. Homogenates
equivalent to 3.0 ± 0.1 g tissue (or 6.0 ± 0.1 g of water
homogenate)wereweighed into 50mL conical tubes. Internal
standard and PAH standard solutions were spiked directly
onto the tissue in the tube.

Stock solutions of PAH standards, quality controls, and
internal standards were prepared by diluting original solu-
tions in ACN to yield 0.3, 3.0, 15, 30, and 75 ng/𝜇L spiking
solutions. Stock solutions of deuterated PAH standards used
as internal standards were prepared by diluting original
solutions in ACN to yield a spiking solution of 3.75 ng/𝜇L.
Adding 20𝜇L of internal standard to 3.0 g tissue (or 6.0 g of
water homogenized tissue) yielded an internal standard con-
centration of 25 ng/g in tissue. Adding 10 𝜇L of each standard
spike level to 3.0 g tissue (or 6.0 g water homogenized tissue)
yielded spike levels of 1.0, 10, 50, 100, and 250 ng/g.

We performed the standardAOACversion ofQuEChERS
without further optimization by following package insert
directions. In brief, DI water was added to samples to
normalize final weight at 15 g. Samples were vortexed for 30
seconds and further diluted with 15mL of ACN and vortexed

for an additional minute.The contents of the QuEChERS salt
packet (6.0 g MgSO

4
and 1.5 g sodium acetate) were added to

the sample and shaken 1 minute. Samples were mixed on an
ATR rotator for 10 minutes and centrifuged at approximately
4000×g for 5 minutes at 5.0∘C. The upper ACN layer was
collected and stored up to 48 hours prior to analysis.

Prior to use, Twister stir bars were conditioned at
300∘C under 80mL/min zero grade nitrogen flow in the
tube conditioner for 2 hours. SBSE was accomplished by
transferring 1.0mL aliquots of the upper ACN layer to a
10mL headspace vial containing a conditioned, precoated stir
bar and 4.0mL of 0.1M NaHCO

3
to reduce organic acid

interference. Samples were stirred at room temperature for 90
minutes at approximately 1200 rpm. Stir bars were removed
with clean tweezers, rinsed briefly with DI water, blotted dry,
and placed into clean glass desorption tubes for analysis.

Calibration of the thermal desorption unit was performed
by spiking a known amount of PAH standard mix onto
Tenax TA adsorbent tubes (Supelco, Bellefonte PA, USA) and
desorbing under the same conditions as used for the Twister
desorption, as described below. The total recovery of the
combined QuEChERS/SBSE procedure was determined by
using this calibration to quantify the PAHs recovered from
the spiked oyster matrix.

2.4. Stir Bar Desorption and GC/MS Conditions. Stir bars
were thermally desorbed at 100mL/minute into the GC using
the thermal desorption unit in splitless mode heated at
720∘C/minute from 40∘C (0.2min) to 300∘C (5 minutes).
Analytes were refocused in the inlet at −120∘C on a quartz
wool-filled liner in solvent venting mode and transferred to
the column by heating the inlet at 720∘C/minute to 300∘C
(3 minutes) with a 10 : 1 split ratio. Since the focus of this
study was the extraction and cleanup procedure, adequate
chromatographic separation was performed on a Restek DB
5MS or 5XI 5SIL MS column (30m × 0.25mm × 0.25 𝜇m)
with zero grade helium carrier at 1mL/minute constant
flow unless otherwise noted. The column was held at 60∘C
for 1 minute and then heated at 15∘C/min to 325∘C and
held for 3 minutes for a total run time of 21.7 minutes.
Simultaneous detection was performed using selective ion
mode (SIM)/Scan mode from 50–400 amu. Specific SIM
parameters including the quantifier and two qualifier ions are
provided in Table 2.

2.5. GERSTEL Twister Stir Bar Cleaning Procedures. After
use, stir bars were cleaned by soaking 10–40 stir bars
overnight in 40mL of a 50% methylene chloride in 50%
methanol solution. The liquid was poured off and stir bars
were carefully spread out on a clean watch glass in the fume
hood to allow excess solvent to evaporate for 2 hours. Twisters
were thermally conditioned at 300∘C in the tube conditioner
under a stream of nitrogen (80mL/min per tube) for 2 hours
and allowed to cool for 15minutes under nitrogen flow before
being stored individually in 2mL vials. Stir bars analyzed
after cleaning showed no detectable PAH carryover (data not
shown).
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Table 2: MSD SIM method conditions; quantifier in bold.

Group RT1 (min) Ions monitored
1 2.5 (102, 50), (126, 50), (128, 50)
2 7.6 (115, 50), (141, 50), (142, 50)
3 9.0 (151, 20), (152, 20), (153, 20), (154, 20)
4 10.0 (165, 50), (166, 50), (167, 50)
5 11.5 (176, 50), (178, 50), (179, 50)
6 13.5 (200, 50), (202, 50), (203, 50)
7 15.5 (226, 50), (228, 50), (229, 50)
8 17.4 (126, 50), (252, 50), (253, 50)

9 19.2 (138, 20), (139, 20), (276, 20), (277, 20),
(278, 20), (279, 20)

Group 1: naphthalene; Group 2: 2-methylnaphthalene; Group 3: acenaphthy-
lene, acenaphthene; Group 4: fluorene; Group 5: phenanthrene, anthracene;
Group 6: fluoranthene, pyrene; Group 7: benzo[𝑎]anthracene, chrysene;
Group 8: benzo[𝑏]fluoranthene, benzo[𝑘]fluoranthene, Benzo[𝑎]pyrene;
Group 9: benzo[𝑔ℎ𝑖]perylene.
1RT is the retention time for the start of the SIM group window.

