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Preface to ”Derivatization in Analytical Chemistry”

Derivatization is one of the most widely used sample pretreatment techniques in Analytical 
Chemistry and Chemical Analysis. Reagent-based or reagent-less schemes offer improved 
detectability of target compounds, modification of the chromatographic properties and/or the 
stabilization of sensitive compounds until analysis. Either coupled with separation techniques or 
as a “stand alone” analytical procedure, derivatization offers endless possibilities in all aspects 
of analytical applications.

Paraskevas D. Tzanavaras

Editor
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Single-Step Hydrolysis and Derivatization of Homocysteine
Thiolactone Using Zone Fluidics: Simultaneous Analysis of
Mixtures with Homocysteine Following Separation by
Fluorosurfactant-Modified Gold Nanoparticles

Apostolia Tsiasioti 1, Constantinos K. Zacharis 2 and Paraskevas D. Tzanavaras 1,*

1 Laboratory of Analytical Chemistry, School of Chemistry, Faculty of Sciences,
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Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece; czacharis@pharm.auth.gr

* Correspondence: ptzanava@chem.auth.gr; Tel.: +30-23-1099-7721

Abstract: Herein, we report a new automated flow method based on zone fluidics for the simulta-
neous determination of homocysteine and homocysteine thiolactone using fluorimetric detection
(λext = 370 nm/λem = 480 nm). Homocysteine thiolactone is hydrolyzed on-line in alkaline medium
(1 mol L−1 NaOH) to yield homocysteine, followed by reaction with o-phthalaldehyde in a single
step. Derivatization is rapid without the need of elevated temperatures and stopped-flow steps,
while specificity is achieved through a unique reaction mechanism in the absence of nucleophilic
compounds. Mixtures of the analytes can be analyzed quantitatively after specific separation with
fluorosurfactant-capped gold nanoparticles that are selectively aggregated by homocysteine, leaving
the thiolactone analogue in solution. As low as 100 nmol L−1 of the analyte(s) can be quantified in
aqueous solutions, while concentrations > 2 µmol L−1 can be analyzed in artificial and real urine
matrix following 20-fold dilution. The percent recoveries ranged between 87 and 119%.

Keywords: homocysteine thiolactone; homocysteine; zone fluidics; o-phthalaldehyde; fluorosurfactant-
modified gold nanoparticles

1. Introduction

Homocysteine thiolactone (HTL) is a well-known modifying factor of proteins, and its
role in the pathogenesis of different diseases has started to be recognized [1–4]. HTL is a
chemically reactive metabolite generated by methionyl-tRNA synthetase and cleared by
the kidney [5]. There are numerous recent studies trying to elucidate the role of HTL in
human health, including the oxidative status of liver and intestines [6], sperm function [7],
blood vessel disfunction [8], and cardiovascular diseases [9].

HTL has, therefore, attracted the interest of analytical chemists and there are var-
ious methods in the literature reporting its determination in biological material, either
alone [10–16] or in combination with HCY [17–19]. Due to the complexity of the bio-
logical matrices, the majority of the methods take advantage of the enhanced selectivity
features of separation instrumental techniques, such as gas chromatography (GC) [11,13,17],
liquid chromatography (HPLC) [15,16,18], and capillary electrophoresis [10,12,19,20]. Elec-
trophoretic techniques offer low operational costs and high separation efficiency but gen-
erally low sensitivity. HTL/HCY can be detected directly using simple UV detection,
but sensitivity enhancement to sub-micromolar levels requires preconcentration by either
single-drop microextraction (SDME) [10,20], or by field-amplified sample stacking [10,12].
GC-MS is reported to be able to detect HTL/HCY selectively at micromolar levels with
a derivatization/extraction step always being necessary to improve the volatility of the
analytes [11,13,17]. HPLC is considered to be by far the most widely applied technique in
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bioanalysis and there are a couple of recent elegant reports on the analysis of HTL/HCY. For
example, HTL/HCY were derivatized with o-phthalaldehyde on-column (the reagent was
incorporated in the mobile phase), resulting in sharp peaks and fast elution. However, the
stability of the reversed phase column under highly alkaline conditions (0.1 mol L–1 NaOH
in the mobile phase) should always be of concern [13]. Alternatively, the analyte(s) can
be determined by HPLC directly (UV at 240 nm) [16] or after post-column derivatization
combined with cation exchange purification [15].

In our previous work, we have studied the selective reaction of HCY with o-phthalaldehyde
(OPA) in highly alkaline medium under flow conditions using the concept of zone fluidics
(ZF) [21]. Herein, we expand our work on investigating the potential of simultaneous
determining of HCY and HTL based on the rapid alkaline hydrolysis of the latter under
flow conditions [22]. Our goal is to achieve quantitative conversion of HTL to HCY and
derivatization with OPA in a single run. Analysis of mixtures is accomplished by a simple
(centrifugation-based) and elegant off-line step based on the different interactions of the
analytes with fluorosurfactant (FSN)-modified gold nanoparticles (GNPs) [14]. To the best
of our knowledge, this is the first automated flow assay for HTL reported in the literature.

2. Results and Discussion

2.1. Hydrolysis of HTL under Flow Conditions

HCY reacts with OPA under flow conditions and in highly alkaline medium (0.5 mol L−1

NaOH [21]) to form a highly fluorescent derivative in the absence of nucleophilic reagents.
The chemical system is specific in the presence of cysteine and other common amino acids
and highly selective against histidine, histamine, and glutathione. On the other hand, HTL
can react with the derivatizing reagent only after cleavage of the thiolactone ring to yield
HCY (Figure 1) [22].
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Figure 1. Hydrolysis of homocysteine thiolactone under alkaline conditions.

The potential of automating the hydrolysis and derivatization in a single step under
zone fluidics was investigated using the setup described in Section 3.2. Equal amount
concentrations of HCY and HTL (aqueous solutions of 0.75 µmol L−1 each) were processed
sequentially using elevating concentrations of NaOH (0.5 to 2.0 mol L−1). The experimental
results are depicted in Figure 2 and clearly demonstrate the effective hydrolysis of HTL
(97–101%) at all NaOH levels (at [NaOH] > 1 mol L−1, the sensitivity decreased equally
for both analytes). It is also worth mentioning that no heating of the reaction coil nor
stopped-flow was necessary to improve the cleavage of the thiolactone ring, simplifying the
on-line assay. Based on the findings in Figure 2, a concentration of NaOH of 1.0 mol L−1

was selected for further experiments.
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In a following series of experiments, the effective cleavage of the thiolactone ring
under flow conditions was investigated at the entire practical linearity range in the artificial
urine matrix (2 to 30 µmol L−1). The experimental procedure involved the steps described
in Section 3.4 under the “Analysis of HCY+HTL”. The ratio of the slopes of the curves
(29.3 (±0.8) for HTL and 29.8 (±0.6) for HCY) indicated 98.3% conversion within the whole
concentration range.

2.2. Separation of HCY and HTL

Since HCY and HTL react in a rather identical way with OPA/NaOH under flow
conditions, simultaneous analysis can be carried out only after a simple and yet effective
separation step.

GNPs have been evolved as viable alternatives for both sample preparation and sensor
development in bioanalysis [23–25]. Fluorosurfactant-capped GNPs (FSN-GNPs) have
proven to offer enhanced specificity and, most importantly, stability under high salinity
conditions [26]. FSN interacts with the nanoparticles through the hydrophilic end of the
molecule, while the hydrophobic chains remain dispersed in the solution [27,28]. Small
molecules, such as HCY, can penetrate the FSN layer and interact with the GNPs, causing
aggregation. Larger molecules are repelled through strong hydrophobic interactions,
offering unique selectivity properties.

On this basis, Huang and Cheng have reported quantitative removal of HCY (ca. 98%)
using the FSN-GNP-based procedure described in Section 3.4 [14]. To verify their findings,
artificial urine matrix spiked with HCY in the range of 2–30 µmol L−1 (final concentrations
of 0.1–1.5 µmol L−1) were processed either directly or following the separation step. The
experimental results are depicted in Figure 3. Based on the ratios of the slopes, ca. 97.1%
removal of HCY was achieved.

A second series of experiments confirmed the absence of interaction of the FSN-GNPs
with HTL at two concentration levels, namely 5 and 10 µmol L−1. Repetitive separation
experiments resulted in satisfactory recoveries in the range of 95–108%, both in the absence
and in the presence of HCY (20 µmol L−1) (Figure 4).
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The repeatability of the separation protocol was evaluated by processing mixtures
of HTL (10 µmol L−1) and HCY (20 µmol L−1) through six replicate experiments (EXP1–
EXP6), followed by analysis by the developed ZF method. The RSD was quite satisfactory,
being <5% (Figure S1).

2.3. Analytical Figures of Merit

Linearity for both analytes was evaluated in artificial urine matrix following the
experimental procedure described in Section 3.4. The respective regression equations in
the range of 2–30 µmol L−1 (corresponding to 0.1–1.5 µmol L−1 in aqueous solutions) were
obtained in a cumulative way by incorporating data from independent analyses through
six nonconsecutive working days (36 data points for each analyte):

F(HCY) = 30.78 (±0.91) × [HCY] + 1.98 (±6.65), r = 0.991
F(HTL) = 29.12 (±0.63) × [HTL] + 1.24 (±5.52), r = 0.998

(1)

The LOD for both analytes was estimated to be 0.6 µmol L−1 (based on the standard
deviation of the intercept rule) and the LLOQ = 2 µmol L−1 (lower level of the calibration
graph with residuals of <±10%). Both values refer to the artificial urine matrix considering
the 20-fold dilution.

The within-day precision was evaluated by repetitive injections (n = 8) of HCY and
HTL in artificial urine matrix at a low (2 µmol L−1) and a medium level (10 µmol L−1).
The RSD values were in the range of 1.1 and 2.4% in all cases. The between-days precision
was validated by obtaining independent calibration curves for both analytes within six
nonconsecutive working days. The respective RSD values of the slopes were 5.2% (HCY)
and 5.9% (HTL).

2.4. Analysis of HCY and HTL in Artificial Urine

The feasibility of the proposed procedure was evaluated by analysis of various mix-
tures of HCY and HTL in artificial urine matrix. Based on our previous findings, 20-fold
dilution of the matrix is adequate to avoid matrix effects (see Section 3.4) [21]. The ex-
perimental results are included in Table 1 (samples S1–S10). As indicated by the percent
recoveries, the incorporation of the hydrolysis of HTL in alkaline medium and the deriva-
tization reaction with OPA in a ZF configuration combined with an effective separation
pretreatment step offers satisfactory accuracy (R = 89–116%).

Table 1. Determination of HCY/HTL in artificial urine (S1–S10) and in human urine (S11–S15).

Sample
HTL

(µmol L−1)
Recovery

(%)
HCY

(µmol L−1)
Recovery

(%)

S1 — — 2 89 (±3)
S2 2 112 (±5) — —
S3 5 95 (±3) 5 109 (±5)
S4 5 109 (±5) 10 97 (±3)
S5 5 108 (±4) 20 110 (±4)
S6 — — 10 91 (±4)
S7 10 115 (±5) — —
S8 10 112 (±4) 10 102 (±3)
S9 20 92 (±5) 5 116 (±5)
S10 20 90 (±2) — —
S11 5 87 (±5) — —
S12 5 89 (±4) 5 85 (±5)
S13 — — 10 114 (±6)
S14 10 119 (±3) 5 107 (±4)
S15 10 102 (±4) 10 90 (±6)

Potential applicability has also been examined in pooled human urine, focusing on
the evaluation of the matrix effect. Real urine samples (see Section 3.4) were spiked with

5
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the analytes and processed at two dilution factors, namely 1:10 and 1:20. The experimental
results were quite similar to our findings for artificial urine [21]. Based on the ratios of
the slopes, the matrix effect at 1:10 dilution was calculated to be −22.6%, whereas 1:20
dilution offered an acceptable matrix effect of −5.1%. As can be seen in Table 1 (S11–S15),
the percent recoveries ranged between 87 and 119%.

3. Materials and Methods

3.1. Instrumentation

The zone fluidics (ZF) instrumentation consisted of the following parts: a Minipuls3
peristaltic pump (Gilson, Middleton, WI, USA), a micro-electrically actuated 10-port valve
(Valco, Brockville, ON, Canada), and an RF-551 flow-through spectrofluorimetric detector
operated at high sensitivity (Shimadzu, Kyoto, Japan). The flow connections were made
of PTFE tubing (0.5 or 0.7 mm i.d.), except for the connection used in the peristaltic pump
that was made of Tygon tubing. The reaction coil (RC, 100 cm × 0.5 mm i.d.) was tightly
wrapped around a metallic rod (10 cm × 4.6 mm i.d.) and was thermostated at the desired
temperature (±0.1 ◦C) using an HPLC column heater (Jones Chromatography).

The ZF system was operated through the LabVIEW®, a home-developed program
(National Instruments, Austin, TX, USA). Data acquisition (as peak heights) was carried
out through the Clarity® software (version 4.0.3, DataApex, Prague, Czech Republic).

3.2. Reagents and Materials

Homocysteine (HCY, Merck), homocysteine thiolactone (HTL, Sigma), o-phthalaldehyde
(OPA, Fluka), NaOH (Sigma), and HCl (Sigma) were all of analytical grade. Doubly deion-
ized water was produced by a B30 water purification system (Adrona SIA, Riga, Latvia).

The standard stock solutions of the analytes were prepared at a concentration level
of 10 mmol L−1 by dissolving accurately weighted amounts in 50 mmol L−1 HCl and
were kept at 4 ◦C. Working aqueous standards were prepared daily by serial dilutions in
doubly deionized water in the range of 0.1–1.5 µmol L−1 for HCY and HTL (2–30 µmol L−1

in artificial urine). The OPA solution (c = 10 mmol L−1) was prepared by dissolving the
appropriate amount in 500 µL of MeOH + 9500 µL water and was stable in light-protected
vials for 5 working days when stored at 4 ◦C. The NaOH solutions were prepared at the
required concentration levels in water (0.5–2 mol L−1).

FSN-modified GNPs were prepared following the procedure described by Huang and
Cheng [14]. In brief, 54 µL of HAuCl4 (10% m/v, Sigma) was added rapidly to an aqueous
solution of sodium citrate (60 mL, 0.075% m/v) under vigorous boiling and continuous
stirring. The resulting mixture was heated under reflux for an additional 15 min to obtain
a deep-red-colored solution (λmax = 520 nm). Modification of the GNPs with FSN was
carried out by adding 240 µL of the surfactant (10% v/v, Sigma) in the GNPs (60 mL) at
room temperature and under stirring, following by storage at 4 ◦C.

The composition of the artificial urine matrix can be seen in Table S1. All compounds
were mixed in deionized water and the pH of the solution was adjusted to 6.0 by addition
of 1.0 mol L−1 hydrochloric acid.

3.3. ZF Procedure

The ZF procedure for the determination of HCY and HTL consisted of the following
steps (Figure 5) [21]: 50 µL of OPA (10 mmol L−1), 50 µL of NaOH (1 mol L−1), and 150 µL
of standards were aspirated in this order in the holding coil through the respective ports of
the multi-position valve. The flow was reversed and the zones passed through a 100-cm-
long reaction coil at a flow rate of 0.6 mL min−1, in which the HCY–OPA reaction product
was formed (or hydrolysis and derivatization in the case of HTL). The derivatives were
monitored fluorimetrically as peak heights at λext/λem = 370/480 nm.
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Figure 5. Schematic diagram of the zone fluidics setup: PP = peristaltic pump; HC = holding coil;
RC = reaction coil; D = fluorimetric detector; W = waste.

HCY and HTL were determined in two successive runs; (i) in a first run, total
HCY + HTL was determined without prior separation of the analytes, and (ii) HTL was
quantified following separation using the FSN-GNP-based procedure in a second run. HCY
was estimated by difference.

3.4. Preparation of Samples

Artificial urine matrix was prepared as described in Section 2.2 and aliquots were
spiked with HCY, HTL, and their mixtures in the range of 2 to 30 µmol L−1. In an analogous
way, a pooled human urine sample from apparently healthy volunteers (n = 6, members of
the lab) was also utilized.

Analysis of HCY+HTL: 50 µL of the spiked matrix (artificial or human urine) was
diluted to 1000 µL with water and analyzed under the ZF conditions proposed above.

Analysis of HTL: 50 µL of the spiked matrix (artificial or human urine) was diluted
to 500 µL with water, followed by the addition of 500 µL of FSN-GNP solution. The
mixture was allowed to react for 20 min and the aggregated nanoparticles were separated
by centrifugation (18,000 rpm, 20 min). The supernatant was analyzed directly by the ZF
procedure.

4. Conclusions

The present report offers—to our opinion—some interesting features: (i) this is, to
the best of our knowledge, the first method for the assay of HTL using automated flow
methods; (ii) hydrolysis in alkaline medium and derivatization of HTL with OPA are
carried out rapidly and quantitatively in a single step; (iii) due to the rapid and on-line
character of the flow scheme, potential side reactions that are favored under alkaline batch
conditions (e.g., formation of 2,5-diketopiperazine [29]) are avoided; (iv) there is no need
for elevated temperatures and time-consuming stopped-flow mode; (v) high specificity is
achieved by reacting with OPA in the absence of nucleophilic compounds; (vi) HTL and
HCY can be quantified in their mixtures following a simple and yet efficient separation
step based on the selectivity of FSN-capped GNPs; (vii) sub-micromolar levels can be
analyzed in aqueous solutions and low micromolar levels in diluted artificial and human
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urine without matrix interferences; (viii) application to real human urine requires either the
use of a matrix-matched calibration curve or at least 20-fold dilution. Further investigation
is required in order to develop an analyte preconcentration scheme that will enable the
quantification of the analytes in human urine at the nanomolar level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27072040/s1, Figure S1: Repeatability of the removal
of Homocysteine in the presence of Homocysteine thiolactone (six independent experiments, EXP1-
EXP6); Table S1: Composition of the artificial urine matrix.
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Abstract: Metabolomics profiling using liquid chromatography-mass spectrometry (LC-MS) has
become an important tool in biomedical research. However, resolving enantiomers still repre-
sents a significant challenge in the metabolomics study of complex samples. Here, we introduced
N,N-dimethyl-L-cysteine (dimethylcysteine, DiCys), a chiral thiol, for the o-phthalaldehyde (OPA)
derivatization of enantiomeric amine metabolites. We took interest in DiCys because of its potential
for multiplex isotope-tagged quantification. Here, we characterized the usefulness of DiCys in
reversed-phase LC-MS analyses of chiral metabolites, compared against five commonly used chiral
thiols: N-acetyl-L-cysteine (NAC); N-acetyl-D-penicillamine (NAP); isobutyryl-L-cysteine (IBLC);
N-(tert-butoxycarbonyl)-L-cysteine methyl ester (NBC); and N-(tert-butylthiocarbamoyl)-L-cysteine
ethyl ester (BTCC). DiCys and IBLC showed the best overall performance in terms of chiral separation,
fluorescence intensity, and ionization efficiency. For chiral separation of amino acids, DiCys/OPA
also outperformed Marfey’s reagents: 1-fluoro-2-4-dinitrophenyl-5-L-valine amide (FDVA) and 1-
fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA). As proof of principle, we compared DiCys and
IBLC for detecting chiral metabolites in aqueous extracts of rice. By LC–MS analyses, both methods
detected twenty proteinogenic L-amino acids and seven D-amino acids (Ala, Arg, Lys, Phe, Ser, Tyr,
and Val), but DiCys showed better analyte separation. We conclude that DiCys/OPA is an excellent
amine-derivatization method for enantiomeric metabolite detection in LC-MS analyses.

Keywords: chiral metabolomics; rice water; d-amino acids; enantiomer separation; dimethyl labeling

1. Introduction

In the post-genomics era, metabolomics profiling has become an important tool
in biomedical research [1–4]. For highly complex metabolomes, reversed-phase liquid
chromatography–tandem MS (RP-LC-MS/MS) analyses is the standard tool for high-
throughput discovery [5–9]. One of the fundamental limitations of RP-LC-MS is the lack
of stereoselectivity, but many important metabolites are chiral molecules. Recently, chiral
metabolomics has become an area of emerging interest [10–15].

Initial interests in chiral metabolomics began with D-amino acids, which are physio-
logically active substances in mammals [16,17]. In fact, D-serine, D-aspartate, D-alanine,
and D-cysteine are found in many tissues and body fluids, and several D-amino acids
are important neurotransmitters in the brain [18,19]. Enantiomeric amino acids and their
derivatives may be useful biomarkers and novel drug candidates; their detection is impor-
tant in pharmacological research, clinical analysis, agriculture, and food science [20–22].
Using isotope tagging, advanced MS instrumentation, and new MS data analysis schemes,
it is possible to carry out non-targeted chiral metabolomics profiling and discover novel
chiral biomarkers beyond just amino acids [23].

A classic reagent for the derivatization of amine metabolites is o-phthalaldehyde (OPA),
widely utilized in commercial amino acid analyzers [24–27]. The chemical reaction with
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OPA to form fluorescent isoindole derivatives requires a nucleophilic thiol. Coupling OPA
to chiral thiols enables chiral separation via diastereomer formation. Chiral thiols tested
for OPA derivatization included N-acetyl-L-cysteine (NAC) [28]; N-acetyl-D-penicillamine
(NAP) [29]; isobutyryl-L-cysteine (IBLC) [30]; N-(tert-butoxycarbonyl)-L-cysteine methyl
ester (NBC) [31]; N-(tert-butylthiocarbamoyl)-L-cysteine ethyl ester (BTCC) [32]; N-R-
mandelyl-L-cysteine (NMC) [33,34]; and 2,3,4,6-tetra-o-acetyl-1-thio-β-D-glucopyranose
(TATG) [34].

In advanced chiral metabolomics profiling, labeling with heavy isotopes is very
important for quantification. To our knowledge, no study has introduced isotope la-
bels via thiol/OPA derivatization. We are particularly interested in developing N,N-
dimethyl-L-cysteine (DiCys) with OPA as a potential strategy for isotope tags in chiral
metabolomics. DiCys can be easily synthesized in one step from L-cysteine by reductive
amination (dimethyl labeling), using formaldehyde (CH2O) and sodium cyanoborohydride
(NaBH3CN). The fact that CD2O, 13CH2O, 13CD2O and NaBD3CN are commercially avail-
able at relatively low costs means that +2, +4, +6, and +8 Da tags can be easily generated via
dimethyl labeling [35,36]. Moreover, 13C- and 15N-cysteines are also commercially avail-
able, which means that up to 10-plex isotope labeling (+0 – +9 Da) is feasible (Figure S1,
supplementary materials).

Due to the potential of DiCys/OPA as a versatile isotope-labeling method, this study
sought to understand its performance in standard RP-LC-MS analyses of chiral metabolites.
DiCys was evaluated against five commonly used chiral thiols: NAC, NAP, IBLC, NBC,
and BTCC. The reaction mechanism of DiCys/OPA with amines is shown in Figure 1a, and
the chemical structures of the other thiols are shown in Figure 1b. They were compared
based on their fluorescence intensity, separation performance, stability, and ionization
efficiency for amino acid enantiomers. DiCys/OPA was also compared against Marfey’s
reagents, which are commonly used for resolving chiral amino acids. Finally, we compared
DiCys against IBLC in identifying D-amino acids in aqueous extracts of rice. Our data
suggest that DiCys/OPA is an excellent derivatization method to resolve chiral amines in
RP-LC-MS metabolomics profiling.

β

 

Figure 1. (a) Derivatization reaction of amino acids with DiCys/OPA. (b) Structures of chiral thiols:
NAC, NAP, IBLC, NBC, and BTCC.

2. Results and Discussion

2.1. Stability and Fluorescence of DiCys Derivatives

Some of the most abundant amine-containing metabolites in biological samples are
amino acids. L and D amino acid pairs are also among the most important enantiomeric
metabolites in terms of biological functions. The charged carboxylate group makes it
somewhat challenging to resolve all 20 proteinogenic amino acids by RP-HPLC. Therefore,
we chose amino acids as model metabolites to study DiCys/OPA derivatization.
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One of the reported disadvantages of OPA/thiol derivatization is the instability of
the product [24,25]. Here, we evaluated the stability of OPA adducts with DiCys and
five additional chiral thiols—NAC, NAP, IBLC, NBC, and BTCC. We monitored the flu-
orescence intensities of OPA/thiol-derivatized amino acids at 4 ◦C for 60 min (Figure S2
supplementary materials), and there was no visible sign of fluorophore breakdown, con-
sistent with previous reports [37]. This should therefore be stable enough for routine
LC-MS workflows.

We also quantified the fluorescence intensities of five L-amino acids derivatized with
six chiral thiols (Figure 2a) after HPLC separation. Our results indicated that IBLC, NAC,
and DiCys derivatives produced stronger fluorescence. In contrast, the NAP and NBC
derivatives exhibited very low fluorescence intensities.

 

Figure 2. Fluorescence intensities (a) and ion intensities (b) of the OPA/thiol-derivatized L-amino
acids (Glu, Ser, Ala, Tyr, and Phe) at equal concentrations. The center bar represents the mean, and
the whiskers represent ±2 standard deviations.

2.2. Separation of Enantiomers

When Chernobrrovkin et al. compared NAC, NAP, IBLC, and NMC as chiral thiols for
OPA derivatization [33], they found that NAC and NMC provided better chiral resolution
than NAP and IBLC. However, the resolution factors may depend on the column; mobile
phase composition; flow rate; and gradient [38,39]. We previously found that optimal
elution condition for OPA adducts was around pH 8 instead of the typical acidic condi-
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tions [40]. Therefore, we conducted RP-LC separation at pH 8 to resolve five enantiomer
pairs (Glu, Ser, Ala, Tyr, and Phe) (Figure 3). The best resolution was obtained with IBLC
and DiCys, and the worst was with BTCC (Table S1 supplementary materials). Quantitative
conversion to derivatized products for both enantiomers and the lack of racemization were
confirmed by MS detection.

 

Figure 3. RP-HPLC analysis of amino acid enantiomers derivatized with OPA/thiol. The adducts
of DiCys (a), NAC (b), NAP (c), IBLC (d), NBC (e), and BTCC (f) are detected by 340 nm
excitation/450 nm emission. The ratio between L:D amino acids is 3:1.
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2.3. Ionization Efficiency and MS/MS Properties

Amino acids exhibit low ionization efficiencies in ESI-MS experiments, and OPA
derivatization may bring significant enhancements [40]. As shown in Figure 2b, all six thiol
adducts have shown 25–100-fold higher ionization efficiencies over non-derivatized amino
acids, making them generally useful for ESI-MS detection. In MS analyses, it is easy to
identify derivatized amino acid enantiomers in the mass chromatogram based on double-
peak detection via selected ion monitoring. To fragment OPA adducts requires relatively
high collision energies: around 20 V [40]. The fragmentation patterns of DiCys/OPA
adducts with seven amino acids are shown in Figure S3 supplementary materials, with a
neutral loss of the thiol group in all cases.

2.4. Comparing DiCys/OPA against Marfey’s Reagents

For the enantiomeric separation of amino acids, Marfey’s reagent has been used
widely [41–44]. This has led to the development of several Marfey variants, including: 1-
fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA); 1-fluoro-2-4-dinitrophenyl-5-L-Valina
amide (FDVA); and the corresponding Phe, Ile, and Leu versions [44]. Here, we com-
pared the most commonly used Marfey’s variants, FDAA and FDVA, to the performance
of DiCys/OPA. DiCys was the best of the three regarding chiral amino acid separation
(Figure S4 supplementary materials). DiCys/OPA derivatives also have the advantage
of being fluorogenic, while Marfey’s derivatives are non-fluorescent. Therefore, we con-
clude that DiCys/OPA is highly suitable for resolving chiral analytes, better than popular
methods such as NAC/OPA and Marfey’s reagents.

2.5. Enantiomer Identification in Rice Water with DiCys/OPA

To test the usefulness of DiCys/OPA, we analyzed the aqueous extracts of edible
rice, otherwise known as rice water. Rice water is the starchy water that remains after
soaking or cooking rice, containing vitamins, amino acids, and minerals. It has been
used traditionally in the treatment of skin and hair in Asian countries [45–47]. Little is
known about the composition of amino acid enantiomers in rice water. Therefore, we
separately applied DiCys/OPA and IBLC/OPA derivatization to rice water samples. Their
RP-HPLC chromatograms are shown in Figure 4, and we observed almost twice as many
visible fluorescent peaks with DiCys compared to IBLC. It shows that DiCys is suitable for
separating a wide range of naturally occurring amine metabolites.

By MS and MS/MS detection, we could identify all twenty proteinogenic L-amino
acids and seven D-amino acids (Ala, Arg, Lys, Phe, Ser, Tyr, and Val) in rice water samples
using either DiCys or IBLC. Figure 5 shows the integrated ion intensities of individual
amino acids. The retention time, precursor ion, and product ion information are listed
in Tables S2 and S3 supplementary materials. The ratios between D/L amino acids are
shown in Table 1. Interestingly, the highest D/L ratios were found for the two posi-
tively charged amino acids, Arg and Lys. Their physiological roles and gustatory effects
remain undetermined.

3. Materials and Methods

3.1. Reagents

L and D amino acids (Glu, Ser, Ala, Tyr, Phe), L-Cys, OPA, ammonium bicarbonate,
perchloric acid (ACS reagent, 70%), formaldehyde (37% w/w), dichloromethane, ninhydrin,
fluorescamine, Ellman’s reagent (DTNB), NAC, NAP, IBLC, NBC, and BTCC were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Methanol and acetonitrile (ACN) were
purchased from Baker (Radnor, PA, USA). Boric acid and sodium tetraborate were pur-
chased from Acros (Geel, Belgium). Sodium cyanoborohydride was purchased from Fluka
(Buchs, Switzerland). FDAA and FDVA were purchased from Thermo Fisher (Waltham,
MA, USA).
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Figure 4. RP-HPLC analysis of free amines in rice water derivatized by DiCys/OPA (a) and IBLC/OPA (b), detected by
340 nm excitation/450 nm emission.

3.2. Synthesis of N,N-Dimethyl-L-Cysteine

A total of 100 mg of L-cysteine was dissolved in 10 mL dilute HCl (pH 2.5) and
mixed with 8.25 mmol of sodium cyanoborohydride (NaBH3CN) for 10 min at 4 ◦C. Then,
8.25 mmol of formaldehyde (37% w/w) was added, stirred for 30 min, and the reaction
was monitored by ninhydrin staining on thin-layer chromatography plates. The DiCys
product was purified via silica-gel column chromatography using MeOH/CH2Cl2. DiCys
fraction was acidified to pH 2.5 by adding 0.1 N HCl and evaporated to dryness at 60 ◦C.
DiCys powder was dissolved in deionized water and quantified using the Ellman assay.
The reaction yield was 87%. HRMS (ESI/Q-TOF) m/z: M = C5H11NO2S, calculated for
[M + H]+ = 150.0583, found 150.0589.

3.3. Rice Water Preparation

Sushi rice samples were purchased from a local grocery store in Taiwan. In total, 50 g
of the dried rice was placed in 50 mL of deionized water. After shaking for 30 min, the
solution was passed through filter paper. The rice water was lyophilized and dissolved in
250 µL of 0.01% perchloric acid and filtered twice through 0.22 µm nylon filters. Finally,
we quantified total amines using a fluorescamine assay [48].
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/

Figure 5. The amino acid contents of rice water measured by IBLC/OPA and DiCys/OPA derivatiza-
tion. Bars indicate the integrated peak area of ion intensities from RP-LC-MS analyses. Error bars
correspond to the standard error from three independent replicate experiments.

Table 1. The ratios of D-amino acid to L-amino acid in rice water.

