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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 m— 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,
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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 x 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 (GCx GC-MS) could
offer a solution. GCxGC 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.

Max. temp.
GC Column Stationary Phase Dimensions (Isotherm/
Programmed) °C

Phenyl Arylene polymer, virtually 30 m x 0.25 mm ID

VDB-5ms equivalent to % 025 um 300/320 °C
5%-phenyl-methylpolysiloxane o
Denoted as 50% phenyl 30m x 0.25 mm ID o
SLB PAHms (Supelco) dimethylpolysiloxane % 0.25 um 3507360 °C
Non-bonded,
SLB®-ILPAH (Supelco) 1,12-Di(tripropylphosphonium) dodecane 20m x 0.18 mm ID 300/300 °C

bis(trifluoromethanesulfonyl)imide x 0.05 pm

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 pL; 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
. Substantial bleeding . . . . . .
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.

100



Separations 2019, 6, 7

LN

bibenzyl

At

N1,6,7

315 220 205 230 235 240 245 250 255 260

At
N1,3-1,6 +bibenzyl
N2, N1,5 Al
27 NLS NLG7

235 240 245 250 255 260 265 270 275 280

At
N1,8

Al

170 125 130 135 140 145 150 155 160 165
minutes ———»

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.
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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.

1 2 4. 3 ;
1 C6-4 2 B1-4-6 3 Ba6-4 (g
Ba3-5 Ba3-5 Ba3-5
BaS‘ |
Ba6-4 ! H
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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,1)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 PAHSs, 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.
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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(s)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 x GC-MS with different
column combinations either [29]. The DB-5 (60 m)xLC-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 GCxGC 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 GCxGC 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.

BLACK: 5% phenyl arylene
Blue: 50% phenyl polysiloxane
RED: lonic Liquid SLB-ILPAH
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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 GCxGC 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 x GC because often, more polar columns are used,
which show higher bleeding.

Author Contributions: Conceptualization, J.B. and E.S.; methodology, ].B. and E.S.; validation, J.B. and E.S.;
formal analysis, E.S.; investigation, E.S.; resources, ].B.; data curation, E.S.; writing—original draft preparation,
E.S.; writing—review and editing, ].B. and E.S.; visualization, E.S.; supervision, J.B.

Funding: The research received no external funding.
Acknowledgments: The authors thank Sigma-Aldrich for making the ionic liquid column available.

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

References

1. Keith, L.H. The Source of US EPA’s Sixteen PAH Priority Pollutants. Polycycl. Aromat. Compd. 2015, 35,
147-160. [CrossRef]

2. Available online: https://ec.europa.eu/food/sites/food/files/safety /docs/sci-com_scf_out153_en.pdf
(accessed on 28 January 2019).

3. Available online: http://apps.who.int/iris/bitstream/handle/10665/43258/ WHO_TRS_930_eng.pdf?
sequence=1 (accessed on 28 January 2019).

4. Ding, Y.S.; Trommel, J.S.; Yan, X.Z]J.; Ashley, D.; Watson, C.H. Determination of 14 polycyclic aromatic
hydrocarbons in mainstream smoke from domestic cigarettes. Environ. Sci. Technol. 2005, 39, 471-478.
[CrossRef] [PubMed]

5. Srogi, K. Monitoring of environmental exposure to polycyclic aromatic hydrocarbons: A review.
Environ. Chem. Lett. 2007, 5, 169-195. [CrossRef] [PubMed]

6.  Celeiro, M.; Dagnac, T.; Llompart, M. Determination of priority and other hazardous substances in football
fields of synthetic turf by gas chromatography-mass spectrometry: A health and environmental concern.
Chemosphere 2018, 195, 201-211. [CrossRef] [PubMed]

7. De Boer, J.; Law, R.J. Developments in the use of chromatographic techniques in marine laboratories for the
determination of halogenated contaminants and polycyclic aromatic hydrocarbons. J. Chromatogr. A 2003,
1000, 223-251. [CrossRef]

8. Poster, D.L.; Schantz, M.M.; Sander, L.C.; Wise, S.A. Analysis of polycyclic aromatic hydrocarbons (PAHs) in
environmental samples: A critical review of gas chromatographic (GC) methods. Anal. Bioanal. Chem. 2006,
386, 859-881. [CrossRef] [PubMed]

9. Wise, S.A; Sander, L.C.; Schantz, M.M. Analytical Methods for Determination of Polycyclic
Aromatic Hydrocarbons (PAHs)—A Historical Perspective on the 16 US EPA Priority Pollutant PAHs.
Polycycl. Aromat. Compd. 2015, 35, 187-247. [CrossRef]

10.  Available online: https://www.epa.gov/sites/production/files /2015-10/documents/method_610_1984.pdf
(accessed on 28 January 2019).

