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Estimating Diphenylamine in Gunshot Residues from a New Tool for Identifying both Inorganic
and Organic Residues in the Same Sample
Reprinted from: Separations 2019, 6, 16, doi:10.3390/separations6010016 . . . . . . . . . . . . . . . 75
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Preface to ”Five Years of Separations”

This Special Issue is dedicated to the celebration of five years of the Separations Journal

and aims to collect original research papers from the frontiers of separation research, as well

as review articles from prominent scholars, highlighting the state-of-the-art of separation science

and technology. Researchers and technologists, whose work focuses on separations and related

applications, were invited to contribute with papers disseminating their excellent research findings.

The issue shows the multidisciplinary approach of separation techniques, and it is a forum to share

innovative ideas in the field.

One review and nine original research articles are included. The Guest Editors wish to thank all

authors for their fine contributions.

Separations has already received its first Impact Factor, which is 1.9, proving that it is one of

the most promising journals in the field of chromatographic techniques and separation science.

Victoria Samanidou, Rafael Lucena

Editors

ix





separations

Review
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Abstract: Tricyclic antidepressant drugs (TCAs) are a main category of antidepressants, which are
until today widely used for the treatment of psychological disorders due to their low cost and their
high efficiency. Therefore, there is a great demand for method development for the determination
of TCAs in biofluids, especially for therapeutic drug monitoring. Gas chromatography (GC) was
the first chromatographic technique implemented for this purpose. With the recent development in
the field of sample preparation, many novel GC applications have been developed. Herein, we aim
to report the recent application of GC for the determination of tricyclic antidepressants in biofluids.
Emphasis is given to novel extraction techniques and novel materials used for sample preparation.

Keywords: gas chromatography; tricyclic antidepressants (TCAs); sample treatment; biological fluids

1. Introduction

Tricyclic antidepressant drugs (TCAs) are widely used for the treatment of psychiatric disorders
such as depression [1]. They were firstly introduced in the 1950s with the discovery of imipramine by
Roland Kuhn [2]. Due to their low cost and their high efficiency, they are widely prescribed until today
for the treatment of major depression disorder, despite the introduction of newer antidepressants [1].
The chemical structures of TCAs are shown in Figure 1.

Tertiary TCAs Secondary TCAs 

    

Amitriptyline Clomipramine Desipramine Protriptyline 

   

 

Doxepin Imipramine Nortriptyline  

Figure 1. Chemical Structure of some tricyclic antidepressants.

The name of tricyclic antidepressants is based on their chemical structure, which contains three rings
of atoms. Tricyclic antidepressants can be categorized as tertiary amine and as secondary amine TCAs.

Separations 2019, 6, 24; doi:10.3390/separations6020024 www.mdpi.com/journal/separations1
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Tertiary amine TCAs include amitriptyline, imipramine, clomipramine, dothiepin and doxepin while
secondary amine TCAs include desipramine, nortriptyline, and protriptyline. They consist of three fused
hydrocarbon rings linked to an alkylamine chain. Structural isomers of tricyclic antidepressants include
N– and O–heteroatoms in the rings, hydrocarbon chain length and double bond positions. Tricyclic
antidepressants are able to produce therapeutic responses in patients with major depression and hence
are primarily used for its treatment [3–5].

Demethylation, hydroxylation and/or oxidation are the major processes for metabolites formation.
Thus, polar metabolites are formed in the liver and then excreted to kidney with about 5% of the
drug remaining unchanged. Aromatic hydroxylation takes place and the site of this biotransformation
on the drug varies for different compounds. Accordingly, glucuronide conjugation results in more
lipophilic and water-soluble tricyclics with more efficient renal excretion. Finally, a significant fraction
of hydroxy metabolites is removed with urine [4].

TCAs’ dose usually ranges from 75 to 300 mg/day. Unconjugated form TCAs concentrations in
human fluids are measured for therapeutic drug monitoring (TDM). Since antidepressants are highly
protein-bound, the therapeutic concentrations of the “free” drug are quite low. The measurement of the
concentration of the free drugs in blood is very important for the determination of the pharmacological
activity of TCAs. Therefore, there is a high demand for analytical purpose that can achieve this
goal [5]. It has been found that the maximal therapeutic efficacy achieved with notriptyline is when
plasma levels are 50–175 ng/mL. For the other TCAs, the picture is less clear, however the expected
plasma concentration ranges 70–300 ng/mL. Toxic therapeutic dose is beyond 450 ng/mL. In urine,
the expected concentration of TCAs and their metabolites ranges 500–5000 ng/mL, depending on the
compound [6,7].

High performance liquid chromatography tandem with ultraviolet detector (UV), diode array detector
(DAD) and Mass Spectrometry (MS) is nowadays the most famous technique for the determination of TCAs
in biological matrices [8–10]. Moreover, with the use of liquid chromatography tandem mass spectrometry
(LC-MS/MS), sensitivity of TCAs determination has significantly improved [11,12]. Gas chromatography
was popular for this purpose before 1975 and is also gaining more and more attention again recently [1].
Other techniques that have been applied for the determination of TCAs are capillary electrophoresis
(CE) [13], voltammetry [14], fluorescence polarization immunoassay [15], amperometry [16], flow injection
analysis [17], biosensors [18], mass spectrometry [19], corona discharge ion mobility spectrometry [20],
electrospray ionization-ion mobility spectrometry [21], turbulent-flow liquid chromatography-MS [22].

Among the studied biofluids, human plasma, serum and whole blood are the most common
together with urine [4]. Other matrices include oral fluid, human hair and more recently dry blood
spots have been also examined [4,23].

Lately, a lot of progress has been made in the field of sample preparation. Before 2008, protein
precipitation, dilution, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) were the most
common sample preparation techniques for the analysis of biological matrices [1]. Novel techniques
such as solid phase microextraction (SPME) [24], liquid phase microextraction (LPME) [4], extraction with
QuEChERS [25], magnetic solid phase extraction (MSPE) [26], etc. have been recently applied to sample
preparation of biological fluids. Moreover, novel materials such as metal–organic frameworks [26],
functionalized Fe3O4 nanoparticles [27], paramagnetic core–shell functionalized nanoparticles [28], etc.
have been also tested to replace conventional sorbents.

Only a limited number of review articles can be found in the literature concerning tricyclic
antidepressants determination in biological matrices with gas chromatography. In 1980, Scoggins et al.
wrote a review about the measurement of tricyclic antidepressants between 1967 and 1980 [29]. Gupta et al.
wrote a review about the determination of tricyclic antidepressant drugs by gas chromatography with
the use of a capillary column in 1983 [30]. The same year, Van Brunt published a review regarding
the application of new technology for the measurement of tricyclic antidepressants using capillary gas
chromatography with a fused silica DB5 column and nitrogen phosphorus detection [31].
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In 1985, Norman published a review regarding the chromatographic techniques that have been
implemented for the determination of TCAs in human plasma and human serum by chromatographic
techniques [32]. Smyth discussed the applications of liquid chromatography–electrospray ionization
mass spectrometry (LC–ESI-MS) to the detection and determination of TCAs in biological fluids and
other matrices and made a comparison with gas–liquid chromatography–mass spectrometry (GLC–MS),
when it was possible [33]. Since 2008, a few reviews have been published for the determination of TCAs
with HPLC, however limited attention has been given to gas chromatography applications [1,4,34].

2. Early Use of Gas Chromatography

The first reported method for the determination of a tricyclic antidepressant drug was published
in 1968. Stephen Curry developed a gas–liquid chromatography method for the determination of
chlorpromazine and some of its metabolites in human plasma. For the separation, a packed column
with 3% OV 17 phase (by Ohio Valley Specialty Company), which is a mid-polar phase containing 50%
diphenyl and 50% dimethylpolysiloxane was used. Extraction with n-heptane was used for sample
preparation and detection was achieved with an electron capture detector [35]. In 1975, Gifford et al.
used a specific nitrogen detector for the determination of TCA drugs in plasma. Due to the sensitive alkali
flame ionization detector no derivatization step was needed [36]. The same year, Aksel Jorgensen used
a glass column filled with Chromosorb CQ (100–120 mesh) coated with 1% OV 17 for the determination of
amitriptyline and nortriptyline in human Serum. Extraction was performed with n-hexane and limits of
detection were 5 ng/mL for amitriptyline and 10–15 ng/mL for nortriptyline [37]. In 1976, Vasiliades et al.
developed a gas liquid chromatographic determination of therapeutic and toxic levels of amitriptyline
in human serum and limit of detection for amitriptyline was reduced to 1 ng/mL. For this purpose,
the analytes were extracted from an alkaline solution into n-heptane containing 4% isobutanol and
back-extracted into 0.1 M hydrochloric acid [38]. The same year, Bailey et al. developed a GC method for
the determination of therapeutic concentrations of imipramine and desipramine in plasma. Imipramine
was measured as the unchanged base while desipramine was measured as its N-trifluoroacetyl derivative.
Prior to derivatization, the TCAs were extracted from an alkaline solution (pH 10.5 with Na2CO3) into
hexane/isoamyl alcohol (98.5:1.5, v/v). That was the first reported application of derivatization of TCAs
prior to their detection with a specific nitrogen detector [39]. Claeys et al. developed for the first time
a gas chromatographic mass spectrometric method for the simultaneous measurement of imipramine
and desipramine in plasma by selected ion recording with deuterated internal standards. The analytes
were extracted with n-hexane and then derivatization with trifluoroacetylimidazole took place. Limits of
quantification were reduced to nanogram level due to specificity provided by selected ion recording
of the [M +H]+ ions produced by chemical ionization using methane as reagent [40]. As can be easily
observed, liquid–liquid extraction from biological samples, packed GC columns and selective nitrogen
detectors were the most frequently used parameters for the analysis of biofluids for the determination of
TCAs since early 1977. Helium was used in the most applications as carrier gas (mobile phase), followed
by nitrogen [34–41].

At the end of 1977, mass spectrometry was also used for the simultaneous measurement of
secondary and tertiary tricyclic antidepressants. For this purpose, tertiary amines such as amitriptyline,
doxepin, and imipramine were analyzed underivatized, while secondary amines such as nortriptyline,
desmethyldoxepin, desipramine, and protriptyline were analyzed after derivatization with trifluoroacetic
anhydride. The analytes were extracted into a mixture of isopropanol/hexane (2:98, v/v) from the alkaline
solution. Methane was used as carrier gas [42]. The same year, Garland developed a GC method for
determination of amitriptyline and nortriptyline in human plasma. For the LLE procedure, n-hexane
was chosen, while isobutane was chosen as carrier gas and reagent gas for chemical ionization [43].
In 1979, the same author developed a method for the determination of amitriptyline and its metabolites
10-hydroxyamitriptyline, 10-hydroxynortriptyline and nortriptyline in human plasma using stable isotope
dilution and gas chromatography-chemical ionization mass spectrometry (GC-CIMS), using deuterated
analogs as internal standards [44]. In 1979, Dhar et al. developed a gas–liquid chromatographic method
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for the determination of amitriptyline and nortriptyline levels in plasma using nitrogen-sensitive detectors
after derivatization with trifluoroacetic anhydride [45]. In 1981, a nitrogen-phosphorous detector (NPD)
was employed for the determination of imipramine, desipramine, doxepin, amitriptyline and nortriptyline.
Limits of detection were reduced to 0.5–0.75 ng/mL. The analytes were extracted from alkaline solution
into n-hexane–isoamyl alcohol mixture (98:2, v/v) [46]. The same year, Narasimhachari et al. developed
a quantitative mapping of metabolites of imipramine and desipramine in plasma samples by gas
chromatography–mass spectrometry with selected ion-monitoring (SIM) using deuterated analogues as
internal standards. LLE was chosen for sample preparation in combination with derivatization with
N-methyl-bis-trifluoroacetamide [47]. In 1982, Hals et al. developed a sensitive gas chromatographic
assay for amitriptyline and nortriptyline in plasma and in 1983 Jones et al. developed a GC method for
the quantification of amitriptyline, nortriptyline, and 10-hydroxy metabolite isomers in plasma [48,49].
In 1983, Gupta et al. used for the first time a DB-1 (30 m × 0.25 mm i.d.) capillary column for the
determination of TCAs in plasma by GC coupled with a nitrogen selective detector. For the sample
preparation, the samples were washed with pentane at acidic pH and extracted with pentane at alkaline
pH [30]. In 1984, Ishida et al. developed a GC-MS method for the determination of amitriptyline and
its major metabolites (nortriptyline, 10-hydroxyamitriptyline and 10-hydroxynortriptyline) in human
serum using electron impact ionization. LLE was chosen for sample preparation and the analytes were
extracted from an alkaline solution into n-hexane. Helium was chosen as carrier gas [50].

In 1990, surface ionization detector (SID) was introduced by Hattori et al. for the detection of
tricyclic antidepressants in body fluids. A capillary SPB-1 GC column (30 m × 0.32 mm I.D., 0.25 μm)
was used for the separation of the analytes and solid phase extraction was firstly proposed as a clean-up
and preconcentration step for the extraction of biofluids. For this purpose, Sep-Pak C18 cartridges
were pretreated with chloroform-2-propanol (9:1), acetonitrile and distilled water. Subsequently, the
sample was loaded, and the cartridges were washed with water and finally the analytes were eluted
withchloroform-2-propanol (9:1) [51].

In 1996, Ulrich et al. developed a gas chromatographic method for the simultaneous quantification
of amitriptyline, nortriptyline and four hydroxy metabolites in human serum or plasma. The method was
based on a three-step LLE. For the separation a HP-5 (25 m × 0.2 mm i.d., 0.33 μm) was employed [52].

In 1997, Pommier et al. used a capillary column for the simultaneous determination of imipramine
and its metabolite desipramine in human plasma by gas chromatography coupled with mass-selective
detection. The column was a fused-silica column coated with 5% phenyl methyl silicone (12 m × 0.2 mm
i.d., 0.33 μm). The analytes were extracted at basic pH into n-heptane–isoamyl alcohol (99:1, v/v) [53].
The same year, Lee et al. developed a method for the detection of tricyclic antidepressants in whole
blood by headspace solid-phase microextraction and capillary gas chromatography. For this purpose,
the samples were heated at 100 ◦C in a septum-capped vial in the presence of distilled water and
sodium hydroxide. A polydimethylsiloxane-coated SPME fiber was immersed to headspace of the vial
to adsorb the analytes. For the detection, a flame-ionization detection (FID) was used. Recoveries were
5.3–12.9% [54].

In 1998, de la Torre et al. developed a capillary GC-NPD method for the quantitative determination
of tricyclic antidepressants and their metabolites in human plasma by SPE Bond-Elut TCA). With this
procedure, recoveries were higher than 87% [55]. The same year, Way et al. developed an isotope
Dilution GC-MS method for the determination of TCA drugs in plasma. For the derivatization of
secondary amine drugs carbethoxyhexafluorobutyryl chloride was examined in order to replace
trifluoroacetyl and heptafluorobutyryl derivatives, which are relatively unstable and cause rapid
deterioration of capillary GC columns. The obtained derivatives were stable and therefore this reagent
can be utilized for TCAs derivatization [56].

As it can be observed, a lot of progress was made in the field of tricyclic antidepressants
determination during 1968–2000. Various GC columns (either packed columns or capillary columns)
have been used for the separation of TCAs. Moreover, different carrier gases (mobile phase) have been
used. Helium and nitrogen were the most frequently chosen, while other gases such as methane and
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isobutane have been also used. As for the sample preparation, LLE extraction was by far the most
famous method for the sample preparation of biofluids before 2000. Organic solvents such as n-heptane,
n-hexane and mixtures such as n-heptane–isoamyl alcohol (99:1, v/v), n-hexane–isoamyl alcohol (98:2,
v/v), etc. were examined. SPE applications with Sep-Pak C18 and Bond-Elut TCA cartridges and
SPME applications are also reported in the literature. Various chemical reactions resulting in different
trifluoroacetyl, heptafluorobutyryl or carbethoxyhexafluorobutyryl derivatives were also tested for
sensitivity enhancement. Finally, regarding the detector system, NPD detectors and MS detectors are
the most widely used detection systems for TCAs in biofluids. Other systems, including ECD, FID and
nitrogen selective detectors, have also been employed.

Although in early 1970s many GC methods were reported in the literature, there was a lack of HPLC
methods. In 1975, separation of TCAs with liquid chromatography was reported, however it was not
until 1976 that the practicability of measuring clinical samples by HPLC was achieved [32,57]. However,
between 1976 and 1985, liquid chromatography was increasingly applied to tricyclic antidepressants
determination in biological matrices.

3. Recent Advances in the Use of Gas Chromatography

Due to the high increase in HPLC applications, there was a decreasing rate of application of gas
chromatography between 1985 and 2000. However, GC is until today widely used for the determination
of tricyclic antidepressants in biofluids. A lot of progress has been done especially in the field of sample
preparation and many research papers are published in the literature after 2000.

3.1. Gas Chromatography-Mass Spectrometry Methods

In 2004, Paterson et al. developed a screening and semi-quantitative analysis of post mortem blood
for basic drugs using GC-MS to evaluate whether 14 drugs (amitriptyline, citalopram, clozapine, cocaine,
cyclizine, diazepam, dihydrocodeine, dothiepin, methadone, mirtazapine, procyclidine, sertraline,
tramadol, and venlafaxine) were present in sub-therapeutic, therapeutic or greater than therapeutic
concentration. For this purpose, liquid–liquid extraction was used for sample preparation. Blood
samples were treated with ammonia for pH adjusting to 10. Subsequently, the analytes were extracted
into diethylether and back extracted into 0.1 M HCl. For the separation a DB-5 (30 m × 0.25 mm,
0.25 μm) was used and helium was delivered at a flow rate of 1 mL/min. Under optimum conditions,
LOQ for amitriptyline was 0.05 ng/mL. Additionally, trimipramine, desipramine and clomipramine
could be detected, but they were not semi-quantified [58].

In 2006, Crifasi et al. examined the usefulness of twister bar extraction in combination with
thermal desorption for basic drug screening of forensic samples by GC-MS. Research was also made for
the investigation of the necessary conditions for basic drug isolation with stir bar sorptive extraction
(SBSE). For this purpose, drugs of different categories, including TCAs were present in this study.
Desorption was performed in the TDU unit with a helium flow of 50.0 mL/min a split ratio of 20:1.
It was concluded that these kind of desorptive methods are as efficient as conventional LLE and SPE
methods, while use of extraction solvents and complicated steps is avoided [59].

In 2007, Sarafraz-Yazdi et al. developed a GC-MS method for the determination amitriptyline and
nortriptyline by directly suspended droplet microextraction prior to GC analysis of urine samples.
For this purpose, basified samples were agitated with a stirring bar in order to create a mild vortex at the
center of the vial and 10 μL of toluene was placed at the bottom of the vortex. Extraction was achieved
in 20 min and the organic droplet was withdrawn with a syringe and analyzed. Recovery was 76.08%
for amitriptyline and 82.62% for nortriptyline, while LOQs were 132–165 ng/mL for amitriptyline and
0.05 μg/mL for nortriptyline. A CP-Sil 24 CB (30 m × 0.32 mm, 0.25 μm) was used for separation and
helium was delivered at a flow rate of 1.11 mL/min [60].

In 2008, Rana et al. developed a GC-MS method for the simultaneous determination of amitriptyline,
nortriptyline, imipramine, desipramine, doxepin, desmethyldoxepin, and maprotiline in human urine
after enzymatic hydrolysis with β-glucuronidase from Escherichia coli. Hydrolysis was performed to
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assist in the extraction procedure of tertiary TCAs, which are extensively conjugated in urine. Therefore,
β-glucuronidase K12 from Escherichia coli were mixed with phosphate buffer and a portion of the mixture
was added to urine. Incubation took place at 52 ◦C for 1 h. After cooling, the samples were transferred in
tubes with a salt mixture (sodium chloride:sodium carbonate:sodium bicarbonate, 6:1:1 w/w/w) and the
extraction solvent mixture (dichloromethane, dichloroethane, heptane and isopropyl alcohol (5:5:10:1
v/v/v/v). Subsequently, derivatization of the TCAs took place with MSTFA/ammonium iodide/ethanethiol
reagent. For the GC analysis a CP-Sil 5 CB (10 m × 0.15 mm, 0.12 μm) column was chosen. The mobile
phase was hydrogen and it was delivered at a flow rate of 1 mL/min. Two different oven temperature
programs were used: one for doxepin and desmethyldoxepin and the other for the other analytes. LOQs
were 5–100 ng/mL, while recoveries from amitriptyline, imipramine and doxepin were significantly
increased after hydrolysis [61].

In 2008, Lee et al. developed a GC-MS method for the determination of four tricyclic antidepressants
(amitriptyline, amoxapine, imipramine, and trimipramine) in human plasma using pipette tip
solid-phase extraction with MonoTip C18 tips. For the sample pretreatment, human plasma containing
protriptyline as internal standard was basified and centrifugated. For the SPE procedure, the sorbent
was preconditioned twice with methanol and water using a manual micropipettor and the supernatant
was extracted to by 20 repeated aspirating/dispensing. Elution was achieved with methanol by five
repeated aspirating/dispensing cycles and the eluate was directly injected into a GC-MS system.
A DB-5MS fused silica capillary column (30 m × 0.32 mm id, 0.25 μm) was used for the separation.
Helium was used as a carrier gas at a flow rate of 2.0 mL/min. Recovery ranged 80.2–92.1% and LOQs
were 0.2–5 ng/mL [62].

Dispersive liquid–liquid microextraction was successfully applied in the determination of TCAs in
human urine by GC-MS after in situ derivatization. Urine samples were primarily treated with acetonitrile
and their pH value was adjusted with sodium carbonate. For the DLLME procedure, methanol (disperser
solvent), carbon tetrachloride (extraction solvent), and acetic anhydride (derivatization reagent) were
injected rapidly into a human urine sample. The resulted sedimented phase that contained the derivatives
of the TCAs was analyzed by GC-MS. A DB-5MS capillary column (30 m × 0.25 mm i.d., 0.5 μm) was
used for separation. Helium delivered as the carrier gas at a flow rate of 1.0 mL/min. The average
recoveries of TCAs were 88.2–104.3% and LOQs were 2–5 ng/mL. Compared to SPME or LPME method,
DLLME method is rapid, simple, and inexpensive [63].

In 2011, Rani et al. developed a GC-MS method and an LC-UV method for the quantification
of tricyclic and nontricyclic antidepressants in plasma and urine samples after microextraction in
packed syringe. The studied TCAs were amitriptyline, imipramine and clomipramine. Plasma and
urine samples were centrifuged and then aliquots of 50 μL were loaded into a Barrel Insert Needle
Assembly (BIN) containing 4 mg of C18 sorbent conditioned with methanol and water. Subsequently,
the sorbent was washed with water and the analytes were eluted with methanol. For the GC analysis,
a Rtx-1MS (30 m × 0.25 mm id, 0.25 μm) was used. Helium was used as mobile phase at a flow rate
of 1 mL/min. LOQs were 0.330–0.608 ng/mL and recoveries 77–99%. The developed method was
compared with the developed LC-UV method and gave comparable accuracy and precision results.
However, GC-MS has higher sensitivity, selectivity and capability of direct injection of samples into
the mass spectrometer [64].

Papoutsis et al. developed a GC-MS method for the determination of different drugs and some
of their metabolites (amitriptyline, citalopram, clomipramine, fluoxetine, fluvoxamine, maprotiline,
desmethyl-maprotiline, mirtazapine, desmethyl-mirtazapine, nortriptyline, paroxetine, sertraline,
desmethyl-sertraline, venlafaxine and desmethyl-venlafaxine) in whole blood. Bond Elut LRC Certify
cartridges were used for the solid phase extraction of the analytes. An HP-5MS capillary column
(30 m × 0.25 mm i.d., 0.25 μm) was used for the separation. Helium at a flow rate of 1 mL/min was used
as mobile phase. For the sample preparation, blood samples were treated with phosphate buffer and
centrifugation took place. The cartridges were conditioned with methanol and phosphate, the samples
were loaded, and the sorbent was washed with water, acetic acid 1.0 M and methanol. Drying of the
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SPE took place under vacuum and finally the analytes were eluted with a mixture of ethyl acetate:
isopropanol: ammonium hydroxide (85:15:3, v/v/v). Evaporation and reconstitution were followed by
derivatization with heptafluorobutyric anhydride. Recoveries ranged from 79.2% to 102.6% and LOQs
were 1–5 ng/mL [65].

In 2013, Farag et al. developed a GC-MS method for the amitriptyline and imipramine in urine
using clomipramine as internal standard. Liquid–liquid extraction was used for sample preparation and
analytes were extracted from the alkaline pH into n-hexane–ethyl acetate (9:1, v/v) and back-extracted
into acidic aqueous solution. Subsequently, derivatization with BSTFA-1% TMCS was performed 60 ◦C
for 30 min. For the separation, a DB-5MS column (30 m × 0.25 mm i.d, 0.5 μm) was used and helium
was delivered as carrier gas at flow rate of 1 mL/min. Recovery values were higher than 89.7% and
LOQs were 100 μg/mL for both analytes and the IS [66].

A hollow-fiber liquid–phase microextraction (HF-LPME) was used for the determination
of amitriptyline, nortriptyline, imipramine, desipramine, clomipramine, desmethylclomipramine,
fluoxetine, and norfluoxetine in whole blood by GC-MS. Optimum conditions for sample preparation
were as follows: a disposable 8-cm polypropylene porous hollow fiber, 4.0 mL of sample solution,
dodecane as organic phase, and 0.1 M formic acid as acceptor phase for extraction. The system was
stirred, and the acceptor phase was evaporated and reconstituted in methanol. An HP-5MS column
(30 m × 0.25 mm i.d., 0.25 μm) was chosen for separation. Helium was used as carrier gas at a flow rate
of 0.8 mL/min while splitless injection mode was chosen. LOQs were 20 ng/mL and recoveries ranged
36–89% [67].

In 2014, Banitaba et al. used a new fiber coating based on electrochemically reduced graphene
oxide for the cold-fiber headspace SPME of amitriptyline, imipramine and clomipramine in plasma.
For the HS-SPME, solution pH of 13, NaCl content of 5% w/v, extraction time of 60 min at 70 ◦C was
selected as the optimum salt content. The effect of the extraction time on the HS-SPME of A CP-Sil 8
CB (25 m × 0.32 mm id, 0.25 μm) was chosen in combination with nitrogen as carrier gas delivered at
a constant pressure of 17 psi. LOQs were 1.0–1.7 ng/mL and recoveries varied from 73% to 96% [68].

In 2018, Mohebbi et al. developed a dispersive solid phase extraction combined with deep
eutectic solvent-based air-assisted liquid–liquid microextraction for the extraction of amitriptyline,
nortriptyline, imipramine, desipramine and clomipramine from plasma and urine by GC-MS. Therefore,
a sorbent (C18) was dispersed by vortex into an alkaline sample solution, the material was isolated
by centrifugation and the analytes were eluted with 150 μL of a deep eutectic solvent, prepared from
choline chloride and 4-chlorophenol. Subsequently, the eluent was mixed with ammoniacal buffer and
rapidly injected with the assist of a syringe into alkaline deionized water. Five aspiration/dispersion
cycles were performed and after centrifugation 1 μL of the sedimented deep eutectic solvent phase
was analyzed by GC-MS. For the separation, an HP–5MS column (60 m × 0.25 mm i.d., 0.25 μm) was
used. Extraction recoveries were 62–74% for urine and 64–72% for plasma and LOQs were 27–49 ng/L
for urine and 108–191 ng/L for plasma [69].

In 2018, Japtag et al. developed a hollow-fiber drop-to-drop solvent microextraction technique
for the extraction of nortriptyline from urine and blood by GC-MS. Therefore, a glass syringe was
filled with the organic acceptor phase which was inserted into the hollow fiber. Thus, the extraction of
the drug was performed with 0.6 μL of toluene as a solvent for 12 min extraction time by immersing
the fiber in the aqueous sample solution (pH 9.8). For the separation, a DB-5 capillary column
(30 m × 0.25 mm × 1 μm) with the assist of helium (flow: 1 mL/min) LOQ value was 234 ng/mL and
recovery ranged from 97.33% to 103.66% [70].

3.2. Gas Chromatography with Various Detector Systems

In 2002, Martinez et al. developed a GC-NPD method for the simultaneous determination of
imipramine and desipramine together with viloxazine, venlafaxine, sertraline, and amoxapine in
whole blood. For this purpose, two different SPE cartridges (Chem Elut SPE and Bond Elut Certify)
were tested. Chem Elut cartridges are based on the principle of liquid–solid absorption extraction
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that is related to conventional LLE. On the other hand, Bond Elut Certify columns take advantage
of mixed SPE, reversed-phase and cation-exchange sorbent. With Chem Elut cartridges, recoveries
were between 28% and 74% and limits of detection (LOD) ranged from 39 to 153 ng/mL, while, with
Bond Elut Certify columns, recoveries were between 64% and 86% and LOQs ranged from 70 to
222 ng/mL. Therefore, higher recoveries, lower LODs, cleaner extracts, and better sensitivity and
precision, together with less solvent consumption were obtained with Bond Elut Certify. For the
separation, an HP-1 (25 m × 0.20 mm i.d., 0.11 μm) was employed. Carrier gas was helium and it was
delivered at a constant pressure of 195 kPa. Instrumental analysis parameters, recovery values and
LODs of the developed methods are presented at Table 1 [71].

One year later, the same working group compared the two SPE columns for the determination of
amitriptyline, nortriptyline, trimipramine, and clomipramine together with fluoxetine maprotiline
and trazodone in whole blood by GC-NDP. In this case, recoveries of the analytes using Chem Elut
columns were 30–50% and LOQs were between 44 and 485 ng/mL, while with Bond Elut Certify
columns recoveries were 59–84% and LODs were between 8 and 67 ng/mL. Therefore, Bond Elut Certify
are columns have the same benefits for the extraction of the examined analytes as in the previous
study [72].

Yazdi et al. developed a GC-FID method for the determination of amitriptyline and nortriptyline
from environmental solutions after dispersive liquid-liquid microextraction. For the sample preparation,
carbon tetrachloride (extraction solvent) and methanol (disperser solvent) were injected rapidly into
the aqueous sample and a cloudy solution was formed. After centrifugation, the extraction solvent was
sedimented on the bottom of the conical test tube and it was removed for GC analysis on a CP-Sil 24
CB (30 m × 0.32 mm, 0.25 μm) capillary column. The performance of the proposed technique was also
evaluated for determination of TCAs in blood plasma. However, it was not found to be compatible for
extraction from biological samples, due to the interaction of matrix components, which did not allow
the carbon tetrachloride to produce a sedimented phase for injection to GC [73].

Electromembrane SPME was also used for the extraction of amitriptyline and doxepin from water,
human plasma, and urine. The TCAs were extracted from 24 mL neutral sample solution across organic
liquid membrane and into aqueous acceptor phase with the application of 120 V electrical potential for
20 min and the analytes were adsorbed on a carbonaceous cathode at a stirring rate of 1250 rpm. Direct
desorption into the GC port took place at 280 ◦C for 2 min. Extraction efficiencies were 3.1–11.5% and
quantification limits were less than 5 ng/mL. An HP-5 (30 m × 0.32 mm i.d., 0.25 μm) was used with
helium at constant flow rate of 0.6 mL/min [74].

In 2011, Yazdi et al. developed a GC-FID method for the separation and determination of
amitriptyline and nortriptyline in biological samples after single-drop microextraction [75]. Single-drop
microextraction (SDME) is a variation of LPME, that was firstly introduced in 1996 by Jeannot and
Cantwell [76]. For the SDME procedure, the sample solution was kept alkaline (pH 12), then a microdroplet
of isooctane was exposed in the stirred solution for 15 min. When the extraction was finished, the droplet
was retracted back into the syringe and injected directly into the GC system. A CP-Sil 24 CB capillary
column (30 m × 0.32 mm id, 0.25 μm) was used for the separation in combination with helium as
carrier gas delivered at a flow rate of 1.11 mL/min. Recoveries of amitriptyline were 78.65% in plasma
and 92.07% in urine, while for nortriptyline were 66.54% in plasma and 97.39% in urine. LOQs were
0.033–0.066 μg/mL [75].
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In 2012, Davarani et al. developed an electromembrane extraction combined with GC-FID
for quantification of imipramine and clomipramine in human body fluid. Therefore, the TCAs
were extracted from aqueous sample solutions, through a supported liquid membrane consisting of
2-nitrophenyl octyl ether impregnated on the walls of the hollow fiber. Optimum conditions were
as follows applied voltage: 200 V, pH of donor solution: 2.0, pH of acceptor solution: 1.0, sample
volume: 2.1 mL, acceptor volume: 7 μL, extraction time: 10 min, and stirring rate: 1400 rpm. A CP-Sil
8 CB column (25 m × 0.32 mm i.d., 0.25 μm) was used for the separation with nitrogen as carrier gas
delivered at a constant pressure of 20 psi. LOQ was 2.3 ng/mL and recovery ranged 90–95% [77].

In 2012, Saraji et al. developed a HF-LPME method combined with in-syringe Derivatization
with acetic anhydride for the extraction of desipramine from biological samples prior to GC-NPD
analysis. For the HF-LPME procedure, n-dodecane was impregnated in the pores of the hollow fiber
as the donor phase while methanol was placed inside the lumen of the fiber as the acceptor phase.
Extraction of desipramine from the donor phase to the acceptor phase was achieved with stirring in
25 min at room temperature. Subsequently, the fiber was removed, the acceptor phase was withdrawn
into the syringe and derivatization reagent was drawn into the syringe. Separation was achieved on
a DB-35MS (30 m × 0.25 mm, 0.15 μm) stationary phase with nitrogen as carrier gas delivered at a head
pressure of 0.12 MPa. LOQ were 66 ng/mL with and relative recovery was 32% [78].

In 2013, Davarani et al. used electro-assisted solid-phase microextraction for the sample preparation
of urine samples for the quantification of imipramine, clomipramine and desipramine by GC-FID.
Therefore, a platinum wire coated with poly(3,4-etylenedioxythiophen) that is able to adsorb both the
ionic and molecular forms of the analytes was employed. For the sample preparation, sample solution
was placed into the vial with 24% NaCl and the polymeric fiber (cathode) together with a platinum
wire (anode), while the solution was stirred at 1000 rpm. The applied voltage was 2 V, the extraction
temperature was 35 ◦C and extraction time was 20 min. When the extraction was finished, the fiber was
inserted into the injector of GC for desorption. A CP-Sil 8 CB column (25 m × 0.32 mm i.d., 0.25 μm)
column was chosen in combination with nitrogen as carrier gas, delivered with constant pressure of
16 psi. LOQs were 0.5–1.5 ng/mL and recoveries in urine ranged 16–74.2% [79].

In 2013, For the first time, combination of electromembrane extraction (EME) and dispersive
liquid–liquid for the determination of amitriptyline, doxepine and trimipramine in human plasma
and urine by GC-FID. Experimental design with response surface methodology was implemented
for optimization of experimental parameters. As a result, extraction time of 14 min, applied voltage
of 240 V, donor phase of 64 mM HCl and acceptor phase of 100 mM HCl were chosen for the EME
process. For the DLLME process, methanol was chosen as disperser solvent and carbon tetrachloride
was chosen as an extraction solvent. Centrifugation was necessary to separate the two phases of
the resulting emulsion, prior to GC analysis. An HP-5 (30 m × 0.32 mm i.d., 0.25 μm) was used in
combination with helium gas at constant flow rate of 4 mL min−1. LOQs were 10 and 40 ng/mL in urine
and plasma, respectively. The recoveries were 92.3–94.2% for urine and 88.8–92.6% for plasma [80].

In 2017, Asghari et al. applied for the extraction of amitriptyline and imipramine from human
plasma and by air-agitated liquid–liquid microextraction. Therefore, the analytes were extracted by
repeated aspiration and dissension of a solidifiable organic solvent, in the absence of an organic disperser
solvent. Under optimum conditions, 14.0 μL of 1-dodecanol was used to extract the analytes from
10 mL of the sample (pH 12.0) after salt addition (7.52%, w/v) and 13 air-agitation cycles took place using
a syringe. For the GC-FID analysis, helium was used as mobile phase at a flow rate of 4mL/min together
with a BP-5 capillary column (30 m × 0.32 mm i.d., 0.25 μm). Low quantification limits 15–20 ng/mL and
satisfactory recovery values (68–73%) were obtained [81].

In 2018, Ahmadi et al. synthesized Fe3O4 super paramagnetic core–shells anchored onto silica
grafted with C8/NH2 nanoparticles and used them for the ultrasound-assisted magnetic solid phase
extraction of imipramine and desipramine from plasma prior to GC-FID analysis. For the MSPE
procedure, the material was washed and conditioned with water and MeOH and were dispersed
by ultrasonic into the sample. Accordingly, a magnet was used to collect the sorbent and elution
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was achieved with methanol. A CP-Sil 8 CB column (30 m × 0.25mm i.d., 0.25 μm) was chosen and
helium was delivered at a constant pressure of 10 psi. Recovery was above 94% and LOD values were
0.003–0.007 μg/mL [28].

4. Discussion

A lot of progress was made in this scientific field during 1980–2000. Both packed columns and
capillary columns were used for this purpose. Moreover, various detection systems such as NPD,
FID, SID, MS, were adopted. Liquid–liquid extraction was the most frequent sample preparation
technique, while various solvents were tested. Derivatization with various reagents, resulting in
different trifluoroacetyl, heptafluorobutyryl or carbethoxyhexafluorobutyryl, were also employed.
Other conventional sample preparation techniques including protein precipitation and solid phase
extraction have also been used.

However, due to the rapid development of high-performance liquid chromatography, the application
of gas chromatography was significantly reduced after 2000. This can be attributed to the fact that HPLC,
especially when coupled with mass spectrometry, can provide highly sensitive methods and extremely
low limits of detection. Until today, HPLC is a well-established technique for the determination of
various drugs (antidepressants, antipsychotics, antiepileptics, etc.).

The recent advances in the use of gas chromatography for the determination of TCAs in biofluids
focus on the implementation of novel sample preparation techniques, such as LPME, SPME, EME,
etc. Additionally, novel materials have been synthesized and tested for the extraction of tricyclic
antidepressants from biofluids. These techniques follow the principles of “green chemistry” and have
numerous advantages compared to conventional sample preparation methods.

The reported GC methods can be classified into the more sensitive GC-MS methods and the GC
methods coupled with other detection systems (mostly ECD, NPD, and FID). The GC-MS methods
combine the resolution ability of gas chromatography with the highly sensitive detection ability of mass
spectrometry. Therefore, highly sensitive methods can be developed and low LODs can be obtained.
Satisfactory LOQ values can be obtained both with GC-FID and with GC-NPD techniques. As shown
in Table 1, by using a preconcentration method in combination with GC-MS, limits of quantification
can be reduced to 0.2 ng/mL, while, with GC-FID and GC-NPD, they are more than 0.5 ng/mL and
44 ng/mL, respectively. This is of high importance especially for forensic toxicology applications in
which highly sensitive and specific GC-MS (or LC-MS, LC-MS/MS) are required.