3. Results and Discussion

Combining QuEChERS and SBSE technology increases sam-
ple throughput with quantitative results. Data show that the
combination of QuEChERS and SBSE is a viable approach for
the determination of important PAH markers in oysters and
other seafood that eliminates extensive sample preparation
and increases quantitative throughput capabilities.

Although the QuEChERS technique has been used pre-
viously to extract PAHs in fish [10, 22], the procedure does
not provide additional concentration unless the final sample
is evaporated and reconstituted, which also simultaneously
concentrates any remaining matrix interferences. Further-
more, using a dSPE cleanup step appears to leave some
amount of matrix compounds in the sample extract that may
interfere with the analysis [22, 23]. Large volume injection
has been used to improve the detection limits for pesticides
after QuEChERS extraction [24, 25], but retention time shifts
were reported after only three injections on theGC/MSunless
back-flushing was used to eliminate interference from high
molecular weight matrix contaminants [23]. These initial
attempts at using only QuEChERS failed to provide adequate
detection limits; therefore, we incorporated SBSE as a dual
cleanup and concentrating step.

3.1. Optimizing SBSE Conditions. Since PAHs are ubiquitous,
precautions must be taken to ensure background contamina-
tion is minimized. Oysters were chosen as the first matrix to
test the QuEChERS/SBSEmethod in seafood because oysters
are considered a difficult matrix since the high fat content
in oysters may introduce high background interferences [12].
Prior to this study, we have performed SBSE in aqueous
solutions containing water-miscible organic solvents for
compounds with high𝐾

𝑜/𝑤
and found the relative percentage

of organic solvent must be optimized for efficient extraction
of the target analytes. Based on our previous studies and a
study by Ochiai et al. [16], 20%ACNwas selected because the

log𝐾
𝑜/𝑤

for the PAHs of interest ranged between 3.3 and 6.75.
Therefore, to perform the SBSE on the QuEChERS extracts,
1.0mL of the acetonitrile layer was diluted into 4.0mL water
or buffer resulting in a final solution containing 20% ACN.
When the optimized extraction conditions were used with
the oyster matrix, including the addition of 0.1M NaHCO

3
,

excellent signal to noise ratio in the SIM mode was obtained
(Figure 1). SBSE also provided a concentration factor up to
1000x compared to liquid injection, which enabled quan-
tification of very low levels of analytes. Preliminary SBSE
extraction studies evaluated extraction times of 30, 60, and
90 minutes, 4 hours, and 16 hours (overnight) to estimate
near-equilibrium conditions. Based on these studies, SBSE
extraction time for this matrix was evaluated at 90 minutes
or 16 hours. No significant improvement in signal was seen
with overnight extraction (data not shown); therefore, a 90-
minute extraction was used for all subsequent testing. In
addition, incorporating 0.1M NaHCO

3
during SBSE greatly

reduced interference due to organic acids and improved
signal-to-noise ratios (Figure 2 (A and B)). With routine
instrument maintenance, the optimized conditions provided
stable chromatography for >200 samples.

3.2. Method Linearity and Recovery. GC/MS analysis was
used to determine extraction performance, but optimization
of the GC/MS parameters was secondary to investigating the
combination of QuEChERS and SBSE as a novel extraction
procedure for PAHs in seafood. The Agilent 5975 GC/MS
configuration used in this study was ideal due to the ease
of use to evaluate extraction performance and general avail-
ability and robust high throughput nature of the instrumen-
tation. The described extraction procedure can be used to
introduce sample into any optimized GC/MS configuration
where the columns, GC/MS conditions, or other instru-
mentation, like GC/QQQ, could be used to analyze these
extracts. Normalizing instrument responses to deuterated
PAH internal standards produced linear calibrations and
accounted for varying extraction efficiencies (Table 3). The
QuEChERS/SBSE method provides linear calibration with
concentrations of 1, 10, 50, 100, and 250 ng/g matrix for
9 target PAHs (Table 3) with recoveries of 65.5–138.4% for
concentrations spiked at 2.5, 50, and 250 ng/g in oysters
(Table 3, 𝑛 = 3 for each spiked concentration), which is
consistent with previous studies using this technology [10, 17,
18].

3.3. Method Trueness and Precision. Trueness and precision
of these determinations were further assessed by measuring
PAH concentrations in oysters spiked at 2.5, 50, and 250 ng/g
(Table 3). Analysis of a NIST standard reference material
performed over a period of several weeks illustrates the accu-
racy and precision of the method using certified reference
material (Table 4). This analysis provided excellent recovery
for total PAH (98%, 𝑛 = 11) with high precision (7–19% RSD)
that meets the guidelines expressed in the NOAA reference
method and National Institute of Standards and Technology
Deepwater Horizon study [1, 26]. Only two PAH values,
naphthalene and anthracene, were outside the target range.
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Figure 1: Total ion chromatography of PAHs in oysters spiked at 25 ng/g.
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Figure 2:Matrix interference is reduced in oysters during SBSEwith
use of 0.1M NaHCO

3
(A) instead of water (B).

Naphthalene exhibited the highest variability (19% RSD)
whichmay have been due to losses during the extra 10-minute
shake in our QuEChERS procedure and the relatively high
volatility of naphthalene. Although the value for fluorene is
within range of the NIST standard reference material, the
fluorene values reported in Table 4 were only detected using
a 60m column (𝑛 = 3) because of coelution of other analytes,
such as PCBs, that was difficult to separate using the shorter
30mcolumn.Anthracenewas overestimated due to coelution
of contaminants when a shorter GC separation was employed
for the study. The presence of a coeluting contaminant in

the stir bar extract was confirmed by comprehensive GC ×
GC analysis on a Leco Pegasus 4D system (data not shown).
All of the PAHs were detected, even anthracene, much
below the lowest regulatory limits. The limits of detection
for the PAHs were found to be 0.020 ppb and the limits of
quantification 0.060 ppb, based on s/n ratios of 3 : 1 and 10 : 1,
respectively.