Amino Acids D/L Ratio

Ala 0.09
Arg 0.31
Lys 0.30
Phe 0.09
Ser 0.10
Tyr 0.12
Val 0.03
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3.4. Derivatization Reactions

The following reagents were prepared freshly before use: L, D-glutamic acid; L, D-
serine; L, D-alanine; L, D-arginine; D-valine; L, D-tyrosine; L, D-phenylalanine; and L,
D-lysine. These reagents were used as amino acid standards and dissolved in 0.01%
perchloric acid. The thiols (DiCys, NAC, NAP, IBLC, NBC, and BTCC) were dissolved
in methanol to 150 mM. The OPA solution (50 mM) was prepared by dissolving 1.5 mg
OPA in a mixture of 20 µL MeOH and 180 µL of 1 M borate buffer (pH 10.7); then, 5.03 mg
of FDAA was dissolved in 500 µL ACN (37 mM), and 5.55 mg of FDVA in 500 µL ACN
(37 mM).

After this, 20 µL of 50 mM OPA, 20 µL of 1 M borate buffer (pH 10.7), and 20 µL of
150 mM thiol were combined. We then added either 20 µL of 2.5 mM amino acid solution
or rice water sample, and the mixture was vortexed and incubated at 4 ◦C for 2 min under
dark conditions. The solution was diluted to a final volume of 200 µL with 50% ACN, and
20 µL of the mixture was injected into the HPLC.

A total of 20 µL of 37 mM Marfey’s reagent (FDAA or FDVA) was mixed with 20 µL
of 2.5 mM amino acid solution, 8 µL of 1 M NaHCO3 (pH 8.0), and 31.5 µL of acetone. The
mixture was incubated at 40 ◦C for 1 h, quenched by adding 6 µL of 2 M HCl, before 20 µL
of the mixture was injected into the HPLC.

3.5. LC-MS Analysis

The Agilent 1260 HPLC system (Santa Clara, CA, USA) was equipped with an
autosampler, a quaternary pump, a column oven, a UV-Vis absorbance detector, and
a fluorescence detector. The Hydrosphere C18 column (250 × 4.6 mm, 5 µm bead diame-
ter) used for separation was acquired from YMC (Kyoto, Japan). The aqueous mobile phase
(A) consisted of 2 mM ammonium bicarbonate (pH 8.0), whilst mobile phase B contained
7% MeOH in ACN. Elution was performed at a flow rate of 1 mL/min at 40 ◦C using the fol-
lowing gradient program: 0–5 min, 10%; 5–10 min, 10–12%; 10–20 min, 12–22%; 20–30 min,
22–38%; 30–40 min, 38–60%; 40–47 min, 60–83%; 47–50 min, 83–100%; 50–54 min, 100%;
54–57 min, 100–10%; 57–60 min, 10%. The HPLC was connected to Bruker micrOTOF-QII
(Bremen, Germany) operated in positive mode. Full MS spectra were recorded from (m/z)
100 to 600. ESI source parameters were nebulizer gas (nitrogen) at 0.3 bar, drying gas
(nitrogen) at 4 L/min, and 180 ◦C.

4. Conclusions

We systematically evaluated the suitability of six chiral thiols (DiCys, NAC, NAP,
IBLC, NBC, and BTCC) for OPA-assisted separation of amino acid enantiomers. The best
separation efficiencies in RP-HPLC were found with DiCys and IBLC. For fluorescence
detection, IBLC, NAC, and DiCys gave stronger signals while NAP only gave very weak
signals. All six reagents enhanced ionization efficiencies by 25–100 fold, useful for MS detec-
tion. Previously, IBLC has been a popular reagent for resolving chiral amino acids [30,49],
and our data supported its usefulness. More importantly, our study was the first to intro-
duce DiCys/OPA for enantiomeric separation, and its performance was comparable to
IBLC in our tests. DiCys also outperformed Marfey’s reagents FDAA and FDVA, which
were specially developed for chiral separation purposes. We conclude that DiCys is a highly
versatile reagent for resolving enantiomeric amines in chiral metabolomics experiments.

The greatest advantage of DiCys is its potential for multiplex heavy-isotope labeling.
Using well-established chemistries [35], heavy isotope versions from +1 Da to +9 Da may
be easily synthesized in one step using commercially available reagents. This may provide
10-plex labeling at an affordable cost for high-throughput metabolomics experiments.
Combined with fluorogenic detection and excellent chiral separation, DiCys is one of the
most versatile amine derivatization reagents currently available.

In real-world metabolomics profiling of rice water, DiCys provided better separation of
amine metabolites than IBLC. Both allowed us to detect twenty proteinogenic L-amino acids
and identify seven D-amino acids—Ala, Arg, Lys, Phe, Ser, Tyr, and Val. These D-amino
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acids are primarily associated with sweetness for humans [50,51], suggesting that D-amino
acids may be important for the gustatory taste. Moreover, D-amino acids synthesized by
gut microbiomes may affect our immune systems [52,53]. How D-amino acids in rice diet
may affect our gut microbiome–immune axis will warrant further investigation.
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Abstract: Carbon dioxide (CO2) and carbonates, which are widely distributed in nature, are con-
stituents of inorganic and organic matter and are essential in vegetable and animal organisms. CO2

is the principal greenhouse gas in the atmosphere. In human blood, CO2/HCO3
− is an important

buffering system. Inorganic nitrate (ONO2
−) and nitrite (ONO−) are major metabolites and abun-

dant reservoirs of nitric oxide (NO), an endogenous multifunctional signaling molecule. Carbonic
anhydrase (CA) is involved in the reabsorption of nitrite and nitrate from the primary urine. The
measurement of nitrate and nitrite in biological samples is of particular importance. The derivatiza-
tion of nitrate and nitrite in biological samples alongside their 15N-labeled analogs, which serve as
internal standards, is a prerequisite for their analysis by gas chromatography–mass spectrometry
(GC-MS). A suitable derivatization reagent is pentafluorobenzyl bromide (PFB-Br). Nitrate and nitrite
are converted in aqueous acetone to PFB-ONO2 and PFB-NO2, respectively. PFB-Br is also useful
for the GC-MS analysis of carbonate/bicarbonate. This is of particular importance in conditions of
pharmacological CA inhibition, for instance by acetazolamide, which is accompanied by elevated con-
comitant excretion of nitrate, nitrite and bicarbonate, as well as by urine alkalization. We performed a
series of experiments with exogenous bicarbonate (NaHCO3) added to human urine samples (range,
0 to 100 mM), as well as with endogenous bicarbonate resulting from the inhibition of CA activity in
healthy subjects before and after ingestion of pharmacological acetazolamide. Our results indicate
that bicarbonate enhances the derivatization of nitrate with PFB-Br. In contrast, bicarbonate decreases
the derivatization of nitrite with PFB-Br. Bicarbonate is not a catalyst, but it enhances PFB-ONO2

formation and inhibits PFB-NO2 formation in a concentration-dependent manner. The effects of
bicarbonate are likely to result from its reaction with PFB-Br to generate PFB-OCOOH. Nitrate reacts
with concomitantly produced PFB-OCOOH to form PFB-ONO2 in addition to the direct reaction of
nitrate with PFB-Br. By contrast, nitrite does not react with PFB-OCOOH to form PFB-NO2. Sample
acidification by small volumes of 20 wt.% aqueous acetic acid abolishes the effects of exogenous and
endogenous bicarbonate on nitrite measurement.

Keywords: acetazolamide; carbonic anhydrase; derivatization; enhancement; GC-MS; inhibition;
pentafluorobenzyl bromide

1. Introduction

Pentafluorobenzyl bromide (2,3,4,5,6-pentafluorobenzyl bromide, PFB-Br) is a useful
derivatization reagent for different classes of organic substances including carboxylic acids
and amines, as well as inorganic anions, including nitrate and nitrite [1]. Derivatization
with PFB-Br can be performed in water-free organic solvents such as acetonitrile, as well
as in aqueous systems in the presence of water-miscible organic solvents such as acetone.
Use of an acetone-aqueous sample in a volume ratio of 4:1 enables derivatization in
homogenous phase [1]. Reactions with PFB-Br are nucleophilic substitutions of bromide by
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a nucleophile, which can be water, halogenides such as chloride, and other inorganic ions.
The derivatization time is dependent upon the nucleophilicity and other factors, such as
the stability of the PFB derivatives. The reaction products are lipophilic and extractable
into organic solvents such as toluene and are best suitable for gas chromatography–mass
spectrometry (GC-MS) analysis. Due to the fluorine atoms in PFB derivatives, their GC-MS
analysis in the negative-ion chemical ionization mode revealed the highest sensitivity.

We previously developed a GC-MS method for the simultaneous quantitative mea-
surement of nitrite and nitrate in different biological samples including human plasma,
urine and saliva [2]. The reaction of PFB-Br with nitrite in aqueous acetone leads to the
formation of the nitro derivative (PFB-NO2), yet not of the expected nitrous acid ester
(PFB-ONO) (Scheme 1, reaction A). The reaction of PFB-Br with nitrate generates the nitric
acid ester (PFB-ONO2) (Scheme 1, reaction B). Kinetic investigations showed that nitrite
reacts with PFB-Br more rapidly and to a higher extent than nitrate, even at room tempera-
ture [2]. Yet, PFB-NO2 seems to be readily susceptible to hydrolysis. As a compromise, we
measured nitrite and nitrate simultaneously using GC-MS after derivatization with PFB-Br
at 50 ◦C for 60 min. This procedure enhances the yield of the derivatization for nitrate and
decreases the yield for nitrite due to hydrolysis. Yet, the use of the stable isotope analogs
[15N]nitrite and [15N]nitrate guarantees highly accurate quantitative measurements in
biological samples [2].

−

 

Scheme 1. Derivatization of (A) nitrite and (B) nitrate in aqueous acetone with pentafluorobenzyl bromide at 50 ◦C. The
optimum derivatization time is 5 min for nitrite and 60 min for nitrate.

Carbon dioxide (CO2) and carbonates are widely distributed in nature. In human
blood, CO2/HCO3

− is an important buffering system. In human urine, carbonate and
bocrabonate are physiologically excreted [3,4]. Like nitrite and nitrate, we found that
carbonate can react with PFB-Br under experimental conditions similar to those of nitrite
and nitrate [5]. We observed the formation of the expected PFB-OCOOH derivative, albeit
in low yield [5]. This behavior resembles in part that of nitrite derivatization with PFB-Br,
which did not form any isolable PFB-ONO but exclusively (PFB-NO2).

In previous work, we observed an interaction of carbonate/bicarbonate with the anal-
ysis of nitrite in urine samples of subjects who took acetazolamide [6], a clinical drug [7].
Acetazolamide inhibits carboanhydrase (CA) activity in the kidneys, and because of this, it
increases the excretion of bicarbonate and pH of the urine. Urine acidification of carbonate-
containing urine samples with acetic acid (20 wt.%) did not influence the derivatization of
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nitrate but seemed to increase the yield of PFB-NO2 [6]. In the present work, we investi-
gated the derivatization of nitrite and nitrate in human urine and plasma under various
conditions, aiming to reveal potential mechanisms and solutions for the derivatization of
nitrite and nitrate in the presence of high carbonate/bicarbonate concentrations.

2. Materials and Methods

2.1. Chemicals and Materials

2,3,4,5,6-Pentafluorobenzyl bromide (PFB-Br), sodium nitrite (purity 99.99+%), sodium
[15N]nitrite and sodium [15N]nitrate (declared as 99 atom% at 15N each) were obtained from
Sigma-Aldrich (Steinheim, Germany). Toluene was purchased from Baker (Deventer, The
Netherlands). Sodium bicarbonate and carbonate, acetone and glacial acetic acid were from
Merck (Darmstadt, Germany). 2H-Labelled creatinine ([methylo-2H3]creatinine, >99 atom%
2H) was obtained from Aldrich. PFB-Br is corrosive and an eye irritant. Inhalation and
contact with skin and eyes should be avoided. All work should be and was performed in a
well-ventilated fume hood. Separate stock solutions of salts were prepared by dissolving
accurately weighed amounts of commercially available unlabeled and stable-isotope-
labeled salts in deionized water. Stock solutions were diluted with deionized water as
appropriate.

Glassware for GC-MS (1.5-mL autosampler vials and 0.2-mL microvials) including
the fused-silica capillary column Optima 17 (15 m × 0.25 mm I.D., 0.25-micrometer film
thickness) were purchased from Macherey-Nagel (Düren, Germany).

2.2. Derivatization Procedures for Nitrite and Nitrate and GC-MS Analyses

In general, the following derivatization procedure was used. Deviations are reported
in the individual experiments. A total of 100-µL aliquots of a sample were added to
400-µL aliquots of acetone and 10-µL aliquots of PFB-Br, and the samples were heated at
50 ◦C for 5 min or 60 min. After derivatization, acetone was removed under a stream of
nitrogen, and analytes were extracted by vortexing with toluene (1 mL). Nitrite and nitrate
were measured simultaneously in 100 µL urine specimens by a previously reported, fully
validated GC-MS method immediately after acidification by using a 20 wt.% acetic acid
solution and derivatization by PFB-Br, as described elsewhere [2]. 15N-Labelled nitrite
(final concentration, 4 µM or 1 µM) and 15N-labeled nitrate (final concentration, 400 µM or
100 µM) were used as internal standards for urinary nitrite and nitrate, respectively. To
investigate the effect of the CO2/Na2CO3/NaHCO3 system on nitrite and nitrate analysis,
samples were derivatized before and after acidification by 20 wt.% acetic acid to reach
a final pH value of about 4.5 in order to remove CO2 from urine samples, as described
elsewhere [2]. Urinary excretion of nitrite and nitrate was corrected for urinary creatinine
excretion. Creatinine-corrected excretion rates are reported as µmol of nitrite or nitrate per
mmol of creatinine.

Aliquots (1 µL) of the toluene extracts were injected into the GC-MS apparatus (model
DSQ from ThermoFisher; Dreieich, Germany) in the splitless mode. Quantification was per-
formed by selected-ion monitoring (SIM) of mass-to-charge (m/z) of m/z 46 for [14N]nitrite,
m/z 47 for [15N]nitrite, m/z 62 for [14N]nitrate and m/z 63 for [15N]nitrate using a dwell
time of 50 ms for each ion. The measured peak area (PA) values of unlabeled and labeled
nitrite and nitrate and the peak area ratio (PAR) of unlabeled to labeled nitrite or nitrate
were used in calculations.

2.3. Analyses in Urine Samples Collected in Previous Studies

In the present study, we used urine samples collected in a previously reported
study [6], which had been performed as follows in brief. Six apparently healthy vol-
unteers (2 females, aged 25 and 44 years; 4 males, aged 24–49 years) had participated in
the study. In the morning (8 a.m.), the volunteers were orally given one to two tablets
acetazolamide (Acemit® 250 mg, medphano/Berlin, Germany) corresponding to a dose
of about 5 mg/kg bodyweight. First, volunteers emptied their bladder and collected the
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first urine specimen (time—2 h) followed by two collections at time—1 h and time 0 h.
Immediately after collection of the 0 h urine sample, acetazolamide was taken by a glass
of drinking water. Four urine samples were collected in polypropylene tubes in 30 min
intervals and another four urine samples in 60 min intervals subsequently. Immediately
after each collection, tubes were closed and put on ice. Urine samples were collected at
several time points before and after acetazolamide ingestion, portioned in 1 mL and 10 mL
aliquots and stored either at +5 ◦C for pH and carbonate measurement on the same day, or
at −20 ◦C until analysis for nitrite, nitrate and creatinine on next day.

In some analyses, spot urine was collected by the author without any medication and
used in some in the vitro studies on the effects of bicarbonate on nitrite and nitrate analyses.

2.4. Statistical Analysis

Results are expressed as mean with standard error of the mean, or as mean with stan-
dard deviation, as specified in the respective experiments. Differences between neighbor
values were analyzed with paired or unpaired t tests as appropriate. p values ≤ 0.05 were
considered statistically significantly different. Calculations and graphs were performed
using GraphPad Prism version 7.0 (San Diego, CA, USA).

3. Results

3.1. Effect of Exogenous Bicarbonate and Hydroxide on the Derivatization of [15N]nitrate,

[15N]nitrite and Endogenous Nitrate and Nitrite in Human Urine

A healthy volunteer provided a morning urine. The freshly collected urine sample
was spiked with 400 µM [15N]nitrate and 4 µM [15N]nitrite. This pooled urine sample
was divided into two equal fractions that were spiked with freshly prepared 100 mM
NaHCO3 or 100 mM NaOH. Thereafter, each two 100 µL aliquots of the urine samples
were derivatized with PFB-Br at 50 ◦C for varying times (0, 5, 10, 20, 30, 45 and 60 min)
without prior acidification, as well as after acidification with 20 wt.% acetic acid. All nitrite
and nitrate species were measured simultaneously by GC-MS using SIM of m/z 46 for
[14N]nitrite, m/z 47 for [15N]nitrite, m/z 62 for [14N]nitrate and m/z 63 for [15N]nitrate.
The main results of this experiment are shown in Figure 1.

 
Figure 1. Effects of exogenous NaHCO3 and NaOH on nitrite and nitrate analysis by GC-MS after derivatization with PFB-Br
for the indicated times at 50 ◦C in a pooled human urine sample treated with 100 mM NaHCO3 or with 100 mM NaOH.
The samples were derivatized before and after acidification with 20 wt.% acetic acid. The concentrations of the internal
standards in the urine samples were 400 µM [15N]nitrate and 4 µM [15N]nitrite. Data are shown from two independent
experiments. All nitrite and nitrate species were measured simultaneously by GC-MS using selected-ion monitoring of (A)
m/z 46 for [14N]nitrite and m/z 47 for [15N]nitrite, and of (B) m/z 62 for [14N]nitrate and m/z 63 for [15N]nitrate.

The PAR of m/z 46 to m/z 47 for nitrite and the PAR of m/z 62 to m/z 63 for nitrate
behaved differently in the two urine samples. On the other hand, the PAR values behaved
very similarly in the acidified urine samples that originally contained 100 mM NaHCO3 or
100 mM NaOH. The greatest differences between the NaHCO3- and NaOH-treated urine
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samples were observed for nitrite. The PAR of m/z 46 to m/z 47 increased after 20 min
of derivatization only in the non-acidified, NaHCO3-treated urine sample. This finding
strongly indicates that it is not the alkalinity, but the CO2/Na2CO3/NaHCO3 system of
the urine that interferes with the analysis of nitrite in human urine. This interference can
be eliminated by acidification of the urine sample, most likely by instantaneous conversion
of Na2CO3 and NaHCO3 to highly volatile CO2 [8].

3.2. Effect of Exogenous Bicarbonate on the Derivatization of [15N]nitrate, [15N]nitrite and
Endogenous Nitrate and Nitrite in Human Urine

A pooled human urine sample was spiked with [15N]nitrate and [15N]nitrite at final
concentrations of 100 µM and 1 µM, respectively. Each two 100 µL aliquots of this sample
were spiked with an aqueous solution of NaHCO3 to reach final added concentrations
of 0, 20, 40, 60, 80 and 100 mM. After immediate derivatization with PFB-Br for 60 min,
the derivatives were extracted with toluene (1 mL) and 1 µL aliquots thereof were ana-
lyzed by GC-MS in the SIM mode. Figure 2A shows that the peak area of [15N]nitrate
increases linearly with increasing concentration of added NaHCO3, whereas the peak area
of [15N]nitrite decreases at added NaHCO3 concentrations of 60, 80 and 100 mM. Figure 2B
shows that the peak area of endogenous nitrate (i.e., [14N]nitrate) increases linearly with
increasing concentration of added NaHCO3, whereas the peak area of endogenous nitrite
(i.e., [14N]nitrite) increases at added NaHCO3 concentrations up to 60 mM with a tendency
to slightly decrease at 80 mM and 100 mM NaHCO3. Figure 2C shows the PAR of m/z
46 to m/z 47 for nitrite and the PAR of m/z 62 to m/z 63 for nitrate. The PAR of m/z 62
to m/z 63 is constant, i.e., independent of the added NaHCO3 concentration. The mean
PAR m/z 62 to m/z 63 was 7.579 (RSD, 0.8%) corresponding to a concentration of 758 µM
for endogenous nitrate in the urine sample. Previously, we found that the derivatization
of nitrate with PFB-Br is incomplete even for 60 min at 50 ◦C [2]. The results of Figure 2
suggest that the formation of the PFB-O15NO2 and PFB-O14NO2 increases to the same
extent in dependency on the NaHCO3 concentration in the urine. Thus, nitrate can be
reliably measured in human urine in the presence of high bicarbonate concentrations, as
they may occur upon acetazolamide administration [6]. On the other hand, the results
of Figure 2 indicate that NaHCO3, at concentration of 60, 80 and 100 mM, decreases the
formation of PFB-15NO2 and PFB-14NO2. This may eventually lead to overestimation and
thus to inaccurate measurement of nitrite in urine samples that contain high concentrations
of bicarbonate.

3.3. Effects of Exogenous and Endogenous Bicarbonate, Acidification and Derivatization Time on
the Derivatization of Nitrate and Nitrite in Human Urine

Two pooled human urine samples, i.e., Urine X and Urine Y, were spiked with
[15N]nitrate and [15N]nitrite at the final added concentrations of 400 µM and 4 µM, respec-
tively. Urine X was obtained from a volunteer who orally received acetazolamide. Urine
Y was collected by another volunteer who did not receive any drug. The concentrations
of bicarbonate, nitrate and nitrite were unknown in both urine samples. Urine Y was
freshly spiked with 100 mM NaHCO3. Aliquots (100 µL) of the urines were derivatized
with PFB-Br at 50 ◦C for different incubation times (range, 0 to 60 min) without and with
acidification of the samples and analyzed by GC-MS as described above. The GC-MS
chromatograms from these analyses are shown in Figure 3. The results of this experiment
are illustrated in Figure 4.
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Figure 2. Plots of the peak area of (A) m/z 63 for [15N]nitrate and m/z 47 for [15N]nitrite, of (B) m/z 62 for [14N]nitrate and
m/z 46 for [14N]nitrite in a human urine sample spiked with the indicated bicarbonate concentrations, and of (C) the peak
area ratio (PAR) of m/z 62 to m/z 63 for nitrate and of m/z 46 to m/z 47 for nitrite. The added concentrations were 100 µM
for [15N]nitrate and 1 µM for [15N]nitrite. Data are shown from two independent experiments. The derivatization time with
PFB-Br was each 60 min.
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Figure 3. Representative partial GC-MS chromatograms from the simultaneous analysis of nitrite and nitrate in human
urine samples without external addition of NaHCO3 (A) and with addition of 100 mM NaHCO3 (B). Derivatization with
PFB-Br for 60 min at 50 ◦C in aqueous acetone was performed. The concentrations of the internal standards in the urine
samples were 400 µM [15N]nitrate and 4 µM [15N]nitrite. GC-MS analysis was performed using selected-ion monitoring of
m/z 46 for [14N]nitrite, m/z 47 for [15N]nitrite, m/z 62 for [14N]nitrate and m/z 63 for [15N]nitrate. The retention time (RT)
was 2.95 min for nitrate and 3.12 min for nitrite. Note the decrease of the intensity and the peak area values of m/z 46 for
[14N]nitrite and m/z 47 for [15N]nitrite in presence of bicarbonate (B). AA means peak area calculated in the automated
mode. The ThermoFisher quadrupole GC-MS apparatus model DSQ in the negative-ion chemical ionization mode was used.

29



Molecules 2021, 26, 7003

 

0 15 30 45 60
0

2 1006

4 1006

6 1006

8 1006

Derivatization time (min)

P
e
a
k
 a

r
e
a
 o

f
m
/
z
 6

2
 o

r
m
/
z
  

6
3

m/z 62 na

m/z 63 na

m/z 62 a

m/z 63 a

Urine Y + 100 mM NaHCO3

(B)

 

 

 

N
it

r
a

te
 i

n
 U

r
in

e
 Y

 (
µ

M
)

 

  

Figure 4. Effects of exogenous bicarbonate and of the ingestion of acetazolamide on nitrate and nitrite analysis by GC-MS
after derivatization with PFB-Br for the indicated times at 50 ◦C in two different human urine samples. The samples were
derivatized before and after acidification with 20 wt.% acetic acid. The concentrations of the internal standards in the urine
samples were 400 µM [15N]nitrate and 4 µM [15N]nitrite. Urine X (A,C,E,G) was collected upon ingestion of a 500-milligram
tablet acetazolamide from a previous study [6]. Urine Y (B,D,F,H) was freshly collected by a healthy volunteer (author of
the present article) and spiked with 100 mM NaHCO3. Data are shown from two independent experiments. All nitrite and
nitrate species were measured simultaneously by GC-MS using selected-ion monitoring of m/z 46 for [14N]nitrite, m/z 47
for [15N]nitrite, (B) m/z 62 for [14N]nitrate and m/z 63 for [15N]nitrate. Left panels, Urine X; right panels, Urine Y. Acidified,
close symbols; non-acidified, open symbols.
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The effects of the derivatization time and acidification of the urine samples were
qualitatively closely comparable. The peak area values of m/z 62 and m/z 63 increased
with derivatization time and were lower in the acidified samples of Urine X and Urine Y
(Figure 4A,B). The peak area values of m/z 46 and m/z 47 changed with derivatization
time and were higher in the acidified samples of Urine X and Urine Y (Figure 4C,D). The
highest peak area values were obtained at the derivatization time of 5 min. With the
exception of the derivatization time of 0 min (urine sample was treated with PFB-Br and
extracted immediately), the concentration of endogenous nitrate was independent of the
derivatization time, but it was constantly lower in the acidified urine samples (Figure 4E,F).
The concentration of endogenous nitrite was independent of the derivatization time of
the acidified samples, but it increased constantly with the derivatization time larger than
10 min (Figure 4G,H).

3.4. Effect of Exogenous Bicarbonate on the Derivatization of [15N]nitrite and Endogenous Nitrite
in Human Plasma

A pooled human plasma sample was spiked with [15N]nitrite at a final concentration
of 1 µM. Each two 100-µL aliquots of this sample were spiked with an aqueous solution
of NaHCO3 to reach final added concentrations of 0, 10, 20, 40, 60, 80 and 100 mM. After
derivatization with PFB-Br for 5 min, the derivatives were extracted with toluene and
analyzed by GC-MS in the SIM mode. The results of these measurements are shown
in Figure 5.

 

 
Figure 5. Plots of the peak area of (A) m/z 47 for exogenous nitrite (i.e., [15N]nitrite, 1 µM), of (B) m/z 46 for endogenous
nitrite (i.e., [14N]nitrite) in a human plasma sample spiked with the indicated bicarbonate concentrations, and of (C) the
resulting peak area ratio (PAR) of m/z 46 to m/z 47 for nitrite. Data are shown from two independent experiments. The
derivatization time with PFB-Br was 5 min each. No [15N]nitrate was added to the plasma sample.

The peak area of m/z 47 for the internal standard [15N]nitrite and of m/z 46 for the
endogenous nitrite ([14N]nitrite) decreased considerably at added NaHCO3 concentrations
of 10 mM, 20 mM and 40 mM (Figure 5A,B). However, the PAR of m/z 46 to m/z 47
was largely independent of the NaHCO3 concentration (Figure 5C). The mean PAR was
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1.357 (6.43%), indicating a concentration of 1.36 µM for endogenous nitrite in the plasma
sample. These results suggest that the exogenous NaHCO3 concentration equally inhibits
the formation of PFB-15NO2 and PFB-14NO2 by maximally 50% under these conditions.
Thus, the endogenous CO2/Na2CO3/NaHCO3 system, which amounts to about 20 mM
in total of human blood, is likely to inhibit the derivatization of nitrite with PFB-Br, yet
without affecting analytical reliability in terms of accuracy. Unlike urinary nitrite, sample
acidification is not pressingly needed in the quantitative analysis of nitrite in human plasma
using PFB-Br derivatization.

4. Discussion

The derivatization of organic and inorganic anions such as nitrite, nitrate, chloride
and carbonate is an indispensable analytical procedure in gas chromatography-based
techniques for the vast majority of natural compounds. Pentafluorobenzyl bromide (PFB-
Br) is a highly versatile derivatization reagent because of its favorable physicochemical
properties with respect to both chromatography and detection due to its strongly electron-
capturing F atoms [1]. The latter property leads to unbeatable amol-sensitivity in GC-
MS-based approaches operating in the chemical ionization mode for numerous analytes
in virtually all kinds of biological samples. As endogenous metabolites of NO and of
environmental NOx species produced by human and natural activities, nitrite and nitrate
are of general interest. Many different methods have been reported for the analysis of
nitrite and nitrate in the last two centuries [9]. We found that endogenous nitrite and nitrate
can be simultaneously derivatized with PFB-Br in numerous biological fluids and tissues in
their acetonic solutions and suspensions [2]. Nitrite and nitrate are converted by PFB-Br to
PFB-NO2 and PFB-ONO2, respectively, virtually without the need of any catalyst. Nitrite
and nitrate can be simultaneously quantitated by GC-MS as PFB-NO2 and PFB-ONO2 by
using commercially available salts of [15N]nitrite and [15N]nitrate as internal standards,
without problems arising from the need to chemically or enzymatically reduce nitrate to
nitrite prior to derivatization.

PFB-Br is also suitable for the analysis of carboxylic groups-containing compounds
in water-free organic solvents. Yet, the derivatization of fatty acids and their metabolites
with PFB-Br requires the use of an organic base as a catalyst. Captopril is a carboxylic
drug, and its derivatization with PFB-Br to its PFB ester has been reported to be cat-
alyzed by carbonate [10]. Carbonate is often used in analytical derivatization, for instance,
that of dimethylamine with pentafluorobenzoyl chloride, notably by means of extractive
pentafluorobenzoylation [11,12]. However, the underlying mechanism of the catalytic
action of carbonate is not yet fully understood. Previously, we had no indication that
the derivatization of nitrite and nitrate with PFB-Br required carbonate/bicarbonate as a
catalyst. We found that PFB-Br is suitable for the derivatization of carbonate/bicarbonate
under the derivatization conditions of nitrite and nitrate [5]. In aqueous acetone, carbon-
ate was found to form many reaction products. Two major carbonate derivatives were
identified as CH3COCH2−C(OH)(OPFB)2 and CH3COCH=C(OPFB)2, suggesting unique
acetone-involving reactions. Two minor carbonate derivatives were PFB-OCOOH and
O=CO2−(PFB)2. The GC-MS spectra of the PFB-O12COOH and PFB-O13COOH derivatives
are shown in Figure 6 [5]. To the best of our knowledge, benzyl and pentafluorobenzyl
esters of carbonate/bicarbonate have not been reported elsewhere, nor are they commer-
cially available. PFB-OCOOH is presumably labile in aqueous solutions, but isolable by
solvent extraction with toluene and apparently stable therein for GC-MS analysis [5]. It is
proposed that PFB-OCOOH and O=CO2−(PFB)2 are formed by the reaction of carbonate
with one and two PFB-Br molecules, respectively, yet without the incorporation of acetone
in these derivatives (Scheme 2).
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Figure 6. Negative-ion chemical ionization GC-MS spectra of PFB-O12COOH and PFB-O13COOH, two minor derivatization
products from the separate reaction of 12C- and 13C-carbonate in aqueous acetone with pentafluorobenzyl bromide (PFB-Br)
for 60 min at 50 ◦C. PFB-O12COOH (M, 242.1) and PFB-O13COOH (M, 243.1) have the same retention time of 6.97 min.
Inserts indicate the structure of the proposed anions of 12C-carbonate (left, blue) and 13C-carbonate (right, red). The anions
m/z 167 and m/z 196 are derived from the derivatization reagent PFB-Br. These mass spectra have been previously reported
as supplementary information in Ref. [5].