5. Conclusions

Gas chromatography is a well-established technique for the determination of TCAs in biological
matrices. GC methods are considered rapid, simple, accurate, efficient and robust. In recent years,
a lot of progress has been made in the field of sample preparation to replace the conventional techniques
(protein precipitation, SPE, and LLE). For this purpose, various microextraction techniques such as
LPME, SPME, MSPE, etc. have been implemented. These techniques are in compliance with the
principles of “green chemistry”. Moreover, novel materials have been synthesized and used to
enhance preconcentration factors and to develop accurate methods with low limits of detection, which
together with high recovery values can be achieved by GC, while sensitivity and selectivity can be
higher than those of HPLC. However, a wide variety of materials such as metal–organic frameworks,
graphene-oxide nanoparticles, etc. can be tested for such purposes. Additionally, recently developed
microextraction techniques such as fabric phase microextraction and capsule phase microextraction
can be also tested [82,83].
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Abstract: Bisphosphonates are used to treat various skeletal disorders, as they modulate bone
metabolism by inhibition of the osteoclast-mediated bone resorption. These compounds are
both polar and ionic, and therefore, by using reversed phase liquid chromatography are eluted
rapidly. Hydrophilic interaction liquid chromatography (HILIC) is an advantageous technique
for the separation and analysis of polar molecules. As the elution order in HILIC is reversed to
reversed phase liquid chromatography, a reasonable retention and selectivity for polar compounds
is expected. In this work the retention mechanism of three bisphosponates, namely risedronate,
tiludronate and zoledronate, was investigated under zwitterionic HILIC conditions. The key factors
influencing the retention of the analytes on a zwitterionic ZIC®-pHILIC column (150.0 × 2.1 mm
i.d., 200 Å, 3.5 μm) have been systematically investigated. It was found that apart from partition,
electrostatic repulsions play an important role in the retention of bisphosphonates. Peak tailing of
risedronate and zoledronate was improved by the addition of sodium pyrophosphate in the mobile
phase. A zwitterionic hydrophilic interaction liquid chromatography-photodiode array (HILIC-PDA)
method was further optimized and fully validated to quantitate risedronate in commercial film-coated
tablets. The calibration curves for risedronate showed good linearity (r ≥ 0.9991) within the calibration
range tested. The intra- and inter-day coefficient of variation (CV) values was less than 0.6%,
while the relative percentage error (%Er) was less than −2.3%. Accelerated stability studies of
risedronate conducted under several degradation conditions including hydrolysis, oxidation and
heat demonstrated the selectivity of the procedure. A short-run analysis of not more than 6 min
allowed the analysis of large samples per day. The applicability of the method for the quantitation of
risedronate was demonstrated via the analysis of commercial tablets containing this compound.

Keywords: bisphosphonates; risedronate; zoledronate; tiludronate; ZIC-HILIC; PDA; quantitation;
tablets

1. Introduction

Bisphosphonates belong to a unique class of drugs which are chemically stable analogues
of the inorganic pyrophosphate anion, a secondary product of various biochemical processes.
The concentration levels of pyrophosphate anion in blood are associated with the mechanism of
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bone calcification [1]. Like pyrophosphate, bisphosphonates have high affinity for bone mineral and
bind strongly to hydroxyapatite calcium in the bone. The skeletal accumulation of bisphosphonates (on
the skeleton) depends highly on the disposal of hydroxyapatite binding sites. Non-nitrogen containing
bisphosphonates are accumulated into newly formed adenosine triphosphate (ATP) analogues and
inhibit ATP-dependent processes, leading to osteoclast apoptosis [2]. Conversely, nitrogen containing
bisphosphonates inhibit the action of the enzyme farnesyl pyrophosphate synthase (FPPS) enzyme,
which is involved in the mevalonate pathway [3]. These drugs have become the therapy of choice for
the management of various skeletal disorders such as several types of osteoporosis, hypercalcemia,
Paget disease and malignancy metastatic to bone [4]. However, despite the well-recognized benefits of
bisphosphonates, these drugs may cause also osteonecrosis of the jaw [5,6].

Bisphosphonates are both polar and ionic compounds and by using reversed phase liquid
chromatography are eluted rapidly. The development of a chromatographic method for the analysis
of bisphosphonates is a challenge for the analysts due to their high hydrophilicity. In addition to
this, the lack of chromophores in some bisphosphonates structures necessitates the use of tedious and
time-consuming derivatization procedures for their detection. A literature survey revealed that in
most publications adequate retention of bisphosphonates is achieved by using ion-pairing agents in
the mobile phase [7–10], anion-exchange chromatography [11] and in some cases pre-column [12] or
post-column [13] derivatization procedures [14]. A fused core Ascentis Express HILIC column has been
used to quantitate risedronate sodium in pharmaceuticals with PDA and tandem mass spectrometric
detection [15]. Bisphosphonates in biological matrices have been quantified after their methylation with
trimethylsilyl diazomethane by the use of liquid chromatography–mass spectrometric methods [16–21].

During the last twenty years, HILIC has been proved to be a promising technique for the
analysis of polar substances. The separation mechanism in HILIC involves multiple factors, such
as partitioning, normal phase/adsorption interactions, hydrogen bonding, reversed-phase and
electrostatic interactions [22]. The significance of each of these mechanisms depends on the type
of mobile phase and stationary phase that will be used. HILIC requires the use of highly organic
mobile phases that contain an aprotic solvent (mainly acetonitrile) in combination with at least 3% of
an aqueous salt solution and polar stationary phases so to facilitate chromatographic separation [23].
The major factors affecting retention in HILIC are the type of the stationary phase, the percentage
content of water which is the strongest eluent, along with the concentration, pH and type of the
aqueous solution of the salt [24]. Studies on the retention mechanism of compounds in HILIC
are of great interest, since it is difficult to predict the effect of the operation parameters on the
retention of substances. Bisphosphonates, due to their increased polarity, are perfect candidates
to study their retention mechanism in HILIC. Up to now, only a limited number of publications
have been reported for the analysis of bisphosphonates in HILIC [15]. This paper describes studies
on the retention mechanism of two nitrogen-containing bisphosphonates, namely risedronate and
zoledronate, and one non-nitrogen-containing bisphosphonate, namely tiludronate, on a polymeric
zwitterion ZIC®-pHILIC column. It is the first time that zwitterionic hydrophilic interaction liquid
chromatography is used to study the retention of bisphosphonates. The zwitterionic hydrophilic
interaction liquid chromatography used in this work is a unique form of HILIC, which involved
the use of substrates containing zwitterionic functional groups. The key factors influencing the
chromatography of these analytes were systematically investigated. A HILIC stability-indicating assay
method coupled with photodiode array detection was further optimized and validated to quantitate
risedronate in commercial film-coated tablets. Accelerated stability studies of risedronate were also
conducted under stress conditions to demonstrate the selectivity of the procedure. The applicability
of the method for the quantitation of risedronate was finally proven via the analysis of commercial
film-coated tablets containing risedronate as the active ingredient.
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2. Materials and Methods

2.1. Chemicals and Reagents

Risedronate sodium salt, hydroxy-(1-hydroxy-1-phosphono-2-pyridin-3-ylethyl)phosphinate;
sodium and tiludronate disodium salt, [(4-chlorophenyl)sulfanyl-[hydroxy(oxido) phosphoryl]methyl]-
hydroxyphosphinate; disodium, were obtained from Sigma-Aldrich, Germany. Zoledronic acid
monohydrate, (1-hydroxy-2-imidazol-1-yl-1-phosphonoethyl)phosphonic acid; hydrate, was obtained
from TGI Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). All bisphosphonates were of
pharmaceutical purity grade. Solvents of HPLC grade were obtained from E. Merck, Germany.
Ammonium formate, ammonium acetate, acetic acid and sodium pyrophosphate were purchased
from Acros Organics part of Thermo Fischer Scientific (Geel, Belgium). Water was deionized and
further purified by means of a Merck Millipore Synergy UV system (Darmstadt, Germany). Kinesis
KX hydrophilic polytetrafluoroethylene (PTFE) syringe filters (diameter 13 mm, pore size 0.22 μm)
were purchased from Kinesis Ltd, Cambridge shire, UK.

Commercial film-coated tablet labelled to contain 35 mg risedronate sodium (equivalent to
32.5 mg risedronic acid). Inactive ingredients of the tablet core consist of crospovidone A, cellulose
microcrystalline, magnesium stearate and lactose monohydrate. Inactive ingredients of the film coating
consist of hypromellose, titanium dioxide E171, hydroxypropyl cellulose, macrogol, iron oxide red
(E172), colloidal anhydrous silica and iron oxide yellow (E172).

2.2. Instrumentation

Experiments were performed on an HPLC-PDA system consisting of an auto sampler model
Waters 717 plus, a constant temperature oven, an isocratic pump model Waters 1515 and a photodiode
array detector model Waters 996 (Milford, MA, USA). Data acquisition and analysis was attained by
the use of the Empower software (Milford, MA, USA). The analytes were detected over the wavelength
range of 200 to 400 nm and the chromatograms were extracted at λ = 262 nm. Chromatography was
performed by using a polymeric zwitterionic ZIC®-pHILIC analytical column (150.0 × 2.1 mm i.d.,
200 Å, particle size 3.5 μm) (Merck Millipore, Darmstadt, Germany). Moreover, a guard column
(20 × 2.1 mm, 3.5 μm) of the same packing material was used to prolong the column lifetime. During
the method development, various mobile phases consisting of mixtures of acetonitrile and ammonium
formate or ammonium acetate aqueous solutions were usedand the flow rate was set at 0.25 mL min−1.
Aqueous solutions of ammonium acetate were prepared freshly every day. For the quantitation
of risedronate, the mobile phase consisted of 38% 9 mM ammonium acetate and 1 mM sodium
pyrophosphate aqueous solution pH 8.8 in acetonitrile and pumped at a flow rate of 0.15 mL min−1.
It was filtered through a 0.22 μm Nylon-membrane filter, Membrane Solutions (Kent, WA, USA)
and degassed under vacuum prior to use. Chromatography was performed at 40 ± 2 ◦C, with a
chromatographic run time of 6 min; a 60 μL volume was injected into a 10 μL loop.

2.3. Statistical Analysis

Regression analysis was performed using IBM SPSS Statistics ver. 22, IBM software. The ionization
state of each compound was estimated using ADME boxes ver. 3.0, Pharma Algorithms software.

2.4. Stock and Working Standard Solutions

Stock standard solutions of risedronate, zoledronate and tiludronate were prepared at
500 μg mL−1 in acetonitrile-water mixture (60:40, v/v). Stock standard solution of risedronate was
prepared in duplicate for the calibration standards and the quality control samples. These solutions
were stable for several weeks when stored at −17 ◦C for several months. The stock standard solutions
were further diluted in acetonitrile to prepare working standard solutions at two concentration levels
5 and 10 μg mL−1 for each analyte. These solutions were used for the method development and were
stored under refrigeration at 4 ◦C for two months.
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Calibration standard solutions of risedronate were prepared in acetonitrile over the concentration
range of 1.5 to 5 μg mL−1. Quality control samples of risedronate were also prepared in acetonitrile at
three concentration levels (1.5, 3.5 and 5 μg mL−1). Calibration standard solutions and quality control
samples were prepared freshly every day and remained stable throughout the analysis.

2.5. Assay Procedure for the Pharmaceutical Samples

To calculate the tablet weight, 10 tablets containing 35 mg of risedronate sodium were weighted
and then pulverized. A portion of this powder, equivalent to 35 mg of risedronate sodium, was
transferred into a 100 mL volumetric flask and diluted to volume with acetonitrile/water mixture
(10:90, v/v). The mixture was sonicated for 10 min and then transferred into a 2 mL Eppendorf tube for
centrifugation at 4.000× g and 25 ◦C for 10 min. The supernatant was then sonicated in an ultrasonic
bath for additional 10 min and filtered through a PTFE hydrophilic syringe filter. A 100 μL aliquot of
the filtrate was then transferred into a 10 mL volumetric flask and diluted to volume with acetonitrile
prior to HILIC-PDA analysis.

2.6. Accelerated and Long-Term Stability Studies

Degradation studies were performed in risedronate under various stress conditions where
degradation was stimulated by acidic or basic hydrolysis, oxidation and thermal degradation.
Risedronate bulk substance was stressed under accelerated degradation conditions with 1.0 M HCl
at 50 ◦C (± 2) for 10 days, 1.0 M potassium hydroxide (NaOH) at 50 ◦C (± 2) for 24 h and 3.0% v/v
hydrogen peroxide (H2O2) at 25 ◦C (± 2) for 3 h. The concentration of risedronate bulk substance
in the accelerated stability samples was 0.35 mg mL−1. During each degradation experiment and at
predetermined time intervals, appropriate aliquots were neutralized with base or acid, and analyzed
according to the proposed method. The concentration of risedronate in the analyzed sample solution
was 3.5 μg mL−1.

Blistered tablets containing risedronate were stressed in long-term stability studies. Blistered
tablets have been stored for 3 months at 50 ◦C (± 2) and 75% (± 2) relative humidity, and at
50 ◦C ± 2 ◦C and 15% (± 2) relative humidity. After the completion of each degradation treatment the
samples were analyzed as described in the sample preparation procedure (Section 2.5).

3. Results and Discussion

3.1. Method Development

Bisphosphonates contain two phosphoric acid groups and are strongly polar and ionic
compounds. The three bisphosphonates drugs studied in this work are divided into two groups: two
nitrogen-containing compounds (risedronate and zoledronate) and one acidic compound (tiludronate).
These compounds are poorly retained in the classical reversed phase analytical columns and their
chromatographic analysis is challenging. The ZIC®-pHILIC analytical column used is a polymeric
and zwitterionic sulfoalkylbetaine stationary phase. The functional group of this column consists
of a sulfonic acid group (acidic), which was separated with a short alkyl spacer from a quaternary
ammonium group (basic). In this zwitterionic stationary phase, the electrostatic forces of each charge
were partly counterbalanced by the proximity of an ion with opposite charge. Though the accessibility
to the positively charged quaternary ammonium groups was limited, the negatively charged sulfonic
acid groups might be responsible for weak, but important, electrostatic interactions [25]. The studied
bisphosphonates were retained adequately in this analytical column through hydrophilic interactions,
even if they had the same charge with the sulfonic acid groups of the stationary phase. Electrostatic
repulsions in HILIC were first described by Alpert [26] as electrostatic repulsion hydrophilic interaction
chromatography (ERLIC). These kinds of interactions were of great interest and can be used to
selectively antagonize the retention of analytes that normally would be best retained [27].
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3.1.1. Effect of Chromatographic Parameters on the Bisphosphonates Retention

A one-variable-at-a-time approach was used to study the chromatography of bisphosphonates
in the zwitterionic stationary phase. Mobile phases in HILIC typically contain high percentages of
acetonitrile mixed with an aqueous salt solution. In this work, the mobile phase salts were limited to
ammonium formate and ammonium acetate due to their good solubility in acetonitrile. The sulfonic
acid groups of the stationary phase are responsible for weak electrostatic interactions that can be
reduced by the addition of an aqueous salt solution. In preliminary experiments with a mobile phase
containing 35% 10 mM ammonium formate water solution in acetonitrile, both nitrogen-containing
bisphosphonates (risedronate and zoledronate) were not eluted, while tiludronate exhibited a broad
asymmetrical peak. On the other hand, ammonium acetate improved the chromatography for all
compounds. Consequently, ammonium acetate concentration was varied from 1 to 40 mM in mobile
phases containing 35% Φwater. The logarithm of retention factor (k) was used to evaluate retention
of the analytes. Retention factor (k) is independent of column geometry and flow rate and was often
used for reproducibility evaluation, and method validation [28].

Typical HILIC chromatograms illustrating the effect of the concentration of ammonium acetate
on the retention time and the peak shape bisphosphonates are presented in Figure 1. In all of the
ammonium acetate concentrations tested tiludronate exhibits good peak symmetry while tailing peaks
are observed for both risedronate and zoledronate. Bisphosphonates as strong chelators are capable to
interact with the metals of the liquid chromatographic (LC) system [10,29]. This binding affinity is
greater in nitrogen-containing bisphosphonates where the one side chain of the molecule is a primary
amino-group and allows a tridentate interaction [30]. By increasing ammonium acetate concentration,
the elution of the analytes was delayed, leaving them more time to interact with the metals of the LC
system; hence, peak tailing of nitrogen-containing bisphosphonates increased.

Figure 1. Typical HILIC chromatograms displaying the effect of ammonium acetate concentration on
the peak shape and the retention of bisphosphonates, accompanied by diagrams of their ionization
state at pH 6.8 as calculated ADME boxes ver. 3.0, Pharma Algorithms software. Chromatographic
conditions: ZIC®-pHILIC analytical column, mobile phase: aqueous solution of ammonium acetate
pH 6.8/acetonitrile (35:65, v/v), 0.25 mL min−1 flow rate and wavelength of detection at 262 nm.

As illustrated in Figure 2A, the retention of both the nitrogen-containing bisphosphonates
(risedronate and zoledronate) and the negatively charged tiludronate increased by increasing
ammonium acetate concentration due to the reduction of the electrostatic repulsions between the
analytes and the stationary phase. From these experiments, we concluded that by using a 10 mM
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ammonium acetate concentration all bisphosphonates are adequately retained and well separated
from the solvent front.

Figure 2. (A) Impact of the concentration of ammonium acetate (mM) on the log k. ZIC®-pHILIC
column; mobile phase: acetonitrile/ammonium acetate aqueous solution pH 6.6 (65:35, v/v),
(B) Impact of the percentage of water, Φwater, on the log k. ZIC®-pHILIC column; mobile phase:
acetonitrile/ammonium acetate aqueous solution pH 6.8 containing 3.5 mM ammonium acetate in
whole monile phase.

In HILIC a minimum percentage of water, Φwater, at 2% to 3% in the mobile phase is crucial for
the creation of the water layer around the stationary phase. In mobile phases with high percentages
of acetonitrile, the elution of polar compounds was increased, since the water interacts strongly with
the polar stationary phase. To study the effect of Φwater on the retention of bisphosphonates, the
concentration of ammonium acetate in whole mobile phase stayed constant at 3.5 mM, while Φwater

varied from 30% to 40 %. As shown in Figure 2B the retention of all analytes decreases linearly
with increasing Φwater, implying partition as the dominant retention mechanism for bisphosphonates
in HILIC.

The studies presented above indicate that both hydrophilic partition and secondary electrostatic
interactions contribute to the retention of bisphosphonates on the ZIC®-pHILIC analytical column.
Bisphosphonates are strong chelators and their interaction with the metals of the LC system causes
serious peak tailing [29]. This binding affinity of bisphosphonates is greater in nitrogen-containing
bisphosphonates, where the one side chain of the molecule is a primary amino-group and allows a
tridentate interaction [30]. The presence of phosphate groups in the mobile phase can be critical for the
analysis of bisphosphonates on a standard stainless steel LC system [31]. To overcome peak tailing
for nitrogen-containing bisphosphonates, sodium pyrophosphate was added to the aqueous content
of the mobile phase. As can be seen in Figure 3, risedronate and zoledronate peak tailing is seriously
reduced in the presence of sodium pyrophosphate, since pyrophosphate anions interact selectively
with the metals of the LC system [10]. Tiludronate retention is not seriously affected by the presence of
sodium pyrophosphate in the mobile phase.
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Figure 3. Typical HILIC chromatograms showing the effect of sodium pyrophosphate concentration
(mM) on the on the retention time and the peak shape of bisphosphonates. Chromatographic conditions:
ZIC®-pHILIC analytical column, mobile phase: acetonitrile–10 mM ammonium acetate aqueous
solution pH 6.8 (65:35, v/v), flow rate of 0.25 mL min−1 and UV detection at 262 nm.

3.1.2. Optimization of the Chromatographic Parameters for the Quantitation of Risedronate

It was observed that the back pressure of the chromatographic system was increased by increasing
sodium pyrophosphate concentration; thus, it was decided to reduce its concentration to 1 mM and to
decrease the flow rate to 0.15 mL min−1. Moreover, the addition of sodium pyrophosphate salt in the
aqueous content of the mobile phase resulted in alkaline pH that was adjusted to 8.8 using acetic acid.
By keeping sodium pyrophosphate concentration constant at 1 mM, a one-variable-at-a-time approach
was used to identify the optimal mobile phase composition for the quantitation of risedronate in
tablets. The parameters selected to study were the percentage of water, Φwater and the concentration
of ammonium acetate (mM). It was found that an increase in the percentage of water from 35% to
39% reduced the retention factor of risedronate. Moreover, it was observed that an increase in the
concentration of ammonium acetate from 6 to 10 mM increased the retention of the negatively charged
risedronate due to the disruption of the electrostatic repulsions between this and the negatively charged
sulfonic acid groups of the stationary phase. Thus, a mobile phase consisting of 38% 9 mM ammonium
acetate and 1 mM sodium pyrophosphate aqueous solution pH 8.8 in acetonitrile was finally used. At
the beginning of each experiment, the column was equilibrated for 1.5 h and column temperature was
set at 40 ◦C. Due to the isocratic separation, there was no need for time-consuming re-equilibration of
the analytical column.
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3.2. Method Validation

3.2.1. Selectivity

The selectivity of the proposed HILIC-PDA method is demonstrated in Figure 4, where a
representative chromatogram obtained from the analysis of standard solution containing risedronate
at 3.5 μg mL−1 is presented overlaid with a chromatogram obtained from the analysis of risedronate
commercial tablets and a blank sample (dilution solvent). No significant interfering peaks have been
observed at the retention time of risedronate, which is eluted at 4.59 min.

Figure 4. Typical HILIC chromatograms of a blank sample (green line) overlaid with a 3.5 μg mL−1

risedronate standard solution (red line) and a solution obtained from the analysis of risedronate
commercial tablets (blue line). Chromatographic conditions: ZIC®-pHILIC analytical column, mobile
phase: 38% 9 mM ammonium acetate and 1 mM sodium pyrophosphate aqueous solution pH 8.8 in
acetonitrile, flow rate of 0.15 mL min−1 and UV detection at 262 nm.

3.2.2. Statistical Analysis of Data

The calibration curves of the peak area signals of risedronate versus the corresponding
concentrations were linear, as shown by the results presented in Table 1. Back-calculated concentrations
in the calibration curves were within 2.1% of the nominal values, which are in agreement with
international guidelines.

Table 1. Statistical analysis of the calibration curves of risedronate.

Concentration Range,
μg mL−1 Regression Equations a

r b
Standard Deviation

Sr
c

Slope Intercept

Mean of 3 calibration curves over a period of 1 month

1.5–5 SRsd = 3.029 × CRsd + 1.76 ≥0.9991 1.7 × 10−3 3.2 × 10−2 ≤0.24
a Peak areas signal of risedronate, SRsd vs the corresponding concentration of risedronate, CRsd; b correlation
coefficient; c standard error of the estimate.

The limit of detection (LOD) and the limit of quantitation (LOQ) were estimated experimentally
by analyzing risedronate samples spiked at low concentrations. These limits were defined according
to a signal-to-noise ratio (S/N) corresponding to 3:1 for the LOD and to at least 10:1 until a %CV of
less than 2.5% was obtained for the LOQ. The LOD was found to be at 0.3 μg mL−1, and the LOQ at
1.5 μg mL−1.

Risedronate can be determined by appropriate precision and accuracy as is indicated by the intra-
and inter-assay precision data that are presented in Table 2. Precision was evaluated by one-way
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analysis of variance. Intra-assay relative standard deviation values, %RSD, were between 0.3% and
0.6%, while inter-assay %RSD was no more than 0.6%. The overall accuracy of the method was
expressed by the relative percentage error, Er%, that ranged from 2.3% to 1.8%.

Table 2. Accuracy and precision data.

Risedronate Concentration (μg mL−1)

Added concentration 1.5 3.5 5

Run 1 (mean ± SD) 1.4669 ± 0.0051 3.556 ± 0.022 5.013 ± 0.046
Run 2 (mean ± SD) 1.4589 ± 0.0033 3.567 ± 0.012 5.022 ± 0.088
Run 3 (mean ± SD) 1.4715 ± 0.0044 3.5628 ± 0.0091 4.973 ± 0.012

Overall mean 1.4658 3.5618 5.0031
Intra-day CV(%) a 0.3 0.5 0.6
Inter-day CV(%) a 0.5 0.05 0.6

Overall accuracy Er% b −2.3 1.8 0.1
a (n = 3 runs; 5 replicates per run).

During the method development, it was observed that both the volume fraction of water (ΦH2O)
and the concentration of ammonium acetate affected the chromatography of risedronate. To assess
method robustness, small deliberate variations were performed in the aforementioned parameters
and in the wavelength of detection. Each parameter was changed at two levels (0 and 1) using a
univariate approach and robustness was estimated by measuring the peak area signal. Ammonium
acetate concentration was altered by 1.0 mM (range 8 to 9 mM), volume fraction of water Φwater was
altered by 2% (range 38% to 36%) and the wavelength of detection was altered by of 2 nm (range 262 to
264). A standard solution of risedronate at 3.5 μg mL−1 was injected in three replicates under changes
of the parameters mentioned above. The proposed method could be considered as robust, since %RSD
values of the peak area signal of risedronate does not exceed 3.2% (acceptance criteria < 10%) in all of
the tested conditions.

3.2.3. Accelerated and Long-Term Stability Studies

The results of the accelerated and the long-term stability studies are presented in Table 3. In the
acid stressed samples and after 10 days, a 21.9% of risedronate was degraded using 1.0 M HCl at 50 ◦C,
while no degradation products have been detected. In the base stressed samples and after 1 day, a
21.2% of risedronate was degraded using 1.0 M NaOH at 50 ◦C, while no degradation products were
detected. In the acid stressed samples and after 3 h, a 17.3% of risedronate was degraded using 3.0%
(v/v) H2O2 at 25 ◦C while the degradation products could not be detected. After the degradation of
risedronate blistered tablets under low (15%) and high (75%) humidity conditions for three months,
the percentage recovery of the analyte was 95.9% and 78.5%, respectively.

Table 3. Stability data for risedronate by HILIC-PDA.

Degradation
Conditions/Time

Time
Concentration

(μg mL−1)
(Mean ± S.D., n = 3)

% Recovery
(Mean ± S.D., n = 3)

Degradation
Products Retention

Time (min)

1.0 M HCl,
50 ◦C

1 day 3.467 ± 0.038 99.0 ± 1.1 -
2 days 3.469 ± 0.041 99.1 ± 1.2 -
8 days 3.036 ± 0.040 86.7 ± 1.1 <3

10 days 2.736 ± 0.032 78.1 ± 0.9 <3

1.0 M NaOH,
25 ◦C 1 day 2.757 ± 0.073 78.8 ± 2.1 <3

3 % v/v H2O2,
25 ◦C

1 h 3.211 ± 0.042 91.7 ± 1.2 -
2 h 3.094 ± 0.041 88.4 ± 1.1 <3
3 h 2.895 ± 0.047 82.7 ± 1.4 <3

29



Separations 2019, 6, 6

Table 3. Cont.

Long-Term
Stability Studies

Time
Amount

(mg) Per Tablet
(Mean ± S.D., n = 3)

% Recovery
(Mean ± S.D., n = 3)

Degradation
Products Retention

Time (min)

50 ± 2 ◦C
15% humidity

1 month 32.79 ± 0.51 100.9 ± 1.5 -
3 months 32.41 ± 0.46 99.7 ± 1.3 -

50 ± 2 ◦C
75% humidity

1 month 32.38 ± 0.44 99.6 ± 1.2 -
3 months 25.22 ± 0.63 77.6 ± 1.8 <3

Based on the results presented in Table 3, the proposed HILIC-PDA method is stability-indicating,
since it is able to quantitate risedronate in commercial formulations without any interference from
degradation peaks.

3.3. Analysis of Commercial Tablets

The applicability of the proposed method was evaluated through the analysis of commercially
available tablets containing 35 mg of risedronate sodium (equivalent to 32.5 mg risedronic acid).
The analysis was performed on accurately weighted amount of the pulverized tablets. Percentage
recovery was found to be 99.3 ± 0.7% of the label claim, or 32.3 ± 0.2 mg of risedronic acid per tablet
(n = 10, RSD = 0.6%). Additionally, this method was used for the content-uniformity testing, in which
many assays on the individual tablets are required. Percentage recovery was found to be 100.2 ± 1.2%
of the label claim, or 32.6 ± 0.4 mg of risedronic acid per tablet (n = 10, RSD = 1.1%).

Table 4 presents data obtained from the analysis of real samples and indicate that the proposed
HILIC-PDA method is applicable to the accurately quantitation of risedronate in commercially
available tablets.

Table 4. Risedronate quantitation in a commercial formulation.

Test
Amount (mg) Per Tablet

(Mean ± SD, n = 10)
% Recovery

(Mean ± SD, n = 10)

Quality control 32.3 ± 0.2 99.3 ± 0.7
Content uniformity 32.6 ± 0.4 100.2 ± 1.2

4. Conclusions

HILIC is a popular chromatographic method for the analysis of hydrophilic compounds.
The separation mechanism in HILIC is more complicated in regards to reversed phase HPLC due to
the various kinds of interactions that rule the retention. Despite the increased number of publications
in the last years, the separation mechanism in HILIC is still under investigation and many analysts
are puzzled over the use of this chromatographic method [32,33]. Thus, understanding the influence
of operational parameters in HILIC is crucial for an effective method development. The chemical
nature of bisphosphonates, both polar and ionic, makes them perfect candidates for HILIC. In this
work the chromatographic behavior of two nitrogen-containing bisphosponates, namely risedronate
and zoledronate, and one non-nitrogen-containing bisphosphonate, namely tiludronate, has been
thoroughly investigated under zwitterionic HILIC conditions. The results indicate that apart from
partition, which is the dominant separation mechanism in HILIC, electrostatic repulsions play an
important role to the retention of bisphosphonates. Peak tailing of the two nitrogen-containing
bisphosphonates was improved by the addition of sodium pyrophosphate to the mobile phase.
A zwitterionic hydrophilic interaction liquid chromatography method coupled to diode-array detection
was developed, validated and applied to the quantitation of risedronate in pharmaceutical formulations.
The proposed method is stability-indicating since it allows accurate and precise quantitation of
risedronate in tablets without any interference from excipients or degradation products, and it is

30



Separations 2019, 6, 6

applicable to routine quality control of risedronate in tablets. A run time of less than 6 min ensures
rapid quantitation.
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Abstract: A method based on micro-matrix solid-phase dispersion (μ-MSPD) followed by
gas-chromatography tandem mass spectrometry (GC–MS/MS) was developed to analyze UV filters in
personal care products. It is the first time that MSPD is employed to extract UV filters from cosmetics
samples. This technique provides efficient and low-cost extractions, and allows performing extraction
and clean-up in one step, which is one of their main advantages. The amount of sample employed
was only 0.1 g and the extraction procedure was performed preparing the sample-sorbent column in a
glass Pasteur pipette instead of the classic plastic columns in order to avoid plastizicer contamination.
Factors affecting the process such as type of sorbent, and amount and type of elution solvent were
studied by a factorial design. The method was validated and extended to other families of cosmetic
ingredients such as fragrance allergens, preservatives, plasticizers and synthetic musks, including a
total of 78 target analytes. Recovery studies in real sample at several concentration levels were also
performed. Finally, the green extraction methodology was applied to the analysis of real cosmetic
samples of different nature.

Keywords: UV filters; matrix solid-phase dispersion; μ-MSPD; miniaturized extraction technique;
GC–MS/MS; cosmetic analysis; personal care products; fragrance allergens; preservatives; plasticizers;
synthetic musks

1. Introduction

The cosmetic industry is one of the fastest growing markets in the world, due to a high demand for
cosmetics and personal care products. Manufacturers must innovate to offer attractive and safe products
for consumers to stay ahead in a highly competitive sector. Cosmetic formulations usually include
a large number or organic compounds, such as fragrances, preservatives, antioxidants, plasticizers,
or surfactants among others. One type of these compounds are the ultraviolet filters (UV filters).
These substances are intended to protect consumers against the harmful solar radiation and, although
their presence is especially important in sunscreens, they can be found in a broad range of daily care
products such as creams, hair-care products, lip protectors, make-up, and many others. The widespread
inclusion of UV filters in personal care and consumer products increases the human exposure to
these compounds. Some of them are considered as endocrine disruptors, with high bioaccumulative
properties. In fact, some of them have been recently detected in human breast milk. Nowadays,
according to the Annex VI of the Regulation EC No 1223/2009 [1], 26 organic UV filters are allowed for
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their use in the formulation of cosmetic products, being the maximum concentration permitted in the
final product up to 10% (w/w). It is important to note that the Regulation regarding cosmetic products
is being continually updated, with the restriction and even prohibition of several compounds each
year. Therefore, the cosmetic sector demands the development of reliable, fast and easy to implement
analytical methodology to analyze a broad range of cosmetics ingredients. One major drawback for
the analysis of cosmetics is sample preparation, since the cosmetic matrices are complex and varied.
Besides, the concentration of the different ingredients in cosmetic formulations usually ranges several
orders of magnitude, from the ng g−1 to thousands of μg g−1.

Most of the reported methodologies for the determination of UV filters in cosmetics deal with the
simultaneous analysis of few target compounds. Regarding the sample preparation, solid-liquid or
liquid–liquid extraction, or simple dilution, have been the most employed procedures [2–4]. However,
since cosmetics are complex mixtures of ingredients, the direct dilution of the samples can negatively
affect the chromatographic determination and the chromatographic system, producing damage in
the injector, column and detector. Therefore, the use of sample preparation techniques which imply
an in-situ clean-up step is a good approach. In this way, matrix solid-phase dispersion (MSPD) has
been proposed for the extraction of different families of cosmetic ingredients such as fragrances,
preservatives or dyes [5–7].

New trends in sample preparation are focused on the development of miniaturized procedures
which complies with the green chemistry principles [8,9], and techniques such as ultrasound-assisted
emulsification microextraction (USAEME) or single drop microextraction have been developed [10,11]
for the determination of parabens of phthalates. In this way, a miniaturization of the classical MSPD,
micro-MSPD (μ-MSPD), employing low-cost material, low amount of sample and organic solvent
consumption, has been successfully proposed for the extraction of different compounds such as
synthetic musks, preservatives, fragrance allergens, or dyes [12–15] in cosmetics and personal care
products. However, to the best of our knowledge MSPD and μ-MSPD have never been applied for the
determination of UV filters.

Regarding the analytical determination of UV filters in cosmetic samples, LC-DAD has been the
most employed technique [2]. However, the use of other detectors, such as MS, and especially the use
of triple quadrupole working under MS/MS provides improved selectivity and sensitivity [16,17].

The main goal of this work is the development of an analytical methodology based on
μ-MSPD-GC–MS/MS for the simultaneous determination of 14 multiclass UV filters in cosmetic samples.
The main experimental parameters affecting extraction, such as the type of sorbent, and amount and
type of extraction solvent have been optimized by means of experimental design. The method
was validated and applied to a broad range of cosmetic and personal care products to quantify not
only UV filters, but also other families of compounds such as fragrances, preservatives, plasticizers,
and synthetic musks, allowing the simultaneous analysis of 78 compounds with very different chemical
nature in a single extraction and chromatographic run.

2. Materials and Methods

2.1. Chemicals, Reagents and Materials

The studied UV filters, their Chemical Abstracts Service (CAS) number, retention times, and
MS/MS transitions are summarized in Table 1. Target fragrance allergens, preservatives, plasticizers
and synthetic musks are shown in Table S1. Ethyl acetate, acetonitrile (ACN) and isooctane were
provided by Sigma-Aldrich Chemie GmbH (Steinheim, Germany), methanol (MeOH) was supplied by
Scharlab (Barcelona, Spain), and acetone was provided by Fluka Analytical (Steinheim, Germany).
Florisil (60–100 μm mesh), and glass wool were purchased from Supelco Analytical (Bellefonte, PA,
USA), and sand (200–300 μm mesh) and anhydrous sodium sulphate, Na2SO4, (99%) from Panreac
(Barcelona, Spain). Individual stock solutions of all the compounds were prepared in acetone, isooctane
or methanol. Further dilutions and mixtures were prepared in acetone (spike solutions) or acetonitrile

36



Separations 2019, 6, 30

(calibration study). Solutions were stored in amber glass vials at −20 ◦C. All solvents and reagents
were of analytical grade.

Table 1. Studied ultraviolet (UV) filters. CAS number, retention time and mass spectrometry
(MS)/MS transitions.

UV Filter Acronym CAS Retention Time (min) MS/MS Transition (CE a, eV)

Ethylhexylsalicylate EHS 118-60-5 12.85
120.0 → 92.0 (10)
138.0 → 120.0 (10)
250.1 → 120.0 (15)

Benzyl salicylate BS 118-58-1 13.73
91.0 → 39.0 (30)
91.0 → 65.0 (15)

228.1 → 91.1 (10)

Homosalate HMS 118-56-9 13.88
120.0 → 92.0 (10)
138.0 → 120.0 (10)
262.2 → 120.0 (15)

Benzophenone-3 BP3 131-57-7 16.22
151.0 → 95.0 (10)
227.1 → 127.9 (35)
227.1 → 184.0 (20)

Isoamyl-4-methoxycinnamate IAMC 71617-10-2 16.38
161.0 → 133.0 (10)
178.1 → 161.1 (10)
248.1 → 178.0 (10)

4-methylbenzylidene camphor 4MBC 36861-47-9 16.63
127.9 → 102.0 (20)
170.6 → 128.1 (15)
254.1 → 239.2 (10)

Methyl anthranilate MA 134-20-3 17.66
119.0 → 91.8 (10)
137.0 → 119.0 (10)
275.2 → 137.0 (10)

Etocrylene ETO 5232-99-5 18.22
231.9 → 176.5 (20)
248.0 → 164.9 (25)
276.9 → 248.1 (10)

Ethylhexyl-p-aminobenzoic acid EHPABA 21245-02-3 19.33
148.0 → 104.2 (25)
165.1 → 148.6 (15)
277.2 → 164.9 (10)

2-ethylhexyl 4-methoxycinnamate 2EHMC 5466-77-3 19.69
161.0 → 133.1 (10)
177.9 → 133.1 (20)
290.2 → 178.1 (10)

Octocrylene OCR 6197-30-4 21.48
232.0 → 203.0 (20)
248.0 → 165.0 (30)
360.2 → 276.1 (20)

Avobenzone BMDM 70356-09-1 22.44
161.1 → 118.0 (15)
295.1 → 135.1 (15)
309.2 → 279.1 (20)

Diethylamino hydroxybenzoyl
hexyl benzoate DHHB 302776-68-7 23.10

382.2 → 280.2 (10)
382.2 → 298.1 (10
397.2 → 382.2 (10

Drometrizole trisiloxane DRT 155633-54-8 25.50
221.1 → 73.1 (15)
369.1 → 250.2 (10)
444.1 → 296.1 (25

a CE: collision energy; underlined SRM transitions: quantification transitions.