3.4. Testing Additional Matrices. Since the SBSE method was
successfully validated in both spiked oysters and in NIST
standard reference material (mussel tissue) the method was
repeated in other seafood matrices using croaker (a finfish)
and shrimp. Table 5 shows the linear regression data with 1–
250 ng/g spiked tissues with mean 𝑟2 values from 0.9905–
0.9948 (𝑛 = 3). Also, percent recoveries ranged from 63.1
to 93.6% when croaker and shrimp were spiked with 50 ng/g
of analyte, a concentration below the regulatory level of con-
cern. Even though further inter- and intralaboratory studies
are needed to fully test the utility of this new extraction
procedure, these results with oysters, croaker, and shrimp
show significant promise for increasing analytical capacity for
assessing petroleum contamination in potentially impacted
seafood.

The SBSEmethod is successful with difficultmatrices, like
seafood, by not only decreasing matrix interference, but also
concentrating the analytes. The method and theory of SBSE
has been described in detail elsewhere [27]. Briefly, the PDMS
coating on the stir bar acts as an immobilized liquid into
which apolar analytes in an aqueous matrix can partition.
Because of the apolar nature of the PDMS, polar matrix
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Table 3: Retention time, linear regression, and recovery in oysters.

RT1 (min) Mean 𝑟2 Percent recovery (mean ± SEM2)
2.5 ng/g 50 ng/g 250 ng/g

Naphthalene 5.5 0.9916 125.6 ± 0.08 71.6 ± 0.03 82.4 ± 0.02
Fluorene 9.25 0.9912 92.8 ± 0.02 75.3 ± 0.3 84.5 ± 0.03
Phenanthrene 10.93 0.9957 118 ± 0.07 69.8 ± 0.02 81.5 ± 0.02
Anthracene 11.02 0.9960 95.6 ± 0.03 66.8 ± 0.01 79.9 ± 0.02
Fluoranthene 13.02 0.9937 138.4 ± 0.02 88.7 ± 0.03 100.9 ± 0.03
Pyrene 13.42 0.9937 131.1 ± 0.03 86.1 ± 0.03 97.6 ± 0.03
Benz[𝑎]anthracene 15.52 0.9930 90.7 ± 0.02 69.4 ± 0.01 84.3 ± 0.02
Chrysene 15.58 0.9934 103.7 ± 0.03 66.3 ± 0.01 80.7 ± 0.02
Benzo[𝑎]pyrene 17.86 0.9940 70.8 ± 0.09 65.5 ± 0.01 81.1 ± 0.03
1RT is the retention time.
2SEM is the standard error of the mean.

Table 4: Analysis on SRMmussel tissue.

Analyte Acceptable range (ng/g) Certificate of analysis (ng/g) QuEChERS-SBSE (ng/g) %RSD
Naphthalene 1.6–3.3 2.4 1.0 18.5
Fluorene 0.3–0.7 0.49 0.351 14.7
Phenanthrene 1.7–3.5 2.6 1.9 11.1
Anthracene 0.3–0.8 0.53 2.42 15.2
Fluoranthene 11.5–23.1 17 19.2 7.0
Pyrene 12.2–24.2 18 19.0 7.2
Benz[𝑎]anthracene 2.9–6.9 4.7 3.7 7.2
Chrysene + Triphenylene 7.4–13.8 10.6 8.8 6.8
Benzo[𝑎]pyrene 2.0–3.6 2.8 1.7 10.4
Total 59.12 58.05
1
𝑛 = 3 (only detected using 60m column).

2Possible coelution.

Table 5: Analysis of finfish and shrimp matrices, 𝑛 = 3.

Spike level (𝜂g/g)
Croaker Shrimp Croaker Shrimp

50 50
Percent recovery Mean 𝑟2

Naphthalene 70.5 ± 0.001 70.5 ± 0.017 0.9943 0.9905
Fluorene 63.1 ± 0.003 78.6 ± 0.024 0.9912 0.9930
Phenanthrene 70.7 ± 0.007 67.3 ± 0.004 0.9948 0.9932
Anthracene 69.1 ± 0.008 67.7 ± 0.003 0.9951 0.9810
Fluoranthene 93.6 ± 0.024 78.2 ± 0.008 0.9919 0.9940
Pyrene 85.7 ± 0.024 76.3 ± 0.009 0.9918 0.9920
Benz[𝑎]anthracene 64.4 ± 0.016 68.7 ± 0.008 0.9908 0.9929
Chrysene 65.3 ± 0.023 66.9 ± 0.011 0.9916 0.9933
Benzo[𝑎]pyrene 64.1 ± 0.006 65.2 ± 0.007 0.9919 0.9915

components (including inorganic salts, carbohydrates, ion-
ized acids, and amines) do not partition well into the PDMS
and therefore do not interfere with the analysis. Furthermore,
since loading capacity is based on the volume of PDMS on the
stir bar, not the surface area, high molecular weight apolar
components such as triglycerides and peptide fragments,
which do not diffuse effectively into the PDMS layer, will
not interfere with the analysis. Hence, SBSE provides sample
cleanup as well as sample concentration and achieves low
detection limits in complex sample matrices.

3.5. Method Workflow and Throughput. The QuEChERS/
SBSEmethod is inexpensive since the stir bars can be cleaned
and reused for 30–50 samples, resulting in an estimated cost
of<$10 per sample for all consumables, includingQuEChERS
kits. In addition, we propose that the QuEChERS/SBSE pro-
cedure can provide high sample throughput. The workflow
possible by a single analyst is illustrated in Figure 3. The
red bars represent the sample processing steps for a single
batch of 20 samples prepared by first performing QuEChERS
extractions on a batch of 20 samples followed by unattended



International Journal of Analytical Chemistry 7

8:
00

 a.
m

.