 

Scheme 2. Minor derivatization products from the reaction of carbonate in aqueous acetone with (A) one and
(B) two pentafluorobenzyl bromide molecules at 50 ◦C. PFB-OCOOH (M, 241.1); PFB-O(CO)-O-PFB (M. 422.2).
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In experiments with acetazolamide, a diuretic drug that massively enhances the
excretion of carbonate/bicarbonate in the urine, we observed that the derivatization of
nitrite with PFB-Br in urine samples of humans who ingested acetazolamide was decreased,
suggesting a strong inhibitory effect of the conversion of nitrite into PFB-NO2 [6]. This
effect was abolished by acidifying the urine samples with aqueous acetic acid to pH values
around 4.5 [6]. It is known that the derivatization of nitrite and halides with PFB-Br
in its solutions in acetone, acetonitrile or ethanol are dependent on the pH value of the
derivatization mixture [13]. It is also known that nitrite can react with CO2 [14]. Thus, the
CO2/Na2CO3/NaHCO3 system can interfere with the PFB-Br derivatization of nitrite and
nitrate in biological samples by several different mechanisms. In the present work, we
addressed such potential mechanisms.

In order to gain more mechanistic information in this study, we used [15N]nitrite
and [15N]nitrate, human urine and plasma samples spiked with NaHCO3 in relevant
physiological and pharmacological concentration ranges. We also used urine samples
from volunteers who took acetazolamide at pharmacological doses (around 5 mg/kg
bodyweight).

The results of the present and previous studies suggest that carbonate does not cat-
alyze the derivatization of nitrate to PFB-ONO2 with PFB-Br in homogenous phase in
aqueous acetone. Carbonate/bicarbonate-containing biological samples, notably human
urine, are by nature alkaline. However, it is not the alkalinity itself but the presence of
carbonate/bicarbonate at high concentrations that is responsible in part for the massive im-
pairment of nitrite derivatization with PFB-Br. The concentration of carbonate/bicarbonate
in human plasma is of the order of 20 mM, that of nitrate in the range of 20 to 100 µM and
that of nitrite of the order of 1 µM. The concentration of carbonate/bicarbonate in human
urine is usually below 10 mM, that of nitrate of the order of 1000 µM and that of nitrite of
the order of 10 µM. In the case of acetazolamide ingestion, blood carbonate/bicarbonate
and blood pH only slightly change. However, in urine, carbonate/bicarbonate can reach
concentrations up to about 100 mM upon acetazolamide intake, whereas nitrate and nitrite
concentrations in urine instead decrease due to the diuretic effects of the drug. Thus, in
such urine samples, carbonate/bicarbonate are present in a high molar excess of nitrate
and especially of nitrite. As an example, we considered a urine sample that contains 10 mM
carbonate/bicarbonate, 1000 µM nitrate and 10 µM nitrite. Under regular derivatization
conditions (100 µL urine, 10 µL PFB-Br equivalent to 70 µmol), PFB-Br is present in a very
high molar excess in carbonate/bicarbonate (69:1 µmol), nitrate (690:1) and nitrite (6900:1).
In addition, human urine contains many other organic and inorganic substances at mM con-
centrations, such as creatinine [15] and chloride [16], which can react with PFB-Br under the
same derivatization conditions. Thus, nitrate and nitrite compete with many other species
for PFB-Br. High increases of the concentration of competing nucleophiles with small
changes of nitrate and nitrite concentrations, for instance carbonate/bicarbonate, would
decrease the molar ratio of PFB-Br to nitrate and nitrite. As the yield of derivatization
reactions with PFB-Br also depends upon the PFB-Br concentration [13], high increases of
competitive analytes would decrease the derivatization yield of PFB-NO2 and PFB-ONO2.
Our studies show that increasing carbonate/bicarbonate concentrations decrease the yield
of PFB-NO2, but they increase the yield of PFB-ONO2. One may therefore conclude that
competition alone cannot explain the opposite effects of carbonate/bicarbonate on nitrate
and nitrite derivatization with PFB-Br.

A more convincing assumption could be that intermediate derivatives of carbon-
ate/bicarbonate with PFB-Br, notably PFB-OCOOH and PFB-O(CO)-O-PFB, interact with
nitrate and nitrite to produce diametrically opposed effects on the conversion of nitrate to
PFB-ONO2 and of nitrite to PFB-NO2 (Scheme 3). The nucleophilic attack of nitrate on the
benzyl groups of PFB-OCOOH and PFB-O(CO)-O-PFB would then increase the formation
of PFB-ONO2, thereby releasing carbonate. As PFB-ONO has not been detected thus far, it
is possible that nitrite attacks the benzyl group of PFB-Br exclusively with its N atom to
produce to PFB-NO2. This reaction occurs more rapidly and abundantly than the reaction
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of nitrate with PFB-Br to generate PFB-ONO2 [2]. That carbonate/bicarbonate inhibited the
formation of PFB-NO2 suggests that nitrite cannot react with PFB-OCOOH and PFB-O(CO)-
O-PFB to form PFB-NO2 and to release carbonate. Yet, it is also possible that carbonate
reacts with PFB-NO2 and PFB-ONO2 to generate PFB-OCOOH, thereby releasing nitrite
and nitrate, respectively (Scheme 3). Thus, the reaction of carbonate/bicarbonate with
PFB-NO2 is considered irreversible and decreases the concentration of PFB-NO2 during the
derivatization. On the other hand, the reaction of carbonate/bicarbonate with PFB-ONO2
is considered reversible and eventually increases the concentration of PFB-ONO2 during
the derivatization, in addition to the direct reaction of nitrate with PFB-Br.

 

Scheme 3. Proposed reactions for the nucleophilic substitution by carbonate from (A) PFB-NO2 and (B) PFB-ONO2 to
release nitrite and nitrate, respectively, during the derivatization in aqueous acetone with pentafluorobenzyl bromide at
50 ◦C in the presence of carbonate. Reaction (A) is considered irreversible, reaction B is assumed reversible.

In theory, carbonate/bicarbonate may contribute to nitrate in the case of chromato-
graphic co-elution of PFB-OCOOH and PFB-ONO2. This is because the 13C isotope of
carbonate forms PFB-O13COOH, which ionizes to form m/z 62, albeit to a very low extent
of about 2% (Figure 6). Such a contribution is considered very low because of the natural
abundance of 13C of 1.1%. Nevertheless, the contribution of carbonate/bicarbonate to
nitrate may be higher in the case that 13C-carbonate is used as the internal standard for
endogenous carbonate/bicarbonate.

5. Conclusions

The derivatization of inorganic anions such as nitrite, nitrate and carbonate/bicarbonate
in biological and environmental samples with PFB-Br using acetone as the organic solvent is
performed in the homogenous phase and makes their GC-MS analysis possible. Although
quantitative analysis is realized by using stable isotope labeled analogs, such as 15N-nitrite,
15N-nitrate and 13C-carbonate, interferences may occur due to their ubiquitous occurrence
in the form of their contaminants. Another potential source of interference with the analy-
sis of nitrite and nitrate in human urine may be the occurrence of carbonate/bicarbonate
at manifold higher concentrations than under normal conditions. We identified such a
condition when humans ingested pharmacological doses of the diuretic acetazolamide, an
inhibitor of human CA II and CA IV. Acetazolamide potently inhibits renal CA activity and,
in this way, massively increases the excretion of carbonate/bicarbonate in the urine and
alkalizes the urine to pH values of about 8. Our studies indicate that carbonate/bicarbonate

35



Molecules 2021, 26, 7003

exerts diametrically opposed effects on the analysis of nitrite and nitrate by GC-MS when
derivatized with PFB-Br. Carbonate/bicarbonate increases the formation of PFB-ONO2 but
decreases the formation of PFB-NO2. These effects are not due to the concurrent alkalization
of the urine by drugs such as acetazolamide. Rather, carbonate/bicarbonate increases the for-
mation of PFB-ONO2 by enhancing the reaction of nitrate with an intermediate and isolable
reaction product of carbonate/bicarbonate with PFB-Br, i.e., PFB-OCOOH. Unlike in other
derivatization reactions such as with pentafluorobenzoyl chloride, carbonate/bicarbonate
does not act as a catalyst in the derivatization of nitrate and nitrite with PFB-Br. On the
other hand, carbonate/bicarbonate decreases the formation of PFB-NO2 most likely due
the inability of nitrite to attack the PFB-OCOOH via its N atom. Such effects are much
less pronounced in human plasma, in part because of the lower carbonate/bicarbonate
concentration and in part due to the higher buffer capacity of the plasma compared to urine.
A very simple and effective solution of the negative effect of high carbonate/bicarbonate
concentrations on nitrite measurement in urine as PFB-NO2 is mild acidification by adding
small volumes of 20 wt.% acetic acid to the urine.
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Abstract: Double and triple bonds have significant effects on the biological activities of lipids.
Determining multiple bond positions in their molecules by mass spectrometry usually requires
chemical derivatization. This work presents an HPLC/MS method for pinpointing the double and
triple bonds in fatty acids. Fatty acid methyl esters were separated by reversed-phase HPLC with
an acetonitrile mobile phase. In the APCI source, acetonitrile formed reactive species, which added
to double and triple bonds to form [M + C3H5N]+• ions. Their collisional activation in an ion trap
provided fragments helpful in localizing the multiple bond positions. This approach was applied to
fatty acids with isolated, cumulated, and conjugated double bonds and triple bonds. The fatty acids
were isolated from the fat body of early-nesting bumblebee Bombus pratorum and seeds or seed oils of
Punicum granatum, Marrubium vulgare, and Santalum album. Using the method, the presence of the
known fatty acids was confirmed, and new ones were discovered.

Keywords: acetonitrile-related adducts; acetylenic lipids; double and triple bond localization;
in-source derivatization; mass spectrometry

1. Introduction

The localization of double and triple bonds (DBs and TBs) is a key step in the structural
characterization of fatty acids (FAs). The biological functions of lipids are often linked
to the specific arrangement of multiple bonds in their FA chains. Lipids with unusually
arranged double bonds and triple bonds are of interest because of their function in living
organisms and their unique biological effects and potential use in medicine [1,2]. Mass
spectrometry is useful for pinpointing the double bonds in FAs and their methyl esters
(FAMEs), especially when combined with chromatography. The early methods were based
on the electron ionization of derivatized lipids. Derivatization, either at the double bond
site or at the carboxylic group, is required because of the bond migration along the aliphatic
chains during electron ionization. Numerous FA derivatives, including pyrrolidides [3],
4,4-dimethyloxazoline (DMOX) [4], or dimethyl disulfide (DMDS) derivatives [5], have
found their use in GC/MS. Later, HPLC/MS-based methods began to be developed. Unlike
GC/MS, these methods also make it possible to analyze less volatile and non-volatile FAs
and their derivatives. A number of methods have been proposed for localizing double
bonds using electrospray ionization, including Paternò–Büchi photochemical derivatiza-
tions [6–8], epoxidation in low-temperature plasma [9,10] and negative-ion paper-spray
ionization [11], post-column epoxidation and peroxidation [12], charge-switch deriva-
tization with N-(4-aminomethylphenyl) pyridinium (AMPP) [13,14], or ozone-induced
dissociation (OzID) [15,16], and combining charge-switch derivatization with OzID [17].
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Besides electrospray ionization, atmospheric-pressure chemical ionization (APCI) can
also be applied for localizing double bonds in HPLC/MS [18–23]. The methods rely on
acetonitrile-related reactive species formed in the ion sources. The use of even-electron
(1-methyleneimino)-1-ethenylium as a reagent for derivatizing double bonds was initially
developed for chemical ionization [24–27] and later applied in APCI-MS [18]. Using helium
as a nebulizing gas, C3H4N+ adducts ([M + 54]+) of triacylglycerols (TGs) were formed,
and their CID spectra indicated the positions of the original double bonds [18]. Later, we
showed that APCI sources operated under conventional conditions with nitrogen nebuliz-
ing gas yield odd-electron C3H5N+• adducts ([M + 55]+•) [19]. The collision activation of
the adducts induced cleavages of C–C bonds next to the original double bond, leading to
pairs of diagnostic fragments indicating the double bond position. The advantage of this
approach lies in its simplicity: the only requirement for an HPLC/APCI-MS2 method is the
presence of acetonitrile in the mobile phase. The method has been applied for the structure
elucidation of various unsaturated lipids, including FAMEs [20,28], hydroxy-FAMEs [23],
wax esters [19], diol diesters [22], or TGs [21].

To date, only a few methods for determining the position of triple bonds in lipids
have been published [27,29–32]. Triple bonds in FAs can be pinpointed after DMOX
derivatization using GC/MS [31]. While a conjugated system of double bonds manifests
itself by a series of fragments differing by 12 Da, triple bond-related fragments differ by
10 Da. It allows for the structural characterization of conjugated ene–yne acids. Still, the
fragmentation of conjugated yne–yne or yne–yne–ene bonds is more complex, and the
spectra are difficult to interpret [30]. Using this approach, many acetylenic lipids have
been identified in plants [29,30,32]. The position of a triple bond can also be determined
using acetonitrile chemical ionization based on (1-methyleneimino)-1-ethenylium adducts
formation [27]. To the best of our knowledge, no method for localizing triple bonds using
HPLC/MS has appeared in the literature so far.

Double bond positions in FAs reflect specificities of desaturases involved in their
biosynthesis. Most monounsaturated FAs have a double bond in 9-position. Other positions
are also relatively common, for instance, 7-position in algae, 5- and 10-positions in bacteria,
or 6-position in plants [33]. Double bonds in polyunsaturated FAs are typically spaced
by one methylene group (methylene interrupted). FAs with double bonds separated by
two or more methylene units are found, for instance, in marine sponges Microciona prolifera
(FA 26:2n-17,21 and FA 26:3n-7,17,21) [34,35], Dysidea fragilis (FA 25:3n-8,16,20; FA 25:3n-
6,16,20; FA 24:3n-7,15,19 and FA 24:2n-7,17) [36], or Hymeniacidon sanguinea (e.g., FA 28:2n-
9,19,23; FA 26:2n-17,21; FA 26:3n-7,17,21; FA 24:2n-15,19 and FA 24:3n-7,15,19) [37]. More
than twenty different FAs with double bonds separated by two or more methylene units
were identified in the gonads of limpets Cellana grata [38], Collisella dorsuosa [38], and
Cellana toreum [39,40]. Unusual FAs with 24, 26, and 28 carbon atoms were found in TGs
isolated from the fat body of early-nesting bumblebee Bombus pratorum. FA 26:2n-7c,17c
occupied one, two, or all three positions in the TGs [41].

FAs with a conjugated system of double bonds are mostly represented by conju-
gated linoleic acids (CLAs) and conjugated linolenic acids (CLnAs), which are collec-
tive terms for the positional and geometric isomers of octadecadienoic and octadeca-
trienoic acids, respectively. CLAs exist naturally at higher concentrations in animal
products, such as milk fat, cheese, and ruminant meat [42,43]. Two double bonds in
CLAs are primarily in positions 9 and 11, or 10 and 12, and each of the double bonds
can be either cis or trans [44]. CLAs are important for human nutrition. For instance,
cis-9,trans-11 and trans-10,cis-12 isomers reduce carcinogenesis and atherosclerosis, in-
crease bone and muscle mass, and exhibit antidiabetic effects [42,45]. CLnAs are found
in plant seed oils, including oils from Vernicia fordii (α and β-eleostearic acid; FA 18:3n-
5t,7t,9c and FA 18:3n-5t,7t,9t) [46], Catalpa bignonoides (catalpic acid; FA 18:3n-5c,7t,9t) [47],
Jacaranda mimosifolia (jacaric acid; FA 18:3n-6c,8t,10c) [48], or Calendula officinalis (alfa-
calendic acid; FA 18:3n-6c,8t,10t and beta-calendic acid; FA 18:3n-6t,8t,10t [49]. A rich
source of CLnA is pomegranate (Punicum granatum) seed oil (PSO). It contains punicic
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acid (FA 18:3n-5c,7t,9c), α-eleostearic acid (18:3n-5t,7t,9c), β-eleostearic acid (18:3n-5t,7t,9t),
and catalpic acid (18:3n-5c,7t,9t) [50–54]. The structures of several other CLnAs in PSO
remain to be clarified [51,55]. CLnAs are known for their antioxidant, anti-inflammatory,
anti-atherosclerotic, antitumor, and serum lipid-lowering activities. They help fight against
cancers, obesity, diabetes, and heart diseases [53,56,57].

Lipids with two cumulated double bonds (allenic lipids) are found in Lamiaceae
family plants; elsewhere in nature, they are rare [58,59]. The first known C18 allenic FA,
laballenic acid (FA 18:2n-12,13), was isolated from Leonotis nepetaefolia seed oil [60] and
later reported also from other Lamiaceae species [61]. Lamenallenic acid (FA 18:3n-2t,12,13)
was discovered in Lamium purpureum seed oil [62]. Phlomic acid (FA 20:2n-12,13) was
found in several species of Phlomis genus (Lamiaceae) [61]. Seeds of Marrubium vulgare
contain laballenic acid and phlomic acid [59]. Allenic lipids are known for their anticancer,
anti-inflammatory, antiviral, and antibacterial activities [1].

FAs with triple bonds (acetylenic FAs) are relatively widely distributed in nature.
They are found in plants, fungi, microorganisms, and invertebrates [58,63–65]. FAs and
other acetylenic lipids in plants serve as chemical protection against microorganisms.
They are toxic to bacteria, viruses, and insects [2,66–69]. Many acetylenic lipids exhibit
fungicidal, phototoxic, antitumor, and other properties [1], which render them potentially
useful in medicine. The chain length and triple bond positions affect their fungicidal
properties [2,68]. The structures and cytotoxic activities of acetylenic lipids were reviewed
recently [70]. Some plant FAs contain triple and double bonds conjugated, e.g., pyrulic
acid (FA 17:2n-7,9TB), ximenynic (also termed santalbic) acid (FA 18:2n-7t,9TB), or heisteric
acid (FA 18:3n-7t,9TB,11c) from Heisteria silvanii seed oil [32]. Ximenia americana contains
FA 18:1n-13TB and FA 18:4n-2,4,8,6TB [2,66]. Santalbic acid (FA 18:2n-7t,9TB), identified for
the first time in Santalum album [58,63], is one of the few acetylenic FAs occurring at higher
levels in plants. It is found in the seed oils of the Santalaceae, Olacaceae, and Opiliaceae
families, where it can reach up to 95% of the total FAs [71,72]. Other biologically active
acetylenic acids are crepenynic acid (FA 18:2n-6TB,9c), tariric acid (FA 18:1n-12TB), stearolic
acid (FA 18:1n-9TB), or nonadec-6-ynoic acid (FA 19:1n-12 TB) [67,73–75]. FAs with a triple
bond can also be found in water mosses [40,76–79].

This work deals with the localization of double and triple bonds in FAMEs. The
conversion of lipids or lipid mixtures to FAMEs is frequently used in lipidomics workflows
because the GC or LC analysis of FAMEs provides quick and valuable information on the
fatty acyl chains. Here, FAME standards and FAMEs obtained by the transesterification
of the TGs from biological samples were analyzed by HPLC/APCI-MS/MS using an
acetonitrile mobile phase. Isolated, cumulated, and conjugated double bonds and triple
bonds were localized using the fragmentation of [M + C3H5N]+• adducts generated in the
ion source. To the best of our knowledge, the localization of triple bonds in FAMEs by
RP-HPLC with MS detection is reported here for the first time.

2. Results and Discussion

The chromatographic separation of FAMEs was achieved on the Develosil RP-Aqueous
C30 column using isocratic elution with acetonitrile. The mobile phase in the APCI source
formed reactive species, which added to double and triple bonds. The adducts were isolated
and activated in the ion trap to generate ions bearing information on the original double or
triple bond position. The diagnostic ions formed by the cleavages of adjacent C–C bonds
were marked α if they carried the ester moiety or ω if they contained the terminal-carbon
end without the ester group. The diagnostic peaks corresponding to cleavages before the
first and after the last unsaturated bond in polyunsaturated FAMEs tended to be more
abundant than the others. This phenomenon was used for deducing the arrangement of the
double and triple bonds in polyunsaturated chains. A parameter named “multiple bond
region” (MBR) was calculated and tabulated for various theoretically possible arrangements
of multiple bonds (Table 1). The MBR value was calculated using theoretical m/z values of
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the adduct (precursor) and α and ω fragments corresponding to cleavages before the first
and after the last unsaturated bond as follows:

MBR = m/z (α) + m/z (ω)− m/z
(

[M + 55]+•
)

(1)

Table 1. Multiple bond region (MBR) values for common arrangements of double bonds (DBs) and
triple bonds (TBs) in polyunsaturated chains.

MBR Arrangement of Multiple Bonds

79 One triple bond –C≡C–
81 One double bond –CH=CH–
93 Two cumulated double bonds –CH=C=CH–

103 Two conjugated triple bonds –C≡C–C≡C–
105 One double bond and one triple bond, conjugated –CH=CH–C≡C–
107 Two conjugated double bonds –CH=CH–CH=CH–
119 One double bond and one triple bond, methylene-interrupted –CH=CH–CH2–C≡CH–
121 Two methylene-interrupted double bonds –CH=CH–CH2–CH=CH–
133 Three conjugated double bonds –CH=CH–CH=CH–CH=CH–
161 Three methylene-interrupted double bonds –CH=CH–CH2–CH=CH–CH2–CH=CH–

14n + 107 Two double bonds interrupted by several methylenes (–CH2–)n

The experimental MBR values calculated for the adduct and the most abundant α
and ω fragments in the spectra were then compared to theoretical MBRs. For instance,
the MS/MS spectrum of [M + 55]+• adduct of unknown FA at m/z 347.0 provided the
most abundant α and ω peaks at m/z 290.2 and m/z 190.2, respectively. The calculated
MBR value (290 + 190 − 347 = 133) suggested FAME with three conjugated double bonds
(Table 1). Diagnostic ions were accompanied by less abundant satellite peaks differing
from α and ω ions by 14 or 15 Da. These fragments representing cleavages at more distant
C–C bonds were important for distinguishing double and triple bonds. The elemental
composition of the major fragments in the spectra of FAME standards was confirmed by
Orbitrap high-resolution data (Supplementary Materials Table S1).

2.1. Mass Spectra of Standards with Conjugated Double Bonds

The system with two conjugated double bonds was investigated using standards
of FAME 18:2n-7t,9t (Mangold’s acid methyl ester) and FAME 18:2n-7c,9c (ricinenic acid
methyl ester). The fragments in the MS/MS spectrum for FAME 18:2n-7t,9t (Figure 1) were
rationalized as follows: α n-7 peak at m/z 264.1, α n-9 peak at m/z 238.2, ω n-7 peak at m/z
166.1, and ω n-9 peak at m/z 192.1. The MBR value calculated from the two most intense
fragments in the spectrum (i.e., m/z 192.1 and m/z 264.1) was 107. Despite the presence of
satellite fragments differing by 14 Da from the diagnostics peaks, the spectrum provided
clear evidence of two conjugated double bonds in the n-7 and n-9 positions. The spectrum
of FAME 18:2n-7c,9c having the opposite geometry on both double bonds looked similar
(Figure S1), which confirmed the negligible effect of double bond geometry on the adduct
fragmentation documented earlier [19].

The MS/MS spectrum of punicic acid methyl ester with three conjugated double
bonds (FAME 18:3n-5c,7t,9c) is shown in Figure 2. The major fragments in the spectrum
were formed by cleavages before and after the series of double bonds. They were easily
distinguishable from the other ions. The most abundant fragments α n-5 at m/z 290.2 and
ω n-9 at m/z 190.2 delimited the group of conjugated double bonds and corresponded to
an MBR value of 133. The fragments formed by the cleavages between conjugated double
bonds α n-7 (m/z 264.3), α n-9 (m/z 238.2), ω n-7 (m/z 164.2), and ω n-5 (m/z 138.2) were
of low intensities but discernable in the spectrum. The same diagnostic fragments and
MBR value could theoretically be expected for a FAME with two cumulated double bonds
separated by one methylene group from the third double bond. Such an arrangement of
double bonds would be, however, clearly distinguishable because the system of cumulated
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double bonds manifests itself by abundant α + 1 Da ion (Section 2.3.3). Such an ion (m/z
251 or m/z 291 in this case) is not present in the spectrum. Therefore, the spectrum in
Figure 2 can be unambiguously interpreted as FAME 18:3n-5,7,9.

−

α
ω

α α ω ω

α

−

Figure 1. APCI MS/MS CID spectrum of [M + 55]+• adduct of Mangold’s acid methyl ester
(FAME 18:2n-7t,9t); MBR = 264 + 192 − 349 = 107.

−

α
ω

α α ω ω

α

−

Figure 2. APCI MS/MS CID spectrum of [M + 55]+• adduct of punicic acid methyl ester (FAME 18:3n-
5c,7t,9c); MBR = 290 + 190 − 347 = 133.

2.2. Mass Spectra of Standards with a Triple Bond

Figure 3 shows the MS/MS spectrum of FAME 18:1n-9TB (stearolic acid methyl ester)
[M + 55]+• adduct. The abundant fragments m/z 236.2 (α n-9TB) and m/z 192.2 (ω n-9TB)
clearly indicated a triple bond in the n-9 position. Unlike FAMEs with double bonds,
the satellite fragments differed by +15 Da from αTB and ωTB (m/z 207.1 and m/z 251.1,
respectively). The intensities of the diagnostic fragments and their +15 Da satellites were
similar, allowing us to recognize these peaks in the spectrum easily. Such a pattern distinctly
indicated a triple bond. Satellite fragments differing by +14 Da, typical for double bonds,
were present at significantly lower intensities.
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α ω

α ω

−

ω
α

ω

Figure 3. APCI MS/MS CID spectrum of [M + 55]+• adduct of stearolic acid methyl ester (FAME 18:1n-
9TB); MBR = 236 + 192 − 349 = 79.

The satellite fragment ions made it also possible to characterize FAMEs with a com-
bination of double and triple bonds. For instance, crepenynic acid methyl ester with one
double bond and one triple bond (FAME 18:2n-6TB,9c) provided a spectrum with the most
abundant peak at m/z 150.1 (Figure 4). This signal is a diagnostic fragment for triple bond
(ω n-6TB) because its satellite appears at a 15 Da higher m/z value (m/z 165.0). Analogously,
the m/z 276.1 with its satellite at m/z 291.1 is the triple bond diagnostic peak (α n-6TB).
Fragment m/z 190.1 indicates a double bond (ω n-9) because its satellite peak appears at
m/z 204.1.

α ω

− 
Figure 4. APCI MS/MS CID spectrum of the [M + 55]+• adduct of crepenynic acid methyl ester
(FAME 18:2n-6TB,9c); MBR = 276 + 190 − 347 = 119.

2.3. Analysis of Natural Samples

The fragmentation of FAME standards with various arrangements of double and
triple bonds helped us characterize the FAMEs isolated from biological samples. The
identification procedure was initiated by deducing the number of carbons and level of
unsaturation from the m/z values of the protonated FAMEs. The second step examined the
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MS/MS spectra of [M + 55]+• ions to identify the diagnostic fragments and their satellites.
The m/z values of the diagnostic fragments, MBR values, and the mass difference between
the diagnostic fragments and satellites were used to deduce the positions of double and
triple bonds. Finally, the retention times were checked for their consistency with the
expected elution order of FAMEs [80,81].

2.3.1. FAMEs from the Fat Body of Bombus pratorum

The early-nesting bumblebee Bombus pratorum is widespread in Europe. It is one of
the earliest bumblebee species to emerge from hibernation each year. The fat body of B.
pratorum males contains TGs with long, diunsaturated fatty acyls, which are structurally
related to its marking pheromone [41].

The chromatogram of B. pratorum FAMEs is shown in Figure 5. The MS/MS spectra of
diunsaturated FAMEs (Figure 6) provided abundant and recognizable α and ω fragments
interpreted as FAME 24:2n-7,17, FAME 25:2n-7,17, and 26:2n-7,17. The double bond
positions were in excellent agreement with previous work, where the positions of the
double bonds were established using dimethyl disulfide derivatization [41].

Altogether, nine saturated, fourteen monounsaturated, five diunsaturated, and one
triunsaturated FAMEs were detected (Table 2). Nine of them (FAME 17:1n-7; FAME 17:0;
FAME18:2n-3,6; FAME 18:1n-8; FAME 19:1n-7; FAME 19:0; FAME 22:1n-7; FAME 23:0;
FAME 25:2n-7,17) are reported here for B. pratorum for the first time. To the best of our
knowledge, FA 25:2n-7,17 has not been mentioned in the literature so far. FAMEs 25:2 are
very rare in nature; the only known source of such acids are marine sponges producing
different isomers [37,82–84]. FA 25:2n-7,17 likely serves as a precursor for tetracosadiene, a
minor component (0.02 to 0.3%; I. Valterová 2021, personal communication, 18 April) of
B. pratorum males’ secretion. Bumblebee males use the secretion to mark their patrolling
routes [85].

α ω

− 

Figure 5. HPLC/APCI-MS base-peak chromatogram of FAMEs from the fat body of Bombus pratorum

and the list of identified species.
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 Figure 6. APCI MS/MS spectra of the [M + 55]+• adducts of FAME from B. pratorum interpreted as
FAME 24:2n-7,17 (A), 25:2 n-7,17 (B), and 26:2n-7,17 (C).
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Table 2. FAMEs identified in TG fraction of B. pratorum fat body lipids.

FAME tR (min) Rel. Peak Area (%) Literature Data (%) *

12:0 6.2 1.3 3.7 ± 4.2
14:1n-5 6.5 <0.1 0.2 ± 0.3

18:3n-3,6,9 6.8 4.3 2.7 ± 0.3
16:1n-7 8.3 13.7 7.7 ± 1.9
16:1n-5 - - 0.8 ± 0.4

14:0 8.4 1.7 5.4 ± 2.1
18:2n-6,9 8.5 0.7 0.8 ± 0.6
18:2n-3,6 8.5 0.3 -
17:1n-7 9.4 0.4 -

15:0 9.7 0.2 <0.1
18:1n-7 10.5 0.6 -
18:1n-8 10.6 <0.1 -
18:1n-9 10.6 0.3 -
18:1n-7 11.5 35.2 17.3 ± 3.6
18:1n-9 11.5 19.3 35.1 ± 3.2

16:0 12.0 5.5 18.5 ± 2.4
19:1n-9 13.5 2.6 -
19:1n-7 13.5 0.6 -

17:0 14.0 0.5 -
20:1n-7 16.9 0.8 <0.1

20:1n-11 16.9 0.6 <0.1
18:0 17.9 0.1 0.7 ± 0.3
19:0 21.4 <0.1 -

24:2n-7,17 24.7 1.4 -
22:1n-7 25.2 0.3 -

20:0 28.0 <0.1 0.2 ± 0.1
22:0 - - 0.3 ± 0.1

25:2n-7,17 30.2 0.5 -
26:2n7,17 37.0 9.2 5.0 ± 2.4

23:0 38.5 <0.1 -
24:1n-15 39.3 <0.1 <0.1

24:0 - - <0.1
26:1n-17 - - 0.2 ± 0.1

* Mean ± SD values of relative peak area values obtained by integrating GC/MS peaks; data for five bumblebee
individuals. From ref. [41].

2.3.2. FAMEs from Pomegranate Seed Oil

Pomegranate (Punicic granatum) seed oil (PSO) is a rich source of FAs with conjugated
double bonds. Cold-pressed PSO was transesterified, and the resulting mixture was
analyzed by HPLC/MS. Many isomeric species with similar retention times tended to
coelute. Still, the partial separation of the peaks allowed us to identify most of these lipids
(Figure 7).