Metallic, glass materials, dispersing agents (Florisil and sand), Na2SO4 and glass wool were
maintained at 230 ◦C for 12 h before use to eliminate possible phthalate contamination. All materials
were allowed to cool down, wrapped with aluminum foil, and Florisil, sand, and Na2SO4 were kept
in desiccator.

2.2. Cosmetic Samples

Cosmetics and personal care products from national and international brands were obtained
from local sources. They included sunscreens intended for adults and for children, hair-care products,
moisturizing face creams, antiwrinkle creams, make-up, lip protectors, make-up, lipsticks, among
others. The samples were kept in their original containers and protected from light at room temperature.
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2.3. μ-MSPD Procedure

Cosmetic samples (0.1 g) were exactly weighed into a glass vial. Then, the sample was gently
blended with 0.4 g of the drying agent anhydrous Na2SO4, and 0.4 g of the corresponding dispersing
agent (Florisil or sand), into the vial, using a glass rod, until a homogeneous mixture was obtained
(ca. 5 min). The mixture was then transferred into a glass Pasteur pipette (approximately 150 mm),
with a small amount of glass wool at the bottom, containing 0.1 g of Florisil (to obtain a further degree
of fractionation and an in-situ clean-up step). Finally, a small amount of glass wool was placed on top
to compress the mixture. Elution with the corresponding solvent (ethyl acetate, ACN, MeOH or the
mixture MeOH/acetone (1:1, v/v)) depending on the experiment was made by gravity flow, collecting
the extract into a 1 mL or 2 mL volumetric flask. The obtained extracts were diluted 1:10 (v/v) and
1:100 (v/v) in ACN (or even more when necessary), and analyzed by GC–MS/MS. Fortified samples
were spiked with 10 μL of the corresponding spiking solution to get the desired final concentration of
the target compounds, and submitted to the same process described above. Figure 1 illustrates the
described μ-MSPD procedure under the optimal conditions.

Figure 1. Schematic representation of the micro-matrix solid-phase dispersion (μ-MSPD) procedure
under the optimal conditions.

2.4. GC–MS/MS Analysis

The GC–MS/MS analysis was carried out employing a Thermo Scientific Trace 1310 gas
chromatograph coupled to a triple quadrupole mass spectrometer (TSQ 8000) with IL 1310 autosampler
from Thermo Scientific (San Jose, CA, USA). Separation was performed on a Zebron ZB-Semivolatiles
(30 m × 0.25 mm i.d., 0.25 μm film thickness) obtained from Phenomenex (Torrance, CA, USA). Helium
(purity 99.999%) was employed as carrier gas at a constant column flow of 1.0 mL min−1. The GC
oven temperature was programmed from 60 ◦C (held 1 min) to 100 ◦C at 8 ◦C min−1, to 150 ◦C at
20 ◦C min−1, to 200 ◦C at 25 ◦C min−1 (held 5 min), to 220 ◦C at 8 ◦C min−1, and to 290 ◦C at 30 ◦C
min−1 (held 3 min). Pulsed splitless mode (200 kPa, held 1 min) was used for injection and the injector
temperature was set at 260 ◦C. The injection volume was 1 μL and the total run time was 23.5 min.

The mass spectrometer (MSD) was operated in the electron impact (EI) ionization positive mode
(+70 eV). The temperatures of the transfer line and the ion source were set at 290 ◦C and 350 ◦C,
respectively. Selected reaction monitoring (SRM) acquisition mode was implemented monitoring
three transitions per compound (see Table 1 for UV filters, and Table S1 for the other compounds).
The system was operated by Xcalibur 2.2 and Trace FinderTM 3.2 software.
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2.5. Statistical Analysis

Basic and descriptive statistical analysis were performed using Statgraphics Centurion XVII
(Manugistics, Rockville, MD, USA) as software package.

3. Results and Discussion

3.1. Chromatographic Analysis

The chromatographic GC–MS/MS method for the determination of the target UV filters was
previously proposed by the authors [16–18], and it was extended to other compounds including
25 fragrance allergens, 13 preservatives, 15 plasticizers, and 11 synthetic musks, making a total
of 78 compounds. The chromatographic conditions have been previously described in Section 2.4.
SRM acquisition mode was employed monitoring two or three transitions per compound (see Table 1
and Table S1).

3.2. Optimization of the μ-MSPD Procedure

The influence of the main parameters potentially affecting the μ-MSPD procedure must be
evaluated to obtain an efficient extraction. Several factors, such as the amount of sample, desiccant
and dispersing agents were maintained constant, based on previous studies [3,12–14]. The amount
of sample was 0.1 g, which was mixed with 0.4 g of Na2SO4 to remove the moisture of the samples,
which could negatively affect the extraction. Regarding the dispersing agent, its amount was fixed at
0.4 g. The studied parameters were the extraction solvent (factor A), the dispersing agent (factor B),
and the extraction volume (factor C), and the different levels are summarized in Table 2. The choice
of an appropriate solvent is essential in the development of extraction methods. For an efficient
extraction, the solvent must solubilize the target compounds while leaving the sample matrix as
intact as possible. Four solvents were investigated: ACN, ethyl acetate (EtAc), methanol (MeOH),
and the mixture MeOH/acetone (1:1, v/v). The dispersing agent can be also a very important factor
affecting the extraction. In addition, it can contribute to obtain cleaner extracts, preventing lipids
and other co-extractable matrix materials from coming out to the extract. Based on our previous
works [6,12,14,15], this factor was considered at two levels: Florisil and sand. The solvent volume
was also studied at two levels: 1 mL and 2 mL. Larger solvent volumes were not evaluated since the
purpose of this study was the development of a green miniaturized extraction protocol. Lower solvent
volumes were also not considered since they are not suitable for practical purposes, making necessary
the use of inserts to perform further chromatographic analysis.

Table 2. Experimental factors and levels included in the experimental design.

Factor Code Level 1 Level 2 Level 3 Level 4

Solvent A ACN EtAc MeOH MeOH/acetone (1:1, v/v)

Dispersant B Florisil Sand

Volume of solvent (mL) C 1 2

The influence of the three variables was studied using a multifactor strategy. The study consisted
of a multifactor 4*22 design, involving 16 randomized experiments and allowing three degrees of
freedom to estimate the experimental error. The design has resolution V, which means that it is capable
of evaluating all main effects and all two-factor interactions. Numerical analysis of data resulting
from the experimental design was made employing the software package Statgraphics Centurion XVII
(Manugistics, CA, USA). The experiments were performed using composite sample prepared as a
mixture of four real samples including a sunscreen, a facial cream, a body lotion, and a lip protector.
Since the composite sample contained six of the target compounds from the different families of the
UV filters studied, it was decided to work with the sample as it, without compounds addition, to really
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evaluate the capability of the miniaturized procedure to break analyte-matrix interactions, providing
efficient extractions. Besides, other compounds such as 11 fragrance allergens, seven preservatives,
three plasticizers, and two synthetic musks, were detected in the composite sample. The analysis of
variance, ANOVA, describes the impact of the studied factors on the obtained responses. Results for the
UV filters are shown in the ANOVA table, Table 3. For the sake of simplicity, only F-ratios and p-values
are given. The F-ratio measures the contribution of each factor and interaction on the variance of the
response. The p-value tests the statistical significance of each factor and interaction. When p-value is
lower than 0.05, the factor has a statistically significant effects at the 95% confidence level.

Table 3. ANOVA summary table obtained for the micro-matrix solid-phase dispersion
(μ-MSPD) procedure.

Compound
Solvent (A) Dispersant (B) Volume (C) AB AC BC

F p F p F p F p F P F p

EHS 63 0.0032 75 0.0032 47 0.0063 150 0.0009 1.3 0.4114 0.82 0.4313
BP3 157 0.0008 8.1 0.0647 49 0.0059 422 0.0002 4.5 0.1238 0.64 0.4817

IAMC 18 0.0200 663 0.0001 43 0.0072 65 0.0031 6.4 0.0802 0.01 0.9361
4MBC 13 0.0288 545 0.0002 48 0.0060 45 0.0054 6.3 0.0815 0.75 0.4490

2EHMC 2.6 0.2264 163 0.0010 9.7 0.0525 17 0.0202 2.2 0.2667 0.03 0.8792
OCR 4.0 0.1425 172 0.0010 13 0.0360 11 0.0374 2.3 0.2560 0.48 0.5392

p-values lower than 0.05 (in bold) denotes statistical significance.

As can be seen, the three studied factors were significant for all the UV filters present in the sample
in most cases. The interaction solvent-dispersant (AB) was significant for all the compounds. The other
two second order factors (solvent-volume, AC and dispersant-volume, BC) were not significant.
Figure 2 shows some selected mean plot graphs, that illustrate the effect of the main factors by
showing the mean values as well as the confidence intervals for each level, easily visualizing the most
favorable extraction conditions. For all the UV filters, the most efficient solvent was ACN providing
higher responses (see Figure 2a). Regarding the dispersing agent, Florisil gave also higher responses
for all the analytes (see Figure 2b). As regards the interaction AB, some examples are included in
Figure 2c. The two-factor plots display the least squared means at all combinations of two factors,
which allows studying the effect of both factors simultaneously. In this case, two different behaviors
can be observed. For 2-ethylhexyl 4-methoxycinnamate (2EHMC), 4-methylbenzylidene camphor
(4MBC), octocrylene (OCR) and isoamyl-4-methoxycinnamate (IAMC), the use of Florisil provided the
highest response regardless of the solvent used (see as example OCR graph in Figure 2c). In the case
of ethylhexylsalicylate (EHS) and benzophenone-3 (BP3), the use of sand was more favorable when
MeOH or the mixture MeOH/acetone (1:1, v/v) was employed but, in any case, higher responses were
obtained using ACN or EtAc with Florisil (see as example BP3 graph in Figure 2c). Regarding solvent
volume, 2 mL was initially more favorable, although the differences in the responses were not very
high (see Figure 2d).

Since Florisil was the most favorable dispersing agent for all analytes, the results were analyzed
considering only the experiments carried out with this sorbent. The ANOVA results were similar for all
the analytes and are graphically displayed for IAMC and EHS as example in Figure 3a. The plot shows
scaled effects for each factor, so the natural variance of the points in the diagram can be comped to that
of the residuals, displayed at the bottom of the plot. By comparing the variability amongst the factors
to that of the residuals, it is easy to identify those factors showing differences of a greater magnitude
than could be solely accounted by the experimental error. As can be observed, the solvent nature was
significant, but the amount of solvent was not a significant factor. The levels of the factors at the right
part of the ANOVA plot indicate the conditions that offer higher response and therefore, more efficient
extraction. In the mean plot in Figure 3b the influence of the solvent is clearly appreciate. ACN and
EtAc provided similar results, whereas for the other solvents the responses were clearly lower.
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Figure 2. Mean plots (a,b,d) and interaction plots (c) of the main factors studied in the multi-factor
categorical design for some representative ultraviolet (UV) filters.

Therefore, in view of the results, the selected conditions for the analysis of UV filters comprise
the use of Florisil as dispersing agent, and ACN or EtAc as eluting solvent. Under these conditions
the amount of solvent was not significant and, therefore, the low solvent volume, 1 mL, was selected.
Regarding the other cosmetic ingredients and additives present in the composite sample, including
fragrance allergens, preservatives, plasticizers and synthetic musks, the statistical analysis showed
as more favourable conditions the once previously selected for the UV filters. Therefore, a general
multianalyte method for the determination of all these families of personal care products (PCPs) can
be proposed.
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Figure 3. (a,b) ANOVA plots showing the main effects for isoamyl-4-methoxycinnamate (IAMC) and
ethylhexylsalicylate (EHS).

3.3. Method Performance

The μ-MSPD-GC–MS/MS method was validated in terms of linearity, accuracy and precision.
Method performance is summarized in Table 4 for UV filters, and Table 5 for the other compounds.

Table 4. μ-MSPD-gas-chromatography tandem mass spectrometry (GC–MS/MS) performance for the
UV filters. Linearity, precision, and recovery studies.

UV Filters

Linearity Precision a Recoveries

Range
(mg L−1)

R2 RSD, %
Mean
Values

100 μg g−1 10 μg g−1 1 μg g−1

EHS 0.001–10 0.9999 10 109 ± 11 106 ± 2 111 ± 4 110 ± 5
BS 0.002–10 0.9999 4.8 110 ± 3 111 ± 2 116 ± 6 103 ± 1

HMS 0.002–10 0.9999 10 109 ± 6 110 ± 2 109 ± 7 108 ± 10
BP3 0.002–10 0.9980 3.9 106 ± 6 103 ± 3 117 ± 10 98.7 ± 5.3

IAMC 0.001–10 0.9992 14 98.4 ± 5.8 100 ± 2 102 ± 6 93.3 ± 9.5
4MBC 0.002–10 0.9997 8.0 97.9 ± 6.7 97.9 ± 2.8 99.4 ± 7.2 96.6 ± 10.0

MA 0.001–10 0.9994 5.8 106 ± 5 104 ± 2 99.4 ± 8.2 114 ± 4
ETO 0.001–10 0.9998 5.2 97.9 ± 7.3 97.4 ± 7.2 93.3 ± 9.7 103 ± 5

EHPABA 0.002–10 0.9997 8.6 99.0 ± 4.3 101 ± 2 95.2 ± 6.8 101 ± 4
2EHMC 0.002–10 0.9992 10 99.5 ± 4.1 99.4 ± 1.5 99.1 ± 8.5 100 ± 3

OCR 0.002–10 0.9999 9.8 104 ± 4 104 ± 4 n.c. b n.c. b

BMDM 1–1000 0.9966 6.1 111 ± 2 111 ± 2 n.c. c n.c. c

DHHB 1–50 0.9922 10 108 ± 3 108 ± 3 n.c. c n.c. c

DRT 0.1–100 0.9915 5.6 98.7 ± 2.3 98.2 ± 1.2 97.4 ± 3.5 n.c c

a n = 6; b not calculated since the compound was detected in the sample or c below linear range.

The calibration study was performed employing standard solutions prepared in acetonitrile
containing the 78 compounds at different levels, covering a concentration range from 0.001 to 10 mg L−1

(see specific ranges for each compound in Tables 4 and 5) with twelve levels and three replicates
per level. The method exhibited a direct proportional relationship between the concentration of
each analyte and the chromatographic response with determination coefficients R2 ≥ 0.9915 for all
compounds. Calibration plots for some representative compounds are shown in Figure S1.
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Table 5. μ-MSPD-GC–MS/MS performance for the fragrance allergens, preservatives, plasticizers and
synthetic musks. Linearity, precision, and recovery studies.

Compounds
Linearity Precision a Recoveries

Range (mg L−1) R2 RSD, % Mean Values 100 μg g−1 10 μg g−1

Fragrance allergens

Pinene 0.001–10 0.9994 3.5 70.2 ± 6.0 77.8 ± 7.8 62.6 ± 4.2
Limonene 0.001–10 0.9985 7.2 85.1 ± 3.7 97.1 ± 3.6 73.1 ± 3.8

Benzyl alcohol 0.001–10 0.9982 9.7 109 ± 6 107 ± 2 111 ± 9
Linalool 0.005–10 0.9994 6.7 98.6 ± 6.7 104 ± 2 93. 2 ± 11.4

Methyl-2-octynoate 0.1–10 0.9999 6.0 106 ± 5 105 ± 2 107 ± 8
Citronellol 0.05–10 0.9999 8.8 107 ± 6 107 ± 2 107 ± 10

Citral 0.002–10 0.9994 7.1 99.5 ± 4 112 ± 1 86.9 ± 7.0
Geraniol 0.02–10 0.9998 6.9 106 ± 3 96.4 ± 0.4 116 ± 6

Cinnamaldehyde 0.005–10 0.9999 6.8 101 ± 7 106 ± 2 95.7 ± 11.3
Hydroxycitronellal 0.005–10 0.9995 6.0 108 ± 2 100 ± 2 116 ± 3

Anise alcohol 0.01–10 0.9998 8.3 102 ± 5 101 ± 2 103 ± 9
Cinnamyl alcohol 0.001–10 0.9996 8.7 105 ± 6 105 ± 4 105 ± 7

Eugenol 0.005–10 0.9965 6.4 108 ± 4 105 ± 3 111 ± 5
Methyleugenol 0.005–10 0.9981 6.8 95.6 ± 3.7 102 ± 2 89.2 ± 5.4

Isoeugenol 0.02–10 0.9992 8.4 100 ± 4 103 ± 3 97.0 ± 5.3
Coumarin 0.02–10 0.9980 6.6 102 ± 8 104 ± 3 100 ± 13

α-isomethylionone 0.005–10 0.9975 8.6 99.5 ± 5.6 101 ± 2 98.1 ± 9.3
Lilial® 0.005–10 0.9995 6.6 100 ± 7 106 ± 2 94.2 ± 12.1

Amylcinnamaldehyde 0.005–10 0.9991 8.1 106 ± 4 106 ± 1 106 ± 7
Lyral® 0.002–2 0.9971 7.2 107 ± 4 108 ± 1 105 ± 7

Amylcinnamyl alcohol 0.005–10 0.9992 8.1 110 ± 7 107 ± 1 112 ± 12
Farnesol 0.02–10 0.9994 12 107 ± 7 106 ± 4 107 ± 10

Hexylcinnamaldehyde 0.01–10 0.9922 8.1 107 ± 5 107 ± 2 106 ± 7
Benzyl benzoate 0.002–10 0.9992 6.7 102 ± 6 104 ± 2 99.3 ± 10.2

Benzyl cinnamate 0.001–10 0.9999 5.4 103 ± 4 103 ± 3 102 ± 5

Preservatives

Bronidox 0.002–10 0.9999 4.8 103 ± 6 110 ± 1 95.6 ± 11.1
Phenoxyethanol (PhEtOH) 0.001–10 0.9999 7.4 110 ± 7 101 ± 1 120 ± 14

Methyl paraben (MeP) 0.001–10 0.9997 10 110 ± 6 102 ± 2 117 ± 11
Butylhydroxyanisole (BHA) 0.0001–10 0.9990 5.5 95.6 ± 4.5 103 ± 3 88.1 ± 5.9
Butylhydroxytoluene (BHT) 0.005–10 0.9996 4.9 95.1 ± 3.3 103 ± 2 87.2 ± 4.7

Ethyl paraben (EtP) 0.02–10 0.9999 11 102 ± 8 100 ± 2 103 ± 14
Isopropyl paraben (iPrP) 0.05–10 0.9995 10 103 ± 4 105 ± 3 99.9 ± 4.6

Propyl paraben (PrP) 0.01–10 0.9998 11 98.5 ± 4.2 102 ± 2 94.9 ± 6.4
Iodopropynylbutyl carbamate (IPBC) 0.002–10 0.9997 3.5 104 ± 9 103 ± 2 105 ± 15

Isobutyl paraben (iBuP) 0.005–10 0.9999 8.1 103 ± 2 102 ± 2 104 ± 2
Butyl paraben (BuP) 0.005–10 0.9999 7.6 99.6 ± 1.9 101 ± 1 98.3 ± 2.8

Triclosan (TCS) 0.002–10 0.9983 2.3 115 ± 9 113 ± 3 117 ± 14
Benzyl paraben (BzP) 0.05–10 0.9995 4.2 101 ± 6 99.2 ± 3.3 103 ± 8

Plasticizers

Dimethyl adipate (DMA) 0.01–10 0.9998 5.3 116 ± 5 104 ± 1 118 ± 8
Diethyl adipate (DEA) 0.001–10 0.9989 6.5 98.5 ± 7.7 103 ± 2 93.9 ± 13.4

Diethyl phthalate (DEP) 0.005–10 0.9984 6.2 99.9 ± 4.0 102 ± 1 97.8 ± 7.1
Diisobutyl phthalate (DIBP) 0.001–10 0.9992 4.7 98.9 ± 4.9 101 ± 2 96.8 ± 7.8

Dibutyl phtahalte (DBP) 0.001–10 0.9997 9.1 100 ± 5 102 ± 2 98.4 ± 8.7
Dimethoxyethyl phthalate (DMEP) 0.005–10 0.9999 6.3 105 ± 6 105 ± 2 105 ± 9

Diisopentyl phthalate (DIPP) 0.002–10 0.9998 8.2 99.3 ± 5.5 100 ± 3 98.7 ± 7.9
Dipentyl phthalate (DPP) 0.001–10 0.9997 11 101 ± 3 101 ± 2 101 ± 3

Benzylbutyl phthalate (BBP) 0.002–10 0.9997 13 99.7 ± 5.5 100 ± 3 99.5 ± 8.0
Diethylhexyl adipate (DEHA) 0.005–10 0.9997 14 95.4 ± 5.4 96.2 ± 2.8 94.6 ± 8.0
Diisoheptyl phthalate (DIHP) 0.002–10 0.9998 3.9 97.6 ± 5.3 100 ± 3 95.3 ± 7.6

Dicyclohexyl phthalate (DCHP) 0.005-10 0.9996 9.5 101 ± 4 101 ± 3 101 ± 4
Diethylhexyl phthalate (DEHP) 0.01–10 0.9997 9.2 100 ± 3 100 ± 4 100 ± 1

Diphenyl phthalate (DPhP) 0.001–10 0.9999 11 101 ± 5 98.7 ± 4.5 103 ± 5
Di-n-octyl phthalate (DnOP) 0.005–10 0.9998 8.0 105 ± 3 107 ± 5 102 ± 1

Synthetic musks

Cashmeran 0.001–10 0.9976 7.1 100 ± 4 103 ± 2 97.0 ± 5.0
Celestolide 0.002–10 0.9979 5.4 100 ± 8 106 ± 2 94.2 ± 13.8
Phantolide 0.005–10 0.9977 5.9 99.8 ± 7.3 104 ± 2 95.6 ± 12.6
Ambrette 0.005–10 0.9998 10 97.7 ± 7 104 ± 1 91.4 ± 13.0
Trasolide 0.1–10 0.9996 9.6 102 ± 9 98.3 ± 9.9 105 ± 9

Galaxolide 0.001–10 0.9995 6.7 97.3 ± 5.1 101 ± 3 97.3 ± 8.2
Tonalide 0.005–10 0.9988 7.2 96.1 ± 7.2 101 ± 1 91.3 ± 13.5

Musk Moskene 0.002–10 0.9999 9.4 108 ± 5 112 ± 2 103 ± 8
Musk Tibetene 0.005–10 0.9995 7.1 99.1 ± 4.9 104 ± 1 94.3 ± 8.8
Ambrettolide 0.002–10 0.9988 7.0 105 ± 3 104 ± 3 106 ± 2
Musk Ketone 0.001–10 0.9998 10 98.4 ± 7.1 90.8 ± 3.4 98.0 ± 10.7

a n = 6.
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Intra-day, and inter-day precision was also evaluated. The relative standard deviation (RSD)
values for the inter-day are shown in Tables 4 and 5, and they were lower than 10% for all the analyzed
UV filters, and lower than 14% for the other compounds.

Recovery studies were carried out by implementing the optimized μ-MSPD-GC–MS/MS method
to a real cosmetic sample (a moisturizing hand cream). Sample was fortified at three different
concentration levels (1, 10 and 100 μg g−1) for the UV filters and the μ-MSPD-GC–MS/MS procedure
was performed. Recoveries were calculated as the ratio of concentration found/added considering
the responses obtained for each analyte, and they are shown in Table 4 Quantitative recoveries were
obtained in all cases, with mean values between 97% and 111%. The precision was also evaluated,
and the obtained relative standard deviation (RSD) values were lower than 10% for all the analytes.

Recovery studies were also performed for the fragrance allergens, preservatives, plasticizers and
synthetic musks, at two different concentration levels (10 and 100 μg g−1). Results are summarized in
Table 5. As can be seen, good recoveries with mean values between 70% and 110% were obtained for
all the studied compounds. The RSD values were also lower than 10% in all cases.

3.4. Application to Real Samples

To show the suitability of the proposed methodology, 13 different cosmetic and personal care
products were analyzed, including moisturizing face creams, sunscreens with different solar protection
factor (SPF), including products intended from children, blemish base (BB) creams, hair-care products,
protection lipsticks, hands cream, make-up, or vitalizing creams. Concentration (μg g−1) of the target
UV filters, and the other analyzed PCPs are summarized in Table 6.

Eleven out of the 14 studied UV filters were detected in the analyzed samples. The UV filter most
frequently found was 2-EHMC, in 11 of the 13 samples, with concentration levels up to 46,364 μg
g−1 (4.6%, w/w) followed by EHS in eight samples. The concentration for this UV filter was higher
than 20,000 μg g−1 (2%, w/w) in four samples (S2, S4, S5, and S7). OCR and avobenzone (BMDM)
were found in seven samples, at concentrations up to 50,000 μg g−1, excluding BMDM in samples S2,
and S4. The other UV filters homosalate (HMS), BP3, benzyl salicylate (BS), and IAMC, were found
in six, five, four and three samples, respectively, with concentration ranging from 0.5 to 52,000 μg g−1,
whereas 4MBC, DHHB and DRT were only found in one sample each one. Regarding the number
of compounds per sample, sample S3 (BB cream) contained eight out of the 11 detected UV filters,
followed by sample S2, sample S6 and sample S8, which contained 6 compounds. Highlights especially
the high UV filters concentration (between 25,000–99,000 μg g−1) found in Sample S2. This sample
was a SPF 50 sunscreen. In the other samples, between 1–5 UV filters were detected. Although for
some compounds, while very high concentrations were found, all of them comply with the European
requirements according to the Regulation EC No 1223/2009 [1].

Regarding the other studied PCPs, 14 of the 25 target fragrance allergens were found. Highlights
the presence of limonene and benzyl alcohol in 12 of the 13 analyzed samples, with concentrations
ranging between 0.2 to 213 μg g−1. The other fragrance allergens were found in between 1–4 samples.
It is important to note the presence of Lyral®, fragrance which has been recently banned, in one cream
at 87 μg g−1. Sample S3, a BB cream, contained the highest number of fragrances, nine of them at also
the highest concentration for them, 270 μg g−1 for α-isomethylionone. The other analyzed samples
contained between one (sample S2) and six (samples S4 and S9) fragrances.

44



Separations 2019, 6, 30

T
a

b
le

6
.

C
on

ce
nt

ra
ti

on
of

th
e

U
V

fil
te

rs
an

d
th

e
ot

he
r

pe
rs

on
al

ca
re

pr
od

uc
ts

(P
C

Ps
)(
μ

g
g−

1
eq

ui
va

le
nt

to
×1

04
%

w
/w

).

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1
0

S
1
1

S
1
2

S
1
3

U
V

fi
lt

e
rs

EH
S

26
92

3
±2

85
1

6
±1

39
70

6
±1

13
1

28
37

2
±6

98
17
±3

23
92

5
±3

11
5

12
±1

1.
1
±0

.1

BS
8.

8
±0

.3
17
±2

1.
7
±0

.5
0.

5
±0

.1

H
M

S
0.

5
±0

.1
1.

2
±0

.3
52

59
7
±2

98
0

1.
4
±0

.2
8.

4
±0

.4
6.

5
±0

.1

BP
3

1.
0
±0

.2
46
±1

3
±1

18
±1

46
93
±1

72
7

IA
M

C
1.

8
±0

.1
6
±2

24
±1

4M
BC

27
06

1
±3

01
3

2-
EH

M
C

49
27
±2

72
46

36
4
±3

93
9

35
0
±7

7
12
±3

17
23

0
±3

23
3

15
8
±4

46
15

4
±3

29
0

3
±1

0.
9
±0

.0
7

4
±1

1
±0

.0
7

O
C

R
49

32
7
±4

14
6

77
22
±1

06
3

28
±1

0
29

37
8
±1

11
8

14
06

5
±2

44
2

42
63

3
±2

05
9

3
±0

.1

BM
D

M
29

70
±1

16
66

44
4
±2

00
47

32
60
±7

63
86

31
8
±3

52
93

53
43

7
±4

48
6

19
39

7
±7

54
2

19
49

0
±3

00
1

D
H

H
B

99
11

1
±1

75
36

D
R

T
13

30
0
±8

20

F
ra

g
ra

n
ce

a
ll

e
rg

e
n

s
S

1
S

2
S

3
S

4
S

5
S

6
S

7
S

8
S

9
S

1
0

S
1
1

S
1
2

S
1
3

Li
m

on
en

e
61
±5

2.
1
±0

.4
28

1
±3

5
0.

4
±0

.0
1

17
±1

0.
3
±0

.0
4

0.
6
±0

.0
1

4.
3
±0

.3
0.

5
±

0.
02

18
±2

0.
3
±0

.0
1

21
32
±1

20

Be
nz

yl
al

co
ho

l
3.

6
±0

.2
0.

7
±0

.1
2.

5
±0

.4
4.

9
±0

.1
1.

8
±0

.5
1.

2
±0

.1
0.

7
±0

.0
4

1.
2
±0

.1
0.

4
±

0.
01

0.
2
±0

.0
1

0.
3
±0

.0
1

11
3
±4

0

Li
na

lo
ol

12
0
±7

4.
6
±0

.6
23

4
±2

2
0.

7
±0

.0
1

2.
0
±0

.1
12

7
±5

0

C
it

ro
ne

llo
l

34
±4

C
it

ra
l

12
±2

34
±1

1

H
yd

ro
xy

ci
tr

on
el

la
l

31
±2

C
in

na
m

yl
al

co
ho

l
2.

0
±0

.2

Eu
ge

no
l

12
±1

1.
1
±0

.1
0.

9
±0

.0
2

C
ou

m
ar

in
5.

7
±0

.5
22
±3

α
-i

so
m

et
hy

lio
no

ne
4.

9
±0

.4
27

0
±3

2
55
±7

Li
lia

l®
6.

6
±0

.4
80
±1

1.
1
±0

.3

Ly
ra

l®
87
±1

2

Fa
rn

es
ol

3.
9
±0

.2
20
±2

6.
7
±0

.0
2

H
ex

yl
ci

nn
am

al
de

hy
de

63
±4

0.
8
±0

.1
1.

7
±0

.5
5.

5
±0

.6

Be
nz

yl
be

nz
oa

te
2.

2
±0

.2
1.

0
±0

.1
11
±1

0.
7
±0

.1
0.

8
±0

.1
1.

1
±0

.1

P
re

se
rv

a
ti

v
e
s

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1
0

S
1
1

S
1
2

S
1
3

Ph
Et

O
H

d
84

61
±1

16
4

23
84
±2

75
60

29
±1

78
61

81
±1

67
3

36
63
±5

26
47
±1

88
±3

6.
1
±0

.2
66

60
±1

32
3

16
08
±5

2
36

50
±1

53

M
eP

30
94
±2

44
0.

4
±0

.1
5.

4
±0

.1
27

78
±6

15
1.

4
±0

.4
13

82
±4

6
0.

3
±0

.0
01

97
8
±3

56

BH
A

BH
T

3.
1
±0

.4
52
±7

31
±3

1.
0
±0

.2
0.

9
±0

.1
2.

0
±0

.5
1.

2
±0

.1
0.

9
±0

.0
00

4
20
±1

1
±0

.2
69
±2

80
±3

1

Et
P

89
5
±7

3
64

4
±1

31
6.

9
±0

.1
22

6
±8

1

Pr
P

79
3
±5

7
31

8
±7

1
54

5
±1

8
10

0
±3

6

iB
uP

43
6
±1

3
11

0
±3

1

Bu
P

94
7
±5

4
76

3
±1

99
3.

9
±0

.7
20

9
±8

1

45



Separations 2019, 6, 30

T
a

b
le

6
.

C
on

t.

P
la

st
ic

iz
e
rs

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1
0

S
1
1

S
1
2

S
1
3

D
EP

13
±2

39
6
±4

3
3.

4
±1

.0
26
±1

0.
7
±0

.1

D
BP

1.
7
±0

.2
3.

8
±0

.9
15
±1

D
EH

A
3.

2
±0

.1
52
±4

26
30

5
±

23
79

2.
6
±0

.1
2.

6
±0

.2
45
±2

2
2.

4
±0

.2
2.

9
±0

.0
4

24
±1

D
EH

P
9
±3

6.
8
±0

.4
9
±1

5.
0
±0

.3
5
±2

54
±1

6
2.

8
±0

.5
5.

7
±0

.2
51
±2

Sy
nt

he
ti

c
m

us
ks

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1
0

S
1
1

S
1
2

S
1
3

C
el

es
to

lid
e

27
±1

G
al

ax
ol

id
e

53
4
±5

7
1.

8
±0

.2
2.

0
±0

.0
4

A
m

br
et

to
lid

e
12

.6
±0

.3

S1
:m

oi
st

ur
iz

in
g

fa
ci

al
cr

ea
m

;S
2:

SP
F

50
su

ns
cr

ee
n;

S3
:B

B
cr

ea
m

;S
4:

SP
F

50
su

ns
cr

ee
n

in
te

nd
ed

fo
r

ch
ild

re
n;

S5
:l

ea
ve

-o
n

ha
ir

se
ru

m
;S

6:
m

oi
st

ur
iz

in
g

m
ak

e-
up

;S
7:

an
ti-

w
ri

nk
le

fa
ci

al
cr

ea
m

;S
8:

so
la

r
st

ic
k;

S9
:a

nt
ia

gi
ng

ha
nd

an
d

na
il

cr
ea

m
:S

10
:l

ip
st

ic
k;

S1
1:

fa
ci

al
cr

ea
m

;S
12

:m
ak

e-
up

;S
13

:v
it

al
iz

in
g

cr
ea

m
.

46



Separations 2019, 6, 30

Seven of the 13 target preservatives were found in the analyzed samples. The most frequently
found were phenoxyethanol (PhEtOH) and butylhydroxytoluene (BHT) in 92% of the analyzed samples.
The highest PhEtOH concentration reached up to 8461 μg g−1, close to its legal limit (10,000 μg g−1),
in sample S2, whereas for BHT its concentration was lower than 80 μg g−1 in all cases. Methyl
paraben (MeP) was found in nine samples, reaching 3100 μg g−1, also close to its maximum permitted
concentration (4000 μg g−1), in sample S1, whereas the other parabens (EtP, PrP, BuP, and iBuP) were
found in six, five, and three samples respectively. The samples containing more preservatives were
sample S6 and sample S7, containing both seven preservatives, whereas on the other hand, samples S4
and S10 only contained BHT and PhEtOH, respectively.

Regarding the synthetic musks, only celestolide, cashmeran and ambrettolide were detected in the
analyzed samples. Galaxolide was found in three samples at concentrations up to 534 μg g−1, whereas
the other two were only detected in one sample each one.

Only four plasticizers out of the 15 studied were detected in the analyzed samples. The diethylhexyl
adipate (DEHA) was found in nine samples, with concentrations up to 2630 μg g−1. Regarding the other
detected phthalates, DEP was found in five samples, whereas two of the phthalates forbidden for their
use as ingredients in cosmetics according to the Regulation EC No 1223/2009, dibutyl phthalate (DBP)
and diethylhexyl phthalate (DEHP) were found in three and nine samples, respectively. The detected
concentrations were lower than 9 μg g−1 in all samples, and the presence of these compounds may be
related with a possible transfer between the plastic package and the cosmetic.

4. Conclusions

A new analytical methodology based on μ-MSPD-GC–MS/MS has been proposed for the first time
for the simultaneous analysis of 14 multiclass organic UV filters in cosmetic and personal care products.
The main parameters affecting μ-MSPD extraction have been optimized to obtain the highest extraction
efficiency. Under the optimal conditions, which implies the use of Florisil as the dispersing agent and
1 mL of ACN as elution solvent, the method was successfully validated in terms of linearity, accuracy
and precision. The proposed methodology was extended to other PCPs families, including fragrance
allergens, preservatives, plasticizers and synthetic musks comprising a total of 78 compounds. Finally,
to show the method suitability, it was applied to a broad range of real cosmetic samples present on
the market, including sunscreen, make up, and hair-care products, among many others. In summary,
the developed methodology provides a suitable, green, and fast tool to determine a broad range
of cosmetic ingredients in a wide variety of cosmetic products, allowing simultaneous analysis of
78 compounds with very different chemical nature in a single extraction and chromatographic run.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/6/2/30/s1,
Figure S1: Calibration plots for some representative compounds of each studied family, Table S1: Retention time
and MS/MS transitions for the fragrance allergens, preservatives, plasticizers and synthetic musks.
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Abstract: The performance of a vibratory shear-enhanced process (VSEP) combined with an
appropriate membrane unit for the treatment of simulated or industrial tannery wastewaters
was investigated. The fundamental operational and pollution parameters were evaluated, i.e.,
the membrane type, the applied vibration amplitude, as well as the removal rates (%) of tannins,
chemical oxygen demand (COD), Ntotal, turbidity and color. Regarding the system’s treatment
efficiency, specific emphasis was given towards the removal of organics (expressed as COD values),
suspended solids (SS), conductivity (as an index of dissolved solids’ presence) and total nitrogen.
The removal of organic matter in terms of COD exceeded 75% for all the examined cases. The quality
of treated wastewater was affected not only by the membrane specific type (i.e., the respective pore
diameters), but also by the applied vibration amplitude. Furthermore, an average 50% removal rate,
regarding the aforementioned parameters, was observed both for the simulated and the industrial
tannery wastewaters during the microfiltration (MF) experiments. That removal rate was further
increased up to 85%, when ultrafiltration (UF) was applied, and up to 99% during the Reverse
Osmosis (RO) experiments, considering the maximum applied vibration amplitude (31.75 mm).

Keywords: membrane filtration-treatment; membrane type-operation; membrane fouling mechanism;
tannery industrial wastewater; vibratory shear-enhanced process (VSEP)

1. Introduction

The leather tanning industry is a globalized industry and the European Union (EU) tanners
are highly dependent on access to raw materials and export markets. The EU tanning industry is
still the world’s largest leather supplier in the international market. This is despite the shrinkage
of the EU share in the relevant world markets, due to the development of the leather industry in
other regions of the world, such as Turkey, China, India, Pakistan, Brazil and Ethiopia [1]. Tanning
is an important process for transforming rawhides into several leather goods, which are used daily
by the consumers. The process of turning hides into leather can be divided into four subsequent
treatment phases, i.e., beamhouse operation, tanyard process, retanning and finishing [2]. Nevertheless,
for each end-product (e.g., shoes, jackets, bags, couches, chairs etc.), the relevant tanning process is
rather specific and the kind and amount of the respectively produced wastes may vary significantly.
However, an average amount of wastewater in the range of 30–35 m3 is usually produced per ton of
raw processed material, noting that acids, alkalis, chromium salts, tannins, solvents, sulfides, dyes,
auxiliaries and many other chemical compounds, which are used during the processing of leathers, are
not completely used/removed with the treated items and, therefore, remain in the produced effluents.