10
:0

0 
a.m

.

12
:0

0 
p.

m
.

2:
00

 p
.m

.

4:
00

 p
.m

.

6:
00

 p
.m

.

SBSE3

QuEChERS3

SBSE2

QuEChERS2

GC/MS

SBSE1

QuEChERS1

Figure 3: Flowchart demonstrating high throughput application of
QuEChERS/SBSEmethod with one technician completing about 60
samples per workday.

SBSE for 90 minutes. Samples are loaded onto the GC/MS
and an automated analysis is started. It is possible for a single
analyst to prepare a second batch of 20 samples (blue bars)
and even a third 20-sample batch (green bars) per day which
can be added to the automatedGC/MS analysis.The length of
the GC/MS method, or other analysis, may vary, but results
can be obtained for about 60 samples per day.

4. Conclusion

The QuEChERS/SBSE method presented is a viable alter-
native to the NOAA method and the LC/FL method to
maintain sensitivity, accuracy, and precision while efficiently
quantifying PAH contamination in seafood. The QuEChERS
extraction strategy was used to effectively extract PAHs from
complex seafood matrices including mollusks, crustaceans,
and finfish.This study uses a novel SBSE with a buffered dilu-
ent to concentrate PAHs and eliminate matrix interference
from QuEChERS extracts of seafood, specifically oysters,
fish, shrimp, and mussels. This method provides acceptable
recovery (65–138%) and linear calibrations and is sensitive
(LOD = 0.02 ppb, LOQ = 0.06 ppb) while providing higher
throughput and maintaining equivalency between NOAA
2004 as determined by analysis of NIST SRM 1974b mussel
tissue.
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Diffusion-based passive samplers are increasingly used for water quality monitoring. While the overall method robustness and
reproducibility for passive samplers in water are widely reported, there has been a lack of a detailed description of uncertainty
sources. In this paper an uncertainty budget for the determination of fully labile Cu in water using a DGT passive sampler
is presented. Uncertainty from the estimation of effective cross-sectional diffusion area and the instrumental determination of
accumulated mass of analyte are the most significant sources of uncertainty, while uncertainties from contamination and the
estimation of diffusion coefficient are negligible. The results presented highlight issues with passive samplers which are important
to address if overall method uncertainty is to be reduced and effective strategies to reduce overall method uncertainty are presented.

1. Introduction

The overall goal of environmental management programs is
to provide a framework for assessing environmental status,
identifying problem areas, and to continuously assess quality
indicators to ensure that those are within established accept-
able limits which ensure a “good and nondeteriorating status.”
One of the indicators of environmental quality outlined by
the Water Framework Directive of the European Union is
heavy metal concentration in water bodies, including Cu, Pb,
Cd, and Ni [1]. There is therefore a stated need to measure
and assess the environmental concentration of these metals.
This should be done using a method that is representative
and that provides comparable results across EU member
states, though the directive does not specify what level of
uncertainty is considered sufficient.

A passive sampler is a device used to collect a target
analyte in situ, both in gaseous and liquid media. Recently,
passive samplers have found increasing use in the deter-
mination of metals and organic contaminants in water
[2–4]. However, measurement uncertainty, relatively little
investigated, is a perceived limitation of passive sampling in
comparison to the more conventional grab and automated
bottle sampling procedures. The work presented here aims at

characterizing and assessing the uncertainty associated with
the determination of time-weighted concentrations of labile
metal ions in freshwater using passive sampling.

A passive sampler for metal sampling is typically com-
posed of a membrane filter, a diffusion layer gel, and a
receiving phase placed in a sampler housing, like the DGT
(diffusive gradients in thin films) technique (Figure 1). The
DGT passive sampler was first described by Allan et al.
[4] and since then the technique has been used in a wide
range of applications and is one the most widely used
passive sampler techniques for quantification and speciation
of metals in aquatic environments. The analyte accumulates
on the receiving phase as a result of the chemical affinity of the
analyte for the solid receiving phase. The amount of analyte
accumulated is proportional to the average concentration of
labile analyte in the water, the time the sampler is exposed,
and other aquatic environmental factors such as temperature
and turbulence. After sampler retrieval and determination of
the collected amount ofmetal, the average bulk concentration
of metal can be calculated (see [3–5])

𝑐
𝑏
=

(𝑀acc −𝑀blank) (𝐷
𝑤
Δ𝑔 + 𝐷

MDL
𝛿)

𝑡𝐷
𝑤
𝐷

MDL
𝐴
𝑒

. (1)

See [6].
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Figure 1: A schematic render of a DGT passive sampler showing its
principal components.

In (1), 𝑐
𝑏
denotes the bulk concentration of the analyte in

the water body,𝑀acc is the mass of the analyte accumulated
on the sampler, 𝐷𝑊 is the diffusion coefficient of the analyte
inwater at 20∘C,Δ𝑔 is the thickness ofmaterial diffusion layer
(MDL, consisting of membrane filter and diffusion layer gel),
𝐷

MDL is the diffusion coefficient of the analyte in the MDL,
𝛿 is the effective thickness of the diffusion boundary layer
that is formed at the water-sampler interface, 𝑡 is the time of
exposure, and 𝐴

𝑒
is the effective sectional area of diffusion.

Although there has been some consideration of overall
uncertainty in passive sampler measurements [7], there is
no published study evaluating the components of this uncer-
tainty. The identification of key components contributing
to overall uncertainty can support the improvement of
procedures based on passive samplings, as well as reducing
potential concerns about performance and reliability [7].