All the abundant peaks corresponded to CLnAs. The highest intensity exhibited an
isomer with tR 11.2 min, which was interpreted as FAME 18:3n-5,7,9. Its MS/MS spectrum
(Figure 8A) showed abundant diagnostic peaks m/z 190.2 and m/z 290.1, corresponding to
an MBR value of 133. The spectrum closely matched the punicic acid methyl ester shown in
Figure 2. Interestingly, two less abundant isomers with the same diagnostic fragments were
detected at tR 12.0 min and tR 14.8 min (Supplementary Materials Figure S2). These species
were isomers with the same double bond positions but different double bond geometries.
The geometrical isomers of punicic acid, namely FAME 18:3n-5t,7t,9c (β-eleostearic acid);
FAME 18:3n-5c,7t,9t (α-eleostearic acid), and FAME 18:3n-5t,7t,9t (catalpic acid) were
detected in pomegranate seed oil previously [51,86–89]. As the elution of the FAs in
reversed-phase systems proceeds from cis to trans isomers [20,90], the later eluting isomers
likely contained a higher number of trans double bonds. The MS/MS spectra of FAMEs with
three conjugated double bonds in different positions are shown in Figure 8B–F. In all of
them, the MBR value was 133, and the diagnostic fragments allowed us to interpret them as
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FAME 18:3n-4,6,8 (Figure 8B), FAME 18:3n-3,5,7 (Figure 8C), FAME 18:3n-2,4,6 (Figure 8D),
FAME 18:3n-8,10,12 (Figure 8E), and FAME 18:3n-9,11,13 (Figure 8F). The retention times
of the latter two CLnAs were close to each other, which resulted in mixed spectra. Overall,
ten CLnAs, one methylene-interrupted (18:2n-6,9), and two monounsaturated (18:1n-9 and
20:1n-9) FAMEs were identified in the PSO (Table 3). The results were in good agreement
with previous analyses of PSO by silver-ion HPLC [51]. HPLC-based approaches to CLnAs
analysis offer a higher number of isomers detected than GC [55,88,91,92]. We found four
new CLnAs in the PSO, which, to the best of our knowledge, have not yet been described in
the literature: two geometric isomers of 18:3n-2,4,6 (Figures 8D and S2), FAME 18:3n-8,10,12
(Figure 8E), and FAME 18:3n-9,11,13 (Figure 8F). They are characterized by the double
bonds closer to the terminal carbon end (FAME 18:3n-2,4,6) or methyl ester group (FAME
18:3n-8,10,12 and FAME 18:3n-9,11,13).

Table 3. FAMEs identified in TG fraction of pomegranate seed oil.

FAME tR (min) Rel. Peak Area (%) References

18:3n-5,7,9 11.2 36.0 [51,86,87,89,93–95]
18:3n-5,7,9 12.0 24.2 [51,86,87,89]
18:3n-4,6,8 12.3 2.5 [51]
18:3n-3,5,7 12.9 1.7 [51]
18:2n-6,9 13.6 1.5 [86,87,89,93–95]

18:3n-2,4,6 13.7 1.0 -
18:3n-5,7,9 14.8 9.4 [51,86,87,89]
18:3n-4,6,8 15.4 10.1 [51]

18:3n-8,10,12 15.6 3.3 -
18:3n-9,11,13 15.8 2.7 -

18:3n-2,4,6 16.6 2.3 -
18:1n-9 19.5 4.5 [86,87,89,93–95]
20:1n-9 30.1 0.8 [86,89]

14:0 - - [87,93]
16:0 - - [86,87,89,93–95]
18:0 - - [86,87,89,93–95]

18:3n-3,6,9 - - [95]
20:0 - - [86,87,89,95]
22:0 - - [93]
24:0 - - [86,87]
24:1 - - [86]

β
α

Figure 7. HPLC/APCI-MS base-peak chromatogram of FAMEs obtained from Punicum granatum

seed oil and the list of identified species.
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Figure 8. APCI MS/MS spectra of the [M + 55]+• adducts of selected conjugated FAMEs from PSO interpreted as FAME
18:3n-5,7,9 (A), 18:3n-4,6,8 (B), 18:3n-3,5,7 (C), 18:3n-2,4,6 (D), 18:3n-8,10,12 (E), and 18:3n-9,11,13 (F).

2.3.3. FAMEs from Marrubium vulgare Seeds

White horehound (Marrubium vulgare) is a perennial, aromatic herb native to Europe,
northern Africa, and southwestern and central Asia. Like other plants of the Lamiaceae
family, it contains FAs with cumulated double bonds (allenic FAs). TGs from white
horehound seeds were transesterified, and the resulting mixture of FAMEs analyzed
by HPLC/MS (Figure 9). FAMEs with 18 to 21 carbons and up to three double bonds
were detected.

The most abundant peak tR 16.1 min corresponded to FAME 18:2 with the main frag-
ments m/z 194.0 (α n-12) and m/z 248.1 (ω n-13), Figure 10A. The MBR value of 93 indicated
two cumulated double bonds. It was interpreted as FAME 18:2n-12,13, most probably
laballenic acid, highly abundant in M. vulgare seeds [61]. The fragmentation spectrum of
FAME 18:2n-12,13 with the allenic system differed conspicuously from other arrangements
of double bonds. The α fragment was accompanied by an α + 1 fragment with almost the
same intensity, providing a double peak m/z 194/195 (Figure 10A). Analogous fragmen-
tation behavior was also observed for other FAMEs with cumulated double bonds and
helped us interpret allenic motifs in FAMEs. For instance, the compound eluting in 18.9 min
was interpreted as FAME 19:2n-12,13. Its MS/MS spectrum provided m/z 208.1 (α n-12),
m/z 209.0 (α n-12 + 1), and m/z 248.2 (ω n-13), corresponding to an MBR of 93 (Figure 10B).
Analogously, peak tR 22.6 min showing m/z 222.1 (α n-12), m/z 223.1 (α n-12 + 1), and
m/z 248.2 (ω n-13) was consistent with 20:2n-12,13 (spectrum not shown).
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Figure 9. HPLC/APCI-MS base-peak chromatogram of FAMEs obtained from Marrubium vulgare

seeds and the list of identified species.

Figure 10. APCI MS/MS spectra of the [M + 55]+• adducts of allenic FAMEs from Marrubium vulgare

seeds interpreted as FAME 18:2n-12,13 (A) and 19:2n-12,13 (B).

In addition to allenic species, M. vulgare seeds contained FAMEs with conjugated dou-
ble bonds. For example, the chromatographic peak tR 14.6 min represented FAME 18:2n-11,13.
Its structure was deduced using m/z 182.1 (α n-13), m/z 208.1 (α n-11), m/z 222.1 (ω n-11),
and m/z 248.1 (ω n-13), an MBR value of 107 (Figure 11A). Similarly, peak tR 17.4 min
corresponded to FAME 18:2n-12,14 (Figure 11B). Overall, sixteen unsaturated FAMEs were
detected in M. vulgare seeds, including monounsaturated, diunsaturated with allenic and
conjugated double bonds, and triunsaturated species with methylene-interrupted double
bonds (Table 4).
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Figure 11. APCI MS/MS spectra of the [M + 55]+• adducts of conjugated FAMEs from Marrubium

vulgare seeds interpreted as FAME 18:2n-11,13 (A) and 18:2n-12,14 (B).

Table 4. FAMEs identified in TG fraction of Marrubium vulgare seed lipids.

FAME tR (min) Rel. Peak Area (%) References

18:3n-3,6,9 10.1 6.6 -
18:2n-6,9 12.8 25.4 -

18:2n-11,13 14.6 0.3 -
19:2n-6,9 14.9 1.2 -

18:2n-11,14 15.1 2.7 -
18:2n-12,13 16.1 31.4 [61]
18:2n-12,14 17.4 1.6 -

18:1n-9 18.2 26.5 -
19:2n-12,13 18.9 0.7 -

18:1n-12 19.2 0.6 -
19:1n-10 21.5 1.5 -

20:2n-12,13 * 22.6 0.4 [61]
20:2n-12,14 * 25.1 0.1 -

20:1n-9 27.9 0.2 -
20:1n-12 28.8 0.9 -

21:1 * 35.2 <0.1 -
20:1n-11 - - [61]

* Tentative identifications.

2.3.4. FAMEs from Santalum album Seeds

Indian sandalwood (Santalum album) is a tropical tree native to southern India and
Southeast Asia. The oil from its seeds and seeds of other Santalaceae species is a rich source
of acetylenic FAs. [96]. FAMEs obtained by the transesterification of the TGs from Santalum
album seeds provided chromatogram shown in Figure 12.

The most abundant peak tR 10.3 min corresponded to FAME with 18 carbons and
either three double bonds or a double and a triple bond. The MS/MS spectrum (Figure 13A)
revealed the latter possibility, i.e., an acetylenic acid methyl ester. Diagnostic fragment
m/z 190.1 and its satellite ion m/z 205.1 indicated a triple bond in the n-9 position (ω n-9TB).
The corresponding α fragment (α n-9TB) at m/z 236.1 was not accompanied by a significant
satellite ion at m/z 251.1, likely because of the triple bond conjugation with the n-7 double
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bond. The α fragment m/z 262.0 and its satellite m/z 276.1 indicated a double bond in the
position n-7. Low-intensity fragment ω n-7 was detected at m/z 166.1. The MBR value of
105 corresponds to a conjugated system of one double and one triple bond. The compound
was identified as FAME 18:2n-7,9TB, most probably santalbic acid methyl ester.

˂

 

ω
α α

α

Figure 12. HPLC/APCI-MS base-peak chromatogram of FAMEs obtained from Santalum album seeds
and the list of identified species. The inset shows a chromatogram of the same sample injected in
10× less amount.

ω

 

ω
α
α ω

Figure 13. APCI MS/MS spectra of the [M + 55]+• adducts of acetylenic FAME from Santalum album

seeds interpreted as FAME 18:2n-7,9TB (A) and 18:2n-7 TB,9TB (B).
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The MS/MS spectrum of a peak in 8.6 min revealed another acetylenic FAME with
two triple bonds (Figure 13B). The ω fragment m/z 188.1 and its satellite peak m/z 203.1
indicated the triple bond at the position n-9TB, and the α fragment m/z 260.1 and its satellite
m/z 275.0 the triple bond in n-7TB. The complementary α (n-9TB) and ω (n-7TB) fragments
m/z 236.1 and m/z 164.1, respectively, were of low abundance. The MBR value calculated
from the most abundant fragments (m/z 188.1 and m/z 260.1) equaled 103 and was consistent
with two conjugated triple bonds. The compound was identified as FAME 18:2n-7TB,9TB.

The seeds oil was also found to contain acetylenic acids (FAMEs 18:3n-9TB, 20:2n-7,9TB)
and conjugated acids (FAMEs 18:2n-7,9, 20:2n-9,11) not reported previously for S. album.
In summary, FAMEs with triple bonds conjugated with either double or triple bond
were found, together with saturated, monounsaturated, diunsaturated conjugated and
methylene interrupted, triunsaturated, and tetraunsaturated species (Table 5).

Table 5. FAMEs identified in TG fraction of S. album seed lipids.

FAME tR (min) Rel. Peak Area (%) Literature Data (%) *

18:2 n-7TB,9TB 8.6 1.6 -
18:2n-7,9TB 10.3 89.0 33.5
18:1n-9TB 11.9 0.7 -
18:2n-6,9 13.0 0.2 1.5
16:1n-7 13.6 0.2 0.8

20:2n-7,9TB 14.2 0.2 -
18:2n-7,9 15.2 0.7 -
18:1n-9 18.4 7.0 52.1

20:2n-9,11 19.5 0.1 -
16:0 20.9 0.1 3.7

20:1n-9 28.2 0.2 -
16:1n-9 - - 0.1

17:1 - - 0.3
17:2 - - 0.5
18:0 - - 1.7

18:1n-7 - - 1.4
18:3n-3,6,9 - - 3.1

18:4n-3,6,9,12 - - 1.3
* Composition of sandalwood oil ethyl esters reported in ref. [97].

3. Experimental

3.1. Chemicals and Materials

MS-grade acetonitrile and methanol (Sigma-Aldrich, St. Louis, MO, USA) were used
as received. Chloroform, hexane, and diethyl ether were distilled from analytical-grade
solvents (Penta, Czech Republic). Other chemicals, NaCl (≥99%, Sigma-Aldrich, St. Louis,
MO, USA), di-tert-butyl-4-methylphenol (Fluka, Buchs, Switzerland), Rhodamine 6G
(Sigma-Aldrich, St. Louis, MO, USA), and Diazald (99%, Sigma-Aldrich, St. Louis, MO,
USA) were used. The standards of crepenynic acid (99%) and punicic acid methyl ester
(purity 98%) were from Larodan (Malmö, Sweden), and 9-octadecynoic acid methyl ester,
9(E),11(E)-octadecadienoic acid methyl ester, and 9(Z),11(Z)-octadecadienoic acid methyl
ester (all 98%) were purchased from Cayman Europe (Tallinn, Estonia). The standards were
dissolved in chloroform at 1 mg/mL concentrations and stored at −25 ◦C. Bombus pratorum
males were collected in the Czech Republic during the spring season and immobilization
at −18 ◦C. Cold-pressed pomegranate seed oil (organic, unrefined) was from Biopurus Ltd.
(Ashford, England). Seeds of Marrubium vulgare and Santalum album were purchased from
a local garden center.

3.2. Extraction and Transesterification of Lipids

The samples were treated with organic solvents to obtain total lipid extracts. Briefly, pe-
ripheral fat bodies of three B. pratorum males were dissected and extracted with CHCl3/CH3OH
(1:1, v/v) containing di-tert-butyl-4-methylphenol at a concentration of 25 mg/mL (500 µL
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each) and sonicated for 15 min. The extract was collected using a Pasteur pipette. M. vulgare
seeds (approx. 240 pieces; 0.25 g) or S. album seeds (5 pieces; 0.94 g) were crushed and
extracted in methanol/chloroform (2:1 v/v, 10 mL) for 30 min. After filtration, 5 mL of 0.9%
NaCl was added, shaken for few seconds, and the aqueous (upper) phase was removed.
The cleaning step was repeated three more times with 2 mL of 0.9% NaCl solution.

Total lipid extracts or seed oil were separated by semipreparative TLC to isolate TGs.
Pre-cleaned, in-house made silica-gel glass TLC plates (60 mm × 76 mm) and hex-

ane/diethyl ether (80:20, by vol.) mobile phase were used. TLC zones were made visible
by spraying Rhodamine 6G solution (0.05% in ethanol). A zone corresponding to TGs
(B. pratorum Rf = 0.36–0.55, pomegranate Rf = 0.20–0.55, M. vulgare Rf = 0.33–0.55, S. album
Rf = 0.30–0.55) was scraped off the plate and extracted with 10 mL freshly distilled diethyl
ether. The solvent was evaporated to dryness under a nitrogen stream.

While TGs from B. pratorum, pomegranate seed oil, and M. vulgare seeds were transes-
terified in acidic conditions [98], base-catalyzed transesterification [99] was required for
S. album lipids containing triple bonds. FA standards were methylated by diazomethane
(synthesized in-house from Diazald). Diazomethane in diethyl ether was added dropwise
to the FA solution in chloroform (10 mg/mL) until the color of the reaction mixture turned
light-yellow. Unreacted diazomethane was deactivated by formic acid.

3.3. RP-HPLC/APCI-MS and APCI-MS

The liquid chromatograph consisted of a Rheos Allegro UHPLC pump, Accela au-
tosampler with an integrated column oven, and an LCQ Fleet ion-trap mass spectrometer;
the system was controlled by Xcalibur software (all Thermo Fisher Scientific, San Jose, CA,
USA). Develosil RP-Aqueous C30 (250 × 4.6 mm, particle size: 5 µm; Nomura Chemical,
Seto, Japan) stainless-steel column and isocratic elution with acetonitrile at 0.7 mL/min
flow rate [20] were used. The chromatography proceeded at laboratory temperature except
for B. pratorum sample separated at 40 ◦C. The injected volume of samples (standards and
biological samples, 1 mg/mL and 10–20 mg/mL, respectively) was 10–20 µL. The APCI
vaporizer and heated capillary temperatures were set to 380 ◦C and 180 ◦C, respectively;
the corona discharge current was 2 µA. Nitrogen served both as the sheath and auxiliary
gas at a flow rate of 50 and 20 arbitrary units, respectively. The MS spectra of positively
charged ions were recorded in the m/z 180–470 range. The CID MS2 spectra of [M + 55]+•

were collected using a data-dependent analysis with an isolation width of 1.7 Da and
normalized collision energy of 28%. The m/z range of MS2 spectra was set automatically,
depending on the precursor ion mass. The masses of the acetonitrile adducts for fragmen-
tation were calculated as higher partners of the base peaks (m/z [M + H]+ + 54 Da). The
retention times and relative peak areas were obtained from ion chromatograms extracted
for [M + H]+. The high-resolution MS data were recorded using an LTQ Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped with an APCI
ion source operated at the same conditions as for low resolution. The Orbitrap spectra
were acquired at a resolution of 100,000 FWHM.

The standard (1 mg/mL) solutions were also analyzed by direct infusion to the mobile
phase flow using the same APCI-MS conditions, as described above.

3.4. Fragment Ion Abbreviations and Nomenclature

The diagnostic ions in the MS/MS spectra of [M + 55]+• were denoted “α” if they
carried the ester moiety or “ω” if they contained the terminal-carbon end without the
ester group. The double bond position was indicated as α n-x and ω n-x, where x is the
distance from the terminal end of the hydrocarbon chain. A triple bond was marked by
“TB” in superscript.

4. Conclusions

This work demonstrates the applicability of acetonitrile gas-phase chemistry in APCI
for characterizing the structure of polyunsaturated FAMEs. The reaction of C3H5N+• with
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double and triple bonds occurs in the ion source, and the reaction products are fragmented
to generate diagnostic ions. The method is highly versatile and suitable to many (if not
all) arrangements of double and triple bonds in mono- and polyunsaturated chains. It was
successfully applied to FAMEs with isolated, cumulated, and conjugated double bonds,
triple bonds, and their combinations. The localization of the isolated double and triple
bond positions is straightforward because of intense α and ω fragments. Distinguishing a
double bond from a triple bond is easy based on the satellite fragments. While the satellite
ions appear at +14 Da in the lipids with a double bond, they are found as intense +15 Da
fragments in the case of a triple bond. When two or more unsaturated bonds exist in a
chain, the spectra predominantly show α and ω fragments related to cleavages of C–C
bonds before and after the unsaturated region. This can be utilized for deducing a possible
arrangement of unsaturated bonds. A parameter named multiple bond region (MBR) can
be calculated using the most abundant fragments and compared to tabulated theoretical
values. The type and position of the unsaturated bonds within the unsaturated region can
then be inspected in detail after focusing on less intense diagnostic fragments and their
satellites. In the case of allenic FAMEs, the α fragment was accompanied by an intense
α + 1 fragment, which gave a hint for the cumulated double bonds. When a triple bond
was present in a polyunsaturated chain, it manifested itself by the +15 Da satellite peak
accompanying the corresponding diagnostic fragment.

The localization of unsaturated bonds by HPLC/APCI-MS/MS with an acetonitrile
mobile phase is a simple and convenient method. Since the derivatization occurs in the
ion source during ionization, there is no need to perform the chemical modification of
the analytes as a separate step before the analysis. Nominal mass resolution spectra were
successfully used for the structure elucidation. However, high-resolution MS/MS data
could help distinguish α and ω fragments, thus making the interpretation even easier. In
this work, unsaturated FAMEs were characterized in Bombus pratorum, Punicum granatum,
Marrubium vulgare, and Santalum album. The method’s power is illustrated by the fact
that, in addition to the known lipids, several new FAMEs were discovered. Although the
method can also be applied to complex lipids [19,21,22], spectra interpretation is easier for
lipids having only one fatty acyl chain.

Supplementary Materials: The following are available online, Figure S1: APCI MS/MS CID spec-
trum of the [M + 55]+• adduct of ricinenic acid methyl ester (FAME 18:2n-7c,9c); MBR = 107; Table S1:
High-resolution data for fragments from APCI MS/MS spectra of FAME standards. Figure S2: APCI
MS/MS spectra of the [M + 55]+• adducts of selected conjugated FAMEs from PSO interpreted as
FAME 18:3n-5,7,9 (A), 18:3n-4,6,8 (B), 18:3n-2,4,6 (C), 18:3n-5,7,9 (D).
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Abstract: Sulforaphane (SFN), a naturally occurring isothiocyanate, has received significant attention
because of its ability to modulate multiple biological functions, including anti-carcinogenic properties.
However, currently available analytical methods based on high-performance liquid chromatography
(HPLC)-UV/Vis for the quantification of SFN have a number of limitations, e.g., low UV absorbance,
sensitivity, or accuracy, due to the lack of a chromophore for spectrometric detection. Therefore, we
here employed the analytical derivatization procedure using 2-naphthalenethiol (2-NT) to improve
the detectability of SFN, followed by HPLC separation and quantification with UV/Vis detection.
The optimal derivatization conditions were carried out with 0.3 M of 2-NT in acetonitrile with
phosphate buffer (pH 7.4) by incubation at 37 ◦C for 60 min. Separation was performed in reverse
phase mode using a Kinetex C18 column (150 mm × 4.6 mm, 5 µm) at a flow rate of 1 mL/min, with
0.1% formic acid as a mobile phase A, and acetonitrile/0.1% formic acid solution as a mobile phase
B with a gradient elution, with a detection wavelength of 234 nm. The method was validated over
a linear range of 10–2000 ng/mL with a correlation of determination (R2) > 0.999 using weighted
linear regression analysis. The intra- and inter-assay accuracy (% of nominal value) and precision
(% of relative standard deviation) were within ±10 and <15%, respectively. Moreover, the specificity,
recovery, matrix effect, process efficiency, and short-term and long-term stabilities of this method
were within acceptable limits. Finally, we applied this method for studying in vivo pharmacokinetics
(PK) following oral administration of SFN at doses of 10 or 20 mg/kg. The Cmax (µg/mL), Tmax

(hour), and AUC0–12h (µg·h/mL) of each oral dose were 0.92, 1.99, and 4.88 and 1.67, 1.00, and
9.85, respectively. Overall, the proposed analytical method proved to be reliable and applicable for
quantification of SFN in biological samples.

Keywords: 2-naphthalenethiol; derivatization; sulforaphane; HPLC-UV/Vis; pharmacokinetics

1. Introduction

Sulforaphane (SFN) is a naturally occurring sulfur-containing isothiocyanate enriched
in natural products, such as broccoli, brussels sprouts, cauliflower, or cabbage [1,2]. SFN
has received significant attention because of its ability to suppress cancer development or
metastasis in multiple tissues through different mechanisms as follows: (i) modulation of
carcinogen-associated enzymes, leading to suppression of the mutagenic activity within
the target genes [3,4]; (ii) inhibition of cell growth and induction of apoptosis, thereby
suppressing neoplastic development of the initiated and/or spontaneously transformed
cells capable of producing cancer [5]; and (iii) inhibition of consequent angiogenesis for
tumor progression and metastasis formation [6]. With this scientific evidence, investigators
have been trying to determine the potential of SFN as an agent in cancer prevention and/or
therapy [7].
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Accordingly, downstream studies for assessing the pharmacokinetics (PK) and phar-
macodynamics (PD) profiles of SFN are required for both preclinical and clinical stages of
the drug discovery process. Although prior studies have reported methods for quantifying
SFN utilizing high-performance liquid chromatography (HPLC)-UV/Vis [8–10] or LC-mass
spectrometry (MS) [11,12], the current analytical methods are still not in common use in the
quantification of SFN due to a number of reasons: (1) the HPLC-UV/Vis detector method
has poor sensitivity because SFN has no UV chromophore; (2) although the LC-MS-based
method has better capability in accurate identification and sensitive detection compared
with HPLC methods, this methodology requires expensive instruments and highly trained
personnel, suggesting that the LC-MS-based analytical method cannot be used for small-
scale laboratory research. Therefore, alternative methods that can provide high sensitivity
and are cost effective are needed to fulfill the requirements of quantification or qualification
in SFN-mediated studies, including PK/PD. Recent studies revealed that chemical deriva-
tization with appropriate reagents before an HPLC-equipped UV/Vis detector is generally
used to determine certain analytes lacking chromophores, including SFN. Of different
derivatizing reagents, such as Cys-ME [8], mercaptoethanol [11], benzenethiol [13], or
2-naphthalenethiol (2-NT) [14], 2-naphthalenethiol (2-NT) exhibits high molar absorptivity
and longer and/or specific wavelengths (≥230 nm; 234, 280, and 320 nm), and sensitive
detection with reduced interference from the sample matrix can be achieved in comparison
to others [14]. Despite such benefits, no studies have employed 2-NT as a derivatizing
reagent for SFN quantification measured by the HPLC-UV/Vis method.

In the present study, therefore, we utilized the chemical derivatization reaction using
2-naphthalenethiol (2-NT) to improve the detectability of SFN, followed by the develop-
ment of specific HPLC-UV/Vis analytical conditions and justified each validation charac-
teristic within acceptable limits. Moreover, we successfully applied the proposed method
to study rat pharmacokinetics (PK) following oral administration of SFN.

2. Results and Discussion

2.1. Method Development

While the reaction of isothiocyanates (ITCs) derived from natural sources, such as SFN,
with thiol leads to the formation of a stable dithiocarbamate ester, several prior studies
have used certain organic reagents, e.g., mercaptoethanol [11] or N-tBOC-Cys-ME [8] or
benzenethiol [13], for the detection and quantification of ITCs. However, as previously
developed methods for SFN quantification still have a number of weaknesses, e.g., low
sensitivity, accuracy, or cost effectiveness, we here developed a new method for quantitation
of SFN using HPLC coupled with a UV/Vis detector after analytical derivatization with
2-naphthalenethiol (2-NT). The derivatization process of SFN or its internal standard (IS)
isothiocynate using 2-NT is shown in Figure 1. The derivatization condition was optimized
by changing various parameters, i.e., the concentration of the derivatization agent 2-NT
(0.05–0.5 M), range of pH (4.0–10.0), incubation temperature (25 to 60 ◦C), and period of
incubation (10–180 min). As such, the optimal derivatization conditions were obtained
with 0.3 M of 2-NT in acetonitrile with phosphate buffer (pH 7.4) by incubation for 60 min
at 37 ◦C. A typical chromatogram of SFN and IS after chemical derivatization with 2-NT is
shown in Figure 2. We confirmed separated symmetric peaks for 2-NT-SFN and 2-NT-IS
at a run time of 7.5 and 8.4 min, respectively. Moreover, the selectivity and specificity
of the proposed analytical method were evaluated by the absence of any endogenous
interference at the retention times of peaks of interest as evaluated by the chromatograms
of the following samples: the blank rat plasma (Figure 2A), blank rat plasma spiked
with the internal standard (Figure 2B), blank rat plasma spiked with 0.01 µg/mL of SFN
(LLOQ) and the internal standard (Figure 2C), and the plasma collected from a rat 1 h
following a single oral administration of 10 mg/kg SFN or IS (Figure 2D). Next, we further
confirmed the derivatives of both SFN and IS using ESI-MS/MS in positive mode with
30 eV of collision energy. While fragment ions of 2-NT-SFN were generated at m/z 338,
274, 178, 161, 128, 114, and 72, we identified that ions at m/z 274, 178, 114, 72, and at m/z
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161, 128 corresponded to SFN and 2-NT moieties, respectively (Figure 3A). In addition,
fragment ions of 2-NT-IS were at m/z 338, 161, 128, 74.0, while ions at 161, 128 m/z stand
for 2-NT (Figure 3B). To quantify the derivatized SFN or IS, the chromatographic condition
was examined by altering a number of parameters, such as buffer, organic solvent, and
absorption spectra, for the detection. The optimized separation was carried out with 0.1%
formic acid (solvent A) and acetonitrile with 0.1% formic acid (solvent B). In addition,
the highest signals of the derivatives were specified at the wavelengths of 234 nm under
UV/Vis measurements.

 

μ

Figure 1. Chemical structures of sulforaphane (SFN) and methyl isothiocynate employed as an internal standard (IS), and
their derivatives reacted with 2-naphthalenethiol (2-NT).

μ
Figure 2. Representative HPLC chromatograms of double blank rat plasma (A), blank rat plasma spiked with the IS (B),
blank rat plasma spiked with 0.01 µg/mL of SFN (LLOQ) or the IS (C), a plasma sample obtained 1 h after a single oral
administration of 10 mg/kg of SFN (D). SFN, sulforaphane; 2-NT, 2-naphthalenethiol.
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Figure 3. MS/MS spectra of 2-NT-SFN (A) and 2-NT-IS (B) obtained by ESI in positive mode using a collision energy of
30 eV. IS, internal standard; SFN, sulforaphane; 2-NT, 2-naphthalenethiol.

2.2. Method Validation

2.2.1. Linearity and Calibration Curve

The equations of coefficients of determination (R2) and linear regression are described
in Table 1. R2 of three replicates was greater than 0.999, and the accuracy of all three calibra-
tion points was within ±10% of the nominal concentration, indicating excellent linearity
with a detection range of 10–2000 ng/mL. The regression equation was y = 2.2502x + 0.0499.
The limits of detection (LOD) and limits of quantification (LOQ) were 0.0028 and 0.0091,
respectively (Table 1), suggesting that the detection range and sensitivity of calibration
curves of our method were sufficient to quantify SFN levels in rat plasma after the single
dietary doses of 10 or 20 mg/kg SFN.

Table 1. Summary of the calibration curve, linear range, LOD and LOQ for the quantification for
SFN in rat plasma by the HPLC method.

Calibration Curve R2 Linear Range
(µg/mL)

LOD LLOQ

y = 2.2502x + 0.0499 0.9995 0.01~2.0 0.0028 0.0091

LOD, limit of detection; LLOQ, lower limit of quantification; R2, coefficients of determination; SFN, sulforaphane.

2.2.2. Accuracy and Precision

The results of the intra- and inter-assay accuracy and precision are described in Table 2.
The accuracy and precision of all the QCs at different levels were within ±10%, and <15%,
respectively. In addition, the mean accuracy and precision values obtained were 92.15 and
8.14%, respectively. Our accuracy and precision results satisfied the USFDA guidelines for
bioanalytical method validation, suggesting that rat plasma samples with a concentration
>10 ng/mL of SFN can be quantified with good enough accuracy and precision.

2.2.3. Recovery and Matrix Effect

Table 3 summarizes the results of the matrix effect and extraction recoveries of SFN
and IS from rat plasma samples. The mean extraction recoveries and efficiency at three
different levels of SFN and IS were ±15, ±18% or ±20, ±22%, respectively, indicating a
good recovery in different rat plasma samples. The mean matrix effects at three different
levels of SFN (0.03, 0.8, and 2.0 µg/mL) were −2.87, −2.99, and −2.37%, while the IS at
0.5 µg/mL was −2.58. These results indicated the presence of some matrix effect in terms
of the 2-NT-SFN/2-NT-IS response ratio. Nevertheless, because the LLOQ signal intensity
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was sufficient for the SFN quantification, this method can be applied for downstream
analysis, such as the PK study.

Table 2. Intra- and inter-day precision and accuracy for quantification for SFN in rat plasma by the
HPLC method.

Spike Amount
(µg/mL)

Intra-Day
(RSD, %) 1

Inter-Day
(RSD, %)

Intra-Day
(Accuracy, %) 2

Inter-Day
(Accuracy, %)

0.01 7.95 8.14 93.41 ± 6.41 94.21 ± 7.14
0.03 7.27 7.69 92.15 ± 6.71 91.97 ± 8.19
0.8 3.04 3.41 100.17 ± 3.27 100.83 ± 3.57
2.0 1.57 2.22 98.94 ± 2.11 99.09 ± 2.58

1 RSD (%) = standard deviation of the concentration/mean concentration × 100. 2 Accuracy (%) = calculated
concentration/theoretical concentration × 100.

Table 3. Recovery, matrix effect, and process efficiency of SFN and the IS from spiked rat plasma
(n = 4).