The characteristics of tannery wastewaters can differ significantly among various tannery
units, depending on the size/capacity of the specific industry (usually small- and medium-sized
enterprises, SMEs), as well as on the applied chemicals, the amount of water used and the type of
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final product. The presence of several substances can increase substantially the values of fundamental
pollution parameters, such as chemical oxygen demand (COD) (average concentration 6,200 mg/L),
TDS (average total dissolved solids concentration 87,000 mg/L) etc. [3]. The high COD and SS
(suspended solids) loadings in these wastewaters can pose an important economic problem for
tanneries, since these parameters have been extensively used by most water/wastewater companies as
major indices for the effluent quality, and thus, they are frequently controlled [4].

Therefore, specific consideration should be addressed to re-evaluate the physico-chemical and
bacteriological quality of tannery effluents prior to their disposal in the aqueous environment. Various
processes have been commonly implemented to treat wastewater from tannery industries, such as
biological [3,5–9], oxidation [10–12], chemical processes including coagulation/flocculation [13,14] etc.
Additionally, membrane technologies, such as ultrafiltration (UF) and reverse osmosis (RO), can be
effectively combined with the conventional tannery wastewater treatment processes to improve their
efficiencies. However, the use of membranes for this application was rather limited, at least until
few years ago, due to the relatively higher cost of associated capital equipment and consumables.
Nevertheless, there has recently been a significant reduction in the cost of membrane systems, which is
probably due to the development of more efficient manufacturing processes and the increased
competition in the respective market, making the use of membranes for industrial wastewater treatment
processes more attractive.

Relevant experiments have been conducted since the late 1950s, which included mostly
membranes of natural origin. Following nearly 60 years of rapid advancement, today the
membrane-based processes are already implemented in numerous industrial applications, presenting
substantial benefits. Cassano et al. [15] described the use of nanofiltration (NF) in order to improve
chromium recovery from spent chromium tanning baths and RO to desalinate the water discharged
from filter presses after Cr(III) precipitation. The quality of produced RO permeate was satisfactory,
for being re-used in washing operations. Suthanthararajan et al. [16] studied a pilot-scale membrane
system (with capacity 1 m3/h), which comprised NF and RO membrane units and several pre-treatment
operations. When using the RO membrane, the maximum TDS removal rate was more than 98%
and the permeate recovery rate was about 78%. This permeate was shown to have very low TDS
concentration and may be reused for the wet finishing process in tanneries. Mendoza-Roca et al. [17]
studied the reuse of UF permeate on the quality of final leather, as well as the comparison among
different types of membrane cleaning procedures. The results showed that the final quality of the skin
was not affected by the use of UF permeate for the unhearing process.

Bhattacharya et al. [18] studied the treatment of high-strength tannery wastewater (COD
5,680 mg/L and BOD 759 mg/L) by using ceramic microfiltration (MF) membranes. This study
proposed a two-step treatment unit, which involved MF followed by RO. The treated water was
appropriate for reuse in the tanning process, as the values of organic parameters in the effluent were
found below the respective control concentrations. Kaplan et al. [19] investigated the treatment of
highly polluted tannery wastewater by using three different ceramic MF and UF membrane modules
in a cross-flow lab-scale unit. The wastewater samples were received from a tannery outflow in the
industrial area of Isparta (Turkey). During these experiments the permeate flow was reduced, although
the cake layer on the surface of membrane was appropriately removed by the application of chemical
cleaning procedures. Despite the fouling issues, the membranes were able to achieve 95% color removal,
while COD removal rate ranged between 58% and 90% for all the applied pressures. Rambabu and
Velu [20] investigated the treatment of tannery wastewater by using modified poly-ether-sulfone
(PES) membranes. The permeability was significantly increased after the use of modified membranes,
although the removal rates of BOD5, COD, TDS, chlorides, sulfates, oils and fats ranged in rather
moderate levels.

The vibratory shear-enhanced process (VSEP) is a membrane-separation technology, which was
invented in 1987 and patented in 1989. VSEP applies vibration to a membrane in order to increase
the separation efficiency and reduce membrane fouling. The application of high shear stresses on the
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membrane surface results in the removal of the greater part of solids and foulants, i.e., of the substances
which are primarily responsible for membrane fouling. It has to be noted also that depending on the
applied pressure and the filtration rate, the thickness of cake layer formation can vary. Membranes with
different pore diameters/operations (i.e., MF, UF, NF and RO) have been considered for application
in the VSEP system. The plate-and-frame configuration, which is the simplest module for packing
flat sheet membranes, is typically used in most setups [21]. VSEP filtration has been previously
applied in several cases, such as for the treatment of landfill leachates [22], the removal of humic acids
in the presence of inorganic particles (clays) from synthetic aqueous dispersions, the treatment of
simulated/contaminated surface waters [23], the purification of pulp and mill paper re-circulation
water, the treatment of yeast dispersions and bovine albumin solutions, the process of dairy waters
and the separation of casein micelles from skimmed milk [24–27].

The objective of the present study was to evaluate and compare the performance of a VSEP
lab-scale unit, when using different membrane types (MF, UF and RO), in terms of major contaminants
removal during the treatment of simulated or industrial tannery wastewaters.

2. Materials and Methods

2.1. Simulated Tannery Wastewater

The synthetic tannery wastewater (COD 2,000 mg/L) was prepared by dissolving 1.5 g/L tannic
acid, 7.0 g/L sodium chlorate, 8.0 g/L sodium sulfate, 2.0 g/L ammonium chloride and 0.1 g/L sodium
dodecyl sulfate (SDS) in the tap water of Thessaloniki city (Greece) [28]. These reagents (obtained
from Panreac Chemical Company, Barcelona, Spain) were stirred by means of a mechanical agitator
for 1 h in a feed tank, made from high-density poly-ethylene (PE). Real tannery wastewaters were
received from a nearby medium-sized industrial plant, located at the major industrial area of Sindos
(Thessaloniki, Greece).

2.2. Membrane Types

Nine different membranes were evaluated in this study, i.e., three MF membranes (made of
Teflon), four UF membranes (made of regenerated cellulose) and two RO membranes (made of
polyamide/polyester).The membranes used were flat-disks with an effective membrane area of
about 0.05 m2. For the membrane support a polycarbonate track-etched drainage cloth, made of
polypropylene, was also applied. The specific membrane characteristics, as provided by the
manufacturing company, are summarized in Table 1. Prior to each experiment, the pure water
flux (PWF) was determined for all these membranes in order to evaluate and compare better the
performance of each membrane; the experimentally determined values were found to be consistent
with the reported values from the manufacturing company.

2.3. Analytical Methods

The permeate flow rate was recorded at certain time intervals during each experiment with
a calibrated volumetric cylinder and a timer. Moreover, a thermocouple was used into the feed
tank in order to monitor the temperature throughout the experiments. The concentration of humic
substances (used as common representative of natural organic matter, NOM) in the samples was
estimated with a Shimadzu spectrophotometer (Shimadzu Instruments, MD, USA) after measuring
the ultraviolet (UV) absorbance at 254 nm. Moreover, the removal of tannins, NOM and aromatic
compounds was estimated from the reduction of UV absorbance measurements at 700, 254 and 220
and 275 nm, respectively. All samples were measured at natural pH value, i.e., without adjustment,
after the addition of the respective sample into a quartz cell and the comparison with another cell,
which contained deionized water and was used as a reference.

The color was measured at the wavelength of 455 nm, according to the Standard Methods for the
Examination of Water and Wastewater (APHA) (1992), which were also applied for the determination
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of COD, Ntotal, NO3
− and NH4

+ [29]. Color was measured with a HACH spectrophotometer at 455 nm,
according to the respective APHA guideline (Method No. 2120C), and was reported as platinum–cobalt
(PtCo) units, i.e., the color produced by 1 mg Platinum/L in the form of chloro-platinate complex ion.
The pH values of feed and permeate were measured with a pH meter (Jenway, model 3540, Essex, UK).
The suspended solids concentration was evaluated by using a Hachturbidimeter (Hach), while the
total organic compounds were measured by a total organic carbon (TOC) analyzer (Shimadzu, MD,
USA).

Table 1. Major physico-chemical properties of the nine membranes examined in the present study, as
indicated by the manufacturer of the vibratory shear-enhanced process (VSEP) treatment system (New
Logic International, Concord, USA).

Number Code T-0.1 T-0.45 T-1.0 C-200 C100 C-30 C-10 TFC-99 TFC-96

Process MF MF MF UF UF UF UF RO RO

Material PTFE PTFE PTFE Regenarated
Cellulose

Regenarated
Cellulose

Regenarated
Cellulose

Regenarated
Cellulose

Polyamide
Polyester

Polyamide
Polyester

Cut off-diameter
(μm for MF and kDa for UF) 0.1 0.45 1.0 200 100 30 10 Rej. NaCl

99%
Rej. NaCl

96%

Maximum operating
pressure (bar) 7 7 7 20 20 20 20 40 40

pH range (20 ◦C) 2–11 2–11 2–11 2–11 2–11 2–11 2–11 2–11 2–11

Pure water flux (PWF) at
max operating pressure

(L m−2 h−1)
600 600 750 1050 1000 100 80 100 100

The removal efficiency of a specific component (pollutant) by any membrane is defined as:

R(%) =
Co − Cp

Co
× 100% (1)

where R is the removal efficiency of the membrane for a given pollutant at a defined hydrostatic
pressure and feed concentration, whereas Cp and Co are the concentrations of the rejected components
in the permeate and in the feed, respectively.

2.4. Vibratory Shear-Enhanced Process (VSEP) Module

The VSEP membrane filtration module (Figure 1) was a relatively small pilot-scale module,
manufactured by New Logic International (USA), and its characteristics and operation has been
previously described in detail [23]. The module consisted of an annular membrane (2) with an area of
503 cm2, in a circular housing (1), placed at the top of a vertical shaft (3), acting as a torsion spring.
This shaft amplifies the vibrations, which are generated at the bottom plate by an eccentric drive motor
(4). The membrane oscillated azimuthally in its own plane with the examined amplitudes being 0,
6.35, 12.7, 19.05, 25.4 and 31.75 mm. The shear stress, which is created on the surface of membrane,
is produced by the inertia of the fluid, as in the case of Stokes layer near an oscillating plate [24–26].

The VSEP module was fed by a volumetric diaphragm pump (5) from a stirred tank, containing
the test feed/tannery wastewater in this case. Permeate was received from a valve at the top of
the housing (6) and collected into a beaker at atmospheric pressure. The concentrated slurry was
returned through the “process out” line, as shown in Figure 1. The return flow passed through the flow
limiter (7) and the control valve (8), which allowed the fine adjustment of outlet pressure. Inlet and
outlet pressures were measured by Validyne analog gauges in order to determine the trans-membrane
pressure (TMP).
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Figure 1. VSEP module: (1) circular housing, (2) annular membrane, (3) vertical shaft, (4) eccentric
drive motor, (5) volumetric diaphragm pump, (6) top of the housing, (7) flow limiter, (8) control valve.

3. Results and Discussion

3.1. Microfiltration (MF) Experiments

During the MF experiments, three membranes (made of teflon) were tested with average pore
diameters 0.1, 0.45 and 1.0 μm. The TMP was kept constant at around 5 bars (as recommended by the
manufacturer), while the vibration amplitude varied from 6.35 to 31.75 mm.

Filtration is characterized as “dead-end”, when the flow is applied perpendicular to the membrane
surface. Particles that are smaller than the effective membrane pore size can pass through the membrane
as permeate, while particles that are larger build up and result in the formation of a cake layer on the
membrane surface. Filtration is characterized as “cross-flow”, when the flow is applied tangentially
across the membrane surface. In this case, as the feed flows across the membrane surface, the permeate
passes through the membrane, while the concentrate or retentate accumulates at the opposite side of
the membrane. This tangential flow creates a shear stress on the surface of the membrane, which in
turn can reduce fouling. Because the cross-flow operation is capable of removing most of the formed
cake layer from the surface of membrane, the permeate flux does not decrease as fast as in the case of
dead-end filtration. Cross flow filtration also offers the benefit of an increased membrane lifespan by
preventing irreversible fouling.

In order to examine the influence of VSEP system on the treatment of tannery wastewater, 50 L
were fed into the membrane module. Permeate was discharged, while the retentate during the first
series of experiments was thrown out (i.e., using a “dead-end” operational mode). By contrast,
during the second series of experiments, the retentate was re-circulated to the feed tank (i.e., using a
“cross-flow” operational mode) and, therefore, led to the gradual increase of pollutants’ content with
the increase of treatment (operational) time, i.e., the semi-batch operation mode was employed in
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the latter case. TMP was maintained constant and the permeate flow rate was recorded at regular
intervals. The final tannery wastewater volume after each filtration experiments (by applying the
semi-batch treatment) was equal to 0.5 L, resulting in95% of volume recovery for the case of MF.
The rejection (removal) of tannins, NOM and aromatic compounds was estimated from the reduction
of UV absorbance measurements at 700, 254 and 220 and 275 nm, respectively, while the rejection of
particles was estimated from the respective turbidity measurements.

In all cases it was observed that the permeate flux was stabilized after about 20 min of filtration.
The results of MF by using the 0.45 μm membrane after 30 min of VSEP system operation are presented
in Table 2.

Table 2. Removal (%) of major pollution parameters (total organic carbon (TOC), chemical oxygen
demand (COD), Ntotal and tannins), when the microfiltration (MF) process was applied for the treatment
of simulated tannery wastewaters.

Pressure 5 Bar TOC COD Ntotal Tannins

Vibration amplitude
0 15 25 23 25
6.35 26 26 27 32
12.7 35 27 28 36
19.05 45 38 32 37
25.4 48 45 38 38
31.75 52 55 42 40

Although MF is usually applied for the rejection of suspended solids, it was found that the TOC,
COD, Ntotal and tannins removal rates were also quite significant in dead-end (DEP) as well as in
cross-flow (CFP) operating modes (see Table 2 and Figure 2). Moreover, it was found that the higher
amplitude of vibration affected positively not only the quality of the filtered wastewater, but also
the feeding rate of the system (data not presented), in all the examined cases of MF membranes.
Specifically, at the maximum vibration amplitude, the lower concentrations of pollutants in the
produced filtrate were determined (with RTOC = 52%, RCOD = 55%, RNtotal = 42%, Rtannins = 40%).
The same conclusion was reached by other investigators as well [30], who treated different wastewaters
with the VSEP system, comparing two vibrational amplitudes, of which the maximum one produced
the best treatment results.

Figure 2. Effect of vibration amplitude on COD, Ntotal, ultraviolet (UV) 254 nm and tannins
concentrations, when performing MF membrane experiments, during dead-end (DEP) or cross-flow
(CFP) operating modes.

54



Separations 2019, 6, 20

In addition, more experiments were performed with wastewaters having different (initial)
concentrations of pollutants, i.e., lower (7 mg/L) or higher (50 mg/L) total nitrogen content. In the
experiments with the lower initial nitrogen concentration (7 mg/L), the removal by the MF membranes
was 75%, while with the higher initial nitrogen concentration (50 mg/L) the removal was only 25%.
Consequently, the MF is particularly advantageous for the removal of particulate matter (turbidity),
while it is not so effective for the removal of soluble pollutants (e.g., Ntotal). The removal efficiency of
particulate matter, when using the 0.45 μm membrane, is 20% higher than that of the 1.0 μm membrane
and 20% lower than that of the 0.1 μm membrane, respectively. Microfiltration, by using the membrane
with pore diameter 0.1 μm, gave the best removal results of particulate pollutants, as well as of the
other studied parameters, such as turbidity, UV254nm absorption, color and tannins.

However, it is expected that as the pore diameter of the membrane decreases, the permeate flow
rate is also reduced. In the present study this behavior was consequently observed, i.e., the membrane
having the largest pore diameter in comparison with the membrane with the smallest pore diameter.
The 0.45 μm membrane exhibited 20% lower flow rate than the 1.0 μm membrane, and the 0.1 μm
presented 20% and 40% lower flow rates than the 0.45 μm and 1.0 μm membranes, respectively
(Figure 3). On the contrary, it was observed that the permeate flow decreased as the operational time
increased, due to the creation of a fouling layer on the membrane surface. In the particular vibrating
membrane system, it was observed that the permeate flow rate was reduced for a period of about
1 h and then it was stabilized until the end of the experiment (Figure 3), i.e., the permeate flow rate
was found to change over (operation) time. A power regression model, which is of the general form
y = axb, was used to describe this behavior, indicated as the solid lines in Figure 3. The b factor for the
three examined membranes (1.0, 0.45 and 0.1 μm as “nominal” pore diameters) was defined as −0.101,
−0.120 and −0.090, respectively.

Figure 3. Permeate flow rate variation (or flux) vs. operation time, regarding the application of MF
process for the treatment of simulated tannery wastewaters.

3.2. Ultrafiltration (UF) Experiments

In this case the effectiveness of four different membranes, made from regenerated cellulose,
was evaluated. The regenerated cellulose is more hydrophilic and, therefore, suitable for the separation
of respective compounds, such as carbohydrates or tannins. Dissolved organics, e.g., humic acids,
proteins, carbohydrates and tannins, are the most serious foulants and they are more difficult
substances to remove. Hydrophilic membranes have been found less prone to fouling by organic
colloids [31,32]. Preliminary experiments were initially carried out for each membrane type in order
to determine the critical TMP values within the respective pressure range as recommended by the
manufacturer. During the UF experiments, the TMP was raised every 10 min, until the permeate
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flux reached an equilibrium stage, where it became independent of TMP. This critical TMP value was
selected as the operational pressure and was determined at 14 bars (Figure 4).

Figure 4. Permeate flux variation vs. the applied trans-membrane pressure (TMP) for the application
of the ultrafiltration (UF) process, regarding the treatment of simulated tannery wastewater.

The treatment of (simulated) tannery wastewater by using UF membranes was found to produce
better results regarding the removals of organics, nitrogen, turbidity and tannins content when
compared with the previous MF experiments. Figure 5 shows the (total) nitrogen removal rate for
each membrane type, starting from the membrane with the largest molecular weight cut-off (MWCO)
to the membrane with the smallest one (i.e., 200, 100, 30 and 10 MWCO). Nitrogen removal during
the UF experiments was not found particularly high, although it surpassed the respective values
of MF process, reaching 75% by applying the optimal pressure (14 bars) and the highest vibration
amplitude. Zouboulis and Petala [23] observed a slight increase of humic substances removal rate
when increasing the vibration amplitude (i.e., the shear rate on the membrane surface). The increase of
vibration amplitude can induce higher shear stresses on the surface of membrane, which corresponds
to an increase of particle–particle collisions; thus, to an increase of shear diffusion that forces the
particles away from the membrane surface and back to the bulk solution. Furthermore, the reduction
of concentration polarization in this case is expected also to lower the concentration of contaminants at
the membrane surface and their diffusive transfer through the membrane.

Figure 5. VSEP treatment of simulated tannery wastewaters; the effect of vibration amplitude on the
Ntotal removal (%) rate by applying four different UF membranes.
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Moreover, in all these examined cases the permeate flux decreased abruptly during the initial
15 min of each experiment (Figure 6), and stabilized after 40 min of operational time, while the retentate
stream was continuously re-introduced into the feed tank (following the semi-batch operational mode).
The application of 30 and 10 kDa MWCO membranes during the UF experiments, showed that the
30 kDa membrane is more efficient, although the removal capacities of examined pollution parameters
for both membranes were rather similar, but the 30 kDa membrane enabled higher permeate fluxes.
Figure 6 depicts the variation of permeate flux with the operational time for the used four different UF
membranes. The permeate flow rate, as in the case of MF, is linked to the respective time. The b factor
of the aforementioned power regression model for the 200 and 100 kDa membranes is almost equal
(−0.077 and −0.076) and the same was observed for the cases of 30 and 10 kDa membranes (−0.096
and −0.092).

Considering the quality of permeate, tannins were rejected by over 85% during the UF process,
when using the 200 or 30 kDa membranes, while their removal was even higher than 92% by using
the 10 kDa membrane (Figure 7). Both permeate flux and permeate quality was stabilized for all the
examined cases after the first 40 min of operational time. In addition, the experimental data indicate
that tannins’ rejection rate was almost independent from the initial feed concentration; thus, it was
considered that the retention of tannins was depended mostly on the specific MWCO membrane used,
which in turn can affect the steric hindrance and the adsorption capacity, as well as the porosity of the
formed cake layer near the membrane surface. It can be assumed that in these cases, the fraction of
tannins which passed through the membrane was of lower molecular weight.

Figure 6. Permeate flow rate variation vs. operational time for the UF process.

3.3. Reverse Osmosis (RO) Experiments

The efficiency of RO process on tannins and organic content removal was also examined, by using
a polyamide/polyester membrane. The TMP was adjusted to 20 bars after preliminary experiments,
which were performed in order to determine the critical operational TMP within the respective
pressure range, as recommended by the manufacturer. The flux decline was recorded every 3 min
during each experiment. The permeate flux was initially influenced by the feed quality and the
filtration operational time, when the system operated in the semi-batch mode (i.e., by applying the
retentate re-circulation), but it reached an equilibrium stage after 20 min of operation. The results
obtained by the RO membranes, with respect to vibrational amplitude and permeate flux, corresponded
with the previously examined MF and UF membranes (data not shown). The removal capacities of
contaminants by using the RO membranes for dead-end and cross-flow operation modes are depicted
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in Figure 8. In all cases, the cross-flow process shows better results, both for the quality of permeate,
as well as for the hydrodynamic behavior of the examined system.

Figure 7. VSEP treatment of simulated tannery wastewaters; the effect of vibration amplitude (mm)
on COD, Ntotal, UV 254 nm and tannins residual concentrations, when performing UF membrane
experiments, by applying dead-end (DEP), or cross-flow (CFP) operational modes.

Figure 8. VSEP treatment of simulated tannery wastewaters; effect of vibration amplitude on COD,
Ntotal, UV 254 nm (NOM) and tannins concentrations, when performing RO membrane experiments,
during dead-end (DEP) or cross-flow (CFP) operational modes.

3.4. Comparing the Membrane Processes by Treating Real Industrial Tannery Wastewater

Relevant membrane filtration experiments were subsequently conducted, by using real industrial
tannery wastewater in dead-end and cross-flow operation modes and by applying 3 membrane
processes (MF, UF and RO). During the dead-end flow mode the raw water feed passes directly
through the membrane, in contrast to the cross-flow filtration mode, which employs a high velocity
of the raw water feed, flowing in parallel over (and across) the membrane surface. The TMP was
kept constant and the permeate flow rate was recorded at regular time intervals. Vibration amplitude
was set to 0.025 mm, according to preliminary experiments. The permeate fluxes were stabilized
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after a certain period of time and the system reached equilibrium conditions after approximately
50 min of filtration time in dead-end mode and after 60 min in cross-flow modes (Figure 9). This was
attributed to the capability of the VSEP unit to develop high shear stresses on the membrane surface
due to vibration.

Figure 9. Treatment of real industrial tannery wastewaters; permeate flux variation vs. operational
time during dead-end (DEP) or cross-flow (CFP) operation modes.

Regarding the results obtained (quantitative removal of major pollution parameters) by the VSEP
treatment system, they can be considered as satisfactory (Table 3), considering that they were obtained
by applying a single (one-step) direct treatment process. In combination with appropriate pre- or
post-treatment techniques (biological or physico-chemical, according to the relevant literature) further
improvement of these results can be expected.

Table 3. Characteristics of real industrial tannery wastewater before and after the application of the
VSEP treatment process.

Parameter Industrial Tannery Wastewater Feed
Industrial Tannery
Wastewaterafter VSEP Treatment

COD (mg/L) 7500 950
Ntotal (mg/L) 1055 550
N-NH4

+ (mg/L) 4.6 2.6
N-NO3

− (mg/L) 20 5.6
Turbidity (NTU) >2000 250

3.5. Theoretical Considerations and Calculation of Mass Transfer Coefficient

Initially, the effect of vibration amplitude on the permeate flow rate was examined without
the recirculation of concentrate. Thus, according to Equations (2) and (3) [24–26], the average and
maximum shear rate was determined (Table 4):

γw,max =
R2.Ω.Re

1
2

h
= (2πF)

1
2 R2Ων

−1
2 = 2

1
2 d(πF)

3
2 ν

−1
2 (2)

γ =
2

3
2
(

R2
3 − R1

3)
3πR2(R22 − R1

2)
γw,max (3)
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where d is the peak to peak vibration amplitude at the periphery of the membrane (m), F is the vibration
frequency (Hz) and ν is the kinematic viscosity of the fluid (m2 s−1).

Table 4. Average and maximum shear rate of the studied VSEP system.

Frequency (Hz) Vibration Amplitude (m) γmax (s−1) γw (s−1)

53.52 0.0064 19,564 6397
54.30 0.013 39,986 13,076
54.60 0.019 60,636 19,828
54.76 0.025 78,122 25,546

The average and maximum shear rates are proportional, depending on the amplitude of the
membranes’ vibration (Figure 10), whereas the permeate flow rate increases exponentially and in
relation to the vibration amplitude and to the average shear rate. The relationship between the
permeate flow rate with the vibrational amplitude and the shear rate was also determined, according
to Equations (4) and (5), and the results obtained were found to be consistent with the relevant
published research studies [24–26,33].

J = 407d0.77 (4)

J = 0.37γ0.44 (5)

Figure 10. Average and maximum shear rates in relation to vibration amplitude.

The mass transfer coefficient was subsequently determined in the synthetic and industrial tannery
wastewaters by using the 10K UF membrane. The mass balance concept in the membrane filtration
processes can be described with the following equation:

Cm − Cp

Cb − Cp
= exp(

Jv

k
) (6)

where Cp is the concentration of solute in the permeate, Cm is the concentration of solute on the
membrane surface, Cb is the concentration of solute in the bulk, Jv is the volumetric flux of pure water
and k is the mass transfer coefficient.

The rejection characteristics of membranes are further discussed, by using the observed rejection
rate (Robs.), as well as the real rejection rate (Rreal), according to Equations (7) and (8) [34]:

Robs. =
Cb − Cp

Cb
(7)
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Rreal =
Cm − Cp

Cm
(8)

By using these equations, Equation (6) can be rewritten as:

ln
(

1 − Robs.
Robs.

)
= ln

(
1 − Rreal

Rreal

)
+

1
γ

(
Jv

ua

)
(9)

In this Equation (9) a reasonable value for α can be set and then a linear relationship between
ln
(

1−Robs .
Robs.

)
and

(
Jv
ua

)
can be obtained. Rreal can be obtained by extrapolating the linear plots of

ln
(

1−Robs .
Robs.

)
vs.

(
Jv
ua

)
and then, k is obtained from the following equation:

k = γua (10)

From the slope of the straight line connecting the average shear rate and the ln
(

1−Robs .
Robs.

)
term,

the mass transfer coefficient can be subsequently determined. For the experiments using synthetic
tannery wastewater the mass transfer coefficient was found to be 1.7 × 10−3.

3.6. Finding the Main Membrane Fouling Mechanism

The mathematical modeling of flux decline during membrane filtration can provide a better
understanding of membrane fouling, as well as contribute to appropriate predictive tools for the
successful scale-up or scale-down of filtration systems. The main empirical models, which are used in
order to explain the permeate flux behavior and to determine the involved (main) fouling mechanisms
are the Hermia models [35]. Hermia developed four empirical models which include four major types
of fouling, i.e., (i) the complete pore blocking, (ii) the intermediate blocking, (iii) the standard blocking,
and (iv) the cake layer formation. The parameters of these models represent a physical meaning and
correspond to the respective fouling mechanism(s) [36]. Hermia’s models were originally developed
for the dead-end filtration operational mode and were based on the constant pressure filtration laws.
However, despite the different sets of applied mass and momentum equations for dead-end and
cross-flow filtration operation models, several researchers have applied Hermia’s models to describe
also the cross-flow filtration operational mode.

Hermia’s model is expressed by the following general differential Equation (11):

(
d2t
dV2

)
= K

(
dt
dV

)n
(11)

Noting that V is the accumulated permeate volume (m3), t is the filtration time (s) and K and n
are the phenomenological coefficient and the general index, respectively, both depending on the type
of fouling (K is a unit dependent on the parameter n in Equation (11)). In the following sections the
aforementioned models will be shortly presented.

3.6.1. Complete Pore Blocking Model (n = 2)

When the particles to be separated are larger than the membrane’s pore size, then there is a pore
blockage, due to pore obstruction and sealing. Hermia concluded that in this case the parameter n is
equal to 2. For n = 2, Equation (11) is expressed in terms of permeate flux vs. time, according to the
following equation [37]:

ln(Jp) = ln(J0)− Kct (12)

Noting that Jp is the permeate flux (L/m2h), J0 is the initial permeate flux (L/m2h) and Kc (m−1)
is the equation constant.
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The parameter Kc can be described as a function of blocked membrane surface, per unit of total
permeate volume KA, and as a function of the initial permeate flux J0, as shown in Equation (13) [38].
As a result, the active membrane area is reduced; due to the pores being completely blocked [39].

Kc = KA J0 (13)

3.6.2. Standard Blocking Model (n = 3/2)

When the solute’s molecular size is smaller than the membrane pore size, then the pore blocking
possibly occurs inside the pores [40]. This model considers that the separated particles can be
either adsorbed or deposited on the walls of the membrane’s pores. Therefore, the available (free)
volume of membrane pores decreases proportionally to the permeate volume, which passes through
the membrane. As a result, the cross sectional area of the membrane pore decreases with time,
and consequently the membrane resistance increases [39]. It is considered that the pores’ lengths and
diameters are relatively constant along the entire membrane surface. Considering these hypotheses,
Hermia [35] concluded that the parameter n is equal to 3/2 in this case. Considering the respective
blocking (fouling) mechanism, the permeate flux can be expressed as a function of time, according to
Equation (14): (

1

Jp
1
2

)
=

(
1

J0
1
2

)
+ Kst (14)

The parameter Ks can be calculated, according to Equation (15):

Ks = 2
KB
A0

AxJ0
1
2 (15)

Noting that KB is a parameter that represents the decrease of cross-sectional area of membrane
pores per unit of total permeate volume (s−1), J0 is the initial permeate flux (L/m2h), A is the membrane
surface (m2) and A0 is the membrane porous surface (m2).

3.6.3. Intermediate Blocking Model (n = 1)

When the size of particles is similar to the membrane’s pore size, the intermediate blocking
mechanism may take place. As in the case of complete pore blocking model, this model considers
that solid particles (or even macromolecules) that at any time reach an open pore, might block it.
Nevertheless, a dynamic situation of the blocking/unblocking state may also occur. Also, the particles
may bridge a pore by blocking the opening, but not completely seal it [39]. Considering these
hypotheses, Hermia [35] concluded that the parameter n in this case is equal to 1. Other researchers [40]
expressed the permeate flux as a function of time, resulting in Equation (16):

1
Jp

=
1
J0

kit (16)

Noting that Jp is the permeate flux (L/m2h) and J0 is the initial permeate flux (L/m2h),
the parameter Ki (m−1) can be expressed as a function of blocked membrane surface per unit of
total permeate volume, i.e., as KA (Equation (17)). The area of membrane surface that is not blocked
diminishes with time [41]. As a result, the probability of a molecule blocking/fouling a membrane
pore is continuously decreasing with time.

Ki = KA (17)

3.6.4. Cake Layer Formation Model (n = 0)

As in the case of pore blocking model, in this case the solute molecules are larger than the
membrane pore size, and they cannot penetrate through them [41]. In this model, a cake layer is
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formed on the surface. Nevertheless, when the concentration of solute molecules is considerable,
they can be deposited on the surface or on the previously deposited layers, resulting in the formation
of multiple layers. For the cake layer formation model, the permeate flux is given as a function of time
by the (linearized) Equation (18): (

1
Jp2

)
=

(
1

J02

)
+ Kglt (18)

The parameter Kgl can be defined, according to Equation (19):

Kgl = 2
KDxRg

J0xRm
(19)

Noting that KD represents the cake layer area per unit of total permeate volume (1/m3), Rg is the
cake layer resistance (m−1) and Rm is the hydraulic membrane resistance (m−1).

3.6.5. Application of Hermia’s Model for the Indication of Major Fouling Mechanism, When Treating
Simulated or Real Industrial Tannery Wastewater by the VSEP System

Figure 11 illustrates the results obtained after processing the experimental data for the synthetic,
as well as for the real industrial tannery wastewater. The slope of the straight line in the case of synthetic
and of industrial tannery wastewater was 0.88 and 0.68, respectively. Therefore, the intermediate
blocking model describes the results of the present research better in comparison with the other models.

Figure 11. Presentation of the experimental data following the Hermia’s model in order to find the
(major) mechanism of membrane fouling during the application of VSEP for the treatment of simulated
or real industrial wastewater.

4. Conclusions

The aim of the present study was the treatment of simulated and industrial tannery wastewater
by using a vibratory shear-enhanced process (VSEP) system. A variety of parameters affecting the
rejection efficiency of pollutants were studied, such as the specific membrane separation process (MF,
UF, RO), the different membrane type for each case, and the applied vibration amplitude. The main
conclusions of the study are the following:

• As the vibration amplitude increased, the respective fouling phenomena were restricted.
• The system’s hydrodynamic behavior was satisfying, because the permeate flux remained almost

constant, even during the cross-flow filtration mode, and even when the feed stream contained
progressively higher concentrations of contaminants, due to the recirculation of retentate in the
feed tank.
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• A higher rejection rate was observed during the UF process, by using the 10 K membrane, as well
as during the RO process.

• The rejection of components/pollutants increased with the increase of vibration amplitude, due to
the enhancement of shear diffusion.

• The organic matter removal in terms of COD values exceeded 75% for all the examined cases.
Furthermore, UF membranes had similar COD removal rates (about 80%–87%), while the MF
membrane retained 65% COD and the RO was even more efficient (reaching up to 96% COD
removal).

• Although the operation of VSEP and the application of higher TMPs during the MF and UF
processes enhanced the membrane-fouling mitigation, the operation of the treatment system was
still satisfactory.

• The theoretical calculations showed that the most likely fouling mechanism is the intermediate
blocking, according to Hermia’s classification system.

Author Contributions: Conceptualization, A.I.Z. and E.N.P.; methodology, A.N. and A.I.Z.; validation, A.I.Z.,
E.N.P. and A.N.; formal analysis, E.N.P. and A.N.; investigation, A.I.Z., E.N.P. and A.N.; data curation, A.N.;
writing—original draft preparation, E.N.P. and A.N.; writing—review and editing, A.I.Z. and E.N.P.; visualization,
E.N.P.; supervision, A.I.Z.

Funding: This research received no external funding.

Acknowledgments: Thanks are due to the Central Tannery Wastewaters Treatment facility in the industrial area
at Sindos Thessaloniki (Greece) and especially to N. Apostolidis, P. Karamanolis (Chemical Engineers), D. Liantas
and P. Sidiropoulos (technicians) for their valuable help.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

A Membrane surface (m2)
A0 Membrane porous surface (m2)
Cb Concentration of the solute in the bulk
Cm Concentration of the solute at the membrane surface
Co Concentration of rejected components in the feed
Cp Concentration of rejected components in the permeate
d Peak to peak vibration amplitude at the periphery of membrane (m)
F Vibration frequency (Hz)
J Permeate flow rate (L/m2h)
J0 Initial permeate flux (L/m2h)
Jv Pure water flux (L/m2h)
k Mass transfer coefficient
K Phenomenological coefficient
KA Parameter that represents the blocked membrane surface per unit of the total permeate volume (m−1)

KB
Parameter that represents the decrease in the cross-sectional area of the membrane pores per unit of
the total permeate volume (s−1)

Kc Constant that corresponds to the complete pore blocking model (m−1)
KD Parameter that represents the cake layer area per unit of the total permeate volume (m−3)
Kgl Constant that corresponds to the cake layer formation model (s/m6)
Ki Constant that corresponds to the intermediate blocking model (m−1)
Ks Constant that corresponds to the standard blocking model (s−3)
n General index depending on type of fouling
t Filtration time (min)

R
Percentage removal efficiency of the membrane for a given pollutant at a defined hydrostatic pressure
and feed solution concentration (%)

Robs Observed rejection (%)
Rreal Real rejection (%)
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R2 Outer radius of annular membrane (cm)
R1 Inner radius of annular membrane (cm)
Rg Cake layer resistance (m−1)
Rm Hydraulic membrane resistance (m−1)
u Water flow velocity inside the fiber (m s−1)
V Accumulated permeate volume (L)
γw,max Maximum shear rate (s−1)
γ Average shear rate (s−1)
ν Kinematic viscosity of the fluid (m2 s−1)
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Abstract: A method for the analysis of thyroid hormones by liquid chromatography-mass
spectrometry was used for the dissolution testing of single- and dual-component thyroid hormone
supplements via a two-stage biorelevant dissolution procedure. The biorelevant media consisted
of fasted-state simulated gastric fluid and fasted state simulated intestinal fluid at 37 ◦C, and was
investigated using an internationally recognized protocol. The dissolution profiles showed consistent
solubilization for both single- and dual-component batches at pH 6.5 in the fasted-state simulated
intestinal fluid.

Keywords: thyroid; dissolution; liquid chromatography-mass spectrometry

1. Introduction

Thyroid hormones are responsible for the regulation of a variety of metabolic functions, including
basal metabolic rate and lipid, glucose and carbohydrate metabolism [1]. This group of compounds
contains tyrosine-based compounds including the physiologically active form triiodothyronine (T3)
and the prehormone thyroxine (T4). The majority of triiodothyronine is formed enzymatically by the
deiodination of thyroxine [2,3] (Figure 1). Hyperthyroidism and hypothyroidism are the two main
medical conditions associated with thyroid hormone levels. Hypothyroidism is caused by a depleted
level of triiodothyronine, the treatment for which is lifelong thyroid supplement therapy [1,4–7].
Currently, the favoured treatment for hypothyroidism is the administration of levothyroxine sodium
salt, with its cost being a considerable factor [8]. However, a number of studies have found that in
order to maintain euthyroid levels of both T4 and T3, an excess of levothyroxine sodium salt must be
administered [9–11]. This has resulted in products becoming available that contain either T3 alone or a
combination of T4 and T3 in a single dose.