2. Materials and Methods

For the purpose of this study, a simple case was assumed;
a DGT passive sampler with characteristics listed in Table 1
was used to determine dissolved Cu concentration in water
(𝑐
𝑏
= 1.28 ± 0.16 × 10−6 gl−1). We note that the estimation of

uncertainty resulting frommetal-ligand interactions is out of
the scope of this paper and Cu is therefore considered fully
labile and present as Cu2+. In the absence ofmetal complexes,
the timeweighted average concentration can be derived using
(1).

The uncertainty budget presented here was estimated for
a generic passive sampler under predefined environmental
conditions (Table 1). The characteristics of the passive sam-
plers were chosen based on the characteristics of existing
commercially available samplers (DGT Research Ltd.) and
the availability of data. Similarly, environmental conditions
were selected based on the availability of data for specific

samplers. Although a number of passive sampler technologies
have been described in the literature [8–11], the general
methodology presented in this work should be applicable
to estimate measurement uncertainty for a broad range of
passive samplers, even if the specific conclusions for the
passive sampler system assessed here does not necessarily
hold true for other types.

Uncertainty in passive sampling is expected from all
steps in the analytical process, including preparation of
the samplers, deployment, analyte extraction, analysis, and
estimation of diffusion rates and pathways. Overall, the esti-
mation of uncertainties and the propagation of uncertainties
were based on standard methodology [12]. Input data for the
calculation were obtained from the literature and our own
results, depending on availability. A cause and effect diagram
was created to visualize the sources of uncertainty in the
analytical chain when using a passive sampler to determine
time weighted average bulk concentration (Figure 2). A list
of relevant parameters (see Table 2) was identified from the
cause and effect diagram and the model equation as a basis
for the construction of the uncertainty budget.

3. Results and Discussion

3.1. Uncertainties in Analyte Accumulation

3.1.1. Diffusional Pathway. When deploying a prepared pas-
sive sampler, the fully labile metal ion (Cu2+) accumulates on
the receiving phase and the accumulation rate is governed
by diffusion across a diffusion boundary layer (DBL, see
Figure 3), a membrane filter of known thickness (0.135mm),
and a gel layer of a known thickness (0.80mm). No
assessment was found of the uncertainty of Δ𝑔, but a low
uncertainty level was assumed for the combined membrane
filter and gel layer (0.935 ± 0.05mm) based on the authors
judgement [12].

The DBL is the water layer closest to the passive sampler-
water interface that is not affected by the mixing conditions
in the bulk water phase. This measure is a representation of
the effective DBL as this is neither evenly distributed layer
across the surface nor a true unmixed layer but rather a
velocity gradient.The effective thickness of theDBL is subject
to uncertainty. The uncertainty can be reduced by deploying
several devices with varying Δ𝑔, as described by Zhang
et al. [13], but this procedure increases the scope and cost
of measurement considerably. Therefore in the hypothetical
scenario presented here, the DBL thickness was estimated to
be 0.26 ± 0.05mm, covering a wide range of flow regimes,
from fast flowing water to slow moving lake epilimnion [6].
The diffusion coefficient of the metal ion Me2+ depends in
turn on the water temperature and on which media it is
diffusing in. The total accumulated amount (𝑀) depends on
the accumulation rate and the length of the exposure in time
(𝑡).

3.1.2. Diffusion Coefficients. The diffusion coefficients 𝐷𝑊

and 𝐷MDL are usually determined experimentally in a sep-
arate experiment. The determination itself is associated with
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Figure 2: Cause and effect diagram describing the uncertainties associated with the determination of bulk concentration 𝑐
𝑏
, using a passive

sampler. Dashed arrows indicates parameters whose uncertainty contribution was included in another parameter. The dashed box shows the
uncertainty from instrument determination of analyte. Uncertainty analysis of the ICP-MS technique has been performed previously [19, 22]
and was therefore not treated separately in this paper.

Table 1: Predefined passive sampler characteristics and environmental conditions used as a basis in the uncertainty calculations.

Parameter Property/Value
Passive sampler

Diameter 2 cm
Diffusion layer Acrylamide gel with APA cross-linker (APA2) [23]
Cellulose nitrate membrane 135𝜇m thickness and 0.45 𝜇m pore size
Receiving phase Resin-gel containing Chelex resin

Environmental conditions
pH 7.5
Water temperature 25∘C/298K
Turbulence Estimated

Table 2: Parameters for which uncertainty is determined and respective units.

Parameter Unit Definition
𝐴
𝑒

m2 Effective area of diffusional cross-section
𝐷

MDL m2 s−1 Diffusion coefficient of the Cu2+ ion in the MDL
𝐷
𝑊 m2 s−1 Diffusion coefficient of the Cu2+ ion in water

𝑀 g Accumulated amount of Cu2+ determined from sample
𝑀blank g Contamination determined from field blank
𝑟 Recovery during the extraction phase
𝑇 K Temperature in bulk water phase
𝑡 hours Exposure time
𝛿 m Diffusional boundary layer thickness
Δ𝑔 m Diffusional pathway thickness of the MDL
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Figure 3: Schematic representation of the concentration gradient
that forms over the diffusional pathway.

uncertainty, and results are typically reported without asso-
ciated uncertainty. A typical relative uncertainty of diffusion
coefficients has been reported in the range 1.3–6.4% [14, 15]
and for the purpose of this assessment we will use a 𝐷MDL

value of 6.42 × 10−10m2 s−1, which is the diffusion coefficient
of Cu2+ in APA2 gel (a polyacrylamide hydrogel containing
15% vol acrylamide and 0.3% agarose-derived cross-linker)
and the upper value in the uncertainty interval, that is,
6.4% [15]. The diffusion coefficient of Cu2+ in water (𝐷𝑊)
is reported to be 1.14 times larger at 7.30 × 10−10m2 s−1 [15].
For the purpose of this paper that same relative uncertainty
was applied to both 𝐷

MDL and 𝐷
𝑊. It should be noted

that effective diffusion coefficients may also be significantly
affected in low ionic strength solutions (<1mM).