Component
Spike Amount

(µg/mL)
Recovery 1 Matrix Effect 2 Process

Efficiency 3

SFN
0.03 85.31 ± 4.94 −2.87 ± 0.14 82.35 ± 5.89
0.8 86.71 ± 1.24 −2.99 ± 0.16 84.10 ± 2.71
2.0 87.41 ± 0.47 −2.37 ± 0.13 85.91 ± 0.83

IS 0.5 80.27 ± 2.18 −2.58 ± 0.21 78.14 ± 2.61
1 Recovery = (Response before extraction spiked sample/Response post-extracted spiked sample) × 100. 2 Matrix
effect = (Response post-extracted spiked sample/Response non-extracted neat sample − 1) × 100. 3 Process
efficiency = (Response before extraction spiked sample/Response non-extracted neat sample) × 100. IS, internal
standard; SFN, sulforaphane.

2.2.4. Stability

The results of the short-term and long-term stabilities of SFN in rat plasma are sum-
marized in Table 4. SFN stock solutions were stable for at least 3 weeks when prepared in
an acetonitrile solution at −20 ◦C (data not shown). Moreover, nominal% of QCs at three
concentrations (0.03, 0.8, or 2 µg/mL) of SFN after 30 days at −20 and −80 ◦C were within
±19% or ±11%, respectively. These results indicate that SFN is stable for at least 30 days in
rat plasma under the described storage conditions (Table 4).

Table 4. Stability test for SFN in rat plasma.

Condition Tested

0.03 µg/mL 0.8 µg/mL 2 µg/mL

Mean
RSD 1

(%)
RE 2 (%) Mean

RSD
(%)

RE (%) Mean
RSD
(%)

RE (%)

Short-term stability
Freeze-thaw (−80 ◦C, 3 cycle) 0.028 3.74 −7.67 0.797 2.91 −0.38 2.013 1.84 0.65
Refrigerator (4 ◦C, 1 day) 0.025 3.12 −17.67 0.589 3.17 −26.38 1.731 1.56 −13.45
Freezer (−20 ◦C, 1 day) 0.027 3.39 −10.00 0.703 2.67 −12.13 1.959 1.58 −2.05
Freezer (−80 ◦C, 1 day) 0.033 2.95 9.67 0.751 3.10 −6.13 2.003 0.87 0.15
post-preparative stability
(4 ◦C, 1 day) 0.030 2.34 −1.00 0.792 2.36 −1.00 2.084 1.41 4.20

post-preparative stability
(4 ◦C, 1 week) 0.031 3.49 4.33 0.862 2.81 7.75 2.002 2.10 0.10

Long-term stability
Freezer (−80 ◦C, 30 days) 0.032 3.81 7.00 0.780 2.90 −2.50 1.777 1.59 −11.15
Freezer (−20 ◦C, 30 days) 0.024 2.67 −19.67 0.768 3.13 −4.00 1.726 2.88 −13.70

1 RSD (%) = standard deviation of the concentration/mean concentration × 100. 2 RE (%) = calculated concentration/theoretical
concentration × 100.
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2.3. In Vivo Pharmacokinetics Study

We finally performed in vivo pharmacokinetics (PK) study of oral SFN using a newly
developed method. The mean plasma concentration–time profiles and PK parameters cal-
culated by the non-compartment model of SFN in rat plasma are described in Figure 4 and
Table 5, respectively. The concentration of SFN was readily measurable in plasma samples
collected up to 12 h post-dose. Consistent with prior findings [9,15], the maximum plasma
concentrations of oral SFN (10 mg/kg: 0.92 µg/mL; 20 mg/kg: 1.67 µg/mL) were reached
in approximately 1 h at both doses, suggesting that SFN is rapidly absorbed from the
gastro-intestinal tract. A rapid absorption rate could be caused by the chemical properties
of SFN, i.e., a low molecular weight and higher lipophilicity. Afterwards, SFN at both doses
was eliminated with a half-life of approximately 5–6 h, which is consistent with previous
findings that SFN is rapidly eliminated after oral absorption [9,15,16]. Finally, our studies
revealed that the values of AUC0–12h, AUC0–∞h, AUMC, and Cmax in orally administrated
rats increased in a dose-dependent manner, suggesting that a newly established method
would be a time-efficient and accurate method for measurement of SFN in rat plasma
applicable for in vivo PK study.
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Figure 4. Mean plasma concentration–time plot of sulforaphane (SFN) after a single oral administra-
tion of SFN at 10 or 20 mg/kg to rats. All values are mean ± SD (n = 4 rats).

Table 5. Pharmacokinetic parameters of SFN after oral administration at doses of 10 or 20 mg/kg to
rats (mean ± S.D., n = 4 rats).

Parameters 10 mg/kg 20 mg/kg

AUC0–12h (µg·h/mL) 4.88 ± 0.89 9.85 ± 1.37
AUC0–∞h (µg·h/mL) 6.25 ± 1.59 12.42 ± 2.36

AUMC (0–12 h) 21.85 ± 5.11 44.57 ± 7.42
MRT (0–12 h) (h) 4.45 ± 0.24 4.51 ± 0.13

t1/2 (h) 5.05 ± 0.91 5.47 ± 0.56
Tmax (h) 1.00 ± 0.00 1.00 ± 0.00

CLz/F (L/h/kg) 1.67 ± 0.44 1.65 ± 0.32
Vz/F (L/kg) 11.83 ± 0.93 12.84 ± 1.14

Cmax (µg/mL) 0.92 ± 0.09 1.67 ± 0.24
AUC, area under the curve; AUMC, area under the first moment curve; CLz/F, apparent oral clearance; Cmax,
peak plasma concentration; MRT, mean residence time; t1/2, terminal; Tmax, time to reach Cmax; Vz/F, apparent
volume of distribution.
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3. Materials and Methods

3.1. Chemicals and Standards

Sulforaphane (SFN) (>90% purity), methyl isothyocyanate (>97% purity) as an internal
standard (IS), formic acid (analytical reagent grade), and 2-naphthalenethiol (99% purity)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Organic solvents, such as
methanol, ethyl alcohol, acetonitrile, and chloroform, for both SFN extraction and HPLC
analysis were supplied by Merck (Darmstadt, Germany). Purified deionized water was ob-
tained from an in-house purification system (18 MΩ, Millipore, Bedford, MA, USA). Unless
otherwise stated, all other chemicals were obtained from Sigma (St. Louis, MO, USA).

3.2. Equipment

The Agilent 1260 series HPLC system (Agilent Technologies, Santa Clara, CA, USA)
was equipped with an auto-sampler, degasser, quaternary pump, and UV/Vis detector.
Analyte separation was performed in reverse phase mode with a Kinetex C18 column
(150 mm × 4.6 mm, 5.0 µm). Data manipulation was performed using the Chemstation
B.04.03 software.

3.3. Preparation of the Stock Solution and Working Solutions

SFN was dissolved in acetonitrile to prepare stock solutions at a concentration of
1000 µg/mL. Working solutions at concentrations of 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, and
2 µg/mL were obtained by serial dilution from stock solution by adding an appropriate
volume of ethyl alcohol (EtOH). Methyl isothiocyanate, which was employed for the
internal standard (IS), was diluted with acetonitrile to obtain the working IS solution at
a concentration of 5 µg/mL. All stock solutions were stored at −20 ◦C and protected
from light.

3.4. Calibration Standards and Quality Control (QC) Samples

Calibration standard working solutions were diluted 10-fold with rat blank plasma
(1:9, v/v) to obtain 6 calibration standards at 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, and 2 µg/mL.
Quality control (QC) working solutions were also diluted 10-fold with rat blank plasma to
obtain QCs at 4 different concentration levels, i.e., low, mid, and high levels of 0.01, 0.03,
0.8, and 2.0 µg/mL, respectively.

3.5. SFN Extraction from Rat Plasma and Chemical Derivatization with 2-NT

In total, 100 µL of blank rat plasma, rat plasma spiked with SFN, or plasma collected
from rats orally administrated SFN at doses of 10 or 20 mg/kg for the pharmacokinetic (PK)
study were mixed with 10 µL of the IS working solution, followed by incubation at room
temperature for 3 min. The reacted solution was then mixed with the solution of saturated
sodium chloride and chloroform (1:4, v/v), and centrifuged at 10,000× g for 5 min. The
organic phase was separated from the aqueous layer, and dried using a speed vacuum
system (Vision, Seoul, Korea). The residue dissolved in ethanol was further derivatized
with 0.3 M 2-naphthalenethiol (NT) by incubation at 37 ◦C for 60 min, and finally the
reacted residue was fltered using a 0.45 µm PTFE filter (Millipore, Billerica, MA, USA)
prior to HPLC analysis.

3.6. Derivatives Confirmation by ESI Mass Spectrometry

An API 3200 triple quadruple Mass Spectrometer (Applied Biosystems, Foster City,
CA, USA) equipped with an electrospray ionization (ESI) interface in positive ionization
mode was employed for the confirmation of SFN derivatives. The mass range was set
between 50 and 500 m/z and derivatives were infused directly into the mass spectrometry.
The optimized instrument conditions were as follows: source temperature, 400 ◦C; curtain
gas pressure, 20 psi; nebulizing gas (GS1) pressure, 50 psi; and heating gas (GS2) pressure,
40 psi. The first quadrupole (Q1) was set to unit resolution and Q3 to low resolution.
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Analyst software (ver. 1.4.2; Applied Biosystems, Foster City, CA, USA) was used for
instrument control and data collection.

3.7. Chromatographic Conditions to Quantify SFN in Rat Plasma

The LC chromatographic separation was conducted with a Kinetex C18 column
(150 mm × 4.6 mm, 5.0 µm). The mobile phase was delivered at a flow rate of 1.0 mL/min
through gradient elution and consisted of pure water with 0.1% formic acid (aqueous
mobile phase A) and acetonitrile with 0.1% formic acid (organic mobile phase B). The total
analytical run time for each injection was 15 min, including 5 min of re-equilibration.

The initial gradient elution started with 10% mobile phase B, which was maintained
for 1 min, followed by gradual elevation of mobile phase B to 70% over 5 min. These
experimental conditions were held for 3 min, returned to initial conditions, and the column
was re-equilibrated for 5 min. Optimization of chromatographic conditions involved the
subsequent evaluation of the following parameters: buffer, mobile phase, organic solvent,
gradient elution, flow rate, auto-sampler temperature, column temperature, and injection
volume. Finally, the conditions showing the best retention and separation were then
selected. Both SFN and IS derivatives’ absorbance was detected at 234 nm. Research
manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession
numbers. If the accession numbers have not yet been obtained at the time of submission,
please state that they will be provided during review. They must be provided prior
to publication.

Intervention studies involving animals or humans, and other studies that require
ethical approval, must list the authority that provided approval and the corresponding
ethical approval code.

3.8. Method Validation

Full validation of the current method in rat plasma was performed in accordance with
the guidelines of the US Food and Drug Administration (FDA) on chromatographic bioan-
alytical method validation. The validation included the following parameters: linearity,
stability, selectivity, sensitivity, and intra-/inter-day accuracy and precision. The linearity
of this method was evaluated using calibration standards prepared at six concentrations
over a range of 0.01–2.0 µg/mL. Repeatability or intra-assay accuracy were determined by
analyzing five individually prepared replicates at each concentration within the same run
and five injections of one replicate within another run to evaluate injection repeatability.
Inter-assay accuracy and precision were obtained by analyzing five individually prepared
replicates at each concentration within five different days. The stability of SFN in rat plasma
was determined using five individually prepared replicates of QCs at three concentration
levels. The following stability conditions were evaluated: short-term stability (24 h at room
temperature, 4 ◦C and at −80 ◦C), post-preparation with or without exposure to derivative
reagent (24 h or 7 days at 4 ◦C), freeze thaw (three cycles, −20 ◦C/room temperature, and
24 h between cycles), and long-term stability (30 days at −20 and −80 ◦C).

3.9. In Vivo Pharmacokinetic Study

All animal procedures were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Hallym University (Permit number: Hallym2020-48) and performed
in accordance with their guidelines as well as ARRIVE guidelines (Animal Research: Re-
porting of In Vivo Experiments) (https://www.nc3rs.org.uk/arriveguidelines; accessed
on 15 February 2021). Eight-week-old Sprague–Dawley (SD) female rats, weighing about
230–250 g, were purchased from DBL Ltd. (Eumseong, Korea) and used for the pharma-
cokinetic study. All experimental rats were housed in individual cages at the Hallym
University Laboratory Animal Resources Center under specific pathogen-free (SPF) con-
ditions with a controlled consistent temperature (23 ± 2 ◦C) and lighting environment
(12 h/12 h light/dark cycle). At the end of the study, the experimental mice were sacrificed
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by CO2 inhalation. A gradual fill rate of 20% chamber volume per minute of displacement
was used for CO2 euthanasia. All efforts were made to minimize the number and suffering
of any animals used in these experiments. Animals were randomly divided into two
groups after an acclimation period of 1 week. SFN dissolved in water was administered as
a single oral dose of either 10 mg/kg or 20 mg/kg. Blood samples (300 µL) were collected
in lithium-heparinized tubes from the tail vein before dosing and subsequently at 0.25, 0.5,
1, 2, 3, 6, 8, and 12 h after administration. Blood samples were then centrifuged at 10,000× g
for 3 min at 4 ◦C to separate plasma. The SFN pharmacokinetic parameters processed by
non-compartmental analysis of plasma concentration versus time data using the computer
program Winnonlin Ver. 5.1 (Pharsight Corporation, Mountain View, CA, USA) were
as follows: the area under the plasma concentration–time curve to the last measurable
plasma concentration (AUC0–t); the area under the plasma concentration–time curve to
time infinity (AUC0–∞); the maximum plasma concentration (Cmax); the time to reach the
maximum concentrations (Tmax); the elimination half-life (t1/2); the mean residence time
(MRT); and total plasma clearance (CL). Both Cmax and Tmax were obtained directly from
the generated curve.

4. Conclusions

A new optimized HPLC-UV/Vis method for the quantification of SFN in rat plasma
was developed and validated in accordance with USFDA guidelines. To the best of our
knowledge, this is the first study to utilize 2-NT derivatization for a HPLC-UV/Vis-
based quantification of SFN. While prior studies established the HPLC-UV/Vis methods
without chemical derivatization [9,17–19], which exhibited that UV absorbance at a short
wavelength (202–210 nm) causes a relatively high background and low sensitivity, the use
of 2-NT derivatization significantly increases the UV absorption at a wavelength of 234 nm,
helping to improve the detectability of SFN. Moreover, the advantage of this method lies
in its low limit of detection (LOD) of 0.0078 µg/mL compared to a previous HPLC assay
with an LOD of 0.01 µg/mL [9]. The assay was fully validated, with good selectivity and
linearity over a large range of 0.01–2.0 µg/mL. SFN was stable in the solvent employed
in this study and plasma for at least 6 months and 1 month, respectively. Moreover, we
successfully applied this method to the in vivo pharmacokinetic study of SFN with single
oral dietary doses. A limitation of this study is the absence of clinical application on plasma
samples of patients receiving SFN administration. Thus, future studies are needed for
assessment of the assay using patients’ plasma samples. Overall, the method we developed
in the present study could be useful to perform not only clinical PK/PD studies but also to
investigate SFN side effects, which will be instructive in the creation of a dosage regimen
and optimization of SFN safety and efficiency.
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Abstract: The field of gas chromatography-mass spectrometry (GC-MS) in the analysis of chemical
warfare agents (CWAs), specifically those involving the organophosphorus-based nerve agents
(OPNAs), is a continually evolving and dynamic area of research. The ever-present interest in
this field within analytical chemistry is driven by the constant threat posed by these lethal CWAs,
highlighted by their use during the Tokyo subway attack in 1995, their deliberate use on civilians in
Syria in 2013, and their use in the poisoning of Sergei and Yulia Skripal in Great Britain in 2018 and
Alexei Navalny in 2020. These events coupled with their potential for mass destruction only serve to
stress the importance of developing methods for their rapid and unambiguous detection. Although
the direct detection of OPNAs is possible by GC-MS, in most instances, the analytical chemist must
rely on the detection of the products arising from their degradation. To this end, derivatization
reactions mainly in the form of silylations and alkylations employing a vast array of reagents have
played a pivotal role in the efficient detection of these products that can be used retrospectively to
identify the original OPNA.

Keywords: nerve agents; GC-MS; derivatization; silylation; methylation; chemical warfare agents;
sarin; Novichoks

1. Introduction

Gas Chromatography-Mass Spectrometry (GC-MS) has been a central analytical tech-
nique in the field of Chemical Warfare Agent (CWA) detection, analysis, and identification.
The role that this form of mass spectrometric method has provided to analysts immersed
in this specific area is invaluable and continues to grow in importance as the CWA molec-
ular space rapidly expands. CWAs represent some of the most toxic chemical entities
ever produced in a laboratory. Their sole purpose is to eliminate a threat or incapac-
itate it [1]. Among the most notorious members in this class of toxic compounds are
the organophosphorus-based nerve agents [2]. The lethal effects of nerve agents stem
from their efficient inhibition of the enzyme acetylcholinesterase (AChE), which is an
enzyme involved in maintaining homeostasis in the nervous system and controls mus-
cle function [3,4]. Inhibition of AChE leads to the accumulation of the neurotransmitter
acetylcholine in synaptic junctions that results in complete muscle relaxation, an event that,
when affecting those involved in respiration, leads to the demise of the affected individual
by asphyxiation.

Traditional OPNAs fall into two main categories since their introduction in the 20th
century, being used against military as well as civilian targets and these are the G-series
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and the V-series (Figure 1) [5–7]. The G-series were developed in Germany and hence
the G-prefix in their notation, and they share a common chemical core, a pentavalent
phosphorus center containing a methyl group, a fluorine atom and an alkyl ester group
that ultimately distinguishes each member in this class from one another. Thus, Sarin
(or GB) possesses the isopropoxy moiety, while Soman (or GD) possesses the chiral, 2,2-
dimethyl-2-butoxy moiety and lastly Cyclosarin (or GF) which contains the cyclohexyloxy
moiety. The OPNA Tabun (or GA) is considered a G-series agent even though it does
not share many common structural features with the other members in the group. GA
possesses a cyanide moiety instead of the fluoride which serves as the leaving group in
addition to a dimethylamino moiety instead of a methyl group. The second category, the
V-series also consists of a pentavalent phosphorus atom featuring an alkoxy and a methyl
substituent in addition to a N, N-dialkylaminoethylthiolate group that serves as a leaving
group in its reaction with AChE. One of the most famous members in this class is VX
(O-ethyl-S-[2-(Diisopropylamino)ethyl] methylphosphonothioate) that consists aside of a
methyl and ethoxy substituents, the hallmark N, N-diisopropylaminoethylthiol substituent.
Additionally, the other two members in this class, VR (Russian VX) and CVX (Chinese
VX) are structural isomers of VX and of each other. In the case of VR, the alkoxy group
is the isobutoxy group while the thioalkyl side chain is the N,N-diethylaminoethylthiol
substituent. For CVX, the alkoxy group is the n-butoxy group while the thioalkyl side
chain is the N,N-diethylaminoethylthiol substituent. A third category that broke into the
world’s spotlight are the A-series or Novichok agents [8] with their use in the poisoning of
Sergei Skripal and his daughter in Salisbury, UK in 2018 [9] and the poisoning of Alexei
Navalny, who became ill during a flight from Tomsk to Moscow, Russia in 2020 [10]. The
structures of these “newcomers” as their name means are very different from the G- and
the V-series and also differ significantly among themselves to the point that they do not
share the same structural isomerism the V-series do. Although the structural make-up
among these three kinds of OPNAs is different, one common factor that unites them all
is the presence of a highly reactive, pentavalent phosphorus center. For the Novichok
agents, the role of the leaving group is played by the fluorine atom just as in the case of
Sarin or Soman. One last reason for the basis of OPNA’s worldwide concern is the fact
that established synthetic routes exist for their large-scale production. Fortunately, a great
deal of information is known about these routes and the ever-evolving field of chemical
forensics is rapidly developing methods involving chemical attribution signature analysis
to help forensic analytical chemist determine how a specific OPNA synthesized [11–13].

 

Figure 1. Chemical structures of OPNAs. Degradation products arising from all these three kinds of
nerve agents are similar and overlapping in structure.
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2. Degradation Pathways for Nerve Agents

As the threat that nerve agents pose is well recognized, several research efforts from
various groups in government and private sectors, have focused on the development of
more powerful antidotes [14–19], more efficient protective gear for the warfighter [20,21],
and more effective methods for their destruction [22]. Due to their different structural
features among the G-, V- and A-series, nerve agents do not hydrolyze equally and in
some cases one specific set of conditions may lead to the formation of equally toxic by-
products. One of the most common, practical, and effective methods for the destruction of
nerve agents is the use of bleach (hypochlorite). This oxidative method accomplishes the
destruction of most agents in a matter of minutes at ambient temperature [22]. Figure 2
below shows some of the most common pathways for the degradation of the three classes
of nerve agents discussed in this review and these involve the normal hydrolysis of these
chemicals (i.e., no oxidation). Thus, for the G-series, initial reaction of water with these
series leads to the formation of the phosphonic acid monoester via P-F bond scission. A
second round of hydrolysis, occurring at a much a faster rate than the first one, involves
the hydrolysis of the P-O bond to yield ultimately methylphosphonic acid (MPA). A similar
stepwise process can be invoked for the V-series agents, with the first hydrolytic step
involving the P-S bond to again yield a phosphonic acid monoester that the undergoes
another hydrolytic step to yield MPA. Now, although no published studies involving the
hydrolytic pathways for the Novichok agents exists, one can predict that like the G-series,
and following the nature of the generated conjugate bases, these agents will undergo
scission at the P-F bond initially to generate an amidine/guanidine methylphosphonic acid
intermediate that can undergo another round of hydrolysis to ultimately yield MPA.

 
Figure 2. Hydrolytic degradation pathways for OPNAs and intermediary species in the processes. The more reactive
leaving group in each agent is denoted in red.

OPNAs possess of range of values when it comes to their persistence in the envi-
ronment, whether it involves their residence in various soil matrices or their stance in
aqueous solutions including those of biological origin. Throughout the years and after
the realization of their potential use in mass destruction, several methods have made
their appearance into the light showcasing their abilities to efficiently destroy these toxic
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substances. Two of the original, main approaches that have found numerous uses are their
base-mediated and oxidative degradation. As the Novichok agents are relatively new in
the open literature, their environmental or biological degradation pathways are unknown,
however the degradation pathway sequence outlined in Figure 2 for these OPNAs is very
likely to govern the way they will degrade. As a caveat to these degradation methods, one
must consider the fact that a method efficient for a class of NA may not necessarily mean
that it will be equally efficient on another kind. During the base-mediated degradation
protocols, the use of highly basic aqueous solutions (pH > 11) is employed to degrade the
agent, a method that relies on the nucleophilicity of the −OH ion and its attack on the phos-
phorus center of these chemicals [23]. As expected, G-series agents degrade very rapidly
under these conditions to yield the alkylmethylphosphonic acids that thrive under the basic
conditions and slowly and eventually degrade to methylphosphonic acid (MPA). With
regard to the V-series, the same rapid outcome is observed in highly basic solutions but the
regioselectivity for the hydrolysis is not uniformly and solely on the P-S linkage but can
also affect the P-O linkage (Figure 2). For example, VX undergoes basic hydrolysis to yield
the non-toxic product ethylmethylphosphonic acid (EMPA) and EA-2192 which is equally
toxic as VX [24–26]. The second method involves the use of bleach as an oxidative source
for their degradation and it is the go-to method for their destruction in environmental and
laboratory settings. A drawback of the two methods described above is their corrosive na-
ture that needs to be considered when performing the decontamination of very expensive,
critical, and specialized army equipment within the military setting. To this end, alternative
methods that can accomplish the destruction of OPNAs while minimizing their hydrolytic
and oxidative reaction towards the environment have been foci of intense research efforts.
Some of these methods include the use of metal-based catalysts that can operate in catalytic
fashion at low basic pH ranges [27–34], hydrogen peroxide-based solutions that are not as
corrosive as bleach [35–37], and metal oxide-based approaches (e.g., FeO, Fe2O3, Al2O3,
MgO) [38–41] that also degrade the OPNA via oxidative degradation pathways. Another
area of research that has yielded unique methods for the degradation of OPNAs is in the
materials sciences, efforts that have yielded technologies such as metal organic frameworks
(MOFs) [20,42,43] and the aforementioned second skin technologies [20,21] that can find
significant application in the field by providing a strong protective layer to the warfighter.

3. GC-MS as an Important Technique in the Analysis of Nerve Agent
Degradation Products

OPNAs in their intact form can be analyzed and detected by GC-MS, with their mass
spectra easily corroborated by conducting mass spectral searches against databases such as
NIST20, from the National Institute of Standards and Technology (NIST) or OCAD, the
OPCW Central Analytical Database from the Organisation for the Prohibition of Chemical
Weapons (OPCW) [44–46]. However, due to the high reactivity of these chemicals in bio-
logical as well as environmental matrices, there is a great chance that analytical chemists
will encounter the degradation products rather than the agent itself. Now, detection of
these degradation products can be highly useful from a forensic standpoint in retrospec-
tively determining the nature of the original OPNA. Unfortunately, analysis of OPNA
degradation products come with its own difficulties as some of these, particularly the low
molecular weight phosphonic acids, are difficult to detect by GC-MS in their native state.
For this reason, derivatization plays an important role in the analysis of OPNA degradation
products as it provides modified analytes with better chromatographic characteristics for
GC-MS analysis [47–49]. In the sections below, we will discuss the main derivatization
strategies that have been developed and employed over the years in the analysis of these
degradation products.

Interest in the field of derivatizations during the analysis of not only OPNA degra-
dation products but also those arising from chemical warfare agent (CWA) in general is
always strengthened yearly during proficiency tests (PTs) administered by the Organisa-
tion for the Prohibition of Chemical Weapons (OPCW). OPCW is an organization based
in the Hague, Netherlands and their primary mission is to monitor, control and eliminate
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chemical weapons. To this end, OCPW has assigned various laboratories around the globe
to serve as hubs where the analysis for these chemicals can take place in the case an event
involving these toxic chemicals arises. As our laboratory in the Forensic Science Center
(FSC) at the Lawrence Livermore National Laboratory (LLNL) is part of this worldwide
consortium of laboratories, we participate in yearly PTs to ensure certification by OCPW.
From an OPCW proficiency test (PT) standpoint, a participating laboratory needs to identify
a reportable analyte by a minimum of two analytical techniques with underivatized and
derivatized versions of a compound being acceptable reporting criteria [50–54]. Multiple
derivatization methods are useful because having more than one derivatized version of a
given analyte is very important in providing strong, unequivocal evidence of its presence
in a given matrix.

4. Silylation Methods

Silylation is one of the most widely employed derivatization techniques in the field of
GC-MS analysis [55–57]. The installation of the silyl group or tag onto polar analytes con-
vert it into derivatives that are suitable for the technique and in some cases these derivatives
possess enhanced detection relative to the underivatized analyte. Two of the most com-
mon silylating reagents are N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and N-tert-
butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) but other approaches to install
the silyl moiety have found wide applications specially within the scope of OPCW [58–62]
(Figure 3). Reaction with BSTFA results in the installation of the trimethylsilyl (TMS) group
while reaction with MTBSTFA results in the installation of the tert-butyldimethylsilyl group
(TBDMS). In terms of stability, the TBDMS group offers derivatives with higher stability
than the TMS group towards acid and base hydrolysis [63,64].

 

Figure 3. Commonly used silylation reagents and reagent combinations. For MTBSTFA, the
reagent is provided with trimethylsilyl chloride (TMCS, 1%) as a catalytic additive. Abbreviations
used: TMS = trimethylsilyl-; TBS = tert-butyldimethylsilyl-; NMI = N-methylimidazole; PDMSCl =
phenyldimethylsilyl-.

A report appearing in 1989 by Purdon et al. from the Department of National Defence
in Ottawa, Canada describes their studies on various CWA-related methylphosphonic acid
silylations using the tert-butyldimethylsilyl group [65]. To this end, the authors compare
the silylation efficiency of these acids by three different reagent/reagent combinations
namely MTBSTFA, MTBSTFA (with 1% TBDMSCl) and the derivatization kit containing
TBDMSCl and imidazole (1:2.5) in DMF. The seven acids included in this study were
MPA, ethylphosphonic acid (EPA), n-propylphosphonic acid (nPPA), n-butylphosphonic
acid (nBPA), EMPA, IMPA and PMPA. The researchers found that all seven acids were
quantitatively converted to their respective silyl esters by MTBSTFA and MTBSTFA (with
1% TBDMSCl) at 60 ◦C and after only 30 min. Conversely, silylation using the derivatization
kit (TBDMSCl and imidazole) did not proceed to completion resulting in lower yields of the
product available for GC-MS analysis even under more aggressive conditions. The authors
found that phosphonic acid quantitation as these derivatives can be carried out down to
500 pg when using the GC coupled to flame-photometric detection (FPD), while when
using Electron Impact Gas Chromatography Mass Spectrometry (EI-GC-MS), quantitation
values can be lowered to 300–500 pg in full scan mode and even lower, down to 30–60 pg,
when using the SIM mode.

In 2007, silylation was also employed for the derivatization of phosphonic acids
involved the use of MTBSTFA (with 1% TBDMSCl) to obtain derivatives of various phos-
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phonic acids that were subsequently analyzed by gas chromatography with inductively
coupled plasma mass spectrometry (GC-ICPMS) [66]. In this work, Richardson and Caruso
describe the analysis of tert-butyldimethylsilyl derivatives of seven phosphonic acids that
included EMPA (VX acid), IMPA (GB acid), EDPA (GA acid), IBMPA (VR acid), PMPA (GD
acid), CMPA (GF acid) and the ultimate end product MPA. ICPMS detection was chosen
for this application for its high sensitivity when operated in the 31P channel that led to not
only to optimal separation and speciation of all TBDMS-modified phosphonic acids within
the short timeframe for the GC run (t = 10 min). Further confirmation of each species was
accomplished using time-of-flight (TOF) mass spectrometry. The authors found that the
most optimal conditions for the derivatization involved the heating of the MTBSTFA (with
1% TBDMSCl) reagent at 80 ◦C for 45 min. Detection limits determined for this method
were found to be <5 pg and successfully applied to the analysis of all seven phosphonic
acids when spiked in an aqueous (Miami river) and a soil matrix.

A paper describing an approach combining solid phase extraction followed by solid
phase derivatization of various phosphonic acid markers for nerve agents was introduced
in 2009 by the Ostin group at the Swedish Defence Research Agency (FOI) [67]. The report
described the use of in vial solid phase derivatization (SPD) of nine phosphonic acids using
BSTFA (with 1% trimethylsilyl chloride) followed by analysis by GC-MS. The method was
found to be very sensitive for the TMS-derivatized products displaying recovery values be-
tween 83–101% and a limit of detection (LOD), under the single-ion monitoring (SIM) mode,
down to 0.14 ppb. The approach was successfully tested for its ability to unambiguously
identify MPA, PMPA, 1-methylpentyl methylphosphonic acid, 4-methylpentyl methylphos-
phonic acid and IMPA present in aqueous samples administered during the 19th OPCW
PT. The phosphonic acids’ concentrations were estimated to range between 5–8 ppm in
both aqueous samples showcasing the method’s robustness in correctly identifying these
in the sample.

In 2012, a report surfaced from the Swedish Defence Research Agency (FOI) and the
Department of Chemistry at Umeå University describing the use of BSTFA (with 1% TMCS)
to silylate the toxic degradation products of VX namely S-2-(N, N-diisopropylaminoethyl)
methylphosphonothiolate (EA-2192) and VR namely S-2-(N, N-diethylaminoethyl)
methylphosphonothiolate (REA) [68]. VX, and by analogy VR, are known to undergo
hydrolysis under basic conditions via two pathways with a major one leading to the for-
mation of non-toxic EMPA and a minor one leading to the formation of the equally toxic
EA-2192 [22]. EA-2192 is a particularly difficult analyte to derivatize using derivatization
agents [69–71] and in this work the authors developed a protocol that involved the initial
aqueous extraction of the analyte using a strong anion exchange disk to remove interfering
salts. The silylation was carried out after evaporation to dryness and treatment of the
residue with BSTFA (with 1% TMCS) in acetonitrile for GC-MS analysis. The LOD values
determined for the protocol were 10 ng·mL−1 and 100 ng·mL−1 for SIMS and full scan
mode, respectively. Furthermore, the protocol was employed in the detection of both
degradation products in a water sample (W1) from an OPCW PT (19th) and also in spiked
water samples (river water and Baltic Bay water).