Dissolution testing is widely accepted within the pharmaceutical industry as the measure of
drug release rate to aid in quality control, formulation and process development [12,13]. Noyes and
Whitney, investigating the dissolution of benzoic acid and lead chloride, performed the first reported
study into dissolution in 1897 [14]. However, the importance of dissolution testing for pharmaceutical
quality control and drug formulation was not established until 70 years later [12,15]. Within the
pharmaceutical industry, there are two main categories of dissolution testing performed, biorelevant
and quality control [13]. Biorelevant is an abbreviated term for “biologically relevant”, and the selected
media mimic the fluids found within the stomach (gastric) and intestinal tract [16].

Biorelevant dissolution is a multiple-stage dissolution test designed to model the different in vivo
environments as the dosage passes through the gastrointestinal (GI) tract. A biorelevant dissolution
method is utilized during early formulation selection and optimization but due to the cost and
complexity of the media plus variability of physiological parameters it is replaced by a quality control
dissolution method once formulation has been developed [13,15]. A quality control dissolution method
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consists of one medium that is designed for detecting variations in routine manufacturing or changes
during stability testing (e.g., to detect incorrect granulation or compression [13]).

This paper investigates the bioavailability profile, using simulated in vitro gastrointestinal
extraction media, of thyroid hormone supplements that contain either a single or a dual combination
of the two hormones using biorelevant dissolution media. In addition, the bioavailability profile is
compared against the standard United States Pharmacopoeia (USP) quality control test specification of
70% release within 45 min for individual dosage forms of thyroid hormone supplements [17,18].

Figure 1. Conversion of T4 to T3 by deiodination.

2. Materials and Methods

2.1. Chemicals and Reagents

Triiodothyronine and thyroxine/triiodothyronine tablets were purchased from RX Cart (Sagunto,
Valencia, Spain), specifically Cytomel containing 25 μg of T3. Tiromel containing 25 μg of T3 and
Dithyron containing 12.5 μg of T3 and 50 μg of T4 were purchased from http://www.buyt3.co.uk/.
Organic LC–MS grade solvents (methanol, acetonitrile, acetic acid and formic acid) were purchased from
Fisher Scientific (Loughborough, Leicestershire, UK). Standards of T3 and T4 were purchased from Sigma
Aldrich (Poole, Dorset, UK) with a purity of ≥98%. For dissolution media, FaSSIF/FeSSIF/FaSSGF
powder was purchased from Biorelevant (London, UK) and additives (sodium hydroxide pellet and
monobasic sodium phosphate monohydrate) were purchased from Sigma Aldrich (Poole, Dorset)
while sodium chloride, hydrochloric acid and sodium hydroxide were purchased from Fisher Scientific
(Loughborough, Leicestershire, UK).

2.2. Instrumentation

LC–MS analysis chromatographic separation was achieved on a reversed phase pentafluorophenyl
column (Supelco 2.1 μm F5, 100 × 2.1 mm) from Sigma Aldrich (Poole, Dorset, UK). Thermo
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Surveyor LC (Thermo Scientific, Hemel Hempsted, UK) consisted of a quaternary MS pump, vacuum
degasser, thermostated autosampler (set to 5 ◦C) and a thermostated column oven (set to 25 ◦C).
Mass spectrometry was performed using an LTQ XL ion trap mass spectrometer (Thermo Scientific,
Hemel Hempsted, UK) equipped with a heated electrospray ionization (HESI) source maintained
at 200 ◦C. The solvent evaporation was aided with auxiliary gas, sheath gas and sweep gas set to
an arbitrary flow rate of 15, 60 and 1, respectively. The mass spectrometer was operated in selected
reaction monitoring (SRM) MS/MS in negative mode, with collision energies of 28 eV for T4 and 27 eV
for T3. The monitored transitions were 776 → 604 and 650 → 633 for T4 and T3, respectively. In SRM
MS/MS mode the precursor ion is isolated and subjected to a specified amount of collision energy
to induce fragmentation. The MS method is then set to monitor the precursor and a minimum of
two stable product ions. Sample aliquots of 10 μL were introduced onto the column at a flow rate of
200 μL/min. The analytes were separated using an isocratic method using water +0.2% formic acid
(A) and methanol +0.2% formic acid (B) as the mobile phase.

2.3. Dissolution

Dissolution was carried out using a SOTAX Smart AT7™ dissolution bath from Sotax (Finchley,
London). The dissolution bath was set to 37 ◦C and 250 mL of fasted-state simulated gastric fluid
(FaSSGF) was added to each vessel; the rotor speed set to 75 RPM and allowed to equilibrate for at
least 1 h. The initial and final temperatures and pH were recorded to ensure consistent temperature
and buffer control. Tablet weights were recorded prior to being released into the relevant vessels
simultaneously. Samples were taken at the following time points through probe filters and syringe
filters: 5, 10, 20 and 30 min. The paddles were stopped and 250 mL of fasted-state simulated intestinal
fluid (FaSSIF), added to each vessel and the paddle was resumed. Samples were taken at the following
time points through probe filters and syringe filters: 35, 40, 50, 60, 90, 120, 150, 180, 210 and 240 min.

2.4. Preparation of Stock Solutions and Dissolution Media

Stock solutions of each hormone were prepared at a concentration approximately 0.5 mg/mL in
methanol, aliquoted into 100 μL aliquots and stored at −20 ◦C, as recommended by the manufacturer
to increase the working life of the standard solutions. A fresh working standard solution of both
standards was prepared each week by dilution of stock solutions in mobile phase (70% methanol:
30% water, v/v). Calibration standards were prepared daily for each analysis from the working stock
solution ranging from 1 to 200 ng/mL for LC–MS/MS. A quality control standard containing both
thyroid hormones was also prepared at a concentration of 50 ng/mL.

To prepare the fasted-state small intestinal fluid (FaSSIF) buffer, 0.84 g of sodium hydroxide
pellet, 7.90 g of monobasic sodium phosphate monohydrate and 12.38 g of sodium chloride were
added to approximately 1.8 L of Type 1 water. The solution was pH adjusted to 6.5 with 1 N sodium
hydroxide and made up to 2 L with Type 1 water. To make the final FaSSIF medium, 4.48 g of
FaSSIF/FeSSIF/FaSSGF powder was added to approximately 1 L of FaSSIF buffer. The solution was
stirred until completely dissolved and made up to 2 L with FaSSIF buffer. The solution was allowed to
stand for 2 h prior to use [19]. To prepare the fasted-state gastric fluid (FaSSGF) buffer, 3.2 g of sodium
chloride was added to approximately 1.8 L of Type 1 water. The solution was pH adjusted to 1.6 with
1 N hydrochloric acid and made up to 2 L with Type 1 water. To make the final FaSSGF medium, 0.12 g
of FaSSIF/FeSSIF/FaSSGF powder was added to approximately 1 L of FaSSGF buffer. The solution
was stirred until completely dissolved and made up to 2 L with FaSSGF buffer [19].

2.5. Tablet Analysis

For each batch of tablets, three tablets were weighed and crushed using a pestle and mortar.
In triplicate for each tablet, a fifth of the weight was transferred to a 10 mL volumetric flask, made up
to volume with water, and sonicated for 20 min. The solutions were allowed to cool, then 10 μL was
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transferred to a separate 10 mL volumetric flask and made up to volume with water. The solution was
then filtered through a 0.22 μm nylon filter and placed in autosampler vials for analysis by LC–MS/MS.

3. Results & Discussion

3.1. Tablet Analysis

Calibration data was generated for both T3 and T4 over the concentration range 0–250 ng/mL,
based on 11 data points. Subsequently, the calibration curve obtained gave an r2 value of 0.9962 and
0.9973 for T3 and T4, respectively (Table 1). The developed LC–MS/MS method was both sensitive
and selective for T3 and T4 analysis, with limit of quantitation (LOQ) values of 1.6 and 1.3 ng/mL
and limit of detection (LOD) values of 0.2 and 0.8 ng/mL, respectively. Calculations were based on
the standard curve method: LOD = (3.3σ)/S and LOQ = (10σ)/S, where σ is the standard deviation
and S is the slope of the curve [20]. In addition, a quality control standard (50 ng/mL) was analyzed
throughout the experimental duration and given average recoveries of 99.6% and 102.6% for T3 and
T4, respectively. Tablet analysis was performed prior to dissolution testing to ensure that the stated
dosage was present, as this would be used to indicate 100% of release under dissolution testing. The
tablet analysis was consistent with the dosages stated on the packaging for all four batches of thyroid
supplement with a % content of >93.3% for all batches and replicate preparations (Table 2). Good
inter-batch and inter-tablet precision were also observed with % (relative standard deviation) RSD of
<1.8% and <3.4%, respectively.

Table 1. Analytical data for T3 and T4 by LC–MS/MS.

Compound
Calibration

Range (ng/mL)
No of Data

Points
Linearity R2 Value

LOD
(ng/mL)

LOQ
(ng/mL)

T3 0–250 11 Y = 83.622x − 196.97 0.9962 0.2 1.6

T4 0–250 11 Y = 27.338x + 10.442 0.9973 0.8 1.3

LOD = limit of detection; LOQ = limit of quantitation.

Table 2. Tablet analysis: single- and dual-component thyroid hormone supplements.

Single or Dual
Thyroid Hormone

Component
Sample

Thyroid
Hormone

Replicate
μg per
Tablet

(n = 3) ± SD

% Content
(n = 3)

(%RSD)

% Content per
Batch

(n = 9) (%RSD)

single Cytomel
(batch 1) T3

1 24.4 ± 0.83 97.6 (3.4)
95.6 (1.8)2 23.7 ± 0.27 95.0 (1.2)

3 23.6 ± 0.58 94.3 (2.4)

single Cytomel
(batch 2) T3

1 23.4 ± 0.46 93.6 (2.0)
94.0 (0.8)2 23.7 ± 0.38 94.8 (1.6)

3 23.4 ± 0.51 93.5 (2.2)

single Tiromel T3
1 23.3 ± 0.12 93.3 (0.5)

94.4 (1.3)2 23.9 ± 0.06 95.7 (0.3)
3 23.5 ± 0.19 94.1 (0.8)

dual

Dithyron T3
1 12.4 ± 0.08 99.2 (0.6)

96.3 (2.7)2 11.8 ± 0.13 94.4 (1.1)
3 11.9 ± 0.07 95.2 (0.6)

Dithyron T4
1 49.3 ± 0.21 98.6 (0.4)

98.4 (0.9)2 48.7 ± 0.09 97.4 (0.2)
3 49.6 ± 0.16 99.2 (0.3)
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3.2. Dissolution

In accordance with the United States Pharmacopeia (USP), the tablets are considered to be
dissolved when 75% of the stated dosage has been released [17,18]. The USP method is used as a
quality control method, which is normally deployed to identify variations during manufacturing or
storage stability, and does not mimic the different physiological conditions of the gastrointestinal
tract. The USP-stated method uses alkaline borate buffer (pH 10) and 0.01 N hydrochloric acid
containing 0.2% sodium lauryl sulfate for T3 and T4, respectively, with no proposed method for
dual-component tablets [20]. Therefore, to ensure consistency and allow a direct comparison between
single- and dual-component tablets, biorelevant dissolutions were performed using simulated gastric
and intestinal fluids. The results from the dissolution testing using the simulated gastric and intestinal
fluids of the tablets for the single- and dual-component thyroid hormones are shown in Figure 2. It is
noted that the dissolution for T3 and T4 occurs within approximately 45 min (i.e., 75% dissolution),
which is in agreement with the USP method [17,18]. From Figure 2 it can also be seen that total release
of T3 and T4 from the tablet formulations was obtained within 120 min.

 

Figure 2. Dissolution testing profile for T3 and T4 from single- and dual-supplement thyroid
hormone supplements.

The kinetics of dissolution have been investigated using a first-order rate constant (Figure 3).
It was observed that a two-stage dissolution process occurs with crossing points determined by
extrapolation of the line of best fit. The initial rate constant corresponds to tablet coating dissolution
while the second rate constant is indicative of tablet breakdown. The rate constants (k) were calculated
to be between 5.3–6.1 h−1 and 0.4–0.8 h−1 for coating removal and tablet solubilization, respectively.
The rate constant was calculated based on the change in cumulative % drug remaining over time
((y2 − y1)/(x2 − x1)) with y calculated using the equation of the line.
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Figure 3. Kinetics of dissolution for T3 and T4 from single- and dual-supplement thyroid
hormone supplements.

4. Conclusions

The tablet analysis shows that the thyroid hormone supplements contain T3 and T4 content
corresponding to the stated dosage. The dissolution testing profiles and kinetic of dissolution plots
show that there is consistent solubilization of the active pharmaceutical ingredient across both single-
and dual-component batches for thyroid hormone supplements. Therefore, it is concluded that the use
of simulated in vitro gastric intestinal fluids has no influence on dual-component thyroid hormone
supplement extraction and recovery. It was also noted, from the dissolution testing profile, that there
was minimal solubilization of T3 and T4 in the gastric fluid. However, rapid release of the active
compounds was observed within 15 min of the addition of the intestinal fluid.
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Abstract: A method involving the collection and determination of organic and inorganic gunshot
residues on hands using on-line in-tube solid-phase microextraction (IT-SPME) coupled to
miniaturized capillary liquid chromatography with diode array detection (CapLC-DAD) and scanning
electron microscopy coupled to energy dispersion X-ray (SEM-EDX), respectively, for quantifying
both residues was developed. The best extraction efficiency for diphenylamine (DPA) as the main
target among organic residues was achieved by using a dry cotton swab followed by vortex-assisted
extraction with water, which permits preservation of inorganic residues. Factors such as the nature
and length of the IT-SPME extractive phase and volume of the sample processed were investigated
and optimized to achieve high sensitivity: 90 cm of TRB-35 (35% diphenyl, 65% polydimethylsiloxane)
capillary column and 1.8 mL of the processed sample were selected for the IT-SPME. Satisfactory limit
of detection of the method for analysis of DPA deposited on shooters’ hands (0.3 ng) and precision
(intra-day relative standard deviation, 9%) were obtained. The utility of the described approach was
tested by analyzing several samples of shooters’ hands. Diphenylamine was found in 81% of the
samples analyzed. Inorganic gunshot residues analyzed by SEM-EDX were also studied in cotton
swab and lift tape kit samplers. Optical microscopy was used to see the inorganic gunshot residues
in the cotton swab samplers. The lift tape kits provided lesser sensitivity for DPA than dry cotton
swabs—around fourteen times. The possibility of environmental and occupational sources could be
eliminated when DPA was found together with inorganic residues. Then, the presence of inorganic
and organic residues in a given sample could be used as evidence in judicial proceedings in the
forensic field.

Keywords: diphenylamine; gunshot residues; hands; dry cotton swab; in-tube solid-phase extraction;
capillary liquid chromatography; SEM-EDX

1. Introduction

Chemical and physical evidence such as gunshot residues (GSRs) from firearms discharge may
provide valuable forensic information [1,2]. Gunshot residues are organic and inorganic components
in nature, which can be deposited on a shooter’s body, mainly onto the index fingers and thumbs of
the hands, after discharging a firearm [3]. A suspect can be successfully identified if GSRs are reliably
analyzed. Thus, the detection of these compounds plays an important role in the field of forensic
science. Inorganic gunshot residues (IGSRs) are usually spherical particles mainly composed of Ba, Pb,
and Sb [4]. Other elements such as Ca, Al, Cu, Fe, Zn, Ni, Si, and K can also be found [5], although they
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are more prevalent in the environment than Pb, Ba, and Sb [6]. The size of these particles is usually
from 0.5 μm to 10 μm, although sizes up to 100 μm have also been reported [7]. The presence of these
metallic particles has been traditionally confirmed by scanning electron microscopy coupled to the
energy dispersion X-ray (SEM-EDX) technique due to its non-destructive capability to perform both
morphological and elemental analyses [8,9]. However, the analysis of IGSRs has its limitations. False
positive results can be produced from inorganic particles derived from environmental and occupational
sources [10–13], which is a problem when considering IGSRs as evidence in judicial proceedings in the
forensic field. The analysis of organic gunshot residues (OGSRs) in the same sample could provide
complementary information that could strengthen the probative value of a forensic sample. Organic
components originate mostly from the propellant, and their composition depends on the commercial
brand and ammunition type.

An important component of gun propellants is diphenylamine (DPA), which is used as a stabilizer
in order to prevent the decomposition of explosive products like nitrocellulose and nitroglycerine,
both of them present in many smokeless powders used as propellants [14]. Thus, this stabilizer
may remain on a shooter’s hands, and it may be used as an indicator of gunshot residues [15].
Diphenylamine detection could provide valuable evidence of firearm discharge for the identification
of suspects in firearm-related crimes.

The low amount of DPA remaining on a shooter’s hands requires highly-sensitive analytical
techniques for its detection. In order to improve the sensitivity, many methods include off-line sample
treatment, which involves time-consuming and tedious steps. Table 1 presents several methods used
for extraction and determination of DPA that remains on the hands. The main drawback of the reported
methods is the low detection limit required, taking into account the sampling and extraction process,
time of analysis, and greenness of the procedure.

Table 1. Comparison of reported methods for determining diphenylamine (DPA) on a shooter’s
hands. The method proposed in this work was also included for comparison (On-line in-tube
solid phase microextraction coupled to capillary liquid chromatography with diode array detection
(IT-SPME-CapLC-DAD).

Technique/Limit of
Detection (LOD)

DPA Extraction
DPA Amount on

Hands

Mobile Phase;
Flow; Injection

Volume

Organic
Solvents

Ref.

High-performance
liquid

chromatography
-tandem mass
spectrometry/

0.3 ng/mL (solution)

DPA was extracted with
cotton swab soaked with

acetone, which was
evaporated and DPA

was dissolved in 0.1 mL
methanol.

<Limit of
quantitation (LOQ)

Methanol-water
(90:10);

800 μL/min;
10 μL

Methanol and
acetone as
extractive

solvents and
mobile phase

[15]

Gas chromatography-
mass spectrometry/

3 ng

DPA was extracted with
cotton swab moistened
in water, the swab was

heated and capillary
microextraction made

≈1 ng < LOQ -
Water as

extractive
solvent

[4]

Tandem Mass
Spectrometry/

1 ng/mL (solution)

Cotton swab soaked
with methanol to extract
DPA from the hand and

dilution to 1 mL of
methanol

Not studied 0.1 mL/min;
20 μL

Methanol as
extractive

solvent
[16]

Mass spectrometry/-
Dabbing an adhesive

coated aluminum stub
over the hands

Not detected 4 μL/min

Water:methanol
0.1% formic

acid as solvent
spray

[17]
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Table 1. Cont.

Technique/Limit of
Detection (LOD)

DPA Extraction
DPA Amount on

Hands

Mobile Phase;
Flow; Injection

Volume

Organic
Solvents

Ref.

Liquid
chromatography-

tandem mass
spectrometry/

34,000 ng

Cotton swab moistened
with isopropyl

alcohol:water, 75:25,
which was introduced in
a tube with 3.2 mL of the
mixture and centrifuged.
The aliquot was diluted

five times with
deionized water. SPEC

C18 cartridges were
conditioned with 250 μL
of isopropyl alcohol and
deionized water. 5000 μL
of aqueous samples were
loaded. The sorbent was

rinsed with 250 μL of
deionized water and

dried. The analytes were
eluted in

acetonitrile:water:methyl
alcohol, 80:10:10; 200 μL

0.29–83 nmol/L

Acetonitrile:
methanol:

water, acidified
by 0.1% of

formic acid;
200 μL/min;

20 μL

Isopropylalcohol
as extraction

solvent,
methanol and
acetonitrile for
mobile phase

[18]

Capillary
electrophoresis/

2387 ng/mL
(solution)

Hands were swabbed by
a cotton swab embedded
in a solvent. The analyte

was recuperated by
sonication into 2 mL of

solvent. Liquid
extraction was carried
out with 2 mL of ethyl

acetate and 50 μL of
ethylene glycol;
the solvent was

evaporated under dry
nitrogen. The residues

were reconstituted with
diaminocyclohexane

tetraacetic acid,
and borate

Not detected -

Diaminocyclohexane
tetraacetic acid

and sodium
dodecyl sulfate

as sampling
solvents

[5]

IT-SPMS-CapLC-DAD/
0.15 ng/mL
(solution)

0.3 ng by cotton
swab

DPA was extracted from
hands by cotton swab

and then DPA was
extracted to 2 mL of
water under vortex

conditions (20 s)

<LOD-16.5 ng

Acetonitrile:
water gradient;

10 μL/ min;
72 μL

Water as
extractive

solvent.
Acetonitrile as
mobile phase

This
work

On-line sample pre-treatment has become an interesting alternative as green analytical chemistry
indicates. In this context, our research group has successfully applied in-tube solid-phase microextraction
(IT-SPME) in the analysis of a variety of analytes and matrices [19,20]. In-tube solid-phase microextraction
typically uses a capillary column internally coated with extractive phase, which can be different in nature
in function of the physical-chemical properties of the analytes [19,20], in order to extract, concentrate,
and clean-up the sample. When IT-SPME is coupled to a miniaturized liquid chromatograph, important
improvements in terms of sensitivity, selectivity, automation, and waste minimization can be achieved.
Although mass spectrometry (MS) coupled to gas chromatography (GC) or liquid chromatography (LC)
offers suitable sensitivity, the chromatographic techniques can present issues. Thermal degradation of DPA
can occur by GC and the wide range of polarities of compounds present in GSRs can limit the LC. Some
methods have also successfully identified DPA using several MS techniques without any chromatographic
system such as tandem mass spectrometry (MS–MS) [16], desorption electrospray ionization-mass
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spectrometry (DESI-MS) [17], nanoelectrospray ionization mass spectrometry (nESI-MS) [21], and ion
mobility spectrometry (IMS) [22]. However, IT-SPME coupled to capillary liquid chromatography
(CapLC) contributes to increase the sensitivity and sample clean-up in an on-line way. Additionally,
the miniaturization of the LC technique (i.e., low column dimensions, low flow rates, low amount
of wastes) contributes also to achieve improved sensitivity, which can permit the use of diode array
UV-detectors (DADs), which cost less than an MS detector.

In the present work, a shooters’ hands sampling was carried out using dry cotton swabs
followed by short vortex-assisted extraction of DPA from cotton with water. Additionally, on-line
IT-SPME-CapLC-DAD was employed, for the first time to our knowledge, for the DPA determination.
Other samplers were also studied, but their extraction capacities were lower than that achieved by a dry
cotton swab. Several parameters such as capillary length and coating, as well as extraction conditions,
were optimized for the on-line system. On the basis of the results obtained, a new approach is proposed
for the detection of DPA from shooters’ hands, which integrates simple, rapid, and green extraction
followed by on-line clean-up and preconcentration of samples. The method permits to carry out the
analysis of IGSRs by SEM-EDX after the DPA extraction, in order to confirm the presence of inorganic
gunshot residues on shooters’ hands as well. Optical microscopy can be used for identifying particles
with a spherical shape and size up to 20 μm in a cotton swab due to the presence of gunpowder particles,
and it was proved that SEM-EDX can be applied after extracting DPA from the swab. The other aim
of this work was to examine the morphology and elemental composition and distribution of GSR
particles collected with the lift tape kits, the typical police collector, which provided lesser sensitivity
in the DPA analysis (around fourteen times less). The possibility of environmental and occupational
sources could be eliminated when DPA was found together with IGSRs. Both analyses can be used as
evidence in judicial proceedings in the forensic field [23].

2. Materials and Methods

2.1. Materials

All the reagents were of analytical grade. Acetonitrile (ACN) HPLC grade was supplied by
Prolabo (Fontenay-sous-Bois, France). Ethanol, acetone, and DPA were purchased from Scharlau
(Barcelona, Spain). Stock standard solution of DPA (10 μg/mL) was prepared by dissolving an
adequate amount of DPA in acetonitrile. Working solutions of this compound were prepared by
dilution of the stock solution with water. Ultrapure water was obtained from a Nanopure II system
(Sybron, Barnstead, UK). All solutions were stored in the dark at 4 ◦C.

Cotton swabs (100% cotton; 0.03 g of the amount of cotton on each tip) from a local market,
double-sided carbon adhesive tape (8 mm wide × 0.16 mm thick × 1 cm long; Ted Pella Inc. Redding,
CA, US), and tape lift kits (Adhesive Lifts GRA 200, Sirchie Finger Print Laboratories, Youngsville,
NC, USA) were employed as sample collectors. Polydimethylsiloxane (PDMS) Sylgard® 184 Silicone
Elastomer Kit containing Sylgard® 184 silicone elastomer base and Sylgard® 184 silicone elastomer
curing agent, provided by Dow Corning (Midland, MI, USA) and tetraethyl orthosilicate (TEOS)
purchased from Sigma–Aldrich (St. Louis, MO, USA), PDMS, and TEOS were used to prepare several
samplers. Polydimethylsiloxane base was mixed with TEOS under vigorous magnetic stirring for
10 min at room temperature. Then, a PDMS curing agent was added with a weight ratio of 1:10 to
the PDMS base under magnetic stirring for 10 min at room temperature. Finally, 0.02 g of that blend
was deposited on well-plates, and then was cured at 30 ◦C for hours or a day, depending on the film
composition (as TEOS increases, curing time increases too). Several weight ratios of PDMS/TEOS
were tested (100/0, 50/50, 30/70). The thickness of the film was 1 mm and the diameter was 15 mm.

2.2. Apparatus and Chromatographic Conditions

The capillary chromatographic system used consisted of a capillary liquid chromatography
pump (Agilent 1100 Series, Waldbronn, Germany), a high-pressure six-port valve (7725 Reodhyne,
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Rohnert Park, CA, USA), an on-line degasser, and an UV-Vis photodiode array detector (Agilent,
1260 Series) equipped with an 80-nL flow cell. The detector was linked to a data system (Agilent, HPLC
ChemStation) for data acquisition and calculation. The absorption spectra were recorded between 190
and 400 nm and the chromatograms were monitored at 280 nm. A Zorbax SB-C18 capillary analytical
column (150 mm × 0.5 mm i.d., 5 μm particle diameter) was employed for the chromatographic
separation (Agilent, Waldbronn, Germany). The mobile phase used was a mixture of acetonitrile:water
in gradient elution mode: the initial acetonitrile content was 70% during 1 min, increased to 100% until
12 min, and maintained at 16 min, and then from 16 min to 20 min at 70% acetonitrile. The mobile phase
flow rate was 10 μL min−1. All solutions were filtered with 0.45-μm nylon membranes (Teknokroma,
Barcelona, Spain) before use.

An ultrasonic bath (300 W, 40 kHz, Sonitech, Guarnizo, Spain) and a ZX3 vortex mixer (40 Hz)
from VELP Scientifica (Usmate Velate, Italy) were employed for the lixiviation of the DPA from the
sample collectors. An optical microscope (ECLIPSE E200LED MV Series, Nikon Corporation, Tokyo,
Japan) under bright-field illumination and using a 10× objective was used to see the collection of
inorganic particles on the cotton swab. Nis Elements 4.20.02 software (Nikon Corporation) was used
for acquiring the images. In order to test the presence and morphology of IGSRs, scanning electron
microscopy (SEM) images were obtained with Hitachi S-4800 FEG (Tokyo, Japan) and Philips XL30
operating at 20 Kv for tape lift kit and cotton swab samples. Au/Pd coating was required. Elemental
analysis was performed by an EDX analysis system incorporated into the microscope.

2.3. IT-SPME Procedure

The setup used in this work corresponded to that developed for in-valve IT-SPME [19,20].
The stainless-steel injection loop of a six-port injection valve was replaced with an extractive capillary.
Several gas chromatography capillary columns (0.32 mm i.d.) were tested as extractive capillaries.
The columns used were TRB-5, TRB-20, TRB-35, TRB-50 (Teknokroma, Barcelona, Spain) and Zebron
ZB-WAXplus (Phenomenex, Torrence, CA, USA). For coating details, see Table 2. Segments from
30 to 90 cm of these columns were directly tested for IT-SPME. Capillary connections to the valve
were facilitated by the use of 2.5-cm sleeves of 1/16 in polyether ether ketone (PEEK) tubing; 1/16
in PEEK nuts and ferrules were used to complete the connections. In load valve position, 1800 μL of
sample was manually passed through the capillary column by means of a 1000-μL precision syringe.
A clean-up step was also carried out by processing 120 μL of ultrapure water after the sample loading.
Finally, when the valve was manually rotated to the injection position, the analyte was desorbed in
dynamic mode from the coating of the extractive capillary and transferred to the analytical column by
the mobile phase. The valve was maintained in this position until the end of the chromatogram.

Table 2. Characteristics of capillary columns employed during the in-tube solid-phase microextraction
(IT-SPME).

Extractive Capillary Coating Coating Thickness (μm)

TRB-5 5% diphenyl-95%
polydimethylsiloxane 3

TRB-20 20% diphenyl-80%
polydimethylsiloxane 3

TRB-35 35% diphenyl-65%
polydimethylsiloxane 3

TRB-50 50% diphenyl-50%
polydimethylsiloxane 3

Zebron ZB-WAXplus polyethylene glycol 1

2.4. Shooting and Collection of GSRs from Hands

Test shots were carried out by police officers in an indoor range at Police Headquarters of Valencian
Community (Valencia, Spain) under typical shooting practice conditions. Personal information
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was not recorded. The shots were fired with 9-mm Heckler & Koch pistols, model USP Compact
(Oberndorf/Neckar, Germany), which is the most commonly used firearms among police forces
in Spain. Each volunteer police officer fired a total number of 25 shots (regulatory number of
shots). Only one of these police officers fired 12 shots because his pistol jammed. In order to avoid
contamination, each police officer fired with his own firearm and did not touch other surfaces with
their hands during the analysis. Gunshot residue samples were collected from the shooters’ hands
immediately after discharging the firearm. Sampled zones of the hands are shown in Figure 1. For each
police officer, both hands, right and left (palm and back), were sampled after shooting. Two techniques
for GSR collection from hands were carried out: swabbing and tape lifting. Swabbing was performed
by scrubbing the hand with one of the tips of a cotton swab, which was stored in a 5-mL glass vial with
a fitted cap to prevent contamination from other compounds in the air. Note that cotton swabs were
not moistened in any solvent before sampling. The tape lift kit consisted of a metal stub equipped with
a carbon adhesive tape inserted in a plastic vial with a tightly fitted cap. For the sampling, the metal
stub was passed over the surface of the hand and then was returned to the vial. Once all the collected
samples were placed back into their vials and capped, they were transported to the lab and were stored
at room temperature awaiting analysis. A total of 11 shooters were sampled by swabbing and the other
five shooters were sampled by tape lifting, which consisted of a total of 21 swab samples and six tape
samples (see Analysis of Samples in the Results and Discussion section for identifying the samples).
Additional swab samples from each volunteer police officer before test shots were also analyzed as
blanks (hands were not previously washed).

 

Figure 1. Schematic diagram of the steps for DPA analysis: (A) web and palm of the hand sampling
(zone sampling in blue), (B) vortex-assisted extraction, and (C) IT-SPME-capillary liquid chromatography
(CapLC) system.

2.5. Sample Treatment for DPA Analysis

Several solvents (water, acetone, ethanol), samplers (cotton swabs, carbon-based tapes, PDMS-TEOS
based samplers), extraction techniques (non-assisted, ultrasound-assisted, and vortex-assisted extraction)
and time extraction (up to 20 min) were tested in order to find the proper sampling procedure. Three μL
of 10 μg/mL in 2 mL of water with different (A) extraction modalities and (B) sample collectors were
assayed by IT-SPME-CapLC-DAD. Each sample was analyzed in triplicate and all assays were carried out
at ambient temperature.

In order to obtain the solid DPA from standard solutions, a volume (3 μL) of DPA solution
(10 μg/mL) in acetonitrile (ACN) was deposited on a glass slide. Then, the solvent was evaporated
to dryness at room temperature and solid DPA was collected carefully by scrubbing the glass slide
with a cotton swab. After sample collection, the tip of the cotton swab was placed into a storage vial
containing 2 mL of water, so that the cotton was completely wetted. Diphenylamine was extracted
from the swab under vortex condition for 20 s at ambient temperature. Next, the swab was used in the
analysis of inorganic residues, and 1800 μL of the solution was loaded into the IT-SPME capillary of
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the LC system. The same procedure was used for the other samplers assayed. The complete procedure
for the DPA analysis is shown in Figure 1.

2.6. IGSRs Analysis by SEM/EDX and Optical Microscopy

In order to confirm the presence of GSRs in cotton swabs, the gunpowder grains were visually
and microscopically identified before chromatographic analysis. For the IGSR particle analysis from
the tape lift kits and from cotton swabs, SEM images, EDX spectrums, and X-ray maps were carried out.
For cotton swab samplers, besides metallization with Au/Pd coating, silver lac was used for painting
the sample. Magnification varied between 50 and 500× according to the particle size. Once the particle
was located, an elemental analysis was carried out to determine the major components of the particle.
The size, shape, and morphology of the particles were also recorded.

3. Results and Discussion

3.1. Optimization of the IT-SPME and Chromatographic Conditions

Experiments were performed in order to optimize the DPA extraction by IT-SPME, as well as the
subsequent chromatographic analysis. Initially, two mobile-phase compositions in isocratic elution
were tested, 60:40 and 70:30 ACN: water (v/v). As can be seen in Figure 2A, both compositions were
adequate to desorb DPA from the IT-SPME extractive capillary. However, a decrease in retention
time and narrower peaks were achieved with the increase of ACN and flow rate of the mobile phase.
A gradient elution program (See Section 2.2 for optimum conditions) with 100% of ACN during 4 min
was employed as cleaning solvent.

Figure 2. Effect of (A) acetonitrile percentage and flow rate of mobile phase (800 μL at 7 ng/mL of
DPA, TRB-35, 30 cm); (B) nature of the IT-SPME phase (800 μL at 5 ng/mL of DPA, capillary length
30 cm, optimum mobile phase); (C) capillary length (800 μL at 5 ng/mL of DPA, TRB-35, optimum
mobile phase); and (D) sample volume processed (5 ng/mL of DPA, TRB-35, capillary length 90 cm,
optimum mobile phase) in IT-SPME versus peak area of DPA. For more details, see the main text.
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In-tube solid-phase microextraction was performed using a capillary column as the loop of the
injection valve. The analytes were extracted during sample loading and were transferred to the
analytical column with the mobile phase by changing the valve position. This configuration was
advantageous in order to achieve suitable limit of detection (LOD) for detecting DPA deposited on
shooters’ hands. Herein, several assays were carried out to optimize the extraction step. The nature
of the extractive phase, the length of the capillary column, and the volume of the sample processed
were evaluated. Five phases for IT-SPME were assayed: 5, 20, 35, 50% diphenyl–95, 80, 65, 50%
polydimethylsiloxanes, respectively, and 100% polyethylene glycol (PEG) (See Table 2). Figure 2B
compares the analytical response (mean peak area) for DPA (5 ng/mL) with the different capillaries
(30-cm length) when the volume of standard processed was 800 μL. As can be seen, the TRB-35
phase provided higher analytical responses for DPA. This suggests that the higher percentage of
diphenyl groups in the extractive phase led to an increase in analytical response. It can be deduced
that extraction involves π–π interactions with DPA, whose structure possesses two aromatic rings.
However, TRB-50 provided a decrease on the peak area, and this effect was attributed to the increment
on the polarity of the extractive phase, and so the affinity towards the DPA decreased (log Kow = 3.5).
The same effect may occur by PEG capillary due to its higher polarity. Thus, the TRB-35 capillary
column was selected as the best extractive phase for further experiments.

The effect of the capillary length on the analytical response (peak area) was also studied by
processing 800 μL of working solution of DPA (5 ng/mL) with TRB-35 capillaries of 30, 60, and 90 cm.
Figure 2C shows the increment of the analytical response with the length of the capillary, thus,
the amount of analyte extracted also increased. The peak area for DPA improved 40% and 47% with
the capillary columns of 60 and 90 cm, respectively, compared with the capillary of 30 cm. Capillaries
longer than 90 cm did not improve the analytical response. The TRB-35 of 90 cm was chosen as the
optimal capillary column length.

Sample volumes processed up to 4 mL at 5 ng/mL of DPA solution were studied. The results
obtained are depicted in Figure 2D. As can be seen, a remarkable increase of analytical response (peak
area) with the increase of the sample volume was observed up to 2 mL. The signal increased very
slightly from 2 to 4 mL, and 2 mL was chosen as the optimum sample volume for further experiments.
However, it was found that the swabs used in the present study absorbed about 125 μL of contact
solution. According to this observation, further experiments were carried out by processing 1800 μL
remaining in the vial.

The extraction efficiencies of the proposed methodology were estimated by comparing the
amount of analyte extracted, which is the amount of the analyte transferred to the analytical column,
with the total amount of analyte passed through the extraction capillary. The amount of analyte
extracted was established from the peak areas in the resulting chromatograms and from the calibration
equations constructed through the direct injection of 72 μL of analyte standard solutions of different
concentrations. This volume is the inner volume of the TRB-35 capillary of 90 cm used for IT-SPME.
The absolute extraction efficiency obtained was 7% which is in accordance with those reported for this
technique [19,20]. Although low extraction efficiencies (absolute recoveries) were achieved by IT-SMPE,
the analytical responses were improved significantly owing to the large volumes of sample that can be
processed through the capillary column. In addition, a clean-up step was tested after sample loading
by introducing 120 μL of nanopure water before changing the valve to the inject position. Significant
loss of analyte was not observed; thus, clean-up was applied in order to remove fibers or compounds
from cotton which could remain inside the capillary column. It was also tested to filter the solutions of
DPA extracted from cotton swab through 0.45-μm nylon membranes. Nevertheless, the analyte was
retained on the nylon filter. Hence, samples were not filtered before injection.
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3.2. Optimization of DPA Extraction from Hands

3.2.1. DPA Extraction from Collector

The first step considered to optimize DPA extraction was to find an appropriate extraction procedure
for DPA from the collector. For this aim, non-assisted, ultrasound-assisted, and vortex-assisted extraction
of the analyte from a cotton swab sampler were tested. Three μL of 10 μg/mL DPA working solution
(prepared in ACN to favor evaporation) was spread on a glass slide. After it was air evaporated to dryness,
a dry cotton swab was used to collect DPA from the slide. The tip of the cotton swab was introduced into a
vial containing 2 mL of water under the three abovementioned extraction modes for 5 min (See Section 2.6
for more details). Vortex-assisted extraction offered the best results in terms of both analytical response
(peak area) and relative standard deviations (RSDs), as can be seen in Figure 3A. For evaluating the
extraction efficiencies, the peak area ratios between non-assisted and assisted extractions were calculated,
ratios of 2 and 5 were obtained for ultrasound and vortex, respectively. Moreover, the results provided
a satisfactory RSD of 9% for extraction by vortex but not by ultrasounds with 32% of RSD. From these
results, we concluded that the best extraction of DPA from the sampler was vortex-assisted extraction.