11. Gomez-Ruiz, J.A.; Wenzl, T. Evaluation of gas chromatography columns for the analysis of the 15+1
EU-priority polycyclic aromatic hydrocarbons (PAHs). Anal. Bioanal. Chem. 2009, 393, 1697-1707. [CrossRef]

12. Nalin, F; Sander, L.C.; Wilson, W.B.; Wise, S.A. Gas chromatographic retention behavior of polycyclic
aromatic hydrocarbons (PAHs) and alkyl-substituted PAHs on two stationary phases of different selectivity.
Anal. Bioanal. Chem. 2018, 410, 1123-1137. [CrossRef]

13.  Wilson, W.B.; Sander, L.C.; Ona-Ruales, J.O.; Moessner, S.G.; Sidisky, L.M.; Lee, M.L.; Wise, S.A. Retention
behavior of alkyl-substituted polycyclic aromatic sulfur heterocycle isomers in gas chromatography on
stationary phases of different selectivity. J. Chromatogr. A 2017, 1484, 73-84. [CrossRef]

105



Separations 2019, 6, 7

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Anderson, J.L.; Armstrong, D.W. Immobilized ionic liquids as high-selectivity/high-temperature/
high-stability gas chromatography stationary phases. Anal. Chem. 2005, 77, 6453-6462. [CrossRef]

Poole, C.E; Poole, S.K. Ionic liquid stationary phases for gas chromatography. J. Sep. Sci. 2011, 34, 888-900.
[CrossRef] [PubMed]

Berthod, A.; Ruiz-Angel, M.].; Huguet, S. Nonmolecular solvents in separation methods: Dual nature of
room temperature ionic liquids. Anal. Chem. 2005, 77, 4071-4080. [CrossRef] [PubMed]

De Boer, ].; Blok, D.; Ballesteros-Gomez, A. Assessment of ionic liquid stationary phases for the determination
of polychlorinated biphenyls, organochlorine pesticides and polybrominated diphenyl ethers. ]. Chromatogr. A
2014, 1348, 158-163. [CrossRef]

Ros, M.; Escobar-Arnanz, J.; Sanz, M.L.; Ramos, L. Evaluation of ionic liquid gas chromatography stationary
phases for the separation of polychlorinated biphenyls. J. Chromatogr. A 2018, 1559, 156-163. [CrossRef]
Antle, PM.; Zeigler, C.D.; Wilton, N.M.; Robbat, A. A more accurate analysis of alkylated PAH and PASH
and its implications in environmental forensics. Int. |. Environ. Anal. Chem. 2014, 94, 332-347. [CrossRef]
Stout, S.A.; Emsbo-Mattingly, S.D.; Douglas, G.S.; Uhler, A.D.; McCarthy, K.J. Beyond 16 Priority Pollutant
PAHs: A Review of PACs used in Environmental Forensic Chemistry. Polycycl. Aromat. Compd. 2015, 35,
285-315. [CrossRef]

Lam, M.M.; Bulow, R.; Engwall, M.; Giesy, J.P.; Larsson, M. Methylated PACs Are More Potent Than Their
Parent Compounds: A Study of Aryl Hydrocarbon Receptor-Mediated Activity, Degradability, and Mixture
Interactions in the H4IIE-luc Assay. Environ. Toxicol. Chem. 2018, 37, 1409-1419. [CrossRef]

Brack, W.; Schirmer, K.; Erdinger, L.; Hollert, H. Effect-directed analysis of mutagens and ethoxyresorufin-
O-deethylase inducers in aquatic sediments. Environ. Toxicol. Chem. 2005, 24, 2445-2458. [CrossRef]
[PubMed]

Kaisarevic, S.; Luebcke-von Varel, U.; Orcic, D.; Streck, G.; Schulze, T.; Pogrmic, K.; Teodorovic, I.; Brack, W.;
Kovacevic, R. Effect-directed analysis of contaminated sediment from the wastewater canal in Pancevo
industrial area, Serbia. Chemosphere 2009, 77, 907-913. [CrossRef]