A recent paper dealing with the derivatization of phosphonic acids using BSTFA was
published by Kim et al. from a collaborative effort by the Center of the Cell-Encapsulation
Research and the Agency for Defense Development in South Korea [72]. The silylation of
the phosphonic acids was done before their efficient extraction using headspace solid-phase
microextraction (HS-SPME). The phosphonic acids studied in this work were EMPA, IMPA,
CMPA and PMPA and the authors found that the ideal analyte adsorption temperature
for their chosen PDMS/DVB SPME fiber was 75 ◦C. Interestingly, when optimizing the
derivatization step, the authors found that increasing the volume of BSTFA resulted in less
derivatized product for detection by GC analysis. The method’s limit of detection (LOD)
was determined to be between 10–20 pg·mL−1 depending on the phosphonic acid under
study. Furthermore, the authors go on to show the efficacy of the method in the analysis of
PMPA in a polyethyleneglycol-rich matrix sample administered during the 35th OPCW PT.
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PMPA, present at a 5 µg·mL−1 concentration, was detected and unambiguously identified
(with the use of a PMPA-TMS standard) in the OPCW sample (sample 351).

5. Methylation Methods

Another method of derivatization used in the field of GC-MS, and not limited to
the analysis of phosphonic acids, is methylation. As many alkyl groups can be added
to an analyte to enhance its detectability by GC-MS, there is one that has found the
widest applicability and that is the methyl group [73]. Currently, the reagent used to
accomplish the installation of the methyl group on to molecules is diazomethane (DM) [74].
Diazomethane possesses two favorable characteristics that make it a great derivatizing
agent, its high reactivity and the fact that its reaction with analytes does not produce any
interfering side products. However, its use comes with a concern linked to the explosive
hazard associated with its preparation. As DM’s needs to be freshly prepared before
its use in sample derivatizations, its explosive hazard becomes a significant concern,
although the current methods for its preparation have become fairly safe to conduct [75–77].
The associated explosive hazards with DM’s preparation and the need for its constant
preparation, have compelled analytical chemists to seek new derivatization agents that
can carry out the same transformation (i.e., methylation). To this end, reagents such
as trimethylsilyldiazomethane (TMS-DM) [78] and trimethyloxonium tetrafluoroborate
(TMO) [79] have found general applicability in GC-MS analyses.

In the field of OPNA degradation product analysis, derivatization in the form of
methylation has been widely a useful technique in the GC-MS analysis of these compounds.
In 2002, a report by Driskell et al. from the Centers of Disease Control (CDC) in Atlanta
described the use of DM for the methylation of five phosphonic acids originating from
the degradation of Sarin, Soman, Tabun, Cyclosarin and VX [80]. The authors make use
of isotope-dilution GC-MS-MS to analyze all these acids as their methyl esters and report
a LOD value of <4 µg·mL−1, with the exception of Tabun acid for which the LOD was
determined to be <20 µg·mL−1 in urine.

In 2004, another report from the CDC described the use of the same isotope-dilution
GC-MS-MS approach to analyze the nerve agent metabolites from Sarin, Soman, Cyclosarin,
VX and Russian VX in urine [81]. The phosphonic acid hydrolysis products arising from
these agents were all derivatized using DM. The authors report that the method’s LOD
for all phosphonic acid was <1 µg·L −1, an improvement from their report two years
earlier. An interesting methylation approach was introduced in 2011 by scientists at the
Organisation for the Prohibition of Chemical Weapons (OCPW) in the Netherlands [82]. In
this report, the authors make use of thermally assisted methylation (TAM), using an injector
port temperature of 250 ◦C, followed by silylation using BSTFA to assist in the detection
of a panel of phosphonic acids products related to the nerve agents that included EMPA,
PMPA, MPA and EPA in addition to benzilic acid which is a marker for the incapacitating
agent 3-quinuclidinyl benzilate (BZ) [83,84]. The work compares the performance of TAM
using various methylation agents such as trimethylphenylammonium hydroxide (TMPAH)
and trimethylsulfonium hydroxide (TMSH). The authors found that methylation using
TAM with these reagents provided chromatograms significantly noisier than when using
only DM. In addition, the report describes the approach of using TAM in conjunction with
silylation (using BSTFA) in order to obtain as much information as possible on a given
sample as the use of TMS derivatives is the principal method used for on-site analysis. The
method’s LOD for TMPAH was found to be <0.5 ng per injection.

Since 2016, our group at the Forensic Science Center (FSC) at the Lawrence Livermore
National Laboratory (LLNL) has reported the use of the salt TMO in the derivatization
of phosphonic acids related to OPNAs [85–87] (Figure 4). Our interest in this salt orig-
inated from our knowledge that alkyloxonium salts, out of which Meerwein’s reagent
(triethyloxonium tetrafluoroborate) is the most famous, have found a plethora of applica-
tions in the field of total synthesis due to their reactivity and thus their ability to alkylate
hindered hydroxyl [88–90] and carboxylic acid groups [91–93]. Some key characteristics
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of the reagent sparked our interest in testing as potential option to DM during analyte
methylation reactions for GC-MS analyses. Some of these unique and important char-
acteristics include its salt form, its non-explosive nature, and the generation of minimal
interferences in the GC-MS analysis after its use. Thus, in our 2016 report we described
the efficient methylation of EMPA, CMPA, and PMPA when present in low concentrations
(10 µg·mL−1) in DCM. Furthermore, the method was applied to their methylation when
these were spiked (at a 10 µg·mL−1 concentration each) in a fatty acid ester-rich organic
matrix that was featured during the 38th OCPW PT. An interesting observation in this
report was the fact that the marked insolubility of the salt in DCM did not have a negative
effect on the overall derivatization. In addition to these three representative phosphonic
acids, the methylation of the sulfonic acids deriving from the oxidative degradation of
VX and VR, N,N-diethylamino ethanesulfonic acid (VR-SA) and N,N-diisopropylamino
ethanesulfonic acid (VX-SA), was also demonstrated.

μ −

μ −

 

−

Figure 4. Derivatization approach using trimethyloxonium tetrafluoroborate (TMO) to methylate
phosphonic and sulfonic acids related to OPNAs developed in our laboratory.

6. Additional, Alternate Derivatization Methods

Other derivatization approaches for the analysis of OPNA degradation products have
been introduced throughout the years and continue to be used in the field in parallel to the
more established derivatization protocols described above. In 1991, a report from the US
Army Medical Research Institute of Chemical Defense (USAMRICD) described the use of
pentafluorobenzyl bromide (PFBBr) to derivatize IMPA, PMPA and CMPA [94]. Analysis
and detection of the derivatized phosphonic acids was accomplished using electron ion-
ization as well as chemical ionization GC-MS. The three phosphonic acids were detected
in urine and blood samples when spiked at a concentration range of 10–200 ng·mL−1.
Interestingly, detection of the PA products was fairly simple in the urine samples, but
proper detection of these in the blood sample was only accomplished after the plasma was
isolated and analyzed.

A report appearing in 1995 by Fredriksson et al. from the National Defence Research
Establishment (NDRE) in Sweden described the use of pentafluorobenzyl bromide to
derivatize alkyl methylphosphonic acids related to nerve agents [95]. The panel of acids
used in the study included EMPA, IMPA and PMPA. The alkylation of the acids spiked
in serum, blood, aqueous matrices, and soil was carried out in acetonitrile and after
cleaning of the sample by prewashing through a Bond Elut SAX cartridge. Detection and
quantification of the acids was done by using gas chromatography negative ion chemical
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ionization GC/NIMI-MS and GC/NIMI-MS-MS. The authors report detection levels down
to the femtogram levels.

In 1995, the Forensic Science Laboratory from the Osaka Prefectural Police Headquar-
ters in Japan published their studies on the derivatization of various phosphate species
that included some related to nerve agents using pentafluorobenzyl bromide (PFBBr) in
the presence of various polymeric phase transfer catalysts (PTCs) [96]. The phosphonic
acid panel included dimethyl phosphate (DMP), diethyl phosphate (DEP), dimethyl thio-
phosphate (DMTP), diethyl thiophosphate (DETP), dimethyl dithiophosphate (DMDTP)
and diethyl dithiophosphate (DEDTP). A total of five PTCs were evaluated and tri-n-
butylmethylphosphonium bromide was found to be most efficient catalyst for the pentaflu-
orobenzylation. The actual derivatization takes place in a three-phase reaction mixture
where the phosphonic acids present in an aqueous environment are partitioned between
a buffer (phosphate, pH 6.5) and toluene (containing the PFBBr) and treated with the
polymer-bound PTC. Therefore, as the phosphonic acid derivatives are generated, they get
extracted into the organic phase. The authors complete their work by applying the protocol
to the derivatization and detection of these acids in river water and urine matrices.

In 1997, a landmark report describing the direct detection of sarin from blood sample
from victims from the Tokyo attack was published by the Netherlands Organisation for
Applied Scientific Research (TNO, Prins Maurits Laboratory) [97]. In this work Polhuijs et al.
use the fluoride regeneration protocol on the victim’s blood samples to produce sarin that
was then identified by high resolution SIM GC-MS and GC-MS coupled to an alkali flame
ionization detector. The amount of regenerated sarin (from butyrylcholinesterase, BChE)
was <4.1 ng·mL −1 of plasma, a lower value when compared to the baseline detection
of this agent in previous studies involving BChE of ~13 ng·mL−1. A reason for the low
concentrations could be the aging of the samples that were not analyzed by TNO until
10 months after the attack.

In 1999, a report by Miki et al. [98] from the Forensic Science Laboratory at the Osaka
Prefectural Police Headquarters in Japan appeared using their tri-n-butylmethylphosphonium
bromide PTC discovered a few years back in their laboratory [96]. In this work, the alkyl-
methylphosphonic acids were pentafluorobenzylated using their PTC system, a reaction
that occurs as discussed above in a triphasic reaction mixture (liquid-liquid-solid). The
three phosphonic acids were EMPA, IMPA and PMPA and analysis as their pentafluo-
robenzylated esters were accomplished by negative ion chemical ionization (NICI/GC-MS).
Notably, the limit of detection reported for this protocol was 60 pg·mL −1.

In 2005, a report from the Defence Science and Technology Laboratory (DSTL) in the
United Kingdom described the use of a benchtop ion trap GC-MS for the detection of
phosphonic acids related to nerve agents as their pentafluorobenzyl esters in spiked urine
samples [99]. The panel of phosphonic acids studied included IMPA, IBMPA, PMPA, CMPA
and EMPA and after their extraction (SPE) from the urine matrix, they were alkylated using
pentafluorobenzyl bromide. The GCMS was operated in the negative ion mode (NICI/GC-
MS) thus allowing for a highly sensitive method for the detection of the derivatized acids.
The protocol’s LOD were determined to be 0.1 ng·mL−1 for all acids except for EMPA
which was found to be 0.5 ng·mL−1, this was attributed to the poor recovery of the acid
during the method’s extraction section.

In 2010, a report from FOI explored the use of novel aryldiazomethane-based derivatiz-
ing agents to cleverly derivatize phosphonic acids related to OPNAs in a water matrix [100].
The derivatized acids were detected using NICI/GC-MS and further identified by EI-GC-
MS. The method’s LOD using NICI using SIM was determined to be ~5–10 ng·mL−1 in
the aqueous sample while for identification using full scan EI was 100 ng·mL−1. The
motivation behind the design of these aryldiazomethane agents stems from the idea of
producing a reagent that is equally reactive as diazomethane in alkylating the phosphonic
acid and in the process installing a fluorinated tag that could be used for enhanced GC-MS
detection. In contrast to PFBBr that can be installed in the presence of a base and aided by
heating, these aryldiazomethane agents would be so reactive that only mild heating would
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be needed and analogously to diazomethane would produce very little by-products in the
process. Out of the four studied reagents, 1-(diazomethyl)-3,5-bis(trifluoromethyl)benzene
was found to be most robust and consistently performed well during their reaction op-
timization phase and when it was tested for its efficacy in an OPCW PT (19th) aqueous
sample (W1) spiked with PMPA, 1-methylpentyl-MPA, 4-methylpentyl-MPA and MPA.

In 2013, Nyholm et al., at FOI disclosed another remarkable report this time involving
the use of 3-pyridyldiazomethane to yield picolinyl ester derivatives of a panel of phospho-
nic acids [101]. Some of the phosphonic acids used in the evaluation of the protocol were
direct hydrolysis products of G- and V-series nerve agents and included EMPA (VX), IMPA
(GB), BMPA (CVX), IBMPA (VR), PMPA (GD) among others. The reaction was found to be
efficient at derivatizing all the phosphonic acids when conducted for 90 min at 60 ◦C. The
detection of the derivatized phosphonic acids was accomplished using EI-GC-MS as well
as CI-GC-MS (in both the positive and negative ion modes). After the optimization of the
protocol was done, its performance of the protocol was applied to the successful derivati-
zation of MPA (at 5 µg·mL−1) and PMPA (at 6 µg·mL−1) in a water sample administered
during the 19th OCPW PT.

In 2013, another report from FOI described the use of 1-(diazomethyl)-3,5-bis
(trifluoromethyl)benzene to derivatize a set of six phosphonic acids that included EMPA,
IMPA, PMPA, CMPA and MPA [102]. The derivatives were analyzed by GC–MS and
NICI/GC-MS-MS. The selectivity and sensitivity of analyses performed by low- and
high-resolution single ion monitoring MS-mode were compared with those performed by
multiple reaction monitoring MS-MS-mode. The authors found that the MS-MS technique
offered the greatest sensitivity and selectivity, with LODs ranging from 0.5–1 ng·mL−1 of
urine. Lastly, the method’s robustness was evaluated using urine samples from the 2nd
OPCW biomedical confidence building exercise and all phosphonic acids present in the
samples were conclusively identified.

In 2014, a report by Lin et al. from the Academy of Military Sciences in China,
demonstrated the established benefit of using pentafluorobenzylation as a means for
derivatizing phosphonic acids related to CWAs [103]. In their report, the authors developed
and validated a method that detects four phosphonic acids (EMPA, IMPA, IBMPA and
PMPA) as their pentafluorobenzyl esters using isotope-dilution GC-MS. The acids were
quantified using NICI/GC-MS and found to have a LOD of 0.02 ng·mL −1 when dealing
with only a 0.2 mL urine sample volume. Table 1 compiles all the derivatization approaches
described above and has been assembled as a quick reference and notes on such work for
the reader’s convenience. Careful attention has been given to provide brief description of
each GC-MS method employed as well as the nature of the chemical derivatization used in
each work.
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Table 1. Summary of derivatization methods for phosphonic acids related to OPNAs discussed in this review.

Derivatizing Agent Analytes Matrix GC-MS Method Method’s Performance Ref.

MTBSTFA, MTBSTFA (with 1%
TBDMSCl) and

TBDMSCl:imidazole (1:2.5) in
DMF

MPA, ethylphosphonic acid (EPA),
n-propylphosphonic acid (nPPA),

n-butylphosphonic (nBPA), EMPA,
IMPA and PMPA

Aqueous sample GC-MS/ICPMS

Quantitation down to 500 pg by
GC-FPD.

Quantitation for EI-GC-MS
(300–500 pg (full scan mode) and

30–60 pg (SIM)).

[65]

MTBSTFA (with 1% TBDMSCl) EMPA, IMPA, EDPA, IBMPA, PMPA,
CMPA and MPA

Aqueous (river water) and
soil GC-MS/ICPMS GC run total run time = 10 min.

LOD < 5 pg [66]

BSTFA
Nine phosphonic acids that included
OPNA-related acids MPA, IMPA and

PMPA.
Aqueous (OPCW PT) GC-MS-SIM

LOD~0.14 ppb (SIM).
Detection of IMPA, MPA, PMPA in
aqueous OPCW PT sample (19th)
present in the range 5–8 µg·mL−1.

[67]

BSTFA (with 1% TBDMSCl) EA-2192, REA Organic (ACN) GC-MS-SIM LOD = 10 ng·mL−1 (SIM);
100 ng·mL−1 (full scan mode).

[68]

BSTFA EMPA, IMPA, CMPA and PMPA Organic (DCM) EI-GC-MS

LOD = 10–20 pg·mL−1.
Detection of PMPA in glycerol-rich

matrix OPCW PT sample (35th)
present at a 5 µg·mL−1.

[69]

DM Sarin, Soman, Tabun, Cyclosarin and
VX Urine GC-MS-MS (Isotope

dilution).

LOD < 4 µg·mL−1, with the exception
of Tabun acid for which the LOD was

determined to be < 20 µg·mL−1 in
urine.

[80]

DM IMPA, PMPA, CMPA, EMPA, IBMPA Urine GC-MS-MS (Isotope
dilution). LOD < 1 µg·L−1. [81]

DM and TMPAH (TAM)
followed by BSTFA EMPA, PMPA, MPA, EPA and BA Various organic solvents EI-GC-MS and GC-FPD

Silylation followed TAM to obtain yet
another set of derivatives.
LOD (TMAPH) < 0.5 ng.

[82]

TMO·BF4 EMPA, CMPA and PMPA Organic (DCM). EI-GC-MS
All three acids detected when spiked
in fatty acid-rich matrix from OPCW

PT (38th).
[85]

TMO·BF4
EMPA, CMPA, PMPA, VX-SA and

VR-SA
Soils (Ottawa sand, Nebraska,

and Virginia Type A). EI-GC-MS
All five acids detected when spiked in

all three soils at a 10 µg·g−1

concentration.
[86]
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Table 1. Cont.

Derivatizing Agent Analytes Matrix GC-MS Method Method’s Performance Ref.

TMO·BF4 EMPA, CMPA and PMPA

Soils (Ottawa and Baker
sands, Nebraska, Virginia
Type A, and Georgia soils

and silt).

EI-GC-MS

All three acids detected when spiked
in all six soils at a 10 µg·g−1

concentration.
PMPA detected in soil matrix from

OPCW PT (44th) present at a 5 µg·g−1

concentration.

[87]

PFBBr EMPA, IMPA, BMPA, PMPA and
MPA

Serum, urine, aqueous and
soil.

NICI/GC-MS and
NICI/GC-MS-MS Low femtograms levels detected. [95]

PFBBr w/PTC DMP, DEP, DMTP, DETP, DMDTP
and DEDTP River water and urine

GC-MS coupled to Flame
Ionization and Electron

Capture detection

Five PTCs were evaluated
45 ◦Cfor thiophosphates

90 ◦C for non-thiophosphate
[96]

Fluoride Regeneration Sarin from BChE Blood from Japan Subway
attack victims SIM-GC-MS and GC-MS Sarin concentration detected

< 4.1 ng·mL−1 of plasma [97]

PFBBr w/PTC EMPA, IMPA and PMPA Urine, serum, and saliva EI-GC-MS andNICI/GC-MS

Detection limits of 50 ng·mL−1 (full
scan mode), 2.5–10 ng·mL−1 (SIM

mode), and 60 pg·mL−1 for
NICI/GC-MS mode.

[98]

PFBBr IMPA, IBMPA, PMPA, CMPA and
EMPA Urine sample NICI/GC-MS

SPE on urine sample, followed by
GC-MS analysis,

LOD = 0.1 ng·mL−1 for all acids
except for EMPA (0.5 ng·mL−1).

[99]

1-(diazomethyl)-3,5-
bis(trifluoromethyl)benzene

PMPA, 1-methylpentyl-MPA,
4-methylpentyl-MPA and MPA

Spiked Aqueous OPCW PT
(19th) sample. NICI/GC-MS; EI-GC-MS

LOD = 5–10 ng·mL−1) using
NICI-SIM; 100 ng·mL−1using (full scan

mode.
[100]

3-pyridyldiazomethane EMPA, IMPA, BMPA, IBMPA, PMPA
and others

Aqueous OPCW PT (19th)
sample.

EI-GC-MS; CI-GC-MS (+/–

mode).
MPA (at 5 µg·mL−1) and PMPA (at

6 µg·mL−1) in OPCW sample.
[101]

1-(diazomethyl)-3,5-
bis(trifluoromethyl)benzene

EMPA, IMPA, CMPA, PMPA and
MPA

Urine (OPCW Biomedical
Sample) NICI/GC-MS-MS LOD = 0.5–1 ng·mL−1. [102]

PFBBr EMPA, IMPA, IBMPA and PMPA Urine NICI/GC-MS LOD = 0.02 ng·mL−1 (using 0.2 mL
urine)

[103]
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7. Outlook and Concluding Remarks

Within the field of GC-MS derivatization reactions continue to appear that provide
invaluable assistance to the analytical chemist in the analysis of phosphonic acids and polar
compounds related to OPNAs. Established methods such as silylation employing BSTFA
and MTBSTFA and methylation using diazomethane still continue to serve as the preferred
ways of modifying polar compounds and transforming them into analytes suitable for GC-
MS analysis. However, as advances in instrumentation methods for detection improve, so
have the chemical methods that can be used to modify analytes in not only a more efficient
manner but in a way to enhance their ease of detection particularly when present at low
levels (<1 ppm). The appearance of new derivatizing agents as well as the application of
reagents commonly used during total synthesis maneuvers, have become a much welcomed
event specifically in instances where the presence of a given analyte in a sample must be
corroborated independently by several analytical techniques. With regard to this last point,
this path of discovery has had a major impact during the OPCW Proficiency Tests where
a low-level analyte related to CWAs needs to be not only identified but its existence in a
sample vetted by multiple techniques. It is important for not only laboratories participating
in these year-round PTs to continue searching for efficient derivatization reactions but also
for more efficient methodologies and sample preparation protocols that can aid in reducing
the time needed for the unequivocal identification of these important CWA markers.
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Abbreviations

AChE acetylcholinesterase
BSTFA N,O-bis(trimethylsilyl)trifluoroacetamide
BChE butyrylcholinesterase
BA benzylic acid
CDC Centers for Disease Control and Prevention
CMPA cyclohexyl methylphosphonic acid (GF acid)
CVX Chinese VX; O-Butyl-S-[2-(diethylamino)ethyl] methylphosphonothioate
CWA chemical warfare agent
DETP diethyl phosphate
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DM diazomethane
DMDTP diethyl dithiophosphate
DSTL Defence Science and Technology Laboratory (UK)
EA-2192 S-2-(N, N-diisopropylaminoethyl)methylphosphonothiolate
EMPA ethyl methylphosphonic acid (VX acid)
EPA ethylphosphonic acid
FOI Swedish Defence Research Agency
FPD flame photometric detection
FSC Forensic Science Center
GA Tabun
GB Sarin
GD Soman
GF Cyclosarin
HS-SPME headspace solid-phase microextraction
ICPMS inductively coupled plasma mass spectrometry
IMPA isopropyl methylphosphonic acid (GB acid)
IBMPA isobutyl methylphosphonic acid (VR acid)
LNLL Lawrence Livermore National Laboratory
LOD limit of detection
MPA methylphosphonic acid
MTBSTFA N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
NDRE National Defence Research Establishment in Sweden
NICI/GC-MS negative ion chemical ionization gas chromatography
nBPA n-butylphosphonic acid
nPPA n-propylphosphonic acid
OPCW Organisation for the Prohibition of Chemical Weapons
OPNA organophosphorus-based nerve agents
PFBBr pentafluorobenzyl bromide
PMPA pinacolyl methylphosphonic acid (GD acid)
PT proficiency test (OPCW)
PTC phase transfer catalysis
REA S-2-(N, N-diethylaminoethyl)methylphosphonothiolate
SIM single ion monitoring
TBDMSCl tert-butyldimethylsilyl chloride
TMCS trimethylchlorosilane
TMO trimethyloxonium tetrafluoroborate
TNO Netherlands Organisation for Applied Scientific Research
TMS-DM trimethylsilyldiazomethane
USAMRICD US Army Medical Research Institute of Chemical Defense
VR Russian VX; O-isobutyl-S-[2-(Diethylamino)ethyl] methylphosphonothioate
VR-SA N, N-diethylamino ethanesulfonic acid
VX O-ethyl-S-[2-(Diisopropylamino)ethyl] methylphosphonothioate
VX-SA N, N-diisopropylamino ethanesulfonic acid
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Abstract: Taurine (Tau) has some important ameliorating effects on human health and is present
in bivalve. For the selective analysis of Tau with other amino acids, we designed a derivatization
reagent, 2,5-dioxopyrrolidin-1-yl(4-(((2-nitrophenyl)sulfonyl)oxy)-6-(3-oxomorpholino)quinoline-
2-carbonyl)pyrrolidine-3-carboxylate (Ns-MOK-β-Pro-OSu). After derivatization with Ns-MOK-β-
Pro-OSu, amino acids with Tau in Japanese littleneck clams were determined through ultra-high-
performance-liquid chromatography with high-resolution tandem mass spectrometry (UHPLC-
HRMS/MS) using an octadecyl silica column. We could detect 18 amino acids within 10 min.
Tau, valine, glutamine, glutamic acid, and arginine in the clams were determined in the nega-
tive ion mode using the characteristic fragment ion, C6H4N1O5S, which corresponded to the 2-
nitrobenzenesulfonylate moiety. The fragment ion, C6H4N1O5S, was recognized as a common
feature regardless of the amino acid to be derivatized, and it was convenient for detecting amino
acid derivatives with high selectivity and sensitivity. Therefore, highly selective quantification using
UHPLC-HRMS/MS was possible using Ns-MOK-β-Pro-OSu.

Keywords: taurine; glutamine; derivatization; clams; high-resolution mass spectrometry

1. Introduction

Taurine (Tau) or 2-aminoethanesulfonic acid is an endogenous sulfur-containing com-
pound that is produced from L-cysteine via hypotaurine. Tau acts as a neuroprotective
agent in the central nervous system [1] and plays an important role in endogenous antioxi-
dant activity, brain development, and retinal function [2]. In addition, Tau can be used for
the biosynthesis of taurocholate, a bile acid important for digestive functions.

Tau deficiency is associated with the pathogenesis of some diseases [2,3]. Recently, we
found a significant decrease in serum taurine levels in the prodromal stage of psychosis, an
at-risk mental state (ARMS) through a metabolomic study [4]. However, it was difficult
to separate amino acids without pre-column derivatization in an octadecyl silica (ODS)
column because they were hardly retained.

Considering the physiological usefulness of Tau, the intake of Tau through food
can also be important for maintaining healthy conditions. Tau is abundantly present in
octopus, squid [5], and bivalve [6]. Among them, the Japanese littleneck clam, Asari,
Ruditapes philippinarum is an important fishery resource edible bivalve usually cooked as
an indispensable seafood dish in many countries. Some studies have examined the profiles
of the amino acids present in the Japanese littlenecked clam in terms of their nutritional or
taste aspects [7,8].
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Previous studies analyzing amino acids in clam have used dansyl chloride [6] for
derivatization, followed by separation using high-performance liquid chromatography
(HPLC). Since recent years, high-resolution mass spectrometry (HRMS) is being widely
utilized in environmental, biological, and pharmaceutical research [9,10].

Previously, we developed a diastereomer derivatization reagent, Ns-MOK-(R)- or
-(S)-Pro-OSu (Figure 1a), which was used for derivatization with the amino group of an
anti-epileptic drug, vigabatrin, which is a gamma-amino acid [11]. For ease of reaction
with the amino group of the target drug, the phenolic hydroxyl group in the derivatization
reagent was protected with a 2-nitrobenzenesulfonyl (nosyl) group. However, the reaction
mixture was heated for more than 60 min to cause de-nosylation, releasing the nosyl group.
This long heating time may be attributed to the steric hindrance of the reaction site with
the derivatizing agent.
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Figure 1. Chemical structure of Ns-MOK-Pro-OSu (a) and Ns-MOK-β-Pro-OSu (b).

Thus, in the present study, we designed and developed a structural analog, Ns-MOK-
β-Pro-OSu (Figure 1b), in which β-proline (β-Pro) was used instead of Pro. The activated
ester moiety, 2,5-dioxopyrrolidin-1-yl, attached to β-Pro may react easily with the amino
groups of analytes owing to less steric hindrance. The reagent was designed with less steric
hindrance for enabling easy reaction with the amino groups.

The time-course profile showing the progress of the reaction with certain amino acids
was examined and compared with that of Ns-MOK-β-Pro-OSu. The mass fragmentation
patterns of some amino acids and Tau derivatized with Ns-MOK-β-Pro-OSu in collision
cells were examined.

Finally, rapid analysis of the amino acid components including Tau in clams within
10 min was conducted using ultra-high-performance liquid chromatography (UHPLC)-
HRMS/MS instrument equipped with an ODS column.

2. Results

2.1. Synthesis and Evaluation of 2,5-Dioxopyrrolidin-1-yl(4-(((2-nitrophenyl)sulfonyl)oxy)-6-(3-
oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-carboxylate (Ns-MOK-β-Pro-OSu)

As in our previous reagent, Ns-MOK-Pro-OSu, the succinimide moiety was attached
to the carboxyl group to produce an activated ester for labeling the primary amino group
of the amino acid containing Tau. In addition, a 2-nitrobenzenesulfonyl (Ns-, nosyl) group
was bound to a phenolic hydroxyl group at position 5 in quinoline ring to facilitate easy
reactions of the amino group in the amino acid containing Tau. Comparing the retention
times of Ns-MOK-Pro-OSu and Ns-MOK-β-Pro-OSu showed that Ns-MOK-(S)-β-Pro-OSu
eluted before Ns-MOK-(S)-Pro-OSu from the ODS column (Figure S1), suggesting that
rapid analysis using an ODS column is preferred for Ns-MOK-β-Pro-OSu.

2.2. Derivatization of Amino Acid with Ns-MOK-(R)- or -(S)-β-Pro-OSu

Figure 2 shows time-course profiles of the derivatization reaction of the amino acid
with Ns-MOK-β-Pro-OSu. According to the LC-TOF-MS data, which showed the [M + H]+

of the reaction product, the main products of the derivatization reaction were Ns-MOK-
(S)-Pro- and (S)-β-Pro-amino acids. Regarding the reaction time, the peak area of the
derivatives with Ns-MOK-(S)-β-Pro-OSu plateaued after 30 min. Conversely, in Ns-MOK-
(S)-Pro-OSu, particularly in Glu, a longer reaction time was required to reach a plateau.
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Therefore, we decided to use Ns-MOK-(S)-β-Pro-OSu, which proved beneficial for reducing
the reaction time and set the reaction time to 30 min.

β

β

β
β

β

β

β

β

−

β

Figure 2. Time-course profiles of derivatization of amino acid: (a) Tau, (b) Glu, (c) Arg, and (d) Gln
with Ns-MOK-(S)-Pro-OSu (dotted line with circles) and Ns-MOK-(S)-β-Pro-OSu (solid line with
squares) by LC-TOF-MS.

2.3. Fragmentation of Amino Acid Derivatives with Ns-MOK-(S)-β-Pro-OSu

Figure 3 and Figure 5a show the MS/MS spectra of the fragment ions, namely Val,
Glu, Gln, Arg, and Tau derivatives, obtained in the ESI (+) mode using UHPLC-HRMS.
For all the amino acids, fragment ions cleaved at the β-Pro-attached amide bond were
commonly observed under relatively small collision energies (CEs) of approximately 30 to
40%. The main fragments observed under each CE are given in Tables S1–S5.