Figure 3. Comparison of peak areas obtained for standard solution (3 μL of 10 μg/mL in 2 mL of water,
15 ng/mL) with different (A) extraction modalities with dry swab samplers, (B) sample collectors,
and (C) solvents to wet cotton swabs (at 10 ng/mL): dry (a), water (b), acetone (c), and ethanol (d),
together with normalized spectra (inset) of DPA (black dashed line) and unknown compounds (black
solid line), and (D) extraction time with dry swab samplers. For other experiment details, see main text.

3.2.2. DPA Collecting

Several sampling tools were tested for DPA collection from shooters’ hands. In a first attempt,
3 μL of 10 μg/mL DPA working solution was dropped on a glass slide. After it was air evaporated to
dryness, solid DPA was collected by several sampling tools: adhesive tape lifts; PDMS-based devices
at several PDMS: TEOS proportions (100:0, 50:50, and 70:30); and dry cotton swabs and wet cotton
swabs with non-skin-toxic solvents such as water, acetone, and ethanol. According to the 24.
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European Chemicals Agency (ECHA) database [24], methanol and acetonitrile were not used due
to their harmfulness and toxicity in contact with the skin, respectively. After, the samplers were in
contact with 2 mL of water under vortex conditions. Figure 3B compares the mean peak areas of DPA
extracted from slides and their RSDs to determine the suitability of the several sampling devices tested.
The dry cotton swab achieved the highest analytical response with suitable precision. The adhesive
tape lift, which was used in the tape lift kits, showed an analytical response about 14 times lower
than the dry cotton swabs. Similar loss of peak area was observed with the pure PDMS-based device.
However, increases of analytical response were achieved when the TEOS proportion increased in
the composition device. In the case of the PDMS: TEOS (30:70) device, the analytical response was
improved by four times, compared with the response with the pure PDMS device. This effect can be
attributed to the increment of the device hydrophilicity as a function of the TEOS amount, suggesting
the improvement of analyte extraction from device to the aqueous solution. When the cotton swab was
wet with water and ethanol, the analytical response decreased 80% and 97%, respectively, compared
with the response obtained by a dry swab. It could be due to the wet swab spreading the analyte
on the slide surface instead of collecting it; RSD > 30% were obtained indicating the difficulty in
controlling the analyte collection. When acetone was used as the extractive solvent, DPA was not
detected but a small chromatographic peak at a retention time slightly lower than that of the analyte
was observed (Figure 3C). As can be confirmed by the spectra depicted in the Figure 3C inset, this peak
could be differentiated from the analyte peak by retention time and spectrum, and it could correspond
to some compound from the cotton swab. From these results, a dry cotton swab was chosen as the best
sampling collector of DPA from shooters’ hands for further work.

Peak areas of DPA were obtained for different extraction times under vortex-assisted extraction of
the dry cotton swab sampler: 20 s, 2 and 5 min, as can be seen in Figure 3D and non-significant
differences on peak areas were observed. Worse results were achieved with non-assisted and
ultrasound-assisted extractions even under higher extraction times. Therefore, 20 s as extraction
time was selected by using vortex to extract DPA from hands to suitable level in a short time frame.

3.2.3. Effect of Extraction Solvent on the DPA Extraction from the Sampler

The capacity of three solvents to remove the DPA residues from cotton swabs was investigated:
acetonitrile, ethanol, and water. Mixtures of 90:10 water, ACN and water, and ethanol and 100% water
were tested. Fifty-one percent and 85% decreases in peak area were observed when ethanol and ACN,
respectively, were present in the extraction solvent (See Figure 4). This suggests that the analyte was
probably non-retained on the IT-SPME capillary column. Moreover, high peaks were observed at a
retention time slightly lower than that corresponding to the analyte. These peaks were not detected
when the analysis was carried out in solution, suggesting they were due to compounds extracted from
cotton. Note that ethanol was the solvent which extracted more interfering compounds. However,
water offered the best results in terms of extraction and reduced interferences, as well as it is a greener
solvent. Hence, water was chosen as optimum extraction solvent.
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Figure 4. Chromatograms of blanks (dashed lines) and standard solution of 5 ng/mL DPA (solid
lines) obtained with different extraction solvents: water (a), 90:10 water: ethanol (b), and 90:10 water:
acetonitrile (c). Experimental conditions were the optimized once (see main text for more explanation).

3.3. Analytical Performance of DPA Determination

Relevant analytical parameters such as calibration equations, linear working range, limit of
detection (LOD), limit of quantification (LOQ), and precision are shown in Table 3, for both solution and
swab-vortex extraction procedures. Satisfactory linearity for the working concentrations was achieved.
The LODs and LOQs were calculated experimentally from solutions containing concentrations
providing signal/noise of 3 and 10, respectively. Limit of detection and LOQ for the swab-vortex
extraction were 0.15 ng/mL and 0.5 ng/mL, respectively. Converted into the equivalent amount of
DPA injected onto the system, the LOD and LOQ were 0.3 ng and 1 ng, respectively. These results
showed that the sensitivity reached with the proposed procedure is suitable for detecting DPA on
shooters´ hands and the observed LODs improved the published ones shown in Table 1. The precision
was suitable at the working concentration levels tested, with intra- and inter-day relative standard
deviations of 9% and 15%, respectively (n = 4). The precision of the retention times was also
estimated obtaining RSD values of 1.5% and 2.5% for intra- and inter-day, respectively (n = 3,
concentration = 15 ng/mL). Satisfactory results for the study in solution were obtained as depicted in
Table 3. To test the extraction efficiency of DPA from samples (including sample collection by cotton
swab and extraction from swab to water), the peak area of solution obtained after extraction (2 μL of
10 μg/mL DPA spread on a glass slide followed by the protocol described in Section 2.6) was compared
with the peak area obtained for the equivalent concentration in solution directly injected (5 ng/mL
of DPA). The extraction efficiency estimated was 37 ± 5%. A recovery study of spiked samples at
10 ng/mL was performed and the value obtained was 108 ± 16%.

Table 3. Analytical data for DPA determination by IT-SPME-CapLC-DAD; a: ordinate, b: slope, sa and
sb: standard deviation of the ordinate and slope, respectively, R2: determination coefficient. Limit of
detection (LOD) and limit of quantitation (LOQ).

Linear Range
(ng mL−1)

y = a + bx (ng mL−1)
Precision as % RSD
(n = 4, 15 ng mL−1) LOD

(ng mL−1)
LOQ

(ng mL−1)
a ± sa b ± sb R2 Intra-Day Inter-Day

Solution 0.15–50 −7 ± 57 144 ± 2 0.999 5 10 0.05 0.15
Swab-vortex 0.5–25 −13 ± 24 49.2 ± 1.7 0.994 9 14 0.15 0.5
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3.4. Analysis of Samples

Several samples collected from hands of police officers after shooting tests (See Section 2.5) were
analyzed by the optimized procedure. Additionally, the same procedure as described for shooting
hands (See Section 2.6) was carried out for the hands of each police officer before shooting to obtain
blank samples. The samples were analyzed without identification of volunteers. Figure 5 shows the
chromatograms for the hands of a shooter (sample 2A) and a non-shooter and the UV-Vis spectra
of a standard sample. Diphenylamine was identified in samples by their concordance between
retention time (9.4 min) and UV–Vis spectra of DPA from the library. As can be seen in Figure 5,
the chromatogram of a blank showed no peak interferences at the retention time of DPA.

Figure 5. Chromatograms obtained for sample 2A (black solid line) and blank of non-shooter’s hand
(black dashed line). The inserts correspond to the matching of the spectra of DPA found (blue line) in
reference to the standard in the library (red line).

Quantification of the samples was carried out based on the regression equation previously
obtained (See Table 3). Table 4 shows the samples screened and the quantification results. With a total
of twenty-one swab samples and six tape kit samples, DPA was found and quantified in seventeen
swab samples (81% of all swab samples analyzed). In the literature, few studies of DPA are focused
on hands and LODs reported are higher to that provided by the proposed method (See Table 1).
In this work, the amount of DPA found on hands exceeded LOQ, providing forensic evidence for the
presence of DPA. The paired t-test was used to evaluate statistical differences between both hands
of a shooter, left and right. The α value obtained at a 95% significant level was higher than 0.05
(p-value = 0.232). From these results, we can conclude that the results from both hands of a shooter
were statistically equivalent.
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Table 4. Samples screened and quantification of results of DPA on hands determined by the optimized
extraction procedure followed by IT-SPME-CapLC-DAD. * Tape lift kit samples quantified by a
regression equation with a slope 14 times lower than that obtained for a regression equation by
the cotton swab. ** On shooters’ hands.

Police Officer Sample Hand Number of Shots DPA Concentration (ng **)

A
1 A left

25
4.4

2 A right 3.8

B
3 B left

12
2.7

4 B right 1.9

C
5 C left

25
3.0

6 C right 3.8

D
7 D left

25
2.8

8 D right <LOD

E
9 E left

25
2.5

10 E right 3.2

F
11 F left

25
16.5

12 F right 13.4

G
13 G left

25
<LOD

14 G right <LOD

H
15 H left

25
4.9

16 H right <LOD

I
17 I left

25
8.4

18 I right 9.5

J
19 J left

25
8.0

20 J right 4.3

K *
21 K left

25
<LOD

22 K right <LOD

L 23 L left and right 25 1.4

M * 24 M left and right 25 3.6

N * 25 N left and right 25 6.6

O * 26 O left and right 25 6.9

P * 27 P left and right 25 <LOD

3.5. IGSR Particles’ Identification

As can be seen in Figure 6, the presence of GSR particles remaining on cotton swabs can be
confirmed by naked eye and optical microscopy before chromatographic analysis. Clean fibers of the
cotton swab can be seen after sampling a non-shooter’s hand (See Figure 6A). However, gunpowder
particles with a typical spherical shape and size up to 20 μm [8] were observed between cotton
fibers (see red circles) after sampling a shooter’s hand (Figure 6B). It is worth mentioning that this
non-destructive microscopic analysis allows the subsequent DPA chromatographic analysis too.

Figure 7 shows the same cotton sample (sample 2A) shown in Figure 6 but characterized by
SEM/EDX after DPA extraction. This was possible due to the presence of some gunpowder particles
remaining on the cotton swabs after the DPA was extracted. Figure 7 shows a typical IGSR particle
with a spherical shape and 38 μm size in accordance with References [6,7]. As can be observed in
the elemental analysis, the predominant elements were Ba (46%) and Sb (44%), as reported in the
literature for IGSRs [4]. Both inorganic and organic compounds were identified on shooters’ hands by
SEM/EDX and chromatography, respectively. Hence, the presence of GSRs on the hands of shooters
was confirmed.
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Figure 6. Visual and microscopic (10× magnification) inspection of cotton swab after sampling a
non-shooter’s hand (A) and after sampling a shooter’s hand, sample 2A (B).

Figure 7. (a) Scanning electron microscopy SEM image and (b) Energy dispersion X-ray EDX spectra
of inorganic gunshot residue found on a swab sample (sample 2A) after shooting.

The other aim of this work was to examine the morphology and elemental composition and
distribution of GSR particles collected with the lift tape kits, the typical police collector. Only particles
which can be identified as GSR by their composition and morphology were selected for SEM/EDX
analysis. Roughly 6–7 particles per sample were studied as can be seen in Table 5. As reported
in Reference [8], this number of particles is approximately equivalent to the particles that can be
recovered on a shooter’s hand at a forensic scene. A portion between 3–40% of the total surface of
the sample was explored to find this number of particles, depending on the sample. Figures 8 and 9
show the morphology and elemental data of particles found on adhesive tapes collected after shooting.
Most of the particles observed were spherical. Less than 20% of particles found had an irregular
shape, probably due to being distorted after shooting. As shown, particles had different surfaces such
as smooth, bumpy or covered with craters with or without a metallic shine. More than 60% of the
particles found had a smooth surface. Their morphology was an effect of conditions taking place
during the firing. Particles can be perforated, capped, broken or stemmed. Results of the SEM/EDX
analysis of GRS particles found on the tapes from shooters’ hands are displayed in Table 5.

As observed in Table 5, most of the particles had the characteristic elemental composition of GSRs,
which was mainly based on Pb, Sb, and Ba; 35 particles contained on average 61% Ba, 30% of Sb,
and 9% Pb, and other two particles contained 95% Pb and 97% Sb, probably from bullets, shells or
cartridges. Moreover, some particles also contained other elements such as Al, Cu, and Fe at trace
levels. About 66% of samples contained traces of Cu, 20% Al, and 3% Fe, while 12% of them contained
both Al and Cu. Nevertheless, these minority elements cannot be considered evidence of firing a gun.
Even though these particles had similar elemental composition, their size varied over a range from 3
to 30 μm according to the bibliography [4,6,7].
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Table 5. Summary of shape, surface, and elemental composition of GRS particles found on tape lift kits
from shooters’ hands.

Sample GSR Particle Shape Surface

Elemental Composition (%)

Major Minor/Trace

Ba Sb Pb Cu Al Fe

21K

21K.1 Irregular Nonmetallic bumpy 62.5 33.2 4.3 X

21K.2 Spherical Nonmetallic smooth 62.4 25.7 11.9 X

21K.3 Spherical Nonmetallic bumpy 65.9 18.8 15.3 X

21K.4 Spherical Nonmetallic bumpy 46.8 40.2 13.0 X

21K.5 Spheroidal Nonmetallic smooth 65.7 14.8 19.5 X

21K.6 Spherical Nonmetallic smooth 87.5 11.1 1.4 X

21K.7 Spherical Nonmetallic bumpy 58.4 28.8 12.8 X

22K

22K.1 Spherical Metallic smooth 61.5 33.5 5.0 X

22K.2 Irregular Metallic bumpy 98.8 0.7 0.5

22K.3 Spherical Nonmetallic smooth 48.0 37.3 14.7

22K.4 Spherical Metallic smooth 57.0 37.1 5.9 X

22K.5 Spherical Metallic smooth 61.8 32.7 5.5 X

22K.6 Spherical Metallic smooth 79.0 16.8 4.2 X

22K.7 Spherical Nonmetallic with hollows 50.6 33.4 16.0 X

24M

24M.1 Spherical Metallic smooth 63.0 34.8 2.1

24M.2 Spherical Metallic smooth 63.2 30.6 6.3

24M.3 Spherical Nonmetallic bumpy 0.0 96.7 3.3 X

24M.4 Spherical Metallic smooth 60.4 37.2 2.3 X

24M.5 Spherical Nonmetallic smooth 51.1 34.5 14.3 X X

24M.6 Spherical Metallic smooth 69.2 20.3 10.5 X X

24M.7 Spherical Metallic smooth 54.8 37.3 7.9 X X

25N

25N.1 Spherical Metallic smooth 68.8 24.7 6.4 X

25N.2 Irregular Nonmetallic bumpy 72.0 17.8 10.2 X

25N.3 Spheroidal Metallic bumpy 63.3 30.0 6.7

25N.4 Spherical Metallic smooth 53.0 39.7 7.4 X

26O

26O.1 Spherical Metallic smooth 63.6 34.2 2.2

26O.2 Spherical Metallic smooth 61.7 35.2 3.0 X

26O.3 Irregular Nonmetallic bumpy 40.0 33.8 26.2

26O.4 Spherical Metallic smooth 0.3 4.9 94.9 X

26O.5 Spherical Metallic smooth 62.7 31.2 6.3

26O.6 Spherical Metallic smooth 50.6 35.8 13.6

27P

27P.1 Spherical Nonmetallic bumpy 53.5 38.3 8.2 X X

27P.2 Spherical Nonmetallic bumpy 57.4 30.9 11.7 X

27P.3 Spherical Nonmetallic smooth 60.2 36.9 2.9 X

27P.4 Spherical Nonmetallic smooth 57.6 30.9 11.5 X

27P.5 Spheroidal Nonmetallic bumpy 48.9 30.7 20.5 X

27P.6 Spherical Nonmetallic bumpy 61.3 31.7 7.0 X
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Figure 8. SEM images (left) and EDX spectra (right) of non-spherical particles found on tapes used
to collect GSRs after shooting a pistol: sample 22K.2 (A), sample 25N.3 (B), sample 21K.1 (C), sample
25N.2 (D).
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Figure 9. (A) SEM image (B) overlay X-ray map of singles X-ray of Sb (C); Pb (D), and Ba (E) of particle
found on a tape used to collect GSRs on hands after firing a gun.

Spatial distribution of the Sb, Pb, and Ba of GSR particles shown in Table 5 was observed by X-ray
mapping using colors to represent the elemental distribution. In this case, Sb appears red, Pb is green,
and Ba is blue. Figure 9 shows the X-ray mapping of sample 21K together with its corresponding
SEM image. Figure 9B gives the merging of Figure 9C–E. As can be seen, the GSR particle presented
the three elements Sb, Ba, and Pb together. Thus, these mapping results were in accordance with
the previous elemental composition studied (see Table 5). The results obtained by SEM/EDX can be
considered as indicative of IGSR particles on shooters’ hands.

4. Conclusions

This work proposes the sampling of gunshot residues on shooters’ hands using dry cotton swabs
followed by vortex-assisted extraction with water over a short time (20 s). Aqueous samples were directly
processed in the miniaturized IT-SPME-CapLC-DAD system for on-line clean-up and preconcentration
of the sample and for quantization of the amount of diphenylamine as targeted organic residue. It is
worth mentioning that non-toxic solvents and low-cost materials were employed. The efficiencies of
the IT-SPME were tested for several compositions and lengths of the extractive phase, as well as sample
volume processed in order to improve the sensitivity. The highest analytical responses were obtained for
the longest TRB-35 capillaries (90 cm) were more likely due to π–π interactions and 1.8 mL of processed
volume. The proposed approach is a rapid, green, and cost-effective option for detecting DPA on the
hands of shooters. The sustainability of an analytical method is governed by minimization of toxic
solvents, reduction of wastes, and employment of energy-efficient and cost-effective methodologies,
but also on maintaining the reliability of the performance parameters, such as sensitivity, precision,
and accuracy [25,26]. In two previous papers [27,28] our group demonstrated that IT-SPME-CapLC-DAD
achieves the minimization of the sample pre-treatment step, analysis time, and wastes, the reduction of
the analysis costs, and thus, improvement of the analytical and environmental performance. Satisfactory
LOD (0.3 ng) and precision (RSD intra-day = 9%, RSD inter-day = 14%) were achieved.

In order to test the utility of the method for real cases, several shooters’ hands were sampled
by dry cotton swabs and processed by IT-SPME-CapLC-DAD. The results showed that DPA was
found and quantified in 81% of samples. Additionally, IGSRs inspection of swab samples was carried
out by optical microscopy in order to confirm the presence of gunshot residues on shooters’ hands,

91



Separations 2019, 6, 16

which were analyzed by SEM-EDS after DPA extraction. Furthermore, some shooters’ hands were
sampled by a tape lift kit, which is the typical police sampler, but DPA extraction was fourteen
times lesser than that achieved by the dry cotton swab sampler. Morphology, elemental composition,
and distribution of the IGSRs particles were also studied. Then, improved results were obtained by the
proposed sampling method as indicated above. If organic compounds are detected in combination
with inorganic compounds, higher probative value can be achieved, and false positives/negatives can
also be reduced for discriminating shooters’ hands. In this work, a sensitive chromatographic method
to detect the organic compound DPA can be combined with IGSR analysis by SEM-EDS in order to
obtain valuable evidence of GSRs deposited on hands of a suspected shooter. Therefore, the proposed
method is helpful to determine whether a person has fired a gun in a forensic investigation.
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Abstract: The gas chromatographic retention behaviour of 16 polycyclic aromatic hydrocarbons
(PAHs) and alkylated PAHs on a new ionic liquid stationary phase, 1,12-di(tripropylphosphonium)
dodecane bis(trifluoromethanesulfonyl)imide (SLB®-ILPAH) intended for the separation of PAH
mixtures, was compared with the elution pattern on more traditional stationary phases: a non-polar
phenyl arylene (DB-5ms) and a semi-polar 50% phenyl dimethyl siloxane (SLB PAHms) column.
All columns were tested by injections of working solutions containing 20 parental PAHs from
molecular weight of 128 to 278 g/mol and 48 alkylated PAHs from molecular weight of 142 to
280 g/mol on a one dimensional gas chromatography-mass spectrometry (GC-MS) system. The SLB
PAHms column allowed separation of most isomers. The SLB®-ILPAH column showed a rather
different retention pattern compared to the other two columns and, therefore, provided a potential for
use in comprehensive two-dimensional GC (GC×GC). The ionic liquid column and the 50% phenyl
column showed good thermal stability with a low bleed profile, even lower than that of the phenyl
arylene “low bleed” column.

Keywords: ionic liquid stationary phase; gas chromatography; chromatographic selectivity; alkylated
polycyclic aromatic hydrocarbons (alkylated PAHs)

1. Introduction

Ubiquitously present in the environment, polycyclic aromatic hydrocarbons (PAHs) originate
from natural and anthropogenic incomplete combustion processes. They are present in air, food, water
and soil. Nowadays, the PAHs originating from anthropogenic activities are unarguably predominant
compared to those originating from natural sources. Humans are exposed to PAHs in almost every
aspect of everyday life and, therefore, PAHs are among the most studied chemicals. During the last
50 years, the procedures for the determination of individual PAHs in complex environmental mixtures
have been extensively developed and improved. In 1976, 16 specific PAHs were selected for regulation
by the United States Environmental Protection Agency (U.S. EPA); the historical perspectives regarding
the choice of these 16 EPA PAHs can be found in an article by Keith [1].

In 2002, the toxicities of 33 PAHs were assessed by The European Scientific Committee on Food
and 15 PAHs showed clear evidence of mutagenicity/genotoxicity. Fourteen of these 15 PAHs showed
clear carcinogenic effects in various types of bioassays and in experimental animals [2]. Seven of these
carcinogenic PAHs in the Scientific Committee on Food study are also contained in the EPA’s set of
16 PAHs, while the additional seven are: benzo(j)fluoranthene, cyclopenta(cd)pyrene, dibenzo(a,e)-,
dibenzo(a,h)-, dibenzo(a,i)-, dibenzo(a,l)pyrene and 5-methylchrysene. In 2006, the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) concluded that benzo(c)fluorene is probably also
carcinogenic [3]. This shows that the list of the toxic and environmentally relevant PAHs is still growing.
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In non-occupational settings, food is the main source of human exposure to PAHs, followed
by cigarette smoke, which in some cases may result in PAH exposure on par with the food uptake
route [4,5]. Other important exposure routes include traffic related air pollution and all kinds of
occupational exposures. Nonetheless, the new possible exposure pathways are still being identified:
e.g. synthetic turf materials used on football fields [6].

The analysis of PAHs is generally based on gas chromatography (GC) rather than on liquid
chromatography (LC) because GC allows greater selectivity, resolution and sensitivity than LC [7,8].
The GC systems are commonly coupled with flame ionisation detectors (FID) or mass-spectrometric
detectors (MS). The GC analysis was conventionally based on non-polar stationary phases operated
at relatively high temperatures [8,9]. The 5% phenyl methylpolysiloxane phase (like in the DB-5
column) is still the most often applied one in PAHs analysis and it has also been recommended in
a number of US-EPA methods, e.g. US EPA method 610 [10]. Since the 1990s, high phenyl content
stationary phases have been more frequently used, e.g. described by the producers as “50% phenyl
methylpolysiloxane-like” DB-17MS [8,11], Rxi-PAH [12] or SLB PAHms [13].

Some years ago, a new group of stationary phases, based on non-bonded ionic liquids (IL)
was introduced [14,15]. Based on non-molecular solvents with low melting points, these stationary
phases consist of organic cations plus inorganic or organic anions [16] and, therefore, the IL columns
enable chromatographic separation based on a selectivity different to that provided by conventional
stationary phases. Some IL columns can exhibit “dual nature” features; they allow separation of
non-polar molecules as non-polar stationary phases do, while at the same time they have a high affinity
for polar molecules like polyethylene glycol (wax) and cyanopropyl-siloxane stationary phases. The IL
columns are more polar than the wax columns but they have higher thermal stability compared to
traditional siloxane phases with a similar selectivity because they are not susceptible to back-biting
reactions that result in phase degradation and column bleed [14]. Siloxane-based stationary phases
contain active hydroxyl groups at the terminal positions; this makes them sensitive to the oxygen
catalyzed cleavage of backbone siloxane. The siloxane chain then breaks to volatile cyclic siloxanes
that elute from the column as “bleed” and results in a rising baseline.

So far, the chromatographic properties of the IL columns have only been investigated in a few
studies. The IL columns have been used for the separation of different classes of environmental
pollutants, like polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs) and other
chlorinated compounds [17,18], alkyl phosphates, fatty acids, and petroleum distillates [19]. A new IL
column, SLB®-ILPAH, intended for the separation of PAHs mixtures, recently became commercially
available. This column has already been tested in terms of the retention behaviour of alkyl-substituted
polycyclic aromatic sulphur heterocyclic isomers [13].

In this study, we investigated the retention behaviour of PAHs and alkylated PAHs on the
SLB®-ILPAH column and two stationary phases traditionally used for the PAH analysis: a low bleed
column with a phenyl arylene polymer that is virtually equivalent to a (5%-phenyl)-methylpolysiloxane
(DB-5ms) and a high phenyl content column denoted as 50% phenyl-dimethylpolysiloxane (SLB
PAHms). The difference between the arylene column and a 5% phenyl-dimethylsiloxane column
is that in the arylene column, the phenyl ring is built in the siloxane chain, whereas in the
phenyl-dimethylsiloxane phase, the phenyl rings are positioned as substituents (side chains). Alkylated
PAHs were selected because numerous isomers of these compounds are currently targeted in analyses
of environmental samples.

Alkylated PAHs are recognised as environmental pollutants although they are still not regularly
included in the analysis of priority PACs (e.g. 16 EPA PAHs). They are ubiquitously present in the
environment and are often more toxic than the parental PAHs [20,21]. Alkylated PAHs have been found
in the toxic fractions in several Effect Directed Analysis (EDA) studies [22–25]. 5-methylchrysene,
1-methylpyrene and 7,12-dimethylbenz(a)anthracene, as confirmed toxic compounds, are being
included more and more in standard PAH analyses [26,27]. A list of 34 PAHs (18 parental PAHs
and 16 alkylated), has been recommended for toxicological screenings by the US EPA [28]. In addition
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to the 16 traditional EPA PAHs, the list of 34 PAHs includes perylene, benzo(e)pyrene and 16 groups of
C-1 to C-4 alkyl derivatives.

The determination of alkylated PAHs in complex environmental samples is problematic because
of numerous coeluting isomers [19,29]. It is not possible to separate all isomers of heavier PAHs in a
single chromatographic run on one column but two-dimensional GC-MS analysis (GC×GC-MS) could
offer a solution. GC×GC can only be fruitful if the two columns used in series are (semi-) orthogonal,
or, as chemically different from each other as possible. Therefore, an assessment of new and different
stationary phases with different separation mechanisms was needed.

This study investigates the retention behaviour of 20 parental PAHs from molecular weight
(MW) 128 to 278 g/mol and 48 alkylated PAHs on three stationary phases. The isomeric sets of
alkyl PAHs investigated here are: methyl- and dimethyl-naphthalenes (128-C1, 128-C2), methyl-
phenanthrenes and anthracenes (178-C1), methyl-fluoranthene and pyrene (202-C1), methyl- and
dimethyl- benz(a)anthracenes, benzo(c)phenanthrenes and chrysenes (228-C1, 228-C2) and methyl
benzo(a)pyrenes (252-C1).

2. Materials and Methods

Table 1 shows the characteristics of the three stationary phases that were tested in this study.
The columns SLB PAHms and SLB®-ILPAH (both from Supelco, Bellefonte, Pennsylvania, USA)
were made available by Sigma Aldrich (Zwijndrecht, The Netherlands) and the DB-5ms was bought
from Agilent, The Netherlands. The parental and alkylated-PAHs standard solutions and pure
compounds (Table 2) were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). All solvents
used (isooctane and toluene) were obtained in picograde quality from Merck Millipore (Amsterdam,
The Netherlands).

Table 1. Stationary phases and their characteristics.

GC Column Stationary Phase Dimensions
Max. temp.
(Isotherm/

Programmed) ◦C

VDB-5ms
Phenyl Arylene polymer, virtually

equivalent to
5%-phenyl-methylpolysiloxane

30 m × 0.25 mm ID
× 0.25 μm 300/320 ◦C

SLB PAHms (Supelco) Denoted as 50% phenyl
dimethylpolysiloxane

30 m × 0.25 mm ID
× 0.25 μm 350/360 ◦C

SLB®-ILPAH (Supelco)
Non-bonded,

1,12-Di(tripropylphosphonium) dodecane
bis(trifluoromethanesulfonyl)imide

20 m × 0.18 mm ID
× 0.05 μm 300/300 ◦C

All standards were gravimetrically prepared in toluene and isooctane. The working solutions
were prepared by mixing appropriate volumes from the individual stock solutions. Analyses were
performed on an Agilent 6890 gas chromatograph coupled to an Agilent 5975C inert MSD with a
Triple-Axis Detector. All injections were performed in the splitless mode (1 μL; splitless time 1.4 min)
at 275 ◦C and with MS operating in total ion current mode. The oven temperature programs were
set as follows: DB-5ms and SLB-PAH: isothermal at 90 ◦C for 10 min, then with 5 ◦C/min to 300 ◦C,
SLB®-ILPAH: isothermal at 90 ◦C for 6 min, then with 5 ◦C/min to 300 ◦C.

The temperature programs were optimised in order to compare the elution order and peak
resolution between the columns.

The SLB®-ILPAH is commercially available in dimensions different from the “standard”
dimensions (Table 1) as discussed in the Results and discussion section.
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3. Results and discussion

The retention times and the relative retention times to pyrene of all parental PAHs and alkylated
PAHs injected on the three columns are presented in Table 2. This table also shows the coelutions
of the isomers having similar mass spectra (see coloured cells). The coelutions of PAHs that are
not isomers (e.g. the coelution of 7,12-dimethylbenz(a)anthracene and benzo(b)fluoranthene or
2-methylbenzo(c)phenanthrene and benz(a)anthracene on the SLB PAHms column) were not marked
here because these compounds have different mass spectra and can be separated by the MS detector.
However, the interferences of the fragment ions of the overlapping compounds with different base
peak ions must be taken into account for accurate quantitation.

The elution order of the PAHs and the alkyl-PAHs on the phenyl arylene and the 50%
phenyl-polysiloxane stationary phases is rather similar. However, the elution order on the SLB-ILPAH
is different; these differences will be discussed below. The advantages and shortcomings of the three
studied columns are briefly summarized in Table 3.

Table 3. Chromatographic characteristics of the three columns: DB-5ms, SLB PAHms and SLB-ILPAH.

GC Columns Phenyl Arylene 50% Phenyl Polysiloxane SLB-ILPAH

Overlap > 90% 12 peaks 11 peaks 19 peaks

90% > overlap > 50% 7 peaks 2 peaks 3 peaks

Overlap < 50% 4 peaks 4 peaks 1 peak

Peak shape Good Good Good

Analysis time Long Long Shorter than on the other
two columns

Bleeding Substantial bleeding
above 260 ◦C No bleeding till 300 ◦C No bleeding till 300 ◦C

The least polar column, phenyl arylene, shows an overlap of 19 isomers at more than 50% of the
peak height and of 4 isomers at less than 50% of the peak height. Chrysene, one of the 16 EPA PAHs,
coelutes with triphenylene but the rest of the 16 EPA PAHs are totally resolved. This column showed the
best separation of dimethylnaphthalenes (Figure 1); 1,3- and 1,6-dimethylnaphthalenes were separated
on this column only. Figure 1 shows that the dimethylnaphthalenes formed a co-eluting peaks’ cluster
on the ionic liquid column while on the siloxane-based columns they were much better separated.
Figure 1 also shows that compared to the phenyl arylene column, the 50% phenyl-polysiloxane column
shows a substantially better separation of the injected isomers. Table 2 shows that on this column only
13 isomers overlapped at more than 50% of the peak height and four isomers overlapped at less than
50% of the peak height.

Figure 2A shows that chrysene and triphenylene were partly separated on the 50%
phenyl-polysiloxane column while they coeluted at the phenyl arylene column. The separation
of these isomers is comparable to the separation achieved on the Rxi-PAH column (50% phenyl
methylpolysiloxane-like phase) used for the PAHs analysis by Nalin et al. [12]. The study of
Poster et al. [8] showed that chrysene and triphenylene coelute on the comparable DB-17MS stationary
phase (50% phenyl methyl-polysiloxane-like phase), are partly resolved on the non-polar DB-XLB
column (proprietary phase) and totally resolved on the LC-50 column (dimethyl/50% liquid crystalline
phase). Figure 2A shows that chrysene and triphenylene are totally resolved on the IL column.
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Figure 1. Elution order of dimethylnaphthalenes, trimethylnaphthalene, acenaphthylene (Al),
acenaphthene (At) on phenyl arylene (1), 50% phenyl-polysiloxane (2) and SLB-ILPAH (3) stationary
phases. For abbreviations see Table 2.

Figure 2. Elution order of 228-PAHs (A) and ethyl- anthracenes and phenanthrenes and 4,5-
methylenephenanthrene (B) on phenyl arylene (1), 50% phenyl-polysiloxane (2) and SLB-ILPAH (3)
stationary phases. For abbreviations see Table 2.
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In Figure 2B we see that all isomers of methylated phenanthrenes and anthracenes were separated
on the 50% phenyl-polysiloxane column, while some of these isomers coeluted on the phenyl arylene
and on the SLB-ILPAH column. The IL column also demonstrated the different mechanism of retention;
4,5-methylenephenanthrene eluted before the methylated phenanthrenes and anthracenes (178-C1).

Figure 3 shows that the best separation of 17 methylated benz(a)anthracenes, benzo(c)phenanthrenes
and chrysenes isomers (228-C1) was achieved on the 50% phenyl-polysiloxane column; only seven
isomers coeluted at more than 90% of the peak height while the remaining 10 isomers were at least
partly resolved (Table 2). This separation was better than the separation achieved on the phenyl arylene
column, where 11 of these isomers coeluted, as well as on the SLB-ILPAH column, where 10 of these
isomers coeluted. The number of the observed coelutions might be reduced by increasing the lengths
of the tested columns, reducing the internal diameters and/or by improving the applied temperature
programs with stable temperature periods around the elution times of isomeric clusters.

Figure 3. Elution order of methyl-benz(a)anthracenes, chrysenes and benzo(c)phenanthrenes and
dimethylbenzo(c)phenanthrenes on phenyl arylene (1), 50% phenyl-polysiloxane (2) and SLB-ILPAH
(3) stationary phases. For abbreviations see Table 2.

The commercially available SLB-ILPAH column was 2/3 the length of the two other columns.
The internal diameter was 3/4 of that of the other two and the film thickness 1/5 of that of the two
other columns, which made the separation substantially faster. However, it is not possible to compare
the dimensions of the IL column to the siloxane-based columns directly because of the different
nature of an IL coating resulting in the different type of interactions between the analytes and the
stationary phase. This IL phase shows stronger retention for heavier PAHs (Table 2); the relative
retention times of the heavier PAHs on this column are higher than on the phenyl arylene and the
50% phenyl-polysiloxane columns. The SLB-ILPAH phase also showed some interesting elution
shifts: 1,12-dimethylbenzo(c)phenanthrene (228-C2) eluted before benz(a)anthracene and other PAHs
with MWs of 228 g/mol and 1-methylbenzo(c)phenanthrene (228-C1) eluted before 1-methylpyrene
(202-C1). Also, the elution order of four PAHs from the 16 EPA PAHs-group on this IL column is
different compared to the elution on the two siloxane-based columns: acenaphthylene elutes before
acenaphthene and dibenz(a,h)anthracene elutes before indeno(1,2,3-cd)perylene on the SLB-ILPAH
column. However, the overall separation of the isomers on the SLB-ILPAH phase is not as good
as on the other two phases: 22 isomers overlap at more than 50% of the peak height. A huge
advantage of this column is the total separation of chrysene from triphenylene (Figure 2A). Yet,
Figure 4 shows that the highly carcinogenic benzo(a)pyrene, another PAH belonging to the group of
the 16 EPA PAHs, coeluted with benzo(e)pyrene. Both isomers are separated on the phenyl-siloxane
column, while benzo(a)pyrene coelutes with 8,9,11-trimethylbenz(a)anthracene. Priority toxicant
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5-methylchrysene was totally separated on this column while on the other two columns it could not
be totally resolved from other isomers (Figure 3). The SLB-ILPAH column also managed to separate
1-methylbenz(a)anthracene and 4-methylchrysene; these isomers (partially) coelute on the other two
columns. It is plausible that increasing the length of this column to 30 m may somewhat improve the
observed coelutions, but it is unlikely the pattern would improve so much that it would equal that of
the other two columns.

Figure 4. Elution order of benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene
and methylbenzo(a)pyrenes on phenyl arylene (1), 50% phenyl-polysiloxane (2) and SLB-ILPAH (3)
stationary phases. For abbreviations see Table 2.

Overlap of 3-methylbenz(a)anthracene with 5-methylbenz(a)anthracene and 4-
methylbenz(a)anthracene with 6-methylbenz(a)anthracene was observed on all three columns
(Figure 3). It is worth noting that these isomers could not be separated by GC×GC-MS with different
column combinations either [29]. The DB-5 (60 m)×LC-50 (1.2 m) column combination tested
by Skoczynska et al. [29] in the analysis of the 228-C1 methylated PAHs was able to separate in
the second dimension 7-methylbenz(a)anthracene from 9-methylbenz(a)anthracene isomers, two
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compounds that coelute on the DB-5ms and the 50% phenyl-polysiloxane. Significant differences in
selectivity between the LC-50 and the Rxi-PAH (50% phenyl comparable to the SLB PAHms phase)
were shown in the study of Nalin et al. [12]. The elution pattern of methylchrysenes (228-C1) and
methylbenzo(a)pyrenes (252-C1) obtained on Rxi-PAH by Nalin et al. is similar to the pattern obtained
on the 50% phenyl-polysiloxane in this study (even though Nalin et al. analysed more isomers).
Coupling of LC-50 in the second dimension with 50% phenyl-polysiloxane in the first dimension could,
therefore, result in orthogonal separation of the coeluting isomers (e.g. 7-methylbenz(a)anthracene
from 9-methylbenz(a)anthracene). The SLB-ILPAH shows the strongest deviation in the retention
pattern due to a different type of interactions between the analytes and the stationary phase than in
the other two columns studied. Therefore, using this column together with 50% phenyl-polysiloxane
may result in orthogonal separation of different PAHs isomers in one GC×GC run. Because of the
”dual nature” of the IL columns, the coupling of a “standard” 50%-phenyl polysiloxane column with
an IL column in a GC×GC analysis will almost certainly result in an improved separation of the PAHs
isomers; a follow-up study may include the evaluation of ionic liquid stationary phases with different
polarity coupled to a 50% phenyl-polysiloxane column.