Meyer, W.; Seiler, T.-B.; Christ, A.; Redelstein, R.; Puettmann, W.; Hollert, H.; Achten, C. Mutagenicity,
dioxin-like activity and bioaccumulation of alkylated picene and chrysene derivatives in a German lignite.
Sci. Total Environ. 2014, 497, 634-641. [CrossRef]

Xiao, H.; Krauss, M.; Floehr, T.; Yan, Y.; Bahlmann, A.; Eichbaum, K.; Brinkmann, M.; Zhang, X.; Yuan, X.;
Brack, W. Effect-Directed Analysis of Aryl Hydrocarbon Receptor Agonists in Sediments from the Three
Gorges Reservoir, China. Environ. Sci. Technol. 2016, 50, 11319-11328. [CrossRef] [PubMed]

Arp, HPH.; Azzolina, N.A.; Cornelissen, G.; Hawthorne, S.B. Predicting Pore Water EPA-34 PAH
Concentrations and Toxicity in Pyrogenic-Impacted Sediments Using Pyrene Content. Environ. Sci. Technol.
2011, 45, 5139-5146. [CrossRef] [PubMed]

Richter-Brockmann, S.; Achten, C. Analysis and toxicity of 59 PAH in petrogenic and pyrogenic environmental
samples including dibenzopyrenes, 7H-benzo c fluorene, 5-methylchrysene and 1-methylpyrene. Chemosphere
2018, 200, 495-503. [CrossRef]

Available online: https:/ /clu-in.org/conf/tio/porewaterl/resources/EPA-ESB-Procedures-PAH-mixtures.
pdf (accessed on 28 January 2019).

Skoczynska, E.; Leonards, P; de Boer, J. Identification and quantification of methylated PAHs in sediment by
two-dimensional gas chromatography/mass spectrometry. Anal. Methods 2013, 5, 213-218. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).



separations ﬁw\p\py

Article

Multiple-stage Precursor Ion Separation and High
Resolution Mass Spectrometry toward Structural
Characterization of 2,3-Diacyltrehalose Family from
Mycobacterium tuberculosis

Cheryl Frankfater 1t Robert B. Abramovitch ¥, Georgiana E. Purdy 3% John Turk 1,
Laurent Legentil 4, Loic Lemiégre 4 and Fong-Fu Hsu 1*

1 Department of Medicine, Washington University School of Medicine, St. Louis, MO 63110, USA;

c.frankf@wustl.edu (C.F); jturk@wustl.edu (J.T.)

Department of Microbiology and Molecular Genetics, Michigan State University,

East Lansing, MI 48824, USA; abramov5@msu.edu

Department of Molecular Microbiology and Immunology, Oregon Health & Science University,

Portland, OR 97239, USA; purdyg@ohsu.edu

4 Univ Rennes, Ecole Nationale Supérieure de Chimie de Rennes, CNRS, ISCR-UMR 6226,
F-35000 Rennes, France; laurent.legentil@ensc-rennes.fr (L.L.); loic.lemiegre@ensc-rennes.fr (L.L.)

*  Correspondence: fhsu@im.wustl.edu; Tel.: +1-314-362-0056

1t These authors contributed equally as co-first author.

Received: 1 December 2018; Accepted: 7 January 2019; Published: 15 January 2019

Abstract: Mass spectrometry (MS)-based precursor ion isolation, collision-induced dissociation (CID)
fragmentation, and detection using linear ion-trap multiple-stage mass spectrometry (LIT MS") 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 MS" 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 MS" performed on both [M + Na]* and [M + HCO;]~ 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 MS? and MS? spectra; while
the product ion spectra from higher stage LIT MS" 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 MS") 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 MS" capability with high resolution, LIT/Orbitrap with MS" approach has been
widely used in the structural characterization of a wide range of biomolecules [3-7]. LIT MS" 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 MS™ 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. fuberculosis 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-acyltrehalose (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 'H, and '3C 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 MS" 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 MS"
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 x 4.6 mm,
pore size 100 A, particle size 2.6 um) column at a flow rate of 300 pL/min with a gradient system as
previously described [12]. DAT (eluted at 24.45-26.43 min) fraction from three injections (~200 pg 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 pL/min; ~10 pmol/uL) 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 x 10, with a maximum
injection time of 100 ms. Helium was used as the buffer and collision gas at a pressure of 1 x 1073
mbar (0.75 mTorr). The MS™ 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 MS" 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 Cy7 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 = NHy, Li, Na, etc.) in the positive ion mode; and [M + X]~
(X=Cl, RCOy; R = H, CH3, C;Hs, 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 HCO,Na,
adduct ions in the fashions of [M + Na]* (Figure 1) in the positive ion mode and [M + HCO;] ™~ 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 MS™ (n = 2,3,4) spectra of
both the [M + Na]* and [M + HCO,]~ ions contain rich structural information readily applicable for
structural identification.