 

  

−

Figure 3. MS/MS spectra of derivatized amino acids: (a) Val, collision energy (CE) 30%; (b) Glu, CE 30%; (c) Gln, CE 30%;
and (d) Arg, CE 30% with Ns-MOK-(S)-Pro-OSu using ESI (+) mode.
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Figures 4 and 5b show the mass spectra of the fragment ions, Val, Glu, Gln, Arg, and
Tau derivatives, obtained in the ESI (−) mode. Fragment ions cleaved at the nosylate
moiety, C6H4NO5S, were commonly observed in all the amino acids. Furthermore, for Tau,
in addition to this cleavage, fragment ions cleaved at the β-Pro-attached amide bond were
observed. The main fragments in each CE are given in Tables S6–S10.

  

−

Figure 4. MS/MS spectra of derivatized amino acids: (a) Val, CE 20%; (b) Glu, CE 30%; (c) Gln, CE30%; and (d) Arg, CE
40%) with Ns-MOK-(S)-Pro-OSu using ESI (−) mode.

 

−Figure 5. MS/MS spectra of derivatized Tau with Ns-MOK-(S)-Pro-OSu using ESI (+) CE 30% (a) and ESI (−) CE 30%
modes (b).

2.4. Detection of Amino Acids

When the amino acid derivatives were separated by an ODS column and analyzed by
UHPLC-HRMS, it was possible to detect 18 isotope-labeled amino acids using SIM mode
within 10 min (Figure 6). The retention times of Leu and Ile differed by approximately
0.05 min, but these could not be separated.
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−

Figure 6. SIM chromatogram showing 18 stable isotope-labeled amino acid derivatives.

2.5. Detection of Amino Acids in Bivalve

In our previous study, high levels of Glu and low levels of Tau were identified as risk
factors in ARMS [4]. Therefore, we targeted bivalves containing a large amount of Tau. In
addition to Tau and Glu, Gln and Arg, both of which are linked with Glu metabolism, and
Val, which is abundant in bivalve, were quantified.

Calibration curves of the Val, Glu, Gln, Arg, and Tau derivatives obtained using the
PRM mode are shown in Figure S7. Because the calibration curves showed R2 > 0.99,
linearity was obtained in the tested concentration range. All the coefficients of variation in
the calibration curve range were within 10% (Tables S11–S15). As shown in Table 1, the
amino acids in the bivalve could be determined using the calibration curves. In the present
method, the LOQs of Val, Glu, Gln, Arg, and Tau were in the range of 0.042–0.167 pmol.
Tables S16–S20 present the quantification data for each amino acid (content per gram of
the edible portion), indicating that differences in the amino acid contents existed among
the bivalve.

Table 1. Amino acid contents in the bivalve were determined using the proposed LC-HRMS/MS
method.

Amino Acid Content per 1 g of the Edible Portion (mg) Mean ± sd

Tau 5.33 ± 1.91
Val 0.28 ± 0.10
Glu 1.16 ± 0.49
Gln 0.20 ± 0.12
Arg 0.66 ± 0.33
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Positive correlations were found between the weight of the edible portion and the Tau
and Glu contents per gram of the edible portion (r = 0.708, p = 0.00315 in Figure 7a and
r = 0.682, p = 0.00514 in Figure 7b, respectively).

(a)  (b) 

β

β

β

Figure 7. Scatter plot of the weight of the edible portion and Tau (a) or Glu (b) content per 1 g of the edible portion. Vertical
axis: Tau (a) or Glu (b) content per gram of edible portion (mg); Horizontal axis: weight of the edible portion (g).

3. Discussion

For comparison with Ns-MOK-Pro-OSu, the derivatization reagent designed in our
previous study [11], 2,5-dioxopyrrolidin-1-yl(4-(((2-nitrophenyl)sulfonyl)oxy)-6-(3-
oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-carboxylate (Ns-MOK-β-Pro-OSu), a
structural analogue, was synthesized.

Consequently, a time-course study revealed that Ns-MOK-β-Pro-OSu reacted with
amino acids faster than Ns-MOK-Pro-OSu at room temperature. Furthermore, the peak
area values of Glu and Gln were remarkably high when Ns-MOK-β-Pro-OSu was used
(Figure 3). The reaction proceeded at room temperature with no release of the nosylate
moiety in the produced derivative. Therefore, we could observe proper fragmentation of
the nosylate moiety, C6H4N1O5S, in the MS/MS spectrum of the derivative with Ns-MOK-
β-Pro-OSu.

In our previous study, Ns-MOK-Pro-OSu was reacted with amino groups under
heating conditions to eliminate the nosyl group [11]. In contrast, Ns-MOK-β-Pro-OSu
reacted effectively with amino acids at room temperature, and no nosyl elimination product
was observed. This difference in the reaction with amino acids may be due to the lower
steric hindrance of β-Pro-OSu than that of Pro-OSu. Thus, Ns-MOK-β-Pro-OSu was a more
suitable reagent for MS/MS detection than Ns-MOK-Pro-OSu.

Generally, derivatization reagents for LC-MS/MS detection possess suitable structures
for efficient fragmentation [12]. As mentioned above, Ns-MOK-β-Pro-OSu, exhibited
unique fragmentations in the ESI (+) and ESI (−) modes, as observed in the MS/MS spectra
(Figures 4–6).

In addition, as Ns-MOK-(S)-β-Pro-OSu eluted earlier than Ns-MOK-(S)-Pro-OSu,
we inferred that the analysis time could be shortened using Ns-MOK-(S)-β-Pro-OSu
(Figure S1). Under the mobile phase conditions used in the present study, amino acids
containing Tau could be analyzed within 10 min (Figure 7).

In the ESI (+) mode, cleavage occurred regularly at the β-Pro-attached amide bond;
however, the signal-to-noise ratio of the ion fragment was not extremely high. In contrast,
the nosylate moiety, C6H4N1O5S, was recognized as an intense fragment with a common
structure regardless of the amino acid in the ESI (−) mode. The fragment ions of the
nosylate moiety, C6H4N1O5S, were used for quantifying the amino acids. The NCE values
set for each amino acid were between 20% and 40%, in which C6H4N1O5S was the most
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efficiently cleaved moiety. Therefore, this cleavage pattern could be used to detect the
derivative with Ns-MOK-β-Pro-OSu with high selectivity and identify whether it was a
derivative of Ns-MOK-β-Pro-OSu.

For detecting the Tau derivative, fragment ions cleaved at the SO3 moiety were
observed. When searching for Tau on the m/z cloud (https://www.mzcloud.org/, accessed
on 1 December 2020), SO3 fragment ions were observed from approximately 70 to 80% of
the NCE. However, in the present study, fragment ions were observed under conditions
where the NCE was relatively low. The SO3 fragment ions detected in MS2 at an NCE of
approximately 30% may be useful to discriminate other compounds with sulfate groups.

Next, the present LC-HR-MS/MS technique using Ns-MOK-β-Pro-OSu was success-
fully applied to determine amino acids in the samples from the collected bivalve. As
observed in Table 1, extremely high levels of Tau were found in the R. philipinarum com-
pared to other amino acids. High levels of Tau in R. philipinarum have already been reported
by Wang et al. [10], who also reported seasonal variations in the amino acid content of
clams using LC-HR-MS/MS [10].

As observed in Tables S11–S15 and Figure 8, the difference in the weights of the edible
parts could be attributed to the differences in the amino acid contents because significant
correlations were observed between the amino acid content and the weight of the edible
part. Thus far, several therapeutic applications of Tau supplements have been proposed,
including the treatment of diabetes [13], hypertension [14], and heart failure [15]. A recent
study reported that Tau increased the effectiveness of antipsychotics in the first episode of
schizophrenia [16].

In the present study, the variations in the contents of the five amino acids were large
(Table 1). The cause of these variations could be the differences in the sizes of the edible
parts (Tables S16–S20). The present data suggest that consuming bivalves with large edible
parts is effective for ensuring adequate intake of Tau. Moreover, a bivalve with large
edible parts also contains a large amount of Glu. Excessive Glu intake may exacerbate the
depressive symptoms of obese schizophrenia [17].

4. Materials and Methods

4.1. Chemicals

LCMS-grade methanol, HPLC-grade formic acid, and APDSTAG® Wako Amino Acids
internal standard mixture solution composed of 25 stable-isotope labeled amino acids were
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). CHCl3 and
LCMS-grade CH3CN were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). The
other reagents used are mentioned in Supplementary Materials, Section 1.

4.2. Preparation of 2,5-Dioxopyrrolidin-1-yl(4-(((2-nitrophenyl)sulfonyl)oxy)-6-(3-
oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-carboxylate (Ns-MOK-β-Pro-OSu)

Ns-MOK-β-Pro-OSu was synthesized in our laboratory according to the synthetic
route shown in Figure 8. The preparation of the intermediate compounds from 4-(3-
oxomorpholino)aniline to yield Ns-MOK-β-Pro-OSu is described in Supplementary Mate-
rials, Section 5. The structure of the synthesized compound was confirmed through nuclear
magnetic resonance (NMR) studies.

95



Molecules 2021, 26, 3498

β
β

β

 

β

β

β
μ

μ
μ β

μ

μ

μ μ 🄬
μ

🄬 μ

Figure 8. Synthetic route of Ns-MOK-β-Pro-OSu from 4-(3-oxomorpholino)aniline. (a) i: MeOH 80 ◦C 4 h, ii: Ph2O 220 ◦C
2 h; (b) MeOH/H2O r.t. 12 h, (c) NaHCO3 r.t. 2 h, (d) 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) in CH3CN r.t. 2 h, (e) DMF, NaHCO3 in H2O r.t. 2 h, (f) NaHCO3 r.t. 2 h, and (g) EDC in CH3CN r.t. 2 h; (1) 1-(4-
hydroxy-6-(3-oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-carboxylic acid; (2) 1-(4-(((2-nitrophenyl)sulfonyl)oxy)-6-
(3-oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-carboxylic acid; (3) Ns-MOK-β-Pro-OSu.

4.3. Time-Course Study on Derivatization of Amino Acids with Ns-MOK-Pro-OSu and
Ns-MOK-β-Pro-OSu

Aliquots containing 5 µL of an amino acid mixture including Tau, (S)-glutamate, (S)-
glutamine, (S)-arginine, and (S)-valine (each 100 µM) in phosphate-buffered saline (PBS)
were added to 5 µL of 20 mM Ns-MOK-(S)-Pro-OSu in CH3CN or 20 mM Ns-MOK-(S)-β-
Pro-OSu in CH3CN, and 5 µL of 10 mM DMAP in CH3CN. The solutions were allowed
to react at room temperature for 5, 15, 30, 60, 90, and 120 min. Each reacted solution was
diluted with 35 µL of 0.2% HCO2H in H2O/MeOH (1:1, v/v) and subjected to LC-TOF-
MS (JMS-T100LP, JEOL Ltd., Tokyo, Japan) (Supplementary Materials, Section 2.2). The
observed peak areas were plotted against the derivatization times.

4.4. Pre-Treatment Procedure

First, 10 µL of the amino acid mixture, 5.0 µL of APDSTAG® (solution A:solution
B = 65:5, v/v) as an internal standard (IS) solution, and 135 µL of CH3CN/MeOH (1:1, v/v)
were mixed and precipitated for 30 min at 4 ◦C to yield proteins. Next, the mixture was
centrifuged at 2500× g for 5 min at 4 ◦C and filtered with Millex®-LG (0.2 µm, Merck Ltd.
Tokyo, Japan). The supernatant (100 µL) was evaporated under reduced pressure. After
evaporation, the residue was dissolved in 10 µL of PBS, and vortexed with 10 µL of 20 mM
Ns-MOK-(S)-β-Pro-OSu dissolved in CH3CN and 10 µL of 10 mM DMAP in CH3CN. The
solution was reacted at room temperature for 30 min. After the reaction, 70 µL of 0.2%
HCO2H in (H2O/MeOH (3:2, v/v)) was added. Then, a 10 µL aliquot was taken from this
solution and diluted with 0.05% HCO2H in (H2O/MeOH (9:1, v/v)) (90 µL) and analyzed
using ultra-high-performance liquid chromatography-high-resolution mass spectrometry
(UHPLC-HRMS/MS, Vanquish UHPLC system and Q-ExactiveTM

, standalone benchtop
Quadrupole-Orbitrap high-resolution mass spectrometer, Thermo Fisher Scientific, Bremen,
Germany) (Supplementary Materials, Sections 3.1 and 3.2). The measurement mode of
Q-ExactiveTM was set to “Full MS-ddMS2” (Supplementary Materials, Section 3.3).
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4.5. Assessment of Fragmentation Patterns of Derivatives

To optimize the fragmentation pattern of the derivatives, the normalized collision
energy (NCE) during UHPLC-HRMS/MS was changed by 10% (from 10 to 90%) in the
parallel reaction monitoring (PRM) mode used for the measurements (Supplementary
Materials, Sections 3.1, 3.2, and 3.4). The precursor ion was a proton adduct of each
derivatized amino acid.

4.6. Linearity and Limit of Quantification

Calibration curves were constructed by plotting the peak area corresponding to the
IS peak ratio against the amino acid concentrations of 1, 2.5, 5, 10, 25, 50, and 100 µM.
The limit of quantification (LOQ) of the amino acid derivatives determined using the
proposed UHPLC-HRMS/MS technique was designated as the concentration at which the
linearity of the calibration curve was lost. The NCEs were set at 20% for Val derivatives,
30% for Glu derivatives, 30% for Gln derivatives, 40% for Arg derivatives, and 30% for
Tau derivatives (Supplementary Materials, Sections 8.1–8.10). The other parameters are
described in Supplementary Materials, Sections 3.1, 3.2, and 3.4.

The peak areas of the amino acid derivatives were calculated using the fragment ion,
C6H4N1O5S, corresponding to the characteristic fragment ion of Ns-MOK-(S)-β-Pro-OSu
in the ESI (−) mode.

4.7. Pre-Treatment of Bivalve

Japanese littleneck clams, Ruditapes philippinarum (R. philippinarum), were collected
from the intertidal and subtidal zones of the artificial tidal flats in Mangoku-ura Lagoon
(Miyagi, Japan), and in the estuary of Udagawa in Matsukawa-ura Lagoon (Fukushima,
Japan) in November 2020. The time when the clams were collected was not the
spawning season.

After placing the clams in locally sampled seawater, the edible soft part was removed
from the shell. Then, the water on the surface was wiped off, and the edible part of each
clam was weighed.

Water was added to form a solution of the edible part with a concentration of
1 g/10 mL. After homogenization with a kitchen mixer, approximately 10 mL of the
solution was taken and centrifuged at 3500× g for 15 min to obtain approximately 1 mL of
supernatant. Furthermore, the supernatant was centrifuged twice at 13,200× g and 4 ◦C
for 15 min to obtain a clear supernatant.

5. Conclusions

A novel derivatizing reagent, Ns-MOK-β-Pro-OSu, was developed for pre-column
derivatization to determine amino acids containing Tau in bivalve using reversed-phase
UHPLC-HR-MS/MS. Characteristic fragmentations under both polarities were observed
in the MS/MS spectra. Therefore, highly selective quantification was possible using the
characteristic fragmentation of Ns-MOK-β-Pro-OSu. The proposed method could detect 18
types of amino acids in 10 min. Considering diet therapy for ARMS based on the present
results regarding the amino acid contents in the bivalve, it seems necessary to search for
bivalves with a high Tau/Glu ratio. Thus, further studies are needed to investigate the
Tau/Glu ratios in other species of bivalve.

Supplementary Materials: 1. Chemicals and Reagents; 2. LC-Time of Flight (TOF)-Mass Spec-

trometry: 2.1. Comparison of Retention Times of Ns-MOK-β-Pro-OSu and Ns-MOK-Pro-OSu
and 2.2. Time-Course Study on Derivatization of Amino Acids with Ns-MOK-Pro-OSu and Ns-
MOK-β-Pro-OSu; 3. Measurement Conditions of UHPLC-High-Resolution Mass Spectrometry

(UHPLC-HRMS: Vanquish UHPLC System and Q-ExactiveTM): 3.1. Instrumentation, 3.2. Electro-
spray Ionization (ESI), 3.3. Parameters of Full MS-Data-Dependent MS2 (ddMS2) Mode, and 3.4.
Parameters of Parallel Reaction Monitoring (PRM) Mode; 4. NMR Measurements; 5. Preparation

of 2,5-Dioxopyrrolidin-1-yl 1-(4-(((2-nitrophenyl)sulfonyl)oxy)-6-(3-oxomorpholino)quinoline-2-

carbonyl)pyrrolidine-3-carboxylate (Ns-MOK-β-Pro-OSu): 5.1. 1-(4-Hydroxy-6-(3-oxomorpholino)
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quinoline-2-carbonyl)pyrrolidine-3-carboxylic acid (1), 5.2. 1-(4-(((2-Nitrophenyl)sulfonyl)oxy)-6-(3-
oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-carboxylic acid (2), and 5.3. 2,5-Dioxopyrrolidin-
1-yl 1-(4-(((2-nitrophenyl)sulfonyl)oxy)-6-(3-oxomorpholino)quinoline-2-carbonyl)pyrrolidine-3-
carboxylate (Ns-MOK-β-Pro-OSu) (3); 6. Optical Rotation Measurements of Ns-MOK-(R)- or (S)-

Pro-OSu; 7. Supplementary Figures: Figure S1. Chromatograms of Ns-MOK-(S)-Pro-OSu (a) and
Ns-MOK-(S)-β-Pro-OSu (b) obtained using LC-TOF-MS; Figure S2. Calibration curves of amino acid
derivatives: (a) Tau, (b) Val, (c) Gln, (d) Glu, and (e) Arg; 8. Supplementary Tables: Table S1. Main
fragmentation of Val derivatives (C30H31N5O11S, 669.1740) as a function of NCE (ESI (+) mode),
Table S2. Main fragmentation of Glu derivatives (C30H29N5O13S, 699.1482) as a function of NCE (ESI
(+) mode), Table S3. Main fragmentation of Gln derivatives (C30H30N6O12S, 698.1642) as a function
of NCE (ESI (+) mode), Table S4. Main fragmentation of Arg derivatives (C31H34N8O11S, 726.2067) as
a function of NCE (ESI (+) mode), Table S5. Main fragmentation of Tau derivatives (C27H27N5O12S2,
677.1097) as a function of NCE (ESI (+) mode), Table S6. Main fragmentation of Val derivatives
(C30H31N5O11S, 669.1740) as a function of NCE (ESI (−) mode), Table S7. Main fragmentation of
Glu derivatives (C30H29N5O13S, 699.1482) as a function of NCE (ESI (−) mode), Table S8. Main
fragmentation of Gln derivatives (C30H30N6O12S, 698.1642) as a function of NCE (ESI (−) mode),
Table S9. Main fragmentation of Arg derivatives (C31H34N8O11S, 726.2067) as a function of NCE
(ESI (−) mode), Table S10. Main fragmentation of Tau derivatives (C27H27N5O12S2, 677.1097) as a
function of NCE (ESI (−) mode), Table S11. Precision of Tau/IS ratio, Table S12. Precision of the
Val/IS ratio, Table S13. Precision of Gln/IS ratio, Table S14. Precision of Glu/IS ratio, Table S15.
Precision of Arg/IS ratio, Table S16. Tau content in bivalve, Table S17. Val content in bivalve, Table
S18. Gln content in bivalve, Table S19. Glu content in bivalve, and Table S20. Arg content in bivalve.

Author Contributions: Conceptualization, T.F.; formal analysis, S.U.; resources; investigation, M.O.,
M.U., T.S., H.I. and K.O.; writing—review & editing, S.U. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Research data are not shared.

Acknowledgments: The authors would like to thank Y. Takegawa and S. Kasai, ThermoFisher
Scientific Inc. (Kanagawa, Japan) for their technical support in using Q-Exactive®, and A. Saito, Toho
University, for the use of a kitchen mixer.

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

Sample Availability: Samples of the compounds used are available from the authors.

References

1. Wu, J.Y.; Prentice, H. Role of taurine in the central nervous system. J. Biomed. Sci. 2010, 17, S1. [CrossRef] [PubMed]
2. Ripps, H.; Shen, W. Review: Taurine: A “very essential” amino acid. Mol. Vis. 2012, 18, 2673–2686. [PubMed]
3. Menzie, J.; Pan, C.; Prentice, H.; Wu, J.Y. Taurine and central nervous system disorders. Amino Acids 2014, 46, 31–46. [CrossRef]

[PubMed]
4. Uekusa, S.; Onozato, M.; Umino, M.; Sakamoto, T.; Ichiba, H.; Tsujino, N.; Funatogawa, T.; Tagata, H.; Nemoto, T.; Mizuno,

M.; et al. Increased inosine levels in drug-free individuals with at-risk mental state: A serum metabolomics study. Early Interv.

Psychiatry 2021. [CrossRef] [PubMed]
5. D’Aniello, A.; Nardi, G.; De Santis, A.; Vetere, A.; di Cosmo, A.; Marchelli, R.; Dossena, A.; Fisher, G. Free L-amino acids and

D-aspartate content in the nervous system of cephalopoda. A comparative study. Comp. Biochem. Physiol. B Biochem. Mol. Biol.

1995, 112, 661–666. [CrossRef]
6. Watanabe, K.; Konosu, S. Presence of taurine in the extract of hard clam. Nippon Suisan Gakkai Shi 1972, 38, 1311. [CrossRef]
7. Mazzucco, E.; Gosetti, F.; Bobba, M.; Marengo, E.; Robotti, E.; Gennaro, M.C. High-performance liquid chromatography-

Ultraviolet detection method for the simultaneous determination of typical biogenic amines and precursor amino acids. Applica-
tions in Food Chemistry. J. Agric. Food Chem. 2010, 58, 127–134. [CrossRef] [PubMed]

8. Fuke, S.; Konosu, S. Taste-active components in some foods: A review of Japanese research. Physiol. Behavior 1991, 49, 863–868.
[CrossRef]

9. Hernández, F.; Ibáñez, M.; Bade, R.; Bijlsma, L.; Sancho, J.V. Investigation of pharmaceuticals and illicit drugs in waters by liquid
chromatography-high-resolution mass spectrometry. TrAC Trends Anal. Chem. 2014, 63, 140–157. [CrossRef]

98



Molecules 2021, 26, 3498

10. Wang, X.Z.; Wu, H.; Li, N.; Cheng, Y.; Wen, H.M.; Liu, R.; Chai, C. Rapid determination of free amino acids, nucleosides, and
nucleobases in commercial clam species harvested at different seasons in Jiangsu, China, using UFLC-MS/MS. Food Anal. Methods

2016, 9, 1520–1531. [CrossRef]
11. Uekusa, S.; Onozato, M.; Sakamoto, T.; Umino, M.; Ichiba, H.; Fukushima, T. Fluorimetric determination of the enantiomers of

vigabatrin, an antiepileptic drug, by reversed-phase HPLC with a novel diastereomer derivatisation reagent. Biomed. Chromatogr.

2021, 35, e5060. [CrossRef] [PubMed]
12. Santa, T. Derivatization in liquid chromatography for mass spectrometric detection. Drug Discov. Ther. 2013, 7, 9–17. [CrossRef]

[PubMed]
13. Franconi, F.; Loizzo, A.; Ghirlanda, G.; Seghieri, G. Taurine supplementation and diabetes mellitus. Curr. Opin. Clin. Nutr. Metab.

Care 2006, 9, 32–36. [CrossRef] [PubMed]
14. Militante, J.D.; Lombardini, J.B. Treatment of hypertension with oral taurine: Experimental and clinical studies. Amino Acids 2002,

23, 381–393. [CrossRef] [PubMed]
15. Sole, M.J.; Jeejeebhoy, K.N. Conditioned nutritional requirements and the pathogenesis and treatment of myocardial failure. Curr.

Opin. Clin. Nutr. Metab. Care 2000, 3, 417–424. [CrossRef] [PubMed]
16. O’Donnell, C.P.; Allott, K.A.; Murphy, B.P.; Yuen, H.P.; Proffitt, T.M.; Papas, A.; Moral, J.; Pham, T.; O’Regan, M.K.; Phassouliotis,

C.; et al. Adjunctive taurine in first-episode psychosis: A phase 2, double-blind, randomized, placebo-controlled study. J. Clin.

Psychiatry 2016, 77, e1610–e1617. [CrossRef] [PubMed]
17. Kumar, P.; Kraal, A.Z.; Prawdzik, A.M.; Ringold, A.E.; Ellingrod, V. Dietary glutamic acid, obesity, and depressive symptoms in

patients with schizophrenia. Front. Psychiatry 2020, 11, 620097. [CrossRef] [PubMed]

99





molecules

Article

Simultaneous Determination of Human Serum Albumin and
Low-Molecular-Weight Thiols after Derivatization with
Monobromobimane

Katarzyna Kurpet 1,2,* , Rafał Głowacki 2 and Grażyna Chwatko 2,*
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Abstract: Biothiols are extremely powerful antioxidants that protect cells against the effects of ox-
idative stress. They are also considered relevant disease biomarkers, specifically risk factors for
cardiovascular disease. In this paper, a new procedure for the simultaneous determination of human
serum albumin and low-molecular-weight thiols in plasma is described. The method is based on the
pre-column derivatization of analytes with a thiol-specific fluorescence labeling reagent, monobromo-
bimane, followed by separation and quantification through reversed-phase high-performance liquid
chromatography with fluorescence detection (excitation, 378 nm; emission, 492 nm). Prior to the
derivatization step, the oxidized thiols are converted to their reduced forms by reductive cleavage
with sodium borohydride. Linearity in the detector response for total thiols was observed in the
following ranges: 1.76–30.0 mg mL−1 for human serum albumin, 0.29–5.0 nmol mL−1 for α-lipoic
acid, 1.16–35 nmol mL−1 for glutathione, 9.83–450.0 nmol mL−1 for cysteine, 0.55–40.0 nmol mL−1

for homocysteine, 0.34–50.0 nmol mL−1 for N-acetyl-L-cysteine, and 1.45–45.0 nmol mL−1 for cys-
teinylglycine. Recovery values of 85.16–119.48% were recorded for all the analytes. The developed
method is sensitive, repeatable, and linear within the expected ranges of total thiols. The devised
procedure can be applied to plasma samples to monitor biochemical processes in various pathophysi-
ological states.

Keywords: low-molecular-weight thiols; human serum albumin; α-lipoic acid; blood plasma; deriva-
tization; monobromobimane; reduction; sodium borohydride; high-performance liquid chromatogra-
phy; fluorescence detection

1. Introduction

Thiols constitute a class of organic sulfur compounds characterized by the presence of a
sulfhydryl functional group (–SH), also known as a thiol group [1–4]. In a biological system,
thiols are present as albumin thiols, protein-bound thiols, and low-molecular-weight thiols
such as cysteine (Cys), homocysteine (Hcy), glutathione (GSH), and cysteinylglycine (Cys-
Gly) [2,4–6]. These free thiols are metabolically related [4–6]. Hcy can be catalyzed to Cys,
which in turn is a precursor of GSH—a highly important tripeptide in biological terms.
Cys-Gly is an intermediate metabolite in GSH metabolism and is the second most abundant
low-molecular-weight thiol in human plasma after Cys [5,7,8]. Reduced, free oxidized,
and protein-bound thiols, i.e., Cys, Hcy, Cys-Gly, and GSH, comprise an antioxidant
buffer that maintains the reduction–oxidation balance inside the cell and tissues [9,10].
Under physiological conditions, thiols are strong reductants that can undergo reversible
or irreversible oxidation processes through one- or two-electron reaction mechanisms,
resulting in a wide range of products [11]. Some of them, including disulfides, can be
reverted to free thiols in the presence of suitable reducing agents. Such thiol–disulfide
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homeostasis plays a role in cellular defense against toxic substances, free radicals, and
reactive oxygen species, as well as in apoptosis, transcription, enzyme activity regulation,
and in the maintenance of the proper structure and function of proteins [5,12,13].

Other biological aminothiols that widely occur in animal tissues and fluids include N-
acetyl-L-cysteine (NAC) and α-lipoic acid (α-LA). The former, NAC, is exclusively present
in urine and derives from N-acetylation of Cys in the kidney [14,15]. This compound
is a commonly used mucolytic drug that alleviates mucus retention by reducing highly
cross-linked mucus glycoproteins [3,4,16–19]. In addition, NAC increases the activity of
glutathione S-transferase, has anti-inflammatory effects, can break down the pathogenic
biofilm, and is widely used in the treatment of acetaminophen overdose. Moreover, the
administration of NAC provides Cys as a substrate for the intracellular synthesis of GSH,
which is one of the most important naturally occurring antioxidants. The drug may
circulate in a free or protein-bound form in plasma, exhibiting the half-life of several dozen
minutes after oral administration, which is due to extensive first-pass metabolism in the
body [18,20]. Interestingly, NAC causes a substantial decline in plasma low-molecular-
weight thiols, including Cys, Cys-Gly, and Hcy, by increasing urinary excretion [21]. NAC
administration is also beneficial in systemic sclerosis, cancer chemotherapy, HIV infection,
and septic shock [22].

The second aminothiol mentioned above, α-LA, is a naturally occurring cofactor of
several multienzyme complexes involved in energy production [23–25]. It can be synthe-
sized from octanoic acid and Cys, but the quantity produced is negligible. In human cells,
α-LA is reduced to dithiol, i.e., dihydrolipoic acid, which has two thiol groups per molecule
derived from a dithiolane ring. Owing to such a structure, this compound maintains its
protective functions in both oxidized and reduced forms [22,24]. De novo synthesis is not
the only source of α-LA in mammalian cells. The body acquires it with food, mainly of
animal origin. This acid exists naturally– via a covalent amide bond—in conjunction with
the ε-amino group of lysine. Together, they form lipoyllysine (LLYS), which—when taken
with food—can be hydrolyzed in the blood to α-LA by the enzyme called lipoamidase [26].
Even though the content of LLYS in food is sufficient for metabolic processes to take place,
the concentration of α-LA that can be obtained during the hydrolysis of this compound in
the blood is insufficient for therapeutic purposes [27]. Therefore, α-LA is an extensively
used nutraceutical to combat the negative effects of oxidative stress since it meets all the
criteria for a perfect antioxidant. It is applicable in various fields of medicine, including in
the treatment of diabetic neuropathy, neurodegenerative and cardiovascular diseases, as
well as in the fight against obesity, poisoning, cancer, or body aging [25,27]. The half-life
of α-LA elimination from the blood, regardless of dose and method of administration, is
approximately 30 min [28].

The human plasma has relatively low concentrations of low-molecular-weight thiols
but is characterized by the presence of human serum albumin (HSA) as the most abundant
protein thiol [11]. The main biological roles of HSA include regulation of plasma pressure
and transport of various ligands, such as drugs, hormones, xenobiotics, fatty acids, and
metal ions [29–31]. Moreover, HSA is an effective extracellular antioxidant. It scavenges
reactive oxygen species, which are responsible for the development of many diseases
associated with oxidative stress [30]. The antioxidant activity of HSA results from the
presence of a thiol group derived from Cys-34, which is not involved in the formation
of intra-chain disulfide bonds and comprises approximately 80% of total free thiols in
plasma [1,29–31]. HSA has been used for over 50 years to treat several conditions related to
hypovolemia [11]. In addition, this protein is also of interest to pharmacists as a drug carrier.

Altered thiol levels in physiological fluids have been associated with specific patho-
logical conditions and are closely related to several human diseases, especially prema-
ture atherosclerosis [32], vascular disease [33], diabetes [34], cancer [35], rheumatoid
arthritis [36], leukemia [14], chronic kidney disease [37], acquired immunodeficiency syn-
drome [32], multiple sclerosis [12], amyotrophic lateral sclerosis [12], and neurodegenera-
tive diseases [12,38] such as Parkinson’s and Alzheimer’s disease. Due to the importance of
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the dynamic thiol–disulfide homeostasis and the potential use of plasma levels as valuable
information about specific pathological conditions associated with several human diseases,
there is a need for measurements of aminothiols in biological samples to understand their
physiological role. Nevertheless, the development of highly sensitive and selective an-
alytical methods is difficult since biological thiols do not have specific physicochemical
properties which are required for high detection sensitivity. Moreover, thiols are unstable
in isolated plasma and have a tendency to oxidize to disulfides. Another challenge in the
analysis of thiols is that the high polarity and water solubility of these compounds make
them difficult to extract from complex biological matrices such as human blood plasma.