Very little tailing was observed and the peak shapes obtained on all three columns were
satisfactory (Figures 1–4). The variation in response obtained on the three columns was relatively small.

Figure 5 shows the column bleed of the three phases: the bleeding of the 50% phenyl-polysiloxane
and the SLB-ILPAH phases were comparable and several times lower than the bleeding of the phenyl
arylene “low bleed” stationary phase.

 
Figure 5. Bleeding of three columns (T max = 300): phenyl arylene (black), 50% phenyl-polysiloxane
(blue) and SLB-ILPAH (red) stationary phases.

4. Conclusion

None of the three columns tested offers a complete separation of the injected PAH and methyl-PAH
isomers. On the SLB-ILPAH column 22, isomers overlapped at more than 50% of the peak height.
The phenyl arylene column showed an overlap of 19 isomers and the 50% phenyl-polysiloxane phase
of 13 isomers. Also, none of the columns was able to totally resolve all 16 EPA PAHs. The 50%
phenyl-polysiloxane column showed the best overall resolving power and is, therefore, currently
considered the best option for the PAH and methyl-PAH analysis.

However, the SLB-ILPAH column is interesting because of a strongly deviating elution pattern,
which is due to the different type of interactions between the analytes and the stationary phase.
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That makes the ionic liquid column interesting for specific separations that cannot be obtained on one
of the other two columns or possibly on other traditional phases. A huge advantage of the ionic liquid
column is, for example, the total separation of chrysene from triphenylene. An additional advantage is
that using this ionic liquid phase, together with e.g. the 50% phenyl-polysiloxane phase, may result in
a (semi-)orthogonal separation of PAHs and methyl PAHs in one GC×GC run.

The ionic liquid SLB-ILPAH column and the high phenyl content 50% phenyl-polysiloxane column
both show better thermal stability with less bleeding compared to that of the phenyl arylene “low
bleed” column. This low bleeding is an asset for GC×GC because often, more polar columns are used,
which show higher bleeding.
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Abstract: Mass spectrometry (MS)-based precursor ion isolation, collision-induced dissociation (CID)
fragmentation, and detection using linear ion-trap multiple-stage mass spectrometry (LIT MSn) in
combination with high resolution mass spectrometry (HRMS) provides a unique tool for structural
characterization of complex mixture without chromatographic separation. This approach permits
not only separation of various lipid families and their subfamilies, but also stereoisomers, thereby,
revealing the structural details. In this report, we describe the LIT MSn approach to unveil the
structures of a 2,3-diacyl trehalose (DAT) family isolated from the cell envelope of Mycobacterium
tuberculosis, in which more than 30 molecular species, and each species consisting of up to six isomeric
structures were found. LIT MSn performed on both [M + Na]+ and [M + HCO2]− ions of DAT yield
complimentary structural information for near complete characterization of the molecules, including
the location of the fatty acyl substituents on the trehalose backbone. This latter information is based
on the findings of the differential losses of the two fatty acyl chains in the MS2 and MS3 spectra; while
the product ion spectra from higher stage LIT MSn permit confirmation of the structural assignment.

Keywords: tandem mass spectrometry; linear ion trap; glycolipid; diacyltrehalose;
Mycobacterium tuberculosis

1. Introduction

Tandem mass spectrometry is a powerful tool for structural analysis of unknown molecules.
Tandem mass spectrometry consists of several sequential events including formation and mass
selection of the precursor ions, collision induced dissociation (CID) with inert target gas for fragment
ion formation, followed by mass analysis and detection of the product-ions. For tandem mass
spectrometry with quadrupole (e.g., triple quadrupole, TSQ), sector, and hybrid Q-TOF instruments,
these processes occur sequentially in the separate regions of the instruments and the MS/MS process is
tandem-in-space. For quadrupole ion-trap (QIT) and linear ion trap (LIT) instruments, the precursor ion
selection, CID, and product-ion analysis and detection events are all executed in the ion trap in a timing
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sequence manner, and the MS/MS process is tandem-in-time [1]. Linear ion trap multiple stage tandem
mass spectrometry (LIT MSn) permits the repeat of the precursor ion selection-CID-product-ion analysis
process, and up to 10 cycles can be performed using modern commercial LIT mass spectrometers such
as Thermo LTQ Orbitrap. This instrument is also featured with an extreme high resolving power and
up to a million resolution (at m/z 200) can be reached [2].

Due to its MSn capability with high resolution, LIT/Orbitrap with MSn approach has been
widely used in the structural characterization of a wide range of biomolecules [3–7]. LIT MSn with
high resolution is also extremely useful for identification of complex lipid structures, in particular,
microbial lipid, permitting revelation of numerous isomeric molecules in lipid extracts. For example,
we demonstrated that sulfolipid II in Mycobacterium tuberculosis (M. tuberculosis) H37Rv cells is the
predominated lipid family, consisting of hundreds of molecular species rather than the sulfolipid I
family as previously reported [8,9]. LIT MSn with high resolution mass spectrometry has also been
successfully applied to delineate the structures of phosphatidylinositol mannosides (PIMs) [10,11],
and phthiocerol dimycocerosates (PDIMs) [12] in the cell envelope of M. tuberculosis. The former lipid
family is known to have played important roles in M. tuberculosis adhesins that mediate attachment
to nonphagocytic cells [13], while the latter is recently found to play role in drug resistance to
M. tuberculosis [14].

In addition to the above complex lipid families, other glycolipids found in the mycobacterial
cell wall include acylated trehaloses [15–18]. These trehalose-containing glycolipids consist of many
families [18–22], of which the 2,3-di-O-acyltrehaIose (DAT) family was previously defined as glycolipid
B. DAT is a mycobacterial factor capable of modulating host immune responses [23] and can inhibit
the proliferation of murine T cells [24]. DAT along with pentaacyl trehalose (PAT) also play an
important role in pathogenesis and a structural role in the cell envelope, promoting the intracellular
survival of the bacterium [25]. The DATs from M. tuberculosis and M. fortuitum have been shown to be
antigenic [24,26,27] and their potential use in serodiagnosis has been postulated [28,29].

Besra and coworker defined the structures of the acylated trehalose lipid family using
gas chromatography-mass spectrometry, in conjunction with normal/reversed phase TLC,
and one/two-dimensional 1H, and 13C nuclear magnetic resonance spectroscopy [21]. However,
there is no report in the detailed structural assignment of the various molecular species with many
isomeric structures for the entire lipid family.

In this report, we applied multiple stage precursor ion isolation and resonance excitation activation
to generate distinct MSn spectra to explore the structure details of the 2,3-diacyl trehalose (DAT) lipid
family found in M. tuberculosis. This study highlights the unique feature of the technique of LIT MSn

for tandem-in-time precursor ion separation that affords structural characterization of a complex lipid
family, while a similar structural analysis would be very difficult to perform utilizing the tandem mass
spectrometric approach with a sector, TSQ or QTOF instrument.

2. Materials and Methods

2.1. Materials

All solvents (spectroscopic grade) and chemicals (ACS grade) were obtained from Sigma Chemical
Co. (St. Louis, MO, USA).

2.2. Sample Preparation

M. tuberculosis strain H37Rv were grown and total lipids were extracted and isolated as previously
described [8]. Briefly, the total lipid was separated by a Phenomenex C18 Kinetex (100 × 4.6 mm,
pore size 100 Å, particle size 2.6 μm) column at a flow rate of 300 μL/min with a gradient system as
previously described [12]. DAT (eluted at 24.45–26.43 min) fraction from three injections (~200 μg total
lipid/injection) were collected and pooled, dried under a stream of nitrogen, and stored at −20 ◦C
until use.
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2.3. Mass Spectrometry

Both high-resolution (R = 100,000 at m/z 400) low-energy CID and higher collision-energy
dissociation (HCD) tandem mass spectrometric experiments were conducted on a Thermo Scientific
(San Jose, CA, USA) LTQ Orbitrap Velos mass spectrometer (MS) with Xcalibur operating system.
Samples in CH3OH were infused (1.5 μL/min; ~10 pmol/μL) to the ESI source, where the skimmer
was set at ground potential, the electrospray needle was set at 4.0 kV, and temperature of the heated
capillary was 300 ◦C. The automatic gain control of the ion trap was set to 5 × 104, with a maximum
injection time of 100 ms. Helium was used as the buffer and collision gas at a pressure of 1 × 10−3

mbar (0.75 mTorr). The MSn experiments were carried out with an optimized relative collision energy
ranging from 25–35% and with an activation q value at 0.25. The activation time was set for 10 ms to
leave a minimal residual abundance of precursor ion (around 20%). For the HCD experiments, the
collision energy was set at 50–55% and mass scanned from m/z 100 to the upper m/z value that covers
the precursor ions. The mass selection window for the precursor ions was set at 1 Da wide to admit the
monoisotopic peak to the ion-trap for collision-induced dissociation (CID) for unit resolution detection
in the ion-trap or high resolution accurate mass detection in the Orbitrap mass analyzer. Mass spectra
were accumulated in the profile mode, typically for 3–10 min for MSn spectra (n = 2,3,4).

2.4. Nomenclature

To facilitate data interpretation, the following abbreviations were adopted. The abbreviation
of the long-chain fatty acid such as the stearic acid attached to the C2 position of the trehalose
backbone is designated as 18:0. The multiple methyl-branched mycolipenic acid, for example,
the 2,4,6-trimethyl-2-tetracosenoic acid attached to the C3-position is designated as 27:1 to reflect
the fact that the acid contains a C27 acyl chain with one double bond. Therefore, the DAT species
consisting of 18:0- and 27:1-FA substituents at C2-, and C3-position, respectively, is designated as
18:0/27:1-DAT.

3. Results and Discussion

DAT formed [M + Alk]+ ions (Alk = NH4, Li, Na, etc.) in the positive ion mode; and [M + X]−

(X = Cl, RCO2; R = H, CH3, C2H5, etc.) ions in the negative-ion mode when subjected to ESI in the
presence of Alk+ and X−. For example, when dissolved in CH3OH with the presence of HCO2Na,
adduct ions in the fashions of [M + Na]+ (Figure 1) in the positive ion mode and [M + HCO2]− ions
(data not shown) in the negative ion mode were observed. The formation of these adduct ions was
revealed by the elemental composition of the molecular species deduced by high resolution mass
spectrometry (Table 1). Upon being subject to CID in a linear ion-trap, the MSn (n = 2,3,4) spectra of
both the [M + Na]+ and [M + HCO2]− ions contain rich structural information readily applicable for
structural identification.
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Table 1. The high resolution mass measurements of the [M + Na]+ ions of DATs isolated from M.
tuberculosis and the assigned structues (* structure not defined).

Measured
m/z

Theo.
Mass m/z

Deviation
mmu

Rel.
Intensity %

Ele.
Composition

Major
structures

Minor structures

935.6436 935.6430 0.55 3.42 C51H92O13Na 14:1/25:1 12:1/27:1

937.6594 937.6587 0.73 4.34 C51H94O13Na 14:0/25:1 12:0/27:1; 16:1/23:0;
15:1/24:0; 13:0/26:1

939.6747 939.6743 0.37 1.48 C51H96O13Na *
949.6585 949.6587 −0.19 6.58 C52H94O13Na 16:1/24:1

951.6742 951.6743 −0.15 20.8 C52H96O13Na 16:1/24:0
16:0/24:1; 15:0/25:1;
17:1/23:0; 14:0/26:1;

13:0/27:1
953.6898 953.6900 −0.12 18.49 C52H98O13Na 16:0/24:0
961.6587 961.6587 0.01 4.31 C53H94O13Na *

963.6743 963.6743 −0.05 44.16 C53H96O13Na 16:1/25:1;
14:1/27:1

965.6898 965.6900 −0.12 50.07 C53H98O13Na 16:0/25:1 14:0/27:1; 18:0/23:1

967.7054 967.7056 −0.22 12.26 C53H100O13Na 18:0/23:0;
17:0/24:0 16:0/25:0

975.6740 975.6743 −0.3 3.03 C54H96O13Na *
977.6899 977.6900 −0.06 25.16 C54H98O13Na 16:1/26:1

979.7056 979.7056 −0.06 54.48 C54H100O13Na 18:0/24:1;
18:1/24:0

16:0/26:1; 17:0/25:1;
16:1/26:0; 15:0/27:1

981.7211 981.7213 −0.15 62.62 C54H102O13Na 18:0/24:0 17:0/25:0; 16:0/26:0
989.6898 989.6900 −0.17 18.03 C55H98O13Na 16:1/27:2

991.7054 991.7056 −0.2 100 C55H100O13Na 16:1/27:1 18:1/25:1; 16:0/27:2;
17:0/26:2

993.7210 993.7213 −0.29 95.91 C55H102O13Na 16:0/27:1 18:0/25:1; 17:0/26:1

1005.7211 1005.7213 −0.2 34.31 C56H102O13Na 16:1/28:1;
17:1/27:1

17:0/27:2; 18:1/26:1;
18:0/26:2

1007.7366 1007.7369 −0.31 51.54 C56H104O13Na 17:0/27:1 16:0/28:1; 18:0/26:1;
19:0/25:1; 16:1/28:0

1009.7518 1009.7526 −0.75 7.65 C56H106O13Na 18:0/26:0 20:0/24:0
1017.7209 1017.7213 −0.38 11.79 C57H102O13Na 18:1/27:2
1019.7367 1019.7369 −0.25 52.39 C57H104O13Na 18:1/27:1 18:0/27:2; 17:1/28:1
1021.7522 1021.7526 −0.37 92.1 C57H106O13Na 18:0/27:1 17:0/28:1

1033.7521 1033.7526 −0.47 10.49 C58H106O13Na 18:1/28:1 19:0/27:2; 19:1/27:1;
18:0/28:2; 19:0/27:2

1035.7678 1035.7682 −0.45 13.33 C58H108O13Na 19:0/27:1;
18:0/28:1 18:1/28:0; 17:0/29:1

1047.7677 1047.7682 −0.5 2.56 C59H108O13Na 18:0/28:2

1049.7835 1049.7839 −0.31 5.47 C59H110O13Na 19:0/28:1 20:0/27:1; 18:0/29:1;
17:0/30:1

1061.7837 1061.7839 −0.19 1.63 C60H110O13Na 18:1/30:1
1063.7991 1063.7995 −0.38 1.83 C60H112O13Na 18:0/30:1
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Figure 1. The positive-ion ESI mass spectrum of the [M + Na]+ ions of the DAT species isolated from
cell envelope of M. tuberculosis.

3.1. The Fragmentation Processes of the [M + Na]+ Ions of DAT Revealed by LIT MSn

The utility in the performance of sequential precursor ion separation, CID, and acquiring MSn

spectra of LIT MSn mass spectrometry permits insight into not only the fragmentation processes,
but also the structural details of the molecules. For example, the LIT MS2 spectrum of the [M + Na]+

ions of 18:0/27:1-DAT at m/z 1021 contained the dominated ions of m/z 859 (Figure 2a) arising
from loss of glucose residue, along with the ion set at m/z 737 and 613, arising from losses of 18:0-,
and 27:1-fatty acid substituents, respectively (Scheme 1). The ions of m/z 859 represent the sodiated
diacylglucose with both the 18:0-, and 27:1-fatty acyl substituents. This notion is further supported by
the MS3 spectrum of the ions of m/z 859 (1021 → 859, Figure 2b) which contained ions of m/z 575
(859 – 284) and 451 (859 – 408), arising from losses of 18:0-, and 27:1-fatty acid substituents, respectively.
The results also suggest that the Na+ charge site most likely resides at the glucose ring with the two
acyl groups (Glc 1). In contrast, the MS2 spectrum of the [M + Na]+ ions of the 6,6′-dioleoyltrehalose
standard [30] at m/z 893 forms abundant ions at m/z 467, representing the sodiated oleoylglucose
(data not shown), consistent with the fact that the 18:1 fatty acyl substituents in the 18:1/18:1-DAT
are located on the separate Glc (i.e., Glc1 and Glc 2). Further dissociation of the ions of m/z 737
(1013 → 737, Figure 2c) gave rise to the prominent ions of m/z 329 by loss of 27:1-fatty acid substituent,
and m/z 575, arising from loss of glucose residue (Glc 2), together with m/z 431 representing a sodiated
ion of 27:1-FA. These results further support the fragmentation processes as proposed in Scheme 1.
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Figure 2. The LIT MS2 spectrum of the [M + Na]+ ion of 18:0/27:1-DAT at m/z 1021 (a), its MS3 spectra
of the ions of m/z 859 (1021 → 859) (b), and of m/z 737 (1021 → 737) (c); and its MS4 spectra of the
ions of m/z 575 (1021 → 859 → 575) (d), and of m/z 451 (1021 → 859 → 451) (e).
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Scheme 1. The structure of [M + Na]+ ion of 18:0/27:1-DAT at m/z 1021 and proposed LIT MSn

fragmentation processes*. * All the ions represent the sodiated species. To simplify, the drawing of
“Na+” is omitted from the scheme.

The formation of the ions of m/z 575 from m/z 859 by loss of 18:0-FA residue at C2 may involve
the participation of the hydrogen atom at C1 to form an enol, which undergoes enol-keto tautomerism
to yield a stable sodiated ion of monoacyl (27:1) glucose as the keto form (Scheme 1). This fragmentation
processes are further supported by MS4 on the ions of m/z 575 (1013 → 859 → 575, Figure 2d), which
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yielded ions of m/z 545, 515, and 475, likely arising from the across cleavages of the glucose ring,
suggesting that the 27:1-fatty acyl substituent is located at C3 (Scheme 1).

Similarly, MS4 on the ion of m/z 451 (1013 → 859 → 451, Figure 2e) gave rise to ions of m/z
421, 391, and 361 arising from the similar rupture of the glucose ring, indicating that the 18:0-fatty
acyl substituent is most likely located at C2 of the glucose ring. The preliminary loss of the 27:1-FA
substituent may involve the participation of the adjacent hydrogen at C4 of Glc 1 to form an enol,
which sequentially rearranges to keto form via the similar enol-keto tautomerism mechanism.

The preferential formation of the ions of m/z 575 from loss of the 18:0-FA substituent over the
ions of m/z 451 from similar loss of the 27:1-FA as seen in Figure 2a is readily applicable for locating
the FA substituents on the trehalose backbone.

3.2. LIT MSn on the [M + Na]+ Ions of DAT for Stereoisomer Recognition

To define the structures of DAT species with many isomeric structures using LIT MSn is
exemplified by characterization of the [M + Na]+ ions of m/z 979, which gave rise to the prominent
ions at m/z 817 (Figure 3a) arising from loss of glucose. Further dissociation of the ions of m/z 817
(979 → 817; Figure 3b) yielded the ion pairs of m/z 533/451, arising from losses of 18:0/24:1 fatty acid
substituents, indicating that the these two acyl groups are situated at Glc 1, giving assignment of the
18:0/24:1-DAT structure. The spectrum also contained the m/z 535/449, 561/423, 547/437, 563/421,
575/409 ion pairs, arising from losses of 18:1/24:0, 16:0/26:1, 17:0/25:1, 16:1/26:0, and 15:0/27:1 FA
pairs, respectively. The results indicate the presence of the 18:1/24:0-, 16:0/26:1-, 17:0/25:1-, 16:1/26:0-,
and 15:0/27:1-DAT isomers. The above structure assignments were further confirmed by the MS3

and MS4 spectra. For example, the MS3 spectrum of the ions of m/z 697 (979 → 697; Figure 3c) from
primary loss of a 18:1-FA residue at C2 (Figure 3a) gave the abundant ions of m/z 535 (loss of Glc 2),
along with ions of m/z 329 arising from loss of 24:0-FA substituent, and of m/z 391, representing a
sodiated 24:0-FA cation. The results confirm the presence of 18:1/24:0-DAT. The MS4 spectrum of the
ions of m/z 535 (979 → 817 → 535; Figure 3d) contained ions of m/z 517 (loss of H2O) and 505, 475,
445 arising from cleavages of the sugar ring similar to that shown in Scheme 1, along with ions of m/z
167 from loss of 24:0-FA, pointing to notion that the 24:0-FA is located at C3.

The MS3 spectrum of the ions of m/z 695 (979 → 695; Figure 3e) contained the ions of m/z 533
and 329 arising from further losses of Glc and 24:1-FA residues (Figure 3a), respectively. The MS4

spectrum of the ions of m/z 533 (979 → 817 → 533; data not shown) gave ions of m/z 503, 473, and 443
from the similar fragmentation processes that cleave the sugar ring (Scheme 1), confirming that the
24:1-FA substituent is located at C3. The results led to assign the 18:0/24:1-DAT structure. Using this
LIT MSn approach, a total of six isomeric structures were identified.

3.3. The Fragmentation Processes of the [M + HCO2]− Ions of DAT Revealed by LIT MSn

In the negative-ion mode in the presence of HCO2
−, 18:0/27:1-DAT formed [M + HCO2]− ions of

m/z 1043, which gave rise to the prominent ions of m/z 997 by loss of HCO2H, along with ions of m/z
713 and 589 by further losses of 18:0- and 27:1-FA substituents, respectively (Figure 4a) (Scheme 2).
This fragmentation process is further supported by the MS3 spectrum of the ions of m/z 997 (1043
→ 997, Figure 4b), which are equivalent to the [M − H]− ions of 18:0/27:1-DAT. The ions of m/z 731
(Figure 4a) arising from loss of 18:0-FA as a ketene is more prominent than the ions of m/z 607 arising
from analogous 27:1-ketene loss. This preferential formation of m/z 731 corresponding to loss of the
FA-ketene at C2 over ions of m/z 607 from the FA-ketene loss at C3 was seen in all the MS2 spectra
of the [M + HCO2]− ions of DAT, providing useful information for distinction of the FA substituents
at C2 and C3. The ketene loss process probably involves the participation of HCO2

−, which attracts
the labile α-hydrogen on the fatty acid group to eliminate FA-ketene and HCO2H simultaneously
(Scheme 2). Therefore, the low abundance of the ions of m/z 607 arising from loss of the FA-ketene at
C3 may reflect the fact that the 27:1-FA substituent at C3 contains an α-methyl side chain [19,21,22,31],
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and does not contain labile α-hydrogen required for ketene loss. This is in contrast to the 18:0-FA
substituent at C2, which possesses two α-hydrogens (Scheme 2).

Figure 3. The MS2 spectrum of the [M + Na]+ ions of m/z 979 (a), its MS3 spectra of the ions of m/z
817 (979 → 817)) (b), of m/z 697 (979 → 697) (c), its MS4 spectrum of the ions of m/z 535 (979 → 817
→ 535) (d); and the MS3 spectrum of the ions of m/z 695 (979 → 695) (e).

 

Figure 4. The negative-ion MS2 spectrum of the [M + HCO2]− ions of 18:0/27:1-DAT at m/z 1043 (a),
its MS3 spectrum of the ions of m/z 997 (1043 → 997) (b).
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Scheme 2. The proposed LIT MSn fragmentation processes of the [M + HCO2]− ions of 18:0/27:1-DAT
at m/z 1043.

The ions at m/z 731 and 607 arising from losses of 18:0-ketene and 27:1-ketene, respectively, are
absent in Figure 4b. This is consistent with the notion that the ketene loss requires the participation of
HCO2

−. The ketene loss pathway becomes not operative after the [M − H]− ions are formed from
[M + HCO2]− by loss of HCO2H.

The spectrum (Figure 4b) also contained the prominent ions of m/z 407, representing 27:1-fatty
acid carboxylic anions, and the ions of m/z 283 representing 18:0-FA carboxylate anions, along with
ions of m/z 305 arising from losses of both 18:0- and 27:1-FA substituents. The preferential formation
of the ions of m/z 407 (at C3) over m/z 283 (at C2) is also a reflection of the location of the fatty acid
substituents on the Glc ring, leading to the assignment of 18:0/27:1-DAT structure.

3.4. Recognition of Stereoisomers Applying LIT MSn on the [M + HCO2]− Ions

Similarly, the MS2 spectrum of the ions of m/z 1001 is dominated by the ions of m/z 955 from loss
of HCO2H (Figure 5a). The MS3 spectrum of the ions of m/z 955 (1001 → 955) (Figure 5b) contained
ions at m/z 701, 699, 685, 673, 671, 589, 587, 575, 561, 559, similar to those seen in Figure 5a, consistent
with the consecutive dissociation processes of the [M − H]− ions that eliminate the FA substituents.
These ions arose from losses of 16:1-, 16:0-, 17:0-, 18:1-, 18:0-, 24:1-, 24:0-, 25:0-, 26:1, and 26:0-fatty
acid substituents, respectively. The spectrum also contained the major m/z 283/365, 281/367 ion
pairs, together with the minor ion pairs of m/z 255/393, 253/395, 269/379, 241/407. These structural
information led to assignment of the major 18:0/24:1-, and 18:1/24:0-DAT isomers, together with the
16:0/26:1-, 16:1/26:0-, 17:0/25:1, and 15:0/27:1-DAT minor isomers. It should be noted that the absence
of ions at m/z 241, 253, 255, and 269 representing 15:0-, 16:1-, 16:0-, and 17:0-carboxylate anions,
respectively, in Figure 5b, are attributable to the low mass cutoff nature of an ion-trap instrument.
In contrast, these ions are abundant in the HCD production ion spectrum (data not shown), similar to
that obtained by a triple quadrupole instrument [32]. The location of the fatty acid substituent position
on the glucose skeleton is again confirmed by observation of the ions corresponding to loss of the fatty
acid substituents as ketenes. For example, ions at m/z 691 and 689 (Figure 5a) derived from losses of
(HCO2H + 18:1-ketene) and (HCO2H + 18:0-ketene), respectively, pointing to the notion that both 18:1-
and 18:0-FA are situated at C2 of the 18:1/24:0-, and 18:0/24:1-DAT isomers, respectively. The assigned
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structure of 18:0/24:1-DAT, for example, is further confirmed by MS4 on the ions of m/z 671 (1001 →
955 → 671) (Figure 5c), which formed ions of m/z 365, representing a 24:1-carboxylate anion, and ions
of m/z 323 and 305 arising from further loss of 24:1-FA substituent as ketene and FA, respectively.

 

Figure 5. The negative-ion MS2 spectrum of the [M + HCO2]− ions of m/z 1001 (a), its MS3 spectrum
of the ions of m/z 955 (1001 → 955) (b), and the MS4 spectrum of the ions of m/z 671 (1001 → 955 →
671) (c).

3.5. Characterization of Minor Species Applying LIT MSn on the [M + HCO2]− Ions

Applying multiple-stage mass spectrometry (LIT MSn) for consecutive ion separation followed
by CID mass spectrometry is particularly useful for characterization of minor DAT species as
[M + HCO2]− ions. For example, the MS2 spectrum of the [M + HCO2]− ion of the minor DAT
at m/z 989 (Figure 6a) gave a major [M − H]− fragment ions at m/z 943, but the spectrum also
contained many unrelated fragment ions (e.g., ions of m/z 957, 930, 921, and 905) that complicate the
structural identification. These fragment ions may arise from the adjacent precursor ions admitted
together with the desired DAT ions for CID, due to that the precursor ion selection window (1 Da)
cannot sufficiently isolate the isobaric ions (the mass selection window and injection time govern the
total ions admitted to the trap for CID and >1 Da mass selection window is often required to maintain
the sensitivity). Thus, fragment ions unrelated to the targeted molecule were formed simultaneously
and complicating the structure analysis. However, the MS3 spectrum of m/z 943 (Figure 6b) contained
only the fragment ions related to the DAT species, due to that the [M − H]− ions still retain the
complete structure but have been further segregated, and fragment ions unrelated to the structure
have been filtrated by another stage (MS3) isolation. In this context, the MS4 spectrum of the ions of
m/z 589 (989 → 943 → 589; Figure 6c), which were further “purified”, becomes even more specific,
due to that only the fragment ions from DAT that consists of 23:0-FA substituent at C3 were subjected
to further CID. Thus, the spectrum only contained ions of m/z 283, representing a 18:0-carboxylate
anion, along with ions at m/z 323 and 305, representing the dehydrated trehalose anions. These results
led to specifically define the 18:0/23:0-DAT structure. The spectrum (Figure 6b) also contained the
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m/z 269/367 and 255/381 ion pairs, representing the 17:0/24:0-, 16:0/25:0-FA carboxylate anion
pairs, together with ions of m/z 687/561 and 673/575 ion pairs, arising from losses of 17:0/24:0-,
16:0/25:0-FA substituents, respectively. These results readily led to the assignment of 17:0/24:0- and
16:0/25:0-DAT isomeric structures.

Figure 6. The negative-ion MS2 spectrum of the [M + HCO2]− ions of DAT at m/z 989 (a), its MS3

spectrum of the ions of m/z 943 (989 → 943) (b), MS4 spectrum of the ions of m/z 589 (989 → 943 →
589) (c). The ions of m/z 989 are minor species and its MS2 spectrum contains several ions (shown in
red in (a)) unrelated to the structure, but have been filtrated from higher stage MSn, as shown in (b)
(MS3) and (c) (MS4).

4. Conclusions

Sequential precursor ion isolation applying multiple-stage mass spectrometry (LIT MSn) adds
another dimension of separation in the analysis, providing a powerful tool for structural identification
of various compounds. Thereby, many isomeric structures of the molecule can be unveiled in a very
short period of time. By contrast, using the conventional chromatographic separation combined
with a TSQ or QTOF instrument, the consecutive precursor ion isolation by MS is not achievable,
and the species separation can only rely on column separation. Thus, complete separation of a
complex lipid mixture with a wide range of molecular species and many isomeric structures is often
difficult. Compound separation by chromatographic means also requires significantly more times [33],
as compared to the LIT MSn approach, by which the separation-CID-detection process can be completed
within a very short period of time.

LIT MSn permits ion isolation in the time sequence manner, and the separation of ions is flexible
(i.e., the types of ions selected and the mass selection window of precursor ions). The selected ions
become more specific, and the MSn spectrum provides more structurally specific information as
the MSn stage advances, therefore, resulting in a confident and detailed structural identification.
The structures of minute ion species that are often difficult to define by other analytical method can
also be assigned (Table 1). However, the sensitivity declines as the higher order of MSn stage proceeds.
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Other drawback includes that a complete structural information is not necessary extractable by MSn.
For example, the positions of the double bond and methyl side chain of the fatty acid substituents at
C3 have not been defined in this study.

The LIT MSn approach as described here affords near complete structural characterization of a
complex DAT lipid family, locating the fatty acyl groups on the trehalose backbone, and recognizing
many isomeric structures. A LIT MSn approach combined with chemical reaction modification [9,34]
for locating the functional groups including the methyl, hydroxyl, and the double bond on the fatty
acid substituents are currently in progress in our laboratory.
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Abstract: Antibody-drug conjugates (ADCs) are promising state-of-the-art biopharmaceutical drugs
for selective drug-delivery applications and the treatment of diseases such as cancer. The idea behind
the ADC technology is remarkable as it combines the highly selective targeting capacity of monoclonal
antibodies with the cancer-killing ability of potent cytotoxic agents. The continuous development
of improved ADCs requires systematic studies on the nature and effects of warhead modification.
Recently, we focused on the hydrophilic modification of monomethyl auristatin E (MMAE), the most
widely used cytotoxic agent in current clinical trial ADCs. Herein, we report on the use of micellar
electrokinetic chromatography (MEKC) for studying the hydrophobic character of modified MMAE
derivatives. Our data reveal a connection between the hydrophobicity of the modified warheads as
free molecules and their cytotoxic activity. In addition, MMAE-trastuzumab ADCs were constructed
and evaluated in preliminary cytotoxic assays.

Keywords: antibody-drug conjugate; biopharmaceutical; cytotoxicity; hydrophobicity; micellar
electrokinetic chromatography

1. Introduction

Natural science has witnessed many breakthroughs during the past decades. The new biological
insights gained, the improved biochemical protocols and analytical tools developed, and the constant
advances in chemical reaction technologies have paved the way for exciting and multidisciplinary
research fields such as the field of antibody-drug conjugates (ADCs). ADCs are modern drug-delivery
molecules that combine the selective targeting capabilities of monoclonal antibodies (mab) with the
potent cytotoxicity displayed by toxic organic compounds [1,2]. The interest toward ADCs and
the investments in ADC research have increased exponentially in recent years as a result of the
U.S. Food and Drug Administration (FDA) approval of brentuximab vedotin (Adcetris®) in 2011
(for relapsed cases of Hodgkin’s lymphoma and anaplastic large cell lymphoma) [3], trastuzumab
emtansine (Kadcyla®) in 2013 (for human epidermal growth factor receptor 2 -positive metastatic
breast cancer) [4], gemtuzumab ozogamicin (Mylotarg®) in 2017 (for acute myeloid leukemia) [5], and
inotuzumab ozogamicin (Besponsa®) in 2017 (for acute lymphoblastic leukemia) [6].

The development of modern ADCs requires systematic research on antibodies, bioconjugation
technologies, as well as information on the properties of the payload molecules and the characteristics
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of the end products. Recently, hydrophilic derivatization of payload molecules was reported to have
beneficial effects on the overall properties of the ADCs, for example, on the therapeutic index and the
pharmacokinetics [7,8]. In line with the current research trends, we developed an alternative strategy
for increasing the hydrophilicity of the cytotoxic agents based on the incorporation of carbohydrates
and we constructed a limited set of monomethyl auristatin E (MMAE)-carbohydrate hybrids [9].

MMAE (see the structure displayed in Figure 1) is an antineoplastic and antimitotic drug that
appears as the cytotoxic agent in at least sixteen ADCs which have progressed to clinical trials [10,11].
Among these is the ADC brentuximab vedotin, which is used in the treatment of relapsed cases of
Hodgkin’s lymphoma and anaplastic large cell lymphoma [3]. On a more general level, MMAE and
other auristatins have become important cytotoxic agents for ADC development since they tolerate
covalent structural modifications without substantial loss of cytotoxic activity. While this is beneficial,
the hydrophobic nature of MMAE and especially current MMAE-linker conjugates is sub-optimal
for the development of ADCs with high drug-to-antibody ratios. This is because the attachment of
multiple drug-linker moieties of this kind may lead to devastating effects on the biocompatibility
and pharmaceutical efficacy of the end products. These problems are reflected in the design of
current ADCs where focus is placed on low drug-to-antibody ratios, typically in the range of 2–4.
In addition, multi-drug resistant cancer cells tend to overexpress efflux pump proteins capable of
removing hydrophobic cytotoxic agents from the intracellular environment, thus further diminishing
their potential [12]. The incorporation of hydrophilic moieties in the cytotoxic agents or the payload
molecules has been identified as a valid strategy for overcoming these challenges and circumventing
issues related to unwanted aggregation and clearance of ADCs [13]. To date, hydrophilic linkers based
on polyethylene glycol (PEG) [7], the sulfonate group [8], and carbohydrates [9] have been reported.
We have previously focused on the inclusion of hydrophilic carbohydrates in the linker species and the
cytotoxic agent due to their biocompatibility, pre-existing degradation routes, further derivatization
possibilities, and, just as important, low cost.

 
Figure 1. Chemical structures of the cytotoxic agents studied: from the left; monomethyl auristatin E
(MMAE), 1 (β-d-glucuronyl-monomethylauristatin E, MMAU), and 2 (MMAE-glycolinker-substrate).

A thorough investigation of the change in the hydrophobic character was not included in
the previous studies, even though it is important in understanding the nature of the modified
molecules and the effects of the chosen strategy. Therefore, we continue our studies in this work
by determining the relative hydrophobicities of MMAE and representatives of our own modified
auristatins, namely, β-d-glucuronyl-monomethylauristatin E (MMAU, compound 1 in Figure 1) and
an MMAE-glycolinker-substrate (compound 2 in Figure 1), by micellar electrokinetic chromatography
(MEKC) using sodium dodecyl sulfate and sodium cholate as surfactants. Furthermore, cytotoxic
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assays reveal an obvious connection between the hydrophobic properties of the warhead molecules
and their corresponding cytotoxicity. Due to the mechanism by which ADCs function (internalization
followed by the release of the cytotoxic agent), it was important to analyze the cytotoxic profiles
of eventual end products in addition to those of the free warhead molecules. As a result,
trastuzumab-auristatin derivatives, which can be used to treat HER2-positive breast cancer patients,
were constructed and their cytotoxicities were screened.

2. Materials and Methods

2.1. Chemicals

Reagents and solvents were purchased from commercial sources. Reactions solvents were dried
and distilled prior to use when necessary. All reactions containing moisture- and/or air-sensitive
reagents were carried out under argon atmosphere.

2.2. Capillary Electrophoresis

A Hewlett Packard 3DCE (Agilent, Waldbronn, Germany) instrument was used for all capillary
electrophoresis (CE) runs. Uncoated fused silica capillary (length 30/38.5 cm) was obtained from
Polymicro Technologies (Phoenix, AZ, USA) and the inner and outer diameters of the capillary
were 50 μm and 375 μm, respectively. The separation voltage was 25 kV and the capillary cassette
temperature was kept constant at 25 ◦C. Samples were injected at 10 mbar for 10 s. Thiourea (0.5
or 0.2 mM) was used as an electroosmotic flow (EOF) marker and 10 mM (ionic strength) sodium
phosphate buffer at pH 7.4 was used as the background electrolyte (BGE) solution for CE runs. In
MEKC studies, the surfactants were dispersed in the same BGE solution. New capillaries were
preconditioned by rinsing for 15 min with 0.1 M sodium hydroxide, 15 min with water, and for 2–5 min
with the CE or MEKC BGE solution. All runs were repeated at least five times.