109



Separations 2019, 6, 4

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 Theo. Deviation Rel. Ele. Major Minor structures
m/z Mass m/z mmu Intensity %  Composition structures
935.6436  935.6430 0.55 3.42 C51H92013Na  14:1/25:1 12:1/27:1
. ) 12:0/27:1; 16:1/23:0;
937.6594  937.6587 0.73 434 C51HOMO13Na  140/251 (ol o o
939.6747  939.6743 0.37 148 C51H96013Na *
949.6585  949.6587 —0.19 6.58 C52H94013Na  16:1/24:1
16:0/24:1; 15:0/25:1;
951.6742  951.6743 —0.15 20.8 C52H96013Na  16:1/24:0  17:1/23:0; 14:0/26:1;
13:0/27:1
953.6898  953.6900 —0.12 18.49 C52H98013Na  16:0/24:0
961.6587  961.6587 0.01 431 C53H94013Na *
963.6743  963.6743 —0.05 4416 C53H96013Na iiiﬁ%
965.6898  965.6900 012 50.07 C53H98013Na  16:0/25:1  14:0/27:1;18:0/23:1
967.7054 967.7056 —022 12.26 C53H100013Na ﬁggifg; 16:0/25:0
975.6740  975.6743 —03 3.03 C54H96013Na *
977.6899  977.6900 ~0.06 25.16 C54H98013Na  16:1/26:1
18:0/24:1; 16:0/26:1;17:0/25:1;
979.7056  979.7056 ~0.06 54.48 CS4HI00013Na ("2 e 150 /271
981.7211  981.7213 —0.15 62.62 C54H102013Na  18:0/24:0  17:0/25:0; 16:0/26:0
989.6898  989.6900 —0.17 18.03 C55H98013Na  16:1/27:2
9917054 991.7056 —02 100 CS55HI00013Na  16:1/27:1 o1/ f;f(l)?/lzzﬁg/ 27:2;
9937210  993.7213 ~0.29 95.91 C55H102013Na  16:0/27:1  18:0/25:1;17:0/26:1
16:1/28:1; 17:0/27:2; 18:1/26:1;
10057211  1005.7213 —02 3431 C56H102013Na (/5 180262
. . 16:0/28:1; 18:0/26:1;
1007.7366  1007.7369 ~ —0.31 51.54 C56HIMMO13Na  17:0/27:1 0ot 0o
1009.7518  1009.7526 ~ —0.75 7.65 C56H106013Na  18:0/26:0 20:0/24:0
1017.7209  1017.7213  —0.38 11.79 C57H102013Na  18:1/27:2
1019.7367  1019.7369  —0.25 52.39 C57H104013Na  18:1/27:1  18:0/27:2;17:1/28:1
10217522 10217526  —0.37 92.1 C57H106013Na  18:0/27:1 17:0/28:1
. X 19:0/27:2; 19:1/27:1;
1033.7521 10337526  —047 10.49 C58HI06013Na  18:1/28:1 (et o' oo
10357678 10357682 —045 1333 C58108013Na igﬁg;gfi; 18:1/28:0; 17:0/29:1
1047.7677  1047.7682 05 2.56 C59H108013Na  18:0/28:2
1049.7835  1049.7839 —031 547 C59H110013Na  19:0/281 200/ f;(l]/;%(i/ 29:0;
10617837 10617839  —0.19 1.63 C60H110013Na  18:1/30:1
10637991 10637995  —0.38 1.83 C60H112013Na  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 MS"

The utility in the performance of sequential precursor ion separation, CID, and acquiring MS"
spectra of LIT MS™ mass spectrometry permits insight into not only the fragmentation processes,
but also the structural details of the molecules. For example, the LIT MS? 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 MS? 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 MS? 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., Glcl 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 MS? spectrum of the [M + Na]* ion of 18:0/27:1-DAT at m/z 1021 (a), its MS? spectra
of the ions of m/z 859 (1021 — 859) (b), and of m/z 737 (1021 — 737) (c); and its MS* 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 MS"
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 MS* 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, MS* 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 MS" on the [M + Nal* Ions of DAT for Stereoisomer Recognition

To define the structures of DAT species with many isomeric structures using LIT MS" 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 MS?
and MS* spectra. For example, the MS? 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 MS* spectrum of the
ions of m/z 535 (979 — 817 — 535; Figure 3d) contained ions of m/z 517 (loss of H,O) 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 MS? 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 MS*
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 MS" approach, a total of six isomeric structures were identified.