The diffusion coefficient𝐷 depends onwater temperature
as described by the Stokes-Einstein equation:

𝐷 =
𝑘
𝑏
𝑇

3𝜋𝜇𝑑

, (2)

where 𝑘
𝑏
is the Boltzmann constant (m2 kg s−2 K−1), 𝑇 is

the temperature (K), 𝜇 is the viscosity of the medium
(kg s−1m−1), and 𝑑 is the spherical diameter of the diffusing
particle.

The uncertainty introduced from variability of 𝑇 was
analysed (𝐷(𝑇)). The uncertainty in the experimental deter-
mination of 𝐷 was also estimated. The standard uncertainty
in𝐷𝑊 from uncertainty in water temperature was calculated
to be 0.06 × 10−10m2 s−1, and the combined standard uncer-
tainty from the determination of 𝐷𝑊 and temperature was
calculated through summation in quadrature to be 7.30 ±
0.47 × 10−10m2 s−1. A similar treatment of 𝐷MDL resulted in
6.42 ± 0.10 × 10

−10m2 s−1.

3.1.3. Effective Area. The effective area of the section through
which diffusion occurs has been reported to be somehow

larger than the nominal area due to lateral diffusion; that is,
diffusion occurs in three dimensions [6, 7]. Warnken et al.
report that the radius of the effective diffusion window is
1.02 ± 0.024 cm and also note that the gel disc diameter had
shrunk on average 0.12 cm (𝑛 = 6) during drying prior to
determination of the radius [16]. No estimate on uncertainty
was given for this measure, so a 0.05 cm uncertainty was
assumed based on the number of significant figures reported,
and a rectangular distribution was selected due to the lack of
information on the measurement.

Summation in quadrature was used to combine the
uncertainties from the determination of effective radius and
the estimation of the shrinkage in order to calculate the total
uncertainty associated with the effective area [17].The divisor
√3 was used to get the standard uncertainty of the shrinkage
because of the assumed rectangular distribution, followed by
summation in quadrature:

𝑈
𝑐
= √𝑢
𝑖
(𝑟disc)

2

+ (

𝑢
𝑖
(𝑟shrinkage)

√3

)

2

.
(3)

The combined uncertainty of the effective radius was
calculated to be 0.0449 cm, making the effective radius of the
sampler 1.08 ± 0.04 cm. Using the derivative of the circle area
function to calculate the uncertainty of the effective area, 𝐴

𝑒
,

gave the value 3.66 ± 0.30 cm2.

3.2. Uncertainties in Determination of Mass

3.2.1. Preparation and Handling. During preparation, trans-
port, storage, and handling of the passive sampler devices
there is a risk of contamination. The best assessment of
the uncertainty from these sources comes from the use of
field blanks [18]. The field blanks can be used to correct
for contamination issues. We have estimated during field
trials that the associated relative uncertainty resulting from
contamination is typically in the order of 24% for passive
sampler devices, with field blank values of 8.1 ± 2.0 ng Cu2+
(𝑛 = 3) (unpublished data).

3.2.2. Extraction. The analyte (Cu2+) is subsequently
extracted from the receiving phase using a small volume
of nitric acid. The recovery factor, 𝑟, has been reported
previously (0.793 ± 0.051) [5]. The uncertainty was reported
as an interval, and therefore a rectangular distribution was
assumed.

3.2.3. Analysis/Determination. The resulting extract is
diluted to a suitable volume concentration before analysis
by a selected analytical technique. Inductively coupled
plasma-mass spectrometry (ICP-MS) is widely used
for the determination of trace metal concentrations
in environmental samples and therefore, we estimate
uncertainty for ICP-MS analysis in this paper. The ICP-MS
instrument is calibrated using calibration standards prepared
from certified standard solutions.

Generally, the analytical procedure using ICP-MS is
subject to known and unknown interferences of which some
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Figure 4: Relative standard uncertainty (a) and percentage of total uncertainty (b) for the variables in the model equation.

Table 3: Uncertainty budget for𝑀acc showing relative uncertainties for the variables and the combined standard uncertainty.

Symbol Source of uncertainty Type∗ Standard uncertainty 𝑢(𝑥
𝑖
) Distribution Divisor Relative uncertainty

𝑚icp-ms Estimated mass from ICP-MS analysis A 1.0 × 10
−8 g Normal 1 0.008

𝑟 Recovery factor B 0.0293 Rectangular √3 0.064
Uc (M) Combined standard uncertainty A 6.15 × 10

−8 g Normal 0.038
∗Note: type of uncertainty refers to types A and B, using standard vocabulary for statistically evaluated uncertainty (A) and uncertainty evaluated by other
methods (B).

can be compensated for, while others may persist, depending
on specific instrument capabilities [18]. Furthermore, instru-
ment drift, stability of stock solutions, and density of stock
solutions will contribute to uncertainty [18] and the uncer-
tainty budget of the instrumental analysis is a comprehensive
topic in its own right. A simplified view is given in Figure 2
to highlight the importance of the analytical step. However,
instrument performance and the typical uncertainty of the
method have been addressed elsewhere [19] and are not
repeated here. The reported standard relative uncertainty for
Ni solutions containing 10 ng g−1 ormorewas 7.5%,whichwas
used for the calculations in this paper.

The estimated accumulated mass and mass on blank
samples was determined using ICP-MS and then corrected
for by the recovery factor according to

𝑀acc/blank =
𝑚icp-ms

𝑟

. (4)

Using the rule for uncertainty propagation in quotients
the estimate for 𝑀acc becomes 1.63 ± 0.06 × 10

−6 g (see
Table 3). A similar treatment of 𝑀blank resulted in 0.010 ±

0.003 × 10
−6 g.