2.3. Calculations of Retention Factors and Distribution Constants

The retention factor (k) in chromatography is a description of the time the sample component
resides in the stationary phase (or pseudostationary phase, PSP) relative to the time it resides in
the mobile phase. The expression states how much longer a sample component is retarded by the
stationary phase than it would take to travel through the column or capillary with the velocity of the
mobile phase. In the case of CE techniques, the stationary phase is either stationary as in capillary
electrochromatography or pseudostationary as in electrokinetic capillary chromatography. The velocity
of the mobile phase is based on the velocity of the EOF; however, external pressure assistance is also
possible. In this work we used the EKC mode and here the retention factor describes the molar ratio of
an analyte in a PSP and in an aqueous mobile phase, that is, ( nPSP

naq
). From this expression it is obvious

that the retention factor in EKC is dependent on the PSP concentration. In MEKC the retention factor
can be calculated using Equation 1, when the effective electrophoretic mobility of the analyte under
MEKC (μMEKC) and CE conditions (μ0) is known, as well as the effective electrophoretic mobility of
the micelles (μPSP):

k =
uMEKC − u0

uPSP − uMEKC
. (1)

An iteration procedure employing a homologous series of alkylbenzoates was used for estimating
the μPSP, as previously reported [14,15]. The resulting values for 20 mM sodium dodecylsulfate (SDS)
and for 20 mM SDS mixed with 40 mM sodium cholate (SC) (hereafter called 20/40 mM SDS/SC) were
−4.32E-08 and −4.06E-08 m2·V−1s−1, respectively.
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The distribution constant (KD) is the molar concentration ratio of an analyte between a
pseudostationary phase and an aqueous phase and it can be calculated for systems with known
phase ratios (φ) using Equation (2):

KD =
k
φ

(2)

The phase ratio is the volume ratio of the pseudostationary phase and the aqueous phase in the
fused silica capillary and it can be calculated from Equation (3):

φ =
VPSP
Vaq

=
νspec, vol ·M·(cPSP − CMC)

1 −
(

νspec, vol ·M·(cPSP − CMC)
) , (3)

where VPSP and Vaq are the volumes of the pseudostationary phase and the aqueous phase in the
capillary, respectively, νspec,vol is the partial specific volume, M is the molar mass, CPSP is the total
concentration of the surfactants, and CMC is the critical micelle concentration of the surfactants. The
partial specific volumes of SDS and SC in phosphate buffer at pH 7.4 (I = 10 mM) were approximated
to be close to the value in water at 25 ◦C and therefore values of 0.853 mL·g−1 and 0.749 mL·g−1,
respectively, were used [16,17]. The partial specific volumes of the SDS/SC mixed micelles were
estimated based on the used surfactant concentration ratios.

2.4. Determination of the Critical Micelle Concentration

For the phase ratio calculation, the surfactant CMCs in sodium phosphate buffer
(pH 7.4, I = 10 mM) were determined with an optical contact angle meter using the pendant drop
method (CAM 200 Optical Contact Angle Meter, Biolin Scientific, Espoo, Finland). Surface tensions of
the surfactant solutions at different concentrations were determined by taking images of the pendant
drops (4 drops/concentration, 20 frames/drop) with a CCD Video camera module and fitting a
Young–Laplace equation to the frames using an Attension Theta Software (ver. 4.1.0. Biolin Scientific,
Espoo, Finland). All measurements were repeated three times. The resulting CMCs for SDS and for
the 20/40 SDS/SC mixture were 5.08 ± 0.24 and 6.00 ± 0.38 mM, respectively.

2.5. Preparation of Drug-Linker Compounds and Antibody-Drug Conjugates

MMAU and ε-maleimidocaproyl-L-valine-L-citrulline-paraaminobenzyloxycarbonyl-paranitrophenyl
(MC-Val-Cit-PABC-pNP) were prepared as described previously [18]. Interchain disulphide bridges of
trastuzumab (Herceptin®, Roche, Espoo, Finland) were reduced with tris(2-carboxyethyl)phosphine (TCEP)
and antibody drug-conjugates (ADCs) were synthesized by incubating 0.1 mM TCEP-reduced antibody
with 50× molar excess of either MC-Val-Cit-PABC-MMAU or MC-Val-Cit-PABC-MMAE drug-linker
compound as described by Satomaa et al. [18]. Non-conjugated drug-linkers were removed by repeated
additions of formulation buffer (i.e., 5% mannitol-0.1% Tween-PBS) and centrifugation through Amicon
Ultracel 30 K centrifugal filter (Merck KGaA, Darmstadt, Germany). In order to characterize the compounds,
30 μg of each ADC was digested with FabRICATOR enzyme (Genovis, Lund, Sweden) and analyzed with
MALDI-TOF mass spectrometry using sinapinic acid matrix. After this, the drug-to-antibody ratios were
calculated based on the observed relative intensities of the light chain fragments (LC) at m/z 24926 (LC +
MMAU), Fab heavy chain fragments (Fab-HC) at m/z 29854 (Fab-HC + 3 MMAU), and Fc heavy chain
fragments (Fc) at m/z 25227, 25389, and 25551 for differentially galactosylated fragments G0F-Fc, G1F-Fc,
and G2F-Fc, respectively [18]. Both ADCs were similarly analyzed and found to have a drug-to-antibody
ratio of 8.

2.6. Cytotoxicity Assay

In vitro cytotoxicity of the free payloads and ADCs was assayed similarly as described before [9].
Briefly, a human ovarian cancer cell line SKOV-3 (ATCC, Manassas, VA, USA) was seeded in cell
culture medium onto 96-well plates and incubated overnight in a cell incubator. Dilution series of
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free payloads and antibody-drug conjugates were applied to the cells in three parallel wells and the
incubation was continued for 72 h. The viability of the cells was determined with PrestoBlue cell
viability reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The reagent was incubated with cells for 2–2.5 h and the absorbance was measured at 570 nm and
600 nm. IC50 values were determined using curve fitting by nonlinear regression as the concentration
of the drug that causes 50% inhibition of cell viability compared to maximum inhibition.

3. Results and Discussion

3.1. Micellar Electrokinetic Chromatography

The hydrophobic character of the cytotoxic agents displayed in Figure 1 was assessed using MEKC.
The technique is excellent for the separation of charged and neutral compounds, and particularly
for assessing the hydrophobicity of analytes. In MEKC the fused silica separation capillary is filled
with amphiphilic surfactants, which are able to coalesce to form micelles at concentrations exceeding
the critical micelle concentration [19–22]. Generally, liposomes and micelles are accepted models
for interpreting the interactions between molecules and lipid bilayers, and therefore studying the
interaction of the payload molecules in this system creates a simplified model for studying the
interactions of the liberated drugs with cellular membranes. This is undoubtedly an important factor
for antibody-drug conjugates as a whole. Therefore, the results of the MEKC studies generate more
information than theoretically calculated partitioning coefficients or distribution constants (i.e., logP or
logD values), especially from a biological perspective.

To evaluate the hydrophobicity of the cytotoxic agents MMAE, 1, and 2 (see Figure 1), the retention
factors (k) and, moreover, the distribution constants (KD) of the compounds were determined using
negatively charged, highly hydrophobic SDS micelles, and a mixture of SDS and less hydrophobic
SC micelles as pseudostationary phase in MEKC. Since the distribution constant of a compound
in electrokinetic chromatography illustrates the strength of interaction between the compound and
the pseudostationary phase, the value directly reflects the hydrophobicity of the compound; the
higher the interaction, the higher is the distribution constant, and consequently, the higher is the
hydrophobicity of the compound. The distribution constants, and the logarithm of the distribution
constants, of the compounds using 20 mM SDS and 20/40 mM SDS/SC dispersions were calculated
using Equations (1)–(3) (in the experimental section) and the values are shown in Figure 2. The
corresponding electropherograms are shown in Figure 3.

SDS is the most frequently used surfactant in MEKC, and therefore the hydrophobicity of the
auristatins was initially assessed using solely SDS micelles. From the experimental data it was obvious
that the attachment of carbohydrates containing hydrophilic functional groups to MMAE decreased
the hydrophobicity of the parent molecule in the order of MMAE > 2 > 1. In more detail, the KD

value decreased by 13% when the N-terminal of MMAE was modified by reductive amination with
6-deoxy-6-azido-D-galactose to give compound 2, whereas the decrease was 36% when the benzylic
hydroxyl group in the norephedrine residue was modified by glycosylation with glucuronic acid to
give compound 1. The distribution constants, that is, the relative hydrophobicity of the cytotoxic
agents, are logical. The modification of the N-terminal of MMAE, which gives rise to 2, adds a
hydrophilic tail to the molecule containing four hydroxyl groups. Surprisingly, this modification
does not significantly alter the hydrophobic character of MMAE. The attachment of a glucuronic
acid to the benzylic hydroxyl group of MMAE resulting in 1 is associated with a greater increase
in hydrophilic character, especially compared to 1. This is logical since glucuronic acid contains a
carboxylic acid functionality in addition to the hydroxyl groups. A 36% decrease in the distribution
constant is considerable, especially since the structural variations between 1 and 2 are relatively small.
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Figure 2. Distribution constants (displayed in 2A) and the logarithm of distribution constants
(displayed in 2B) (including error bars) of MMAE, 1, and 2 by micellar electrokinetic chromatography
(MEKC). Amounts of 20 mM sodium dodecyl sulfate (SDS) and 20 mM SDS mixed with 40 mM sodium
cholate (SC) in sodium phosphate buffer (pH 7.4, I = 10 mM) were used as pseudostationary phases
in MEKC. Thiourea was used as an EOF marker. Separation conditions were as follows: capillary
length 30/38.5 cm; separation voltage 25 kV; capillary cassette temperature 25 ◦C; sample injection 10 s
10 mbar; UV detection at 200, 214, 238, and 254 nm. The inner and outer diameters of the capillary were
50 μm and 375 μm, respectively. The logD values represent the theoretically calculated distribution
coefficients calculated by the ChemAxon software.

Figure 3. MEKC separation of the studied cytotoxic agents using (A) 20 mM SDS and (B) 20/40 mM of
SDS/SC. The experimental conditions are similar to those in Figure 2.

The obtained results are consistent with theoretical octanol-water coefficients (logD) calculated
by the ChemAxon software. The software estimates the logD values based on the structures of
the compound as a function of pH, and the resulting logD values at pH 7.4 were 2.0, 1.1, and
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−0.43 for MMAE, 2, and 1, respectively (shown as red lines in Figure 2). The logD values of the
compounds follow the same order as the experimental logKD values; however, the logD values were
two to eight times lower and the differences between the logD values of the compounds were larger.
The high experimentally determined logKD values can be explained by the selection of SDS as the
pseudostationary phase. SDS is a well-established anionic surfactant forming spherical micelles with
a hydrophobic interior and a negatively charged hydrophilic exterior. These micelles are highly
hydrophobic and, thus, the selectivity for neutral, highly hydrophobic, and fairly large compounds
can be poor due to their nearly complete solubilization into the SDS micelles, resulting in co-migration
of compounds [20,23–25]. In addition, SDS micelles are stronger hydrogen bond donors than 1-octanol
and therefore they are expected to have strong interactions with hydrogen bond acceptor solutes like
MMAE and its derivatives. Due to the poor selectivity of SDS micelles toward the used analytes,
sodium cholate (SC), a biologically relevant anionic surfactant, was tested. SC is a common bile salt
having a steroidal structure and it has been shown to be advantageous for separating hydrophobic
compounds that cannot be separated by SDS [25–27].

Surprisingly, pure 40 mM SC micelles did not have any interaction with the cytotoxic agents
(data not shown) and therefore different mixed micellar systems of SDS and SC were tested (20/10,
20/20, and 20/40 mM of SDS/SC). The addition of 10, 20, or 40 mM SC to the SDS solutions
lowered the hydrophobicity of the SDS micelles in all cases, as witnessed by improved separations
of the compounds with the optimal separation achieved by mixing 20 mM SDS with 40 mM SC.
The compounds followed the same migration order as with pure SDS micelles (1 > 2 > MMAE),
but the separation selectivity was much enhanced using a mixed SC and SDS system. With this
pseudostationary phase, the hydrophobicity (KD) decreased by 66% for compound 2 and by 84%
for compound 1 (Figure 2B). Moreover, the logKD values, obtained using the 20/40 mM SDS/SC
mixture, were in a better correlation with the theoretical logD values than the values obtained using
solely SDS as a pseudostationary phase (Figure 2B). One plausible explanation is that polar SC has a
weaker solubilization power than SDS, and thus the SC/SDS mixture is a better model for biological
systems [20].

3.2. Trastuzumab Conjugates and Cytotoxicity Assays

In our previous study, the cytotoxicities of MMAE (IC50 = 4 nM), 2 (IC50 = 12 nM), and
an MMAE-glycolinker-cetuximab ADC (IC50 = 9 nm) were reported using HSC-2 head-and-neck
squamous cell carcinoma cells [9]. It was rather surprising that the cytotoxicity displayed by MMAE
was only marginally reduced when the N-terminal was modified with a glycolinker, since previous
studies have established that an amide bond at the same site leads to the loss of cytotoxic activity [28].
While stable linkers have been found to improve the tolerability and antitumor activity in other
state-of-the art ADCs (e.g., the anti-HER2 ADC trastuzumab emtansine) [29], the glycolinker strategy
failed to yield a superior ADC and the approach was not considered competitive enough.

Therefore, we decided to use a cleavable linker in this study. While a number of cleavable
linkers exist (e.g., pH-sensitive linkers, enzyme targeting linkers) [25,26], we opted to use the
cathepsin B cleavable linker valine-citrulline-p-aminocarbamate (Val-Cit-PABC) which is currently
used in brentuximab vedotin [30]. Furthermore, we decided to evaluate the effects of the
hydrophilic glucuronic acid residue at the hydroxyl group in the norephedrine residue of MMAE
(the MMAE-glycolinker-substrate was thus not re-evaluated). In addition, it should be noted that the
proteolysis of the Val-Cit-PABC-linker releases the warhead molecule as such instead of a conjugate
thereof [31]. Therefore, it was important to start by evaluating the cytotoxicity of MMAE and MMAU
(see Figure 1).

SKOV-3 ovarian carcinoma cells expressing the HER2 receptor protein were used, and the results
are summarized in Figure 4. When evaluating the cytotoxicity using this cell line, MMAU was over
three orders of magnitude less cytotoxic than MMAE when applied to the cell culture medium. It is
therefore clear that an increase in the hydrophilic character of the MMAE derivatives is accompanied by

127



Separations 2019, 6, 1

a decrease in the cytotoxic activity displayed. Based on these results alone, increasing the hydrophilicity
and a steric bulk of the norephedrine-residue leads to a substantial decrease in the cytotoxicity of the
parent molecule in contrast to the previous hydrophilic modification of the N-terminal. This may be
related to the cellular uptake mechanism, which favors hydrophobic molecules, or to the binding mode
by which the auristatins act at the tubulin receptor [32,33]. The first mechanism seems more plausible
since we have established that MMAU displays an effective bystander effect when conjugated to an
internalizing antibody such as an ADC [18]. This further indicates that the glucuronide is hydrolyzed
in the intracellular milieu thus liberating the actual drug, namely, MMAE.

 

Figure 4. Cytotoxicity assays reveal that the hydrophobic payload MMAE is 2000-fold more cytotoxic
against SKOV-3 ovarian cancer cells than MMAU.

In a traditional study on cytotoxic agents, these results would be conclusive; however, ADCs
function by a different mechanism, that is, by the internalization of the entire ADC, followed by the
release of the warhead molecule. Therefore, studying the properties of the cytotoxic agents alone does
not provide the complete picture. As a result, we decided to conduct a preliminary study with ADCs
featuring MMAE and MMAU. Since we used HER2-expressing ovarian cancer cells, we chose to use
trastuzumab as the antibody. Trastuzumab was a logical choice since it is currently applied in both its
naked form and as an ADC (trastuzumab emtansine) [34] in the treatment of HER2-positive breast
cancer patients.

The strategy employed in the construction of the ADCs is displayed in Scheme 1 and
described in detail elsewhere [18]. This resulted in compounds 3 and 4 being, respectively,
the trastuzumab-MC-Val-Cit-PABC-MMAE derivative and the corresponding MMAU-trastuzumab
conjugate. The preliminary cytotoxicity studies were conducted with an HER2-positive SKOV-3 cancer
cell line (results summarized in Figure 5). Surprisingly, both compounds 3 and 4 displayed similar
cytotoxicities with IC50 values in the pM-range (50–80 pM). The results are interesting, especially
due to the large deviation in the cytotoxic activity of the free warheads. Taken together, the results
indicate that the trastuzumab-MC-Val-Cit-PABC-MMAU derivative would be equally toxic as the
corresponding MMAE-trastuzumab conjugate, however with a potentially decreased amount of off-site
toxic side effects due to the reduced toxicity of the free drug.
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Scheme 1. Schematic view of the construction of trastuzumab-MC-Val-Cit-PABC-auristatin ADCs. (i)
TCEP reduction of interchain disulfides; (ii) thiol-maleimide conjugation of payload molecules. The
warhead–linker conjugates are displayed below the conjugation route with different parts highlighted;
the cytotoxic warhead molecule (black), the self-immolative PABC-spacer (blue), the cathepsin B
cleavable Val-Cit-dipeptide (purple), and the MC conjugation site (red).

Figure 5. Trastuzumab antibody (T)-payload conjugates 3 and 4 have nearly comparable cytotoxicity
against the HER2-expressing SKOV-3 cells, whereas they are between 10-fold (against MMAE)
and 20,000-fold (against MMAU) more cytotoxic than the free payloads. In the assays, different
concentrations of ADCs were applied to the cell culture medium and the cell viability was evaluated
after 72 h incubation. The graph shows the average values of three parallel experiments. Error bars
show the standard deviation.
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These results prove that the construction of competitive ADCs can be achieved by the use of
cytotoxic warheads that would normally be disregarded based on cytotoxicity assays alone. On a
more fundamental level, the question that arises is why ADCs are not regularly screened for the
delivery of hydrophilic agents across the cellular membrane, that is, molecules that would normally
not pass the membrane. This is an area which requires further research and as our preliminary study
on the cytotoxicity of the trastuzumab-auristatin ADCs shows, there is a significant potential for the
development of novel ADCs with hydrophilic payload molecules. While we have focused on the use
of carbohydrates as a means of increasing the hydrophilicity, other strategies have also been reported
(e.g., the use of charged phosphate groups) [35]. It is clear that there is a need for more systematic
studies with larger molecule libraries featuring hydrophilic and hydrophobic warhead molecules
in order to provide detailed insights on the subject. Nonetheless, the benefits of carbohydrates are
related to their specific lysosomal cleavage pathways in human cells, which provide an elegant way of
adding hydrophilicity to the ADCs during the systemic distribution and localization in target tissues.
Simultaneously, and using this pro-drug strategy, the fully active hydrophobic cytotoxic agent is
generated after ADC internalization in target cells. In a recent follow-up study, we have shown that
this concept is viable, since MMAU-ADCs show excellent cytotoxic activity against cancer cells both
in vitro and in vivo, where complete eradication of tumors in xenografted mice was achieved [18].

4. Conclusions

MEKC was used for determining the relative hydrophobicities of modified auristatins. Optimal
separation was achieved using a mixed micellar system of 20 mM SDS and 40 mM SC as the
pseudostationary phase. The hydrophobicity of the auristatins decreased in the order of MMAE
> compound 2 > compound 1, and the same pattern was identified in the cytotoxic assays where the
cytotoxicity decreased in the same order.

Hydrophilic modification (attachment of a glucuronic acid residue) at the norephedrine residue
of MMAE (compound 1; MMAU) was accompanied by a significant decrease in the cytotoxicity. The
addition of a hydrophilic glycolinker at the N-terminal, on the other hand, had only a slight effect on
the cytotoxicity (compound 2), which is an interesting observation since an amide bond at this position
is known to render the auristatins close to non-toxic.

The preliminary cytotoxic evaluation of the trastuzumab-MC-Val-Cit-PABC-auristatin conjugates
3 and 4 revealed IC50-values in the pM range. These values are comparable to other leading
state-of-the-art ADCs. Furthermore, the MMAU-ADCs have certain advantages over the MMAE-ADCs,
for example, prematurely cleaved linkers will be accompanied by less off-site harmful side effects due
to the lower cytotoxicity of MMAU when compared to MMAE. Altogether, our results on the use of
hydrophilic payload conjugates prove that novel opportunities exist for the future design of ADCs
with previously neglected hydrophilic molecules.
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Abstract: In this study, the use of recycled diatomaceous earth as the extraction phase in solid
phase microextraction (SPME) technique for the determination of polycyclic aromatic hydrocarbons
(PAHs) in river water samples, with separation/detection performed by gas chromatography-mass
spectrometry (GC-MS), is proposed. The optimized extraction conditions are extraction time 70 min
at 80 ◦C with no addition of salt. The limits of quantification were close to 0.5 μg L−1 with RSD values
lower than 25% (n = 3). The linear working range was 0.5 μg L−1 to 25 μg L−1 for all analytes. The
method was applied to samples collected from the Itajaí River (Santa Catarina, Brazil) and the RSD
values for repeatability and reproducibility were lower than 15% and 17%, respectively. The efficiency
of the recycled diatomaceous earth fiber was compared with that of commercial fibers and good
results were obtained, confirming that this is a promising option to use as the extraction phase
in SPME.

Keywords: recycled diatomaceous earth; solid phase microextraction; polycyclic aromatic hydrocarbons;
gas chromatography-mass spectrometry

1. Introduction

Water is an extremely valuable natural resource as it is responsible for maintaining biological,
geological and chemical cycles [1,2]. Environmental problems caused by anthropogenic activities are
continually increasing and gaining attention worldwide [1]. With population growth and increased
industrial activities, ever greater amounts of petroleum-based fossil fuels are being consumed [3].
These fuels contain a class of compounds known as polycyclic aromatic hydrocarbons (PAHs).

PAHs are a group of organic compounds composed of multiple aromatic rings [4]. The formation
of these molecules is associated with the incomplete combustion of natural organic materials,
for instance, due to volcanoes or the incomplete burning of wood in forest fires, and from anthropogenic
sources including industrial processes (e.g., refineries), vehicular emissions [5], cane burning [6], and
others [7]. According to the International Agency for Research on Cancer (IARC) and the US EPA
(the United States Environmental Protection Agency) PAHs are recognized as persistent environmental
pollutants with carcinogenic and mutagenic capacity in humans [7,8]. Based on these issues, measures
have been taken by governments around the world to monitor the concentrations of compounds
that may be harmful to human health, with different standards and regulations being established
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often aimed at ensuring the quality of drinking water [7]. In Brazil, the Ministry of Health regulates
waters for human consumption using benzo[a]pyrene as a marker with maximum permitted values of
0.7 μg L−1.

The determination of these pollutants generally requires a sample preparation procedure to
remove matrix interferents, concentrate the analyte and make the extract compatible with the analytical
instrumentation. One of the most commonly used sample preparation techniques is solid-phase
microextraction (SPME) [9,10].

SPME was proposed by Pawliszyn et al. in 1990 to overcome the drawbacks of traditional sample
preparation techniques such as liquid-liquid extraction and solid phase extraction [9,10]. The principle
of the technique is the distribution of the analytes between the sample matrix and the sorbent (fiber),
combining sampling, isolation and enrichment in a single step [11,12]. SPME fibers are composed of
a fused silica or metallic support coated with an extractive phase, for instance, polymethylsiloxane
(PDMS), polyacrylate (PA), or other commercially available sorbent [13–16].

In the search for new sorbent materials for SPME, biosorbents have gained prominence in
miniaturized techniques because they provide greener, less expensive, renewable, and biodegradable
extractive phases. Many of these biosorbents can be found in the environment and consist of
macromolecules with different functional groups that can interact with different types of analytes. Our
research group has previously used natural sorbents for the determination of organic contaminants
using SPME [17,18]. Diatomaceous earth is of particular interest as a new biosorbent since it is
discarded in large scale as a waste from breweries, where it is used for the clarification and filtration of
organic materials and beers [19].

Diatomaceous earth is obtained from sedimentary rocks, originating from fossilized algae
belonging to the class Bacillariophyta (diatoms). It is an amorphous mineral, comprised mainly of
silica dioxide, of light weight and low molar mass, and its coloration can vary from white to gray.
Structurally, diatoms have a hollow cylindrical form of low density and high surface area [20].

In this study the use of diatomaceous earth as an (bio) extractive phase in SPME is explored for
the determination of PAHs in river water samples with quantification by gas chromatography coupled
to mass spectrometry (GC-MS). The biosorbent was easily adhered onto a NiTi (nitinol) rod using a
quick and inexpensive procedure.

2. Materials and Methods

2.1. Reagents and Materials

Analytical standards of PAHs in a mixture containing acenaphthylene, fluorene, phenanthrene,
anthracene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, and
benzo[a]pyrene (Bellefonte, PA, USA) were used to prepare stock solutions of 1 mg L−1 in acetonitrile
purchased from J.T. Baker (Mallinckrodt, NJ, USA). The ionic strength was studied using sodium
chloride obtained from Synth (São Paulo, SP, Brazil). The ultrapure water used in the experiments
was purified in an ultrapure Mega purity system (Billerica, MA, USA). The fiber was prepared using
diatomaceous earth with size less than 200 mesh, nitinol rods (2 cm length and 0.128 mm diameter),
epoxy glue acquired from Brascola (São Paulo, SP, Brazil), and a heating block from Dist (Florianópolis,
SC, Brazil). SPME extractions were carried out in vials of 40 mL obtained from Supelco (Bellefonte, PA,
USA) aided by a thermostatic bath (Lab Companion RW 0525G, Geumcheon-gu, Seoul, Korea) and
magnetic stirrers from Dist (Florianópolis, SC, Brazil). Commercial fibers (DVB/Car/PDMS, 50/30 μm;
PDMS 100 μm and PDMS/DVB, 65 μm; Supelco, Bellafonte, PA, USA) were used to compare the
analyte extraction efficiencies.

2.2. Instrumental and Chromatographic Conditions

An Agilent 7820A gas chromatograph with flame ionization detector (FID) equipped with a
split/splitless injector and an Agilent DB-5 capillary column (30 m × 0.25 mm × 0.25 μm; Santa Clara,
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CA, USA) was used to optimize the method as well as to compare it with commercial fibers. On the
other hand, a Shimadzu GC-MS QP2010 Plus equipped with a split/splitless injector (Kyoto, Japan)
containing a Zebron ZB-5MS capillary column (30 m × 0.25 mm × 0.25 μm; Torrance, CA, USA)
was used to obtain the analytical parameters of merit. The GC-MS and GC/FID was operated at the
same conditions for injection and the columns temperature programs. The injection was performed in
splitless mode at 260 ◦C for 15 min. The column temperature program consisted of maintaining the
oven at 80 ◦C for 1 min and then increasing it 6 ◦C min−1 to 300 ◦C which was maintained for 10 min.
The transfer line temperature, the ion source temperature and the electron impact ionization (EI) mode
of the GC-MS were set at 280, 250 ◦C, and 70 eV, respectively. Helium was used as the carrier gas at a
flow rate of 1.0 mL min−1. The PAHs were determined in selected ion monitoring (SIM) mode and the
mass/charge (m/z) ratios employed are shown in Table 1. The m/z values in bold were used for the
quantitative determination of the analytes.

Table 1. The m/z values used for the determination of PAHs by GC-MS (values in bold were used for
the quantification of the analytes).

Analytes m/z

acenaphthylene 152, 153, 151
fluorene 166, 165, 167

phenanthrene 178, 176, 179
anthracene 178, 179, 176

pyrene 202, 203, 200
benzo[a]anthracene 228, 226, 229

chrysene 228, 226, 229
benzo[b]fluoranthene 252, 250, 126
benzo[k]fluoranthene 252, 250, 126

benzo[a]pyrene 252, 250, 126

2.3. Preparation of Diatomaceous Earth Fibers

The diatomaceous earth dust came from the disposal reservoir of a brewery, where this material
is used for the filtration and clarification of beer (Santa Catarina, Brazil). Due to its high porosity,
the material presents a high degree of saturation with organic matter from the treatment of beer. Thus,
a heat treatment is required [20], not only to eliminate the residues originated from the beer filtration
but to ensure that all of the organic matter adhered to the material is removed. The diatomaceous
earth, after the thermal treatment, was sieved to obtain homogeneous particle size (<200 mesh).
The diatomaceous earth was adhered on a 1 cm nitinol wire using epoxy glue. Then, the new fiber was
inserted into the heating block at 180 ◦C for 90 min, resulting in a final phase thickness of approximately
40 μm. The fiber was then conditioned at 240 ◦C for 90 min in a GC injection port. The fiber lifetime was
verified during the study by comparing the responses of the chromatographic areas of the analytes to
the optimum extraction condition at a concentration of 5 μg L−1. Fibers were used while the extraction
efficiency did not present a reduction greater than 10%.

2.4. Optimization of SPME Procedure

The optimization of the extraction conditions for the diatomaceous earth fiber was performed by
multivariate procedures. A central composite design involving 11 experiments with triplicate at the
central point was carried out. In the optimization strategy the extraction temperature ranged from 30
to 80 ◦C and the extraction time from 30 to 117 min. The sodium chloride concentration (0–20% m/v)
was also evaluated, but in the univariate form. The extraction procedure consisted of immersing
the SPME fiber directly in 25 mL of water sample spiked with 100 μg L−1 of each PAH contained in
a 40 mL vial and kept under constant magnetic stirring at 1000 rpm. After the extraction, the fiber
was immediately inserted into the GC injection port at 240 ◦C for 15 min for the thermal desorption
of the analytes. The analysis was carried out by GC-FID in splitless mode. To obtain the response
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surface, the geometric mean of the areas of the chromatographic peaks obtained in each extraction
using Statistica 8.0 software (Statsoft, USA) was used.

2.5. Comparison of the Extraction Efficiencies Using Diatomaceous Earth and Commercial Fibers

After the optimization of the analytical procedure, the diatomaceous earth was compared to
commercial fibers (PDMS and PDMS/DVB) in terms of their efficiency in the extraction of the PAHs
studied. The same procedure described at Section 2.4 was carried out but the ultrapure water was
spiked with the analytes at a concentration of 5 μg L−1. The extractions were performed using one of
the fibers at 80 ◦C for 70 min. The chromatographic analysis was performed by GC-MS.

2.6. Analytical Figures of Merit of the Method Developed

River water spiked with five concentrations of each analyte ranging from 0.5 to 25.0 μg L−1 was
prepared to build calibration curves which were used to calculate the linear coefficient of determination
(R2). The lowest concentration on the analytical curve for each analyte which enabled measures with
acceptable precision (RSD < 20%) was adopted as limits of quantification (LOQs). The limits of
detection (LODs) were obtained dividing the LOQ by 3.3. The precision and the accuracy of the
method were evaluated by performing extractions using real water samples spiked with the analytes
at 0.5 μg L−1. Precision was calculated as the relative standard deviation (RSD) obtained from spiked
river water and accuracy was verified through the relative recovery of the analytes.

3. Results and Discussion

3.1. Characterization of the Diatomaceous Fiber

The diatomaceous earth samples used for the production of SPME fibers belong to the class
Bacillariophyceae centricae and their color may vary from white to gray. The material consists mainly of
silica, SiO2 (87–91%), alumina and ferric oxide [21].

Scanning electron microscopy (SEM) was carried out to characterize the surface morphology
of the recycled diatomaceous earth. The images obtained at magnifications of 2000 and 4000× for
the surface evaluation are shown in Figure 1 (A and B, respectively). An image of a cross-section
of the proposed fiber was obtained at a magnification of 100× (Figure 1C). According to the SEM
results, the morphology of the material shows a high porosity which facilitated the physical processes
involving the sorption of the analytes.

Figure 1. SEM micrographs obtained with the biosorbent fiber at magnifications of (A) 2000× and
(B) 4000×, and a cross-section of the proposed fiber (C) at a magnification of 100×.
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FTIR spectroscopy was carried out to identify the functional groups in the sorbent. The FTIR
spectrum obtained from the material previously conditioned at 240 ◦C is illustrated in Figure 2. A broad
peak at ~3400 cm−1 corresponds to the O–H bonds of silanol groups. Two intense peaks between
~1200 and 1080 cm−1 were assigned to the asymmetric stretching of the Si–O–Si siloxane groups and
one at ~790 cm−1 is related to the Si–O–Si vibrations attributed to mesoporous silicas. At ~475 cm−1,
a peak related to O–Si–O vibration was present. Lastly, the peak at ~1600 cm−1 refers to the angular
deformation of the adsorbed water molecules.

Thermogravimetric analysis was conducted to identify if there was any organic material present
in the sample and since no mass loss was observed the material can be characterized as thermally stable
(data not shown). This result was already expected, since the sorbent comes from inorganic material.

Figure 2. FTIR spectrum of the biosorbent, previously conditioned at 240 ◦C.

3.2. Optimization of DI-SPME Extraction Procedure

The extraction conditions that can influence the SPME efficiency were optimized using the
diatomaceous earth fiber. The response used to feed the software Statistica 8.0 was the geometric
means of the chromatographic peak areas of the analytes. The response surfaces obtained for the
biosorbent fiber are shown in Figure 3.

Figure 3. Response surface obtained for the optimization of DI-SPME procedure using biosorbent fiber
(diatomaceous earth).
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The optimum extraction conditions selected for the proposed fiber were reached using an
extraction time of 70 min at 80 ◦C. The addition of salt was also studied as it is known to lead
to the salting-out effect. However, the use of small amounts of salt caused fiber damage and so no salt
was added in the extractions.

3.3. Comparison between the Extraction Efficiencies of the Biosorbent and Commercial Coatings

A comparison between the extraction efficiencies using the proposed fiber and commercial fibers
(PDMS/DVB and PDMS) was performed. The conditions for the extractions using commercial fibers
were optimized (data not shown) as extraction time of 70 min at 80 ◦C. These values are much closed
to those mentioned in the literature (extractions of 60 min at 70 ◦C) [22–24]. Figure 4 shows this
comparison through bar graph using normalized peak area and considering the film thickness of each
fiber. The normalization of peak areas for each analyte was made using the highest chromatographic
peak areas as 100% for each analyte.

Figure 4. Comparison of extraction efficiencies of the biosorbent fiber, PDMS/DVB and PDMS coatings
for determination of PAHs. Analytes: (1) acenaphtlylene; (2) fluorene; (3) phananthrene; (4) anthracene;
(5) pyrene; (6) benzo[a]anthracene; (7) chrysene; (8) benzo[b]fluoranthene; (9) benzo[k]fluoranthene;
and (10) benzo[a]purene.

It can be observed in Figure 4 that the extraction with the PDMS/DBV coating showed good
performance for acenaphthylene, fluorene, phenanthrene, and anthracene, but for the other analytes
the results were not as promising. The PDMS fiber gave values below 20%, except for pyrene, and
it is not efficient for this application. Taking this into account, the proposed fiber demonstrated
very satisfactory performance for PAH extraction when compared to the commercial fibers, with the
exception of acenaphthylene, fluorine, and phenanthrene.

In addition, reproducibility studies using two diatomaceous earth fibers were performed and the
results showed no significant variation (data not shown). The repeatability obtained with the fibers was
estimated comparing the results of the first extraction with those obtained after 115 extractions using
the same fiber (data not shown). It was verified that there was no significant loss of extraction efficiency,
confirming that the fiber produced with the biosorbent material can be used at least 115 times.

These data demonstrate the high potential for diatomaceous earth fiber as a sorbent candidate
for SPME. Moreover, diatomaceous earth is biodegradable, natural, and renewable. In addition, its
chemical composition provides numerous possibilities of chemical interaction with a wide range of
compounds. Diatomaceous earth has a microporous structure, which facilitates the extraction of the
analytes through a physical process (adsorption mechanism).
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3.4. Validation Parameters

Table 2 presents some analytical figures of merit obtained in this study. The linear coefficient of
determination (R2) values were >0.95, which indicates a good linear fit. The LOD and LOQ values
were satisfactory based on those obtained in other studies.

Table 2. The linear range, linear equation, linearity, and limits of detection and quantification for the
method developed using diatomaceous earth coating.

Analyte
LOD

(μg L−1)
LOQ

(μg L−1)
Linear Range

(μg L−1)
Linear Equation R

Acenaphthylene 0.16 0.49 0.49–25 y = 66,956x – 30,445 0.9890
Fluorene 0.17 0.50 0.50–25 y = 87,809x – 54,517 0.9911

Phenanthrene 0.14 0.42 0.42–25 y = 326,565x – 245,240 0.9777
Anthracene 0.11 0.33 0.33–25 y = 364,057x – 339,574 0.9598

Pyrene 0.15 0.50 0.50–25 y = 979,497x – 935,649 0.9914
benzo[a]anthracene 0.03 0.10 0.10–25 y = 506,040x – 544,597 0.9832

Chrysene 0.14 0.42 0.42–25 y = 691,902x – 796,526 0.9592
benzo[b]fluoranthene 0.06 0.17 0.17–25 y = 158,587x – 50,481 0.9990
benzo[k]fluoranthene 0.11 0.33 0.33–25 y = 431,634x – 806,517 0.9848

benzo[a]pyrene 0.15 0.46 0.46–25 y = 295,450x – 567,387 0.9667

Precision was evaluated in terms of intra-day repeatability (n = 3) and inter-day reproducibility
(n = 9) using samples spiked at the lowest level for each analyte. The results obtained are shown in
Table 3. It can be observed that the intra-day and inter-day precision for diatomaceous earth fiber
presented values of RSD <15% and <17%, respectively. Relative recovery showed results between 83%
and 100%, confirming the accuracy of the method.

Table 3. Relative recovery of analytes and precision (inter- and intra-day) for the extraction of PAHs
from spiked river water samples.

Analyte
Spiked Concentration

(μg L−1)
Relative Recovery (%)

(n = 3)

RSD,
Intra-Day (%)

(n = 3)

RSD,
Inter-Day (%)

(n = 3)

acenaphthylene 0.5 100 5 10
fluorene 0.5 83 15 10

phenanthrene 0.5 97 10 13
anthracene 0.5 93 13 3

pyrene 0.5 92 2 6
benzo[a]anthracene 0.5 94 2 6

chrysene 0.5 96 2 6
benzo[b]fluoranthene 0.5 90 15 17
benzo[k]fluoranthene 0.5 97 15 17

benzo[a]pyrene 0.5 93 7 17

The selectivity of the proposed method was confirmed by the absence of peaks in the retention time
of the target analytes when chromatograms of the extract were obtained from the river water sample
without the addition of the analytes. The only exceptions were pyrene, chrysene, and benzo[a]pyrene,
but these peaks were not quantifiable. Figure 5 shows the chromatograms obtained for samples of
spiked river water (10 μg L−1) and non-spiked river water.
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Figure 5. Chromatograms (GC-MS) obtained from a river water sample spiked at 10 μg L−1 (a) and
non-spiked river water sample (b). Elution order: (1) acenaphtlylene; (2) fluorene; (3) phananthrene;
(4) anthracene; (5) pyrene; (6) benzo[a]anthracene; (7) chrysene; (8) benzo[b]fluoranthene;
(9) benzo[k]fluoranthene; and (10) benzo[a]pyrene.

4. Conclusions

In this study, the use of a recycled diatomaceous earth as extractive phase for SPME fiber
demonstrated suitable results in comparison to widely used commercial fibers. The production
of the biosorbent fiber is simple and the fibers can be reused several times. The separation and
detection of the analytes by GC-MS is effective and enables the determination of PAHs in accordance
with current Brazilian legislation. The proposed method using the biosorbent achieved good results of
parameters of merit. The method is of low cost, because the natural sorbent can be reused in numerous
extractions and is widely applicable because the material is easily obtainable.
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