3.3. The Fragmentation Processes of the [M + HCO,]~ lons of DAT Revealed by LIT MS"

In the negative-ion mode in the presence of HCO, ~, 18:0/27:1-DAT formed [M + HCO,]~ ions of
m/z 1043, which gave rise to the prominent ions of m/z 997 by loss of HCO,H, 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 MS® 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 MS? spectra
of the [M + HCO;]™ 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 HCO,~, which attracts
the labile a-hydrogen on the fatty acid group to eliminate FA-ketene and HCO,H 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 a-methyl side chain [19,21,22,31],
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and does not contain labile x-hydrogen required for ketene loss. This is in contrast to the 18:0-FA

substituent at C2, which possesses two x-hydrogens (Scheme 2).
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Figure 3. The MS? spectrum of the [M + Na]* ions of m/z 979 (a), its MS? spectra of the ions of m/z
817 (979 — 817)) (b), of m/z 697 (979 — 697) (c), its MS* spectrum of the ions of m/z 535 (979 — 817
— 535) (d); and the MS® spectrum of the ions of m/z 695 (979 — 695) (e).
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Figure 4. The negative-ion MS? spectrum of the [M + HCO,] ™ ions of 18:0/27:1-DAT at m/z 1043 (a),
its MS® spectrum of the ions of m/z 997 (1043 — 997) (b).
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Scheme 2. The proposed LIT MS" fragmentation processes of the [M + HCO,] ™ ions of 18:0/27:1-DAT
atm/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
HCO; ™. The ketene loss pathway becomes not operative after the [M — H]~ ions are formed from
[M + HCO;]~ by loss of HCO,H.

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 MS" on the [M + HCO;]~ Ions

Similarly, the MS? spectrum of the ions of m/z 1001 is dominated by the ions of m/z 955 from loss
of HCO,H (Figure 5a). The MS® 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
(HCO,H + 18:1-ketene) and (HCO,H + 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 MS? on the ions of m/z 671 (1001 —
955 — 671) (Figure 5¢), 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.
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Figure 5. The negative-ion MS? spectrum of the [M + HCO,]~ ions of m/z 1001 (a), its MS® spectrum
of the ions of m/z 955 (1001 — 955) (b), and the MS* spectrum of the ions of m/z 671 (1001 — 955 —
671) (c).

3.5. Characterization of Minor Species Applying LIT MS" on the [M + HCO,]~ Ions

Applying multiple-stage mass spectrometry (LIT MS") for consecutive ion separation followed
by CID mass spectrometry is particularly useful for characterization of minor DAT species as
[M + HCO;]™ ions. For example, the MS? spectrum of the [M + HCO;]™ 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 MS® 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 (MS®) isolation. In this context, the MS* spectrum of the ions of
m/z 589 (989 — 943 — 589; Figure 6¢), 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.
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Figure 6. The negative-ion MS? spectrum of the [M + HCO,]~ ions of DAT at m/z 989 (a), its MS?
spectrum of the ions of m/z 943 (989 — 943) (b), MS* spectrum of the ions of m/z 589 (989 — 943 —
589) (c). The ions of m/z 989 are minor species and its MS? spectrum contains several ions (shown in
red in (a)) unrelated to the structure, but have been filtrated from higher stage MS", as shown in (b)
(MS3) and (c) (MS?).

4. Conclusions

Sequential precursor ion isolation applying multiple-stage mass spectrometry (LIT MS") 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 MS™ approach, by which the separation-CID-detection process can be completed
within a very short period of time.

LIT MS" 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 MS" spectrum provides more structurally specific information as
the MS" 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 MS" stage proceeds.
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Other drawback includes that a complete structural information is not necessary extractable by MS".
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 MS" 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 MS" 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.