3.3. Total Combined Uncertainty of the Passive Sampler Mea-
surement. To estimate the combined standard uncertainty of
the bulk concentration 𝑐

𝑏
, the relation in the model equation

(1) was used. Since it was a mixed expression, the rule of

uncertainty propagation states that the combined uncertainty
can be calculated using

𝜕𝑄 = √(
𝜕𝑞

𝜕𝑥

𝛿𝑥)

2

+ ⋅ ⋅ ⋅ + (
𝜕𝑞

𝜕𝑧

𝛿𝑧)

2

. (5)

See [20].
This means that the combined uncertainty is equal to the

root square sum of the partial derivatives of the variables.
However, it is also possible to derive a numerical solution as
suggested by Kragten [21]. The approximation derived from
this numerical method assumes linearity and small values
of relative uncertainty, 𝑢(𝑥

𝑖
)/𝑥
𝑖
. While this is not always the

case, the accuracy of the solution is still acceptable for most
practical purposes [21].

A summary of the quantities and the associated standard
uncertainties is presented in Table 4.

During calculations values were not rounded to avoid
the introduction of additional uncertainty. The output of
the numerical treatment of combined uncertainties can be
seen in Table 5. The measurement output with associated
uncertainty was 𝑐

𝑏
= 1.32 ± 0.100 𝜇g l−1. Using a coverage

factor 𝑘 = 2 the result was instead 1.32 ± 0.200 𝜇g l−1
(confidence interval ≈ 95%), or a relative uncertainty of 7.6%
at 𝑘 = 1.

When plotting the relative standard uncertainties of
the components graphically (Figure 4) it is obvious that
the largest uncertainty was introduced from the effective
cross-sectional area estimate (𝐴

𝑒
). The combined estimated

uncertainties resulting from the determination of the lateral
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Table 4: Quantities, nominal values, and their associated uncertainty used in this work.

Quantity Value Standard uncertainty Comment
𝐴 3.66 cm2 0.30 cm2 See previous section and [16]
𝐷

MDL
6.42 × 10

−10m2/s 0.09 × 10
−10m2/s Empirical value [15]

𝐷
𝑊

7.30 × 10
−10m2/s 0.47 × 10

−10m2/s Empirical value [15]
𝑀acc 1.29 × 10

−6 g 0.01 × 10
−6 g Observation

𝑀blank 0.008 × 10
−6 g 0.002 × 10

−6 g Observation
𝑟 0.793 0.051 Observation [5]
𝑡 168 h 0.3 h Covers the time it takes to deploy and retrieves 5 passive samplers
𝑇 25∘C/298K 4K Standard deviation of the measured temperature
𝛿 0.26 × 10

−3m 0.05 × 10
−3m Estimate [16]

Δ𝑔 0.9 × 10
−3m 0.05 × 10

−3m Estimate

Table 5: Uncertainty budget for determination of time weighted average concentration of Cu2+ in water using a DGT passive sampler.

Symbol Source of uncertainty Type Standard uncertainty 𝑢(𝑥
𝑖
) Distribution Divisor 𝑈

𝑖
(M) 𝜇g L−1

𝑀acc Determination of accumulated mass A 6.14 × 10
−8 g Normal 1 0.49

𝑀blank Determination of contamination A 2.55 × 10
−9 g Normal 1 0.02

𝐷
𝑊 Diffusion coefficient in water A 4.73 × 10

−11m2/s Normal 1 0.16
Δ𝑔 Thickness of material diffusion layer (MDL) B 2.89 × 10

−5m Rectangular √3 0.33
𝐷

MDL Diffusion coefficient in MDL A 1.03 × 10
−11m2/s Normal 1 0.16

𝛿 Diffusion boundary layer B 2.89 × 10
−5m Rectangular √3 0.29

𝑡 Time B 624 s Rectangular √3 0.01
𝐴
𝑒

Effective area A 2.08 × 10
−5m2 normal 1 0.69

Uc (𝑐
𝑏
) Combined standard uncertainty Normal 0.98

Uc (𝑐
𝑏
) Expanded standard uncertainty Normal (𝑘 = 2) 1.95

Table 6: Results from sensitivity analysis, showing the effect on total uncertainty of the passive sampler measurement from reductions in
uncertainty of selected parameters.

Parameter Change in uncertainty Result on total uncertainty
Effective area, 𝐴

𝑒 50% reduction Reduction from 7.6% to 6.1% in overall relative uncertainty
Recovery factor, 𝑟 50% reduction Reduction from 7.6% to 6.9% in overall relative uncertainty

Diffusion boundary layer, 𝛿 From 0.05mm to 0.014mm
standard uncertainty Reduction from 7.6% to 7.3% in overall relative uncertainty

Diffusion pathway thickness 50% reduction Reduction from 7.6% to 7.3% in overall relative uncertainty
Diffusion pathway thickness 4 times increase Increase from 7.6% to 12.2% in overall relative uncertainty

diffusion round the edges and the shrinkage of the gel
resulted in an uncertainty that largely affects the end result,
as it accounts for nearly 50% of the total uncertainty (see
Figure 4). Uncertainties from the estimation of𝑀acc account
for roughly 25% of the total uncertainty, with the most
significant factor being the estimation of extraction recovery.

A sensitivity analysis shows that halving the uncertainty
for the effective radius and shrinkage in the determination
of 𝐴
𝑒
would reduce the contribution of 𝐴

𝑒
to the overall

uncertainty to roughly 20% (1.32 ± 0.08 𝜇g l−1 or 6.0%
relative overall uncertainty). Similarly, a reduction in the
uncertainty in the recovery factor, 𝑟, by 50%, would reduce
the contribution from𝑀acc to overall uncertainty from 25%
to approximately 9% (1.32 ± 0.09 𝜇g l−1 or 6.8% relative
overall uncertainty). On the other hand, an increase in the
uncertainty for diffusion layer thickness from 0.05mm to

0.2mm would result in 1.32 ± 0.16 𝜇g l−1 or 12.2% relative
overall uncertainty. This is a significant increase in overall
uncertainty and illustrates the sensitivity of the method to
inconsistencies in the gel-membrane layer interface. Further-
more, the effects of uncertainty changes in DBL and diffusive
layer thickness are shown in Table 6.

The sensitivity analysis shows that overall method uncer-
tainty can be significantly reduced by addressing the proper
sources of uncertainties and also that deterioration in diffu-
sion layer consistency can have significant negative effects on
overall method uncertainty.

4. Conclusion

An uncertainty analysis was performed for passive sampling
of ametal ion inwater to highlight critical steps in themethod
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and to identify key factors for potential improvement. In
the analysis performed here the uncertainty of the effective
cross-sectional diffusion area 𝐴

𝑒
was identified as the main

contributor to overall uncertainty. Uncertainties in analyte
recovery and material diffusion ranked second and third,
respectively. An improvement in the estimation of 𝐴

𝑒
was

found to be an important step toward achieving a reduction
in uncertainty in passive sampling. Optimization of the
extraction procedure will provide a further reduction in
overall uncertainty.
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[7] C. Miège, S. Schiavone, A. Dabrin et al., “An in situ intercom-
parison exercise on passive samplers for monitoring metals,
polycyclic aromatic hydrocarbons and pesticides in surface
waters,” Trends in Analytical Chemistry, vol. 36, pp. 128–143,
2012.

[8] W. Davison and H. Zhang, “In situ speciation measurements
of trace components in natural waters using thin-film gels,”
Nature, vol. 367, no. 6463, pp. 546–548, 1994.

[9] W. G. Brumbaugh, J. D. Petty, T. W. May, and J. N. Huckins, “A
passive integrative sampler for mercury vapor in air and neutral
mercury species in water,” Chemosphere—Global Change Sci-
ence, vol. 2, no. 1, pp. 1–9, 2000.

[10] J. K. Kingston, R. Greenwood, G. A. Mills, G. M. Morrison,
and L. B. Persson, “Development of a novel passive sampling
system for the time-averagedmeasurement of a range of organic
pollutants in aquatic environments,” Journal of Environmental
Monitoring, vol. 2, no. 5, pp. 487–495, 2000.

[11] J. Rozemeijer, Y. van der Velde, H. de Jonge, F. van Geer, H. P.
Broers, and M. Bierkens, “Application and evaluation of a new
passive sampler for measuring average solute concentrations in

a catchment scale water qualitymonitoring study,” Environmen-
tal Science and Technology, vol. 44, no. 4, pp. 1353–1359, 2010.

[12] S. L. R. Ellison and A. Williams, “Eurachem/CITAC guide:
Quantifying Uncertainty in Analytical Measurement,” 2012.

[13] H. Zhang, W. Davison, R. Gadi, and T. Kobayashi, “In situ
measurement of dissolved phosphorus in natural waters using
DGT,” Analytica Chimica Acta, vol. 370, no. 1, pp. 29–38, 1998.

[14] E. R. Unsworth, H. Zhang, and W. Davison, “Use of diffusive
gradients in thin films to measure cadmium speciation in
solutions with synthetic and natural ligands: comparison with
model predictions,” Environmental Science and Technology, vol.
39, no. 2, pp. 624–630, 2005.

[15] S. Scally, W. Davison, and H. Zhang, “Diffusion coefficients
of metals and metal complexes in hydrogels used in diffusive
gradients in thin films,” Analytica Chimica Acta, vol. 558, no.
1-2, pp. 222–229, 2006.

[16] K. W. Warnken, H. Zhang, and W. Davison, “Accuracy of the
diffusive gradients in thin-films technique: diffusive boundary
layer and effective sampling area considerations,” Analytical
Chemistry, vol. 78, no. 11, pp. 3780–3787, 2006.

[17] I. J. Allan, J. Knutsson, N. Guigues, G. A. Mills, A. Fouillac,
and R. Greenwood, “Chemcatcher and DGT passive sampling
devices for regulatory monitoring of trace metals in surface
water,” Journal of Environmental Monitoring, vol. 10, no. 7, pp.
821–829, 2008.

[18] S. Nelms, Inductively Coupled PlasmaMass Spectrometry Hand-
book, Blackwell, 2005.

[19] V. J. Barwick, S. L. R. Ellison, and B. Fairman, “Estimation
of uncertainties in ICP-MS analysis: a practical methodology,”
Analytica Chimica Acta, vol. 394, no. 2-3, pp. 281–291, 1999.

[20] J. R. Taylor,An Introduction to ErrorAnalysis, University Science
books, Sausalito, Calif, USA, 1997.

[21] J. Kragten, “Tutorial review. Calculating standard deviations
and confidence intervals with a universally applicable spread-
sheet technique,” The Analyst, vol. 119, no. 10, pp. 2161–2165,
1994.

[22] P. Evans and B. Fairman, “High resolution ID-ICP-MS certifi-
cation of an estuary water reference material (LGC 6016) and
analysis of matrix induced polyatomic interferences,” Journal of
Environmental Monitoring, vol. 3, no. 5, pp. 469–474, 2001.

[23] H. Zhang andW.Davison, “Diffusional characteristics of hydro-
gels used inDGTandDET techniques,”Analytica ChimicaActa,
vol. 398, no. 2-3, pp. 329–340, 1999.