HO HO
HO, Ho \ COH
o HN
HN HO
Q o
o N OMe
N OMe HN o
o o
N OMe OMe

Figure 1. Chemical structures of the cytotoxic agents studied: from the left; monomethyl auristatin E
(MMAE), 1 (p-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, 3-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 *PCE (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 um and 375 um, 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, ("}1’75;’). 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 (upmexc) and CE conditions (1) is known, as well as the effective electrophoretic mobility of
the micelles (ppsp):

k= _MMEKC U0 )
Upsp — UMEKC

An iteration procedure employing a homologous series of alkylbenzoates was used for estimating
the ppgp, 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 m?-V~1s~!, respectively.
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The distribution constant (Kp) 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 (¢) using Equation (2):

Kp=— (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):

(P _ VPSP _ Vspec, val'M'(CPSP - CMC) (3)
Vaq 1- (Vspec, val'M'(CPSP - CMC))

where Vpgp and V,q are the volumes of the pseudostationary phase and the aqueous phase in the
capillary, respectively, Vspec,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 74,1 =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 e-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 50x 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 ug 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 GOF-Fc, G1F-Fc,
and G2F-F, 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. IC5) 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 (Kp) 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 Kp
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 um and 375 um, respectively. The logD values represent the theoretically calculated distribution
coefficients calculated by the ChemAxon software.
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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 logKp 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 logKp 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 (Kp) decreased by 66% for compound 2 and by 84%
for compound 1 (Figure 2B). Moreover, the logKp 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 (ICsy = 4 nM), 2 (IC5p = 12 nM), and
an MMAE-glycolinker-cetuximab ADC (ICs5y = 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
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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.

100 -
: A
® s
> 80 - N
= R
Q2 \
.8 60 - 3\
2 ICso=1puM 7\
3 R
P 40 - X
8 A
[ | A
5 20 °
w A4 .
0 | | | |
-11 -10 -9 -8 -7 -6 -5
Log 10 of molar concentration

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 ICsy 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).
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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 ICsp-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
(PAHSs) 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 pg L~ with RSD values
lower than 25% (1 = 3). The linear working range was 0.5 ug L 't025 ug L~ for all analytes. The
method was applied to samples collected from the Itajai 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 pg L1

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~! in acetonitrile
purchased from J.T. Baker (Mallinckrodt, NJ, USA). The ionic strength was studied using sodium
chloride obtained from Synth (Sao 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 (Sao Paulo, SP, Brazil), and a heating block from Dist (Florianépolis,
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 (Florianépolis, SC, Brazil). Commercial fibers (DVB/Car/PDMS, 50/30 pum;
PDMS 100 pm and PDMS/DVB, 65 um; 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 x 0.25 mm x 0.25 um; 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 x 0.25 mm x 0.25 pm; 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~! 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—!. 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 um. 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 pg L~!. 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 ug L~! 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 ug L™!. 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 pug L~ was
prepared to build calibration curves which were used to calculate the linear coefficient of determination
(R?). 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
at0.5 ug L™, 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, SiO; (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 4000x 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 100x (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.

g
x100 1 mm

Figure 1. SEM micrographs obtained with the biosorbent fiber at magnifications of (A) 2000x and
(B) 4000, and a cross-section of the proposed fiber (C) at a magnification of 100x.
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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 ! corresponds to the O-H bonds of silanol groups. Two intense peaks between
~1200 and 1080 cm ! were assigned to the asymmetric stretching of the Si-O-Si siloxane groups and
one at ~790 cm ! is related to the Si-O-Si vibrations attributed to mesoporous silicas. At ~475 cm™!,
a peak related to O-Si-O vibration was present. Lastly, the peak at ~1600 cm ™! 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.

Diatomaceus Infrared - KBr tablets

Transmitance (%)

1199 and 1087 cm™
0.45: Si-0-Si

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1600 1000 1800 600 400

Wavenumber (cri’)
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.
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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.

® Diatomaceous earth 40,6 um
G PDMS/DVB 65 um

 PDMS 100 um

Normalized peak area / %

Analytes

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.

LOD LOQ Linear Range

Analyte (ug L) (ugL=1) (ug L) 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
benzol[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.

. ) . . RSD, RSD,
Analyte Splked( Cot]:ieln tration Relahve( Rfc; very (%) Intra-Day (%) Inter-Day (%)

uglL™) =3 (=3 (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
benzola]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 g L~!) and non-spiked river water.
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Figure 5. Chromatograms (GC-MS) obtained from a river water sample spiked at 10 g L~ (a) and
non-spiked river water sample (b). Elution order: (1) acenaphtlylene; (2) fluorene; (3) phananthrene;
(4) anthracene; (5) pyrene; (6) benzola]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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