Despite these difficulties, numerous methods have been described for the deter-
mination of total thiols in biological fluids. The most commonly used techniques are
high-performance liquid chromatography (HPLC) with different detection modes, mainly
ultraviolet [4–6,30,39,40] and fluorescence [41–47], capillary electrophoresis [48,49], or
spectrophotometry [12,50]. Although several techniques have been used to determine
thiols, there are still some problems caused by the need for complicated instrumentation,
complexity of the procedure, the time-consuming nature of the methods, and the number
of thiols quantified simultaneously [14,30,51,52]. Among the available techniques, the
most commonly used method for total thiol determination—due to its high selectivity
and sensitivity—is the approach based on pre- or post-column derivatization followed by
separation and fluorescence detection. For this reason, various types of labeling reagents
such as bimanes, ortho-phthalaldehyde, N-substituted maleimides, halides, and halogen-
benzofurazans have been developed for the selective determination of sulfhydryl group-
containing compounds. Since concentrations of total thiols are important biomarkers,
the development of new fluorescence labeling reagents for more sensitive thiol detection
is ongoing.

A new reversed-phase (RP) HPLC-based method for the simultaneous determina-
tion of HSA, α-LA, NAC, and metabolically related major plasma low-molecular-weight
aminothiols Cys, GSH, Hcy, and Cys-Gly is described herein. The method is based on
the derivatization (Figure 1) of analytes with a thiol-specific labeling reagent, monobro-
mobimane (mBBr), and fluorescence detection of stable derivatives at the excitation and
emission wavelengths of 378 nm and 492 nm, respectively. The disulfides are converted to
their reduced counterparts by reductive cleavage with sodium borohydride (NaBH4) prior
to the derivatization step. The usefulness of the developed method has been proven by its
application in real plasma samples from 10 apparently healthy individuals.
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Figure 1. General equation of a chemical derivatization reaction of thiols with mBBr.

The mBBr has been previously used for the determination of low-molecular-weight
aminothiols [41,43,53–56]. Now, its application has been extended to the derivatization
of proteins such as albumin. The novelty of the presented procedures consists in the
development of new chromatographic conditions for simultaneous determination of low-
molecular-weight aminothiols and albumin and demonstration of the short-term stability
of thiol-bimane adducts at acidic pH.

2. Results and Discussion

2.1. Sample Preparation

Determination of thiols in biological samples is an extremely difficult task due to
their high oxidoreductive activity. Moreover, most endogenous thiols lack the structural
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properties necessary to provide a signal compatible with standard detectors such as spec-
trophotometry or fluorescence. If these detection methods are used, an additional sample
preparation step, i.e., derivatization, must be initiated. However, this involves a longer
overall analytical process and is associated with the risk of increasing the overall an-
alytical error. In biological systems, thiols occur mainly in oxidized or protein-bound
forms, and therefore the reduction of disulfide bonds to thiol groups must be performed
prior to the derivatization reaction. NaBH4 [5,41,54], dithiothreitol (DTT) [42,43,52], tris(2-
carboxyethyl)phosphine (TCEP) [4,30,39,57], or 2-mercaptoethanol (2-ME) [6,52] are the
most commonly used substances to reduce disulfide bonds. The choice of an appropriate
reductant depends on the analytical procedure to be followed, especially on the type of
the derivatizing reagent used and the detection method. The use of reagents containing a
sulfhydryl group, such as 2-ME or DTT, is almost impossible when using a derivatizing
reagent that is highly selective towards the thiol group. The derivatives formed lead to
increased consumption of the derivatizing reagent, which can lead to underestimation
of the results. In addition, these derivatives interfere with the peaks of the analytes by
forming additional very large signals in the chromatogram, making interpretation diffi-
cult. Limitations in the use of trialkyl phosphines relate primarily to their toxicity, but
also to their irritating and pungent odor. Moreover, the most commonly used phosphine,
TCEP, can interfere with certain derivatizing agents such as mBBr [58,59] or 5,5′-dithiobis-
2-nitrobenzoic acid [60]. NaBH4 seems to be the optimal reducing reagent. It is non-toxic,
readily available, and the excessive amount can be easily and quickly removed by adding
hydrochloric acid or acetone. The major advantage of this reducing agent is the short
reaction time at high reagent concentrations. Since NaBH4 is unstable in aqueous solutions,
it must be prepared immediately before use. The addition of an organic solvent such as
dimethyl sulfoxide (DMSO) increases the stability of NaBH4. The main disadvantage of
using NaBH4 is its tendency to form aerosols during the reaction due to the intense release
of hydrogen. However, this phenomenon can be eliminated by the addition of surfactants
such as n-octanol. The thiols obtained in the reduction step can be re-oxidized, so the result-
ing product should be immediately subjected to a derivatization reaction to block the labile
sulfhydryl group. Additionally, the metal cation-catalyzed oxidation of thiols to disulfides
can be slowed down by adding a complexing compound such as ethylenediaminete-
traacetic acid disodium salt (EDTA-Na2) to the sample. In HPLC coupled with fluorescence
detection, such derivatizing reagents as mBBr [41,43,53–56], ammonium 4-fluoro-2,1,3-
benzoxadiazole-7-sulfonate [46,47], 4-aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole [44,45],
o-phthalaldehyde [61,62], or 4-bromomethyl-6,7-dimethoxycoumarin [63,64], have been
widely used for the derivatization of thiols in biological samples. Most of these reagents
have an active halogen in their structure, which is exchanged for the sulfur atom of the
thiol group of the analyte in a nucleophilic substitution reaction to form a stable thioether.

2.1.1. Disulfide Bonds Cleavage

The determination of total thiol requires the reduction of disulfide bonds since most
low-molecular-weight plasma thiols are oxidized in the form of symmetrical or mixed
disulfides and bound to proteins, mainly albumin. This fact makes the thiol groups
inaccessible to the derivatizing reagent, and therefore plasma samples must be treated
with a reducing reagent to release the free thiols. NaBH4 was used for this purpose. We
examined the time and molar excess of the borohydride response curves to determine the
conditions necessary for complete reduction of the disulfide bonds. Maximum reduction
was achieved after five minutes of incubation at room temperature. The highest peak areas
for all the analytes were observed when 30 µL of 6 mol L−1 NaBH4 were used for the
reduction (data not shown). The plasma Hcy, Cys-Gly, and Cys assay methods developed
by Fiskerstrand et al. [53] used a lower concentration of NaBH4 (4 mol L−1) for a 3-min
reduction, but the addition of dithioerythritol was necessary for maximum yield of all
thiol components. Another approach was used by Mansoor et al. [41], where samples
were incubated simultaneously with 2 mol L−1 NaBH4 and mBBr for 10 min at room

104



Molecules 2021, 26, 3321

temperature in the dark while total plasma thiols were determined. In both methods, the
volume of NaBH4 added to the sample was also 30 µL. In our method, 6 µL of 3 mol L−1

HCl were added to the thiol-containing sample to remove excess reductant. To avoid
foaming of the reaction mixture due to the strong hydrogen evolution, 20 µL of n-octanol
were added to the plasma samples according to the previously described methods [41,53].
These reduction conditions were adopted for a routine plasma analysis for total thiols,
including HSA.

2.1.2. Derivatization via the –SH Group

Since thiols do not contain a fluorophore in their structure that allows their direct
fluorimetric detection, it is necessary to perform a derivatization reaction during the sample
preparation step. For this purpose, we used mBBr, which reacts violently with thiols at
alkaline pH and room temperature. The resulting highly fluorescent and stable thioethers
can be easily detected, even at low analyte concentrations. The reagent itself also fluoresces
and its peak is visible in the chromatogram along with the mBBr hydrolysis reaction
products (Figure 2). Monobromobimane is readily photodegraded, so it is necessary to
protect it from light and perform the reaction in the dark. The yield of the derivatization
reaction was optimized with respect to pH (Figure S1), excess reagent (Figure S2), and time
(Figure S3). The results indicate that the optimum reaction pH for the derivatization of
endogenous plasma thiols with mBBr occurred at pH 9.5, and the reaction was completed
after 10 min with 70-fold excess reagent in the dark and at room temperature. The obtained
conditions are similar to those described earlier, where the reaction was carried out in
N-ethylmorpholine at pH 9 for 10 min [41] or 20 min [54].

−

−

−

−

 

Figure 2. Representative chromatogram for total forms of 10 nmol mL−1: Cys (1), Cys-Gly (2), Hcy (3), GSH (4), NAC (5),
α-LA (6), and 3 mg mL−1 HSA (7) in standard water solutions after reduction with NaBH4 and derivatization with mBBr.
Chromatographic conditions as described in Section 3.2. The unsigned peaks are derived from mBBr and its hydrolysis
reaction products.
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Finally, the derivatization reaction was quenched by adding 200 µL of 1 mol L−1 HCl
to reach pH of 3. Other acids used to complete the derivatization of low-molecular-weight
thiols include perchloric acid [41] or glacial acetic acid [53], however, their use in this
procedure would precipitate HSA. The short-term stability of thiol–bimane adducts is not
described in the literature, therefore it was tested during the research. For all the analytes,
the thiol–bimane derivatives were stable in an acidic environment at room temperature
over the time period studied (Figure 3). This means that the final solution kept at room
temperature in the autosampler can be safely analyzed for up to 15 h which allows for long
unattended runs.
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Figure 3. Stability of the analyzed thiol–bimane derivatives in an acidic environment, n = 3. In the
figure, the standard deviation bars of peak areas are presented.

2.2. Chromatography

Preliminary experiments aimed at developing a method for the simultaneous deter-
mination of low-molecular-weight thiols and HSA in plasma were performed in standard
water solutions. In order to achieve good separation of the analyzed thiol–bimane adducts,
various parameters of the chromatographic conditions were tested, including the concen-
tration of trifluoroacetic acid (TFA), acetonitrile (ACN) content, pH of the mobile phase,
concentration of the organic modifier, and gradient profile. The experiments mentioned
briefly above led to the establishment of optimum chromatographic conditions for all the
analytes, which are described in Section 3.2. Under these conditions, the thiol–bimane
derivatives eluted after 5.14 min (RSD, 0.86%, n = 3) for Cys, 9.63 min (RSD, 0.77%, n = 3)
for Cys-Gly, 12.30 min (RSD, 0.61%, n = 3) for Hcy, 13.76 min (RSD, 0.42%, n = 3) for
GSH, 17.07 min (RSD, 0.74%, n = 3) for NAC, 25.08 min (RSD, 0.07%, n = 3) for α-LA, and
27.82 min (RSD, 0.05%, n = 3) for HSA. As can be seen from the chromatogram in Figure 2,
the four bimane derivatives of low-molecular-weight thiols elute in pairs: GSH in close
proximity to Hcy and Cys in close proximity to Cys-Gly, but in this case, the peaks are
separated by a reagent peak. These results are in agreement with those obtained for CMQT
derivatives [5,30]. The longer hydrophobic chain of NAC and reduced α-LA causes these
compounds to elute later than the remaining small thiols. The HSA derivative exhibits
the highest hydrophobicity and elutes last. The retention factors for all the analytes varied
depending on the concentration and pH of the TFA used in the aqueous phase as a conse-
quence of a change in the hydrophobicity of the eluent and the degree of ionization of the
analyte. Despite the high particle size discrepancy of the analyzed biothiols, optimization
of the separation conditions resulted in the good separation of the mBBr derivatives of Cys,
Cys-Gly, Hcy, GSH, NAC, α-LA, and HSA.
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2.3. Method Validation

The method was validated according to the guidelines for the analysis of biological
samples [65,66]. The validation parameters of linearity, precision, accuracy, and limits of
detection (LOD) and quantification (LOQ) were checked and tested. The standard addition
method was used to calibrate the method.

2.3.1. Linearity

The linearity of the method was determined by analyzing plasma samples spiked
with the standard solution of thiols prepared as described in Section 3.5.1. Six-point
calibration curves were prepared for six low-molecular-weight thiols and HSA in triplicate
(Appendix A). Each sample was processed according to the recommended procedure. The
validation parameters for all fitted calibration plots were satisfactory. Detailed method
calibration data are presented in Table 1.

Table 1. Validation data.

Analyte Regression Equation R2 Linear Range
(nmol mL−1)

Precision (%) Recovery (%) LOD
(nmol mL−1)

LOQ
(nmol mL−1)Min. Max. Min. Max.

HSA y = 150,925x + 10,000,000 0.9953 1.76–30.0 a 0.40 5.80 92.94 113.67 0.59 a 1.76 a

α-LA y = 3487.6x + 4187.2 0.9977 0.29–5.0 0.26 6.48 83.38 106.88 0.10 0.29
GSH y = 6153x + 18,335 0.9991 1.16–35.0 0.24 10.92 84.71 99.15 0.39 1.16
Cys y = 6765.9x + 806,715 0.9994 9.83–450.0 0.89 6.24 87.27 110.74 3.28 9.83
Hcy y = 6621.9x + 34,488 0.9994 0.55–40.0 0.90 11.93 83.89 115.77 0.18 0.55
NAC y = 34,376x + 379.58 0.9999 0.34–50.0 0.17 1.26 81.87 106.07 0.11 0.34

Cys-Gly y = 3370.3x + 54,775 0.9998 1.45–45.0 0.90 5.33 96.34 114.56 0.48 1.45
a The unit of measurement for linear range, LOD and LOQ for HSA is mg mL−1.

2.3.2. Limits of Detection and Quantification

LOD is defined as the lowest concentration of the analyte that can be detected with
a given measuring device, but without its quantitative determination. LOQ is the low-
est concentration of a substance that can be quantified with a given analytical method
with the assumed accuracy and precision. The measured validation parameters were
evaluated by applying the calibration standard of thiols in proxy matrix (0.9% NaCl in
10 mmol L−1 phosphate buffer, pH 7.4) solutions obtained on this occasion. LOD was
calculated according to the following formula:

LOD =
3.3 s

b
(1)

where b is the slope of the calibration curve, and s is the standard deviation of the intercept
of the regression line.

LOQ values for the analytes tested were calculated based on the LOD using the
equation below:

LOQ = 3LOD (2)

The limits of detection and quantification for HSA, Cys, Hcy, Cys-Gly, NAC, α-LA,
and GSH are presented in Table 1.

2.3.3. Precision and Accuracy

To assess the quality of the devised method for the simultaneous determination of
plasma thiols, including HSA, precision and accuracy were determined. The intra- and
inter-day precision and accuracy values were measured in triplicate in plasma samples
spiked with standard solutions of thiols to obtain four concentrations representing the full
range of calibration curves. The measured concentrations were determined by applying the
calibration curves obtained on this occasion. Precision was expressed as relative standard
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deviation (RSD) while accuracy was expressed as percentage recovery of the analyte using
the following formula:

Accuracy (%) =
measured amount − endogenous content

added amount
× 100% (3)

The inter-day precision and recovery values were evaluated on three consecutive days
in a week. Detailed intra-day and inter-day precision and accuracy data are presented
in Table 2. The estimated validation parameters met the requirements applicable to the
analysis of biological samples.

Table 2. Intra-day and inter-day precision and accuracy evaluation for thiols in human plasma
samples based on the proposed method, n = 3.

Analyte
Concentration
(nmol mL−1)

Precision (%) Accuracy (%)

Intra-Day Inter-Day Intra-Day Inter-Day

HSA a

1.76 0.35 1.49 119.48 99.31
5.0 0.10 4.83 96.77 109.77
15.0 0.35 1.99 97.49 94.78
30.0 0.37 2.47 100.65 101.05

α-LA

0.29 0.55 0.18 97.16 84.30
0.9 0.34 0.03 104.90 95.83
1.75 0.60 7.34 97.31 107.24
4.0 0.20 9.18 100.28 98.91

GSH

1.16 1.50 2.87 89.10 116.57
4.0 0.71 1.25 100.67 100.87
15.0 0.05 0.28 101.31 97.14
30.0 0.13 0.22 99.68 100.68

Cys

9.83 2.23 4.25 85.56 97.18
30.0 2.66 2.22 93.51 115.62

100.0 0.57 6.94 104.43 94.38
350.0 0.10 10.71 99.70 100.35

Hcy

0.55 3.85 14.57 97.45 82.17
1.7 5.34 2.55 88.30 90.84
15.0 0.43 0.27 102.69 103.24
30.0 0.01 3.69 99.37 99.22

NAC

0.34 0.25 0.11 85.24 98.98
1.0 0.48 2.05 100.83 115.95
20.0 0.29 0.73 100.42 98.48
40.0 0.04 0.10 99.90 100.37

Cys-Gly

1.45 1.43 5.09 108.52 93.58
4.5 0.19 1.58 85.16 82.99
20.0 0.19 0.36 105.41 108.83
35.0 0.70 0.19 98.46 97.41

a Unit of measurements for HSA is mg mL−1.

2.3.4. Matrix Effect

The matrix effect was evaluated using the slope comparison method. First, the slope
coefficients of the calibration curves obtained for thiol standard solutions and the calibration
curves obtained for a plasma sample spiked with a known amount of the analyte were
compared. The differences between the slope coefficients of the calibration curves for each
analyte are presented with reference to RSD, which is, respectively, 34.50% for HSA, 16.86%
for α-LA, 11.18% for Cys, 19.73% for Hcy, 15.71% for GSH, 16.24% for NAC, and 141.30%
for Cys-Gly. These data indicate that there was a significant matrix effect on the results
of endogenous thiol determination in plasma samples. Next, we investigated whether
the matrix effect on assay results occurred between plasma samples from five different
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subjects. The RSD for the coefficients of the calibration curves was as follows: 54.31% for
HSA, 31.75% for α-LA, 15.87% for GSH, 17.16% for Cys, 20.50% for Hcy, 26.55% for NAC,
and 23.10% for Cys-Gly. Furthermore, in this case, the obtained results prove the existence
of the matrix effect in the determination of thiol compounds in plasma samples collected
from different individuals. Such an excessive impact of the matrix may result from the fact
that plasma samples from randomly selected individuals of different ages were used in
the study, without preselection of the subjects for medications, chronic diseases, and other
factors that may influence the content of the tested compounds in the bloodstream.

2.4. Application to Real Plasma Samples

The devised and validated method was applied to the simultaneous determination
of HSA and low-molecular-weight thiols in plasma samples from 10 apparently healthy
subjects (Figure 4). Due to the matrix effect, the method of simple standard addition was
used for the determination of analytes [67]. The concentration of the analyte in each sample
was calculated using the following formula:

Cx =
Yx × Cs

Ys − Yx
(4)

where Cx—concentration of the analyte in the plasma sample; Yx—analytical signal for the
sample containing only the analyte; Cs—concentration for the sample with the addition of
a known amount of the standard; Ys—analytical signal for the sample with the addition of
a known amount of the standard.

α
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𝐶௫ =  𝑌௫ × 𝐶௦𝑌௦ − 𝑌௫

Figure 4. Chromatograms of plasma samples derived from potentially healthy volunteers (from the left: Nos. 1, 3, and 9 
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Figure 4. Chromatograms of plasma samples derived from potentially healthy volunteers (from the left: Nos. 1, 3, and
9 Figure 3. after reduction with NaBH4 and derivatization with mBBr. The peaks labeled 1, 2, 3, 4, and 5 correspond to
the thiol–bimane signals Cys, Cys-Gly, Hcy, GSH, and HSA, respectively. Chromatographic conditions as described in
Section 3.2. The unsigned peaks are derived from mBBr and its hydrolysis reaction products.

The expected concentration ranges for total thiols in human plasma were as follows:
3.27–13.37 nmol mL−1 for Hcy [56], 135.80–266.50 nmol mL−1 for Cys [56], 19.24–39.74 nmol mL−1

for Cys-Gly [56], 4.90–7.30 nmol mL−1 for GSH [11], 35.9–48.3 mg mL−1 for HSA [30], and
1.33–5.8 nmol mL−1 for α-LA (in the case of administration of 20 or 100 mg LA supple-
ment) [30,45]. We also expected that, without administration, NAC could not be detected in
plasma from healthy volunteers at a concentration exceeding the method’s detection limit
as reported earlier [15]. The mean total thiol content ± standard deviation (SD) in human
plasma was as follows: 23.98 ± 1.60 mg mL−1 for HSA, 62.99 ± 4.31 nmol mL−1 for Cys,
3.93 ± 0.28 nmol mL−1 for Hcy, 5.29 ± 0.31 nmol mL−1 for GSH, and 50.20 ± 3.28 nmol mL−1

for Cys-Gly. The concentrations of α-LA and NAC were not detected in the plasma sam-
ples examined. This may be due to the fact that the volunteers did not take specimens
containing these compounds. Detailed analytical data for total Cys, Hcy, GSH, Cys-Gly,
and HSA are shown in Table 3. These results are mostly in agreement with those previously
reported [5,11,30,39,56,57]. The elaborated method can be successfully applied in large
populations to monitor changes in thiol concentration in different physiological conditions.
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Table 3. Total low-molecular-weight thiols (nmol mL−1) and HSA (mg mL−1) in plasma from 10
subjects, n = 3.

No.

HSA GSH Cys Hcy Cys-Gly

Mean
(SD)

RSD
(%)

Mean
(SD)

RSD
(%)

Mean
(SD)

RSD
(%)

Mean
(SD)

RSD
(%)

Mean
(SD)

RSD
(%)

1 42.62
(3.01) 7.06 4.14

(0.25) 6.00 65.54
(2.08) 3.22 3.07

(0.28) 9.05 30.71
(0.29) 0.96

2 17.58
(1.51) 8.61 7.93

(0.67) 8.44 54.11
(3.06) 5.66 2.99

(0.11) 3.70 62.55
(3.40) 5.43

3 11.73
(0.72) 6.11 5.80

(0.28) 4.85 74.72
(7.48) 10.01 4.76

(0.22) 4.59 46.49
(4.98) 10.71

4 40.34
(2.64) 6.53 6.00

(0.40) 6.67 89.34
(4.60) 5.14 5.46

(0.54) 9.95 80.28
(3.14) 3.91

5 10.71
(0.49) 4.56 4.77

(0.22) 4.64 67.38
(5.56) 8.25 3.72

(0.25) 6.67 55.48
(4.38) 7.89

6 13.63
(1.25) 9.18 5.22

(0.33) 6.29 70.00
(3.38) 4.83 3.42

(0.14) 4.03 90.16
(7.00) 7.76

7 14.92
(0.84) 5.64 5.25

(0.23) 4.32 36.85
(3.55) 9.64 2.48

(0.07) 2.62 42.90
(1.40) 3.27

8 24.99
(1.02) 4.08 5.69

(0.24) 4.21 53.95
(4.28) 7.94 5.47

(0.48) 8.83 45.75
(3.14) 6.86

9 38.12
(3.18) 8.33 5.33

(0.41) 7.66 41.59
(3.31) 7.95 3.32

(0.31) 9.23 19.63
(1.83) 9.31

10 25.15
(1.31) 5.22 2.73

(0.10) 3.79 77.44
(5.79) 7.48 4.56

(0.45) 9.83 28.08
(3.22) 11.48

3. Materials and Methods

3.1. Chemicals and Reagents

Dimethyl sulfoxide (DMSO), 1-octanol, trifluoroacetic acid (TFA), oxidized glutathione
(GSSG), cysteinylglycine (Cys-Gly), homocysteine (Hcy-Hcy), N-acetyl-L-cysteine (NAC),
α-lipoic acid (LA), human serum albumin (HSA), and monobromobimane (mBBr) were
obtained from Sigma Aldrich (St. Louis, MO, USA). L-cystine (Cys-Cys) was purchased
from Reanal (Budapest, Hungary). Ethylenediaminetetraacetic acid disodium salt (EDTA-
Na2), sodium hydroxide (NaOH), and HPLC-grade acetonitrile (ACN) were bought from
J.T. Beaker (Deventer, The Netherlands). Hydrochloric acid (HCl) was supplied by POCH
(Gliwice, Poland). Sodium borohydride (NaBH4) was delivered by Merck (Darmstadt,
Germany), and 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris base) was from BioShop
(Canada). Deionized water was prepared in our laboratory using the Mili-QRG system
(Millipore, Vienna, Austria). The pH of the buffers was adjusted by potentiometric titration
using a system calibrated with standard pH solutions.

3.2. HPLC Instrumentation and Chromatographic Conditions

All the analyses were performed on an integrated LC-4000 Series JASCO RHPLC
system (JASCO, Tokyo, Japan) equipped with a quaternary pump (model No. PU-4180,
Tokyo, Japan), a vacuum degasser, an autosampler (model No. AS-4150, Tokyo, Japan), a
column oven (model No. CO-4062, Tokyo, Japan), and a fluorescence detector (model No.
FP-4020, Tokyo, Japan) operating at the excitation and emission wavelengths of 378 nm and
492 nm, respectively. The detector signal was amplified tenfold. System control and data
acquisition processes were performed using the ChromNAV2 software. Spectra Manager
ver. 2 was used to analyze the spectra.

The samples (5 µL) were injected onto a 150 × 4.6 mm, 3.6 µm particle size Aeris™
WIDEPORE XB-C18 column (Phenomenex, CA, USA) using an autosampler. The mobile
phase consisted of 0.1% TFA in water (A) and 0.1% TFA in ACN (B). All the analyses were
performed at room temperature and the flow rate of the mobile phase was 1 mL min−1.
Chromatographic separation of HSA and low-molecular-weight thiols was achieved in
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35 min with gradient elution as follows: 0–5 min, 5% B; 5–11 min, 5–8% B; 11–18 min,
8–15% B; 18–20 min, 15–30% B; 20–25 min, 30–40% B; 25–26 min, 40–50% B; 26–30 min,
50–70% B; 30–33 min, 70–5% B; 33–35 min, 5% B. Peaks were identified by comparing reten-
tion times and fluorescence spectra with corresponding data from the authentic standard.

3.3. Preparation of Stock and Buffer Solutions

Stock solutions of 0.01 mol L−1 GSSG, Hcy-Hcy, Cys-Gly and 0.1 mol L−1 Cys-Cys and
NAC required for method development were prepared by dissolving appropriate amounts
of the compounds in 100 µL of 1 mol L−1 HCl and diluting to 1 mL. A stock solution of
0.01 mol L−1 α-LA was prepared in 0.1 mol L−1 NaOH. The stock solution of HSA was
prepared by dissolving 300 mg of the protein in 1 mL deionized water. These solutions
were kept at 4 ◦C for one week without any noticeable change in the analyte content. The
working solutions were prepared daily by appropriate dilutions with deionized water as
needed and processed without delay.

The stock solution of the reducing agent was prepared daily by dissolving appropriate
amounts of NaBH4 in 500 µL of 0.1 mol L−1 NaOH to give a concentration of 6 mol L−1

and then preparing a mixture of NaBH4 and DMSO in a volume ratio of 2:1.
The stock solution of 0.1 mol L−1 mBBr was prepared in ACN and stored at 4 ◦C in

the dark for up to one month, without any noticeable change in the content.
The buffer solution of 0.2 mol L−1 Tris–HCl, pH 9.5, containing 0.2 mmol L−1 EDTA-

Na2 was prepared by dissolving 2.4228 g Tris base in 100 mL water and adjusted with
3 mol L−1 HCl to pH 9.5 by potentiometric titration. Then, the stock solution of 0.02 mol L−1

EDTA was prepared by dissolving 0.0074448 g of the compound in a 0.2 mol L−1 Tris–HCl
buffer solution, pH 9.5. Finally, 900 µL EDTA stock solution was mixed with 89.1 mL buffer
solution for a final volume of 90 mL.

3.4. Human Plasma Sample Collection and Storage

Blood (2 mL) was collected by venipuncture from 10 apparently healthy subjects of
various ages into vacutainer tubes containing EDTA. The tubes were immediately placed
on ice and centrifuged at 3500 rpm at 4 ◦C for 10 min. After centrifugation, the clear plasma
supernatant was collected and stored at −80 ◦C until analysis.

3.5. Analytical Method Validation

The methods were validated according to the International Conference on Harmo-
nization (ICH) guidelines for validation of analytical procedures [66] and the Food and
Drug Administration (FDA) guidelines for analytical procedures and methods validation
for drugs and biologics [65].

3.5.1. Preparation of Calibration Standards

To prepare calibration standards for the determination of total thiols in human plasma,
70 µL plasma from each of the apparently healthy individuals was placed in a test tube and
spiked with 10 µL disulfide mixture to obtain the following concentrations: 1.76, 3.0, 5.0,
20.0, 25.0, 30.0 mg mL−1 plasma for HAS; 0.29, 0.5, 1.0, 2.0, 4.0, 5.0 nmol mL−1 plasma for
α-LA; 1.16, 3.0, 5.0, 10.0, 20.0, 35.0 nmol mL−1 plasma for GSH; 9.83, 20.0, 35.0, 50.0, 250.0,
450.0 nmol mL−1 plasma for Cys; 0.55, 1.0, 3.0, 5.0, 20.0, 40.0 nmol mL−1 for Hcy; 0.34,
1.0, 5.0, 10.0, 30.0, 50.0 nmol mL−1 for NAC; and 1.45, 5.0, 10.0, 20.0, 30.0, 45.0 nmol mL−1

plasma for Cys-Gly. In the next step, 20 µL 1-octanol was added. Subsequently, the disulfide
bonds were reduced for five minutes at room temperature by treatment with 30 µL of
a mixture containing 6 mol L−1 NaBH4 in DMSO (2:1; v:v) followed by adding 6 µL of
3 mol L−1 HCl. After the reduction reaction ended, 657 µL of 0.2 mol L−1 Tris–HCl (pH 9.5)
with 0.2 mmol L−1 EDTA buffer were added. Eventually, the thiols were derivatized
with 7 µL of 0.1 mol L−1 mBBr for 10 min at room temperature in the dark. To stop the
derivatization reaction, 200 µL of 1 mol L−1 HCl were added. Of the final sample, 5 µL
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were injected into the chromatographic column. In all cases, the calibration standards were
prepared in triplicate.

3.5.2. Calibration Curves

The calibration range was 1.76–30.0 mg mL−1 plasma for HSA, 0.29–5.0 nmol mL−1

plasma for α-LA, 1.16–35.0 nmol mL−1 plasma for GSH, 9.83–450.0 nmol mL−1 plasma for
Cys, 0.55–40.0 nmol mL−1 for Hcy, 0.34–50.0 nmol mL−1 for NAC, and 1.45–45.0 nmol mL−1

plasma for Cys-Gly. The calibration curves were constructed using a linear least-squares
regression model by plotting the peak area of the respective thiol mBBr derivative against
the analyte concentration.

3.5.3. Limits of Detection and Quantification

LOD and LOQ were determined based on the standard deviation of the intercept
and the slope of the calibration curve obtained for standard solutions of the analytes. The
calibration standards and curves were prepared as follows: 70 µL proxy matrix (0.9% NaCl
in 10 mmol L−1 phosphate buffer, pH 7.4) was placed in each test tube and spiked with
10 µL disulfide mixture to obtain the following concentrations: 1.0, 3.0, 5.0, 20.0, 25.0, and
30.0 mg mL−1 for HSA; 0.1, 0.3, 0.5, 2.0, 4.0, and 5.0 nmol mL−1 for α-LA; 0.3, 1.0, 5.0,
10.0, 20.0, and 35.0 nmol mL−1 for GSH; 5.0, 7.0, 10.0, 50.0, 250.0, and 450.0 nmol mL−1

for Cys; 0.3, 0.5, 1.0, 5.0, 20.0, and 40.0 nmol mL−1 for Hcy; 1.0, 3.0, 5.0, 7.0, 10.0, and
50.0 nmol mL−1 for NAC; 0.7, 5.0, 10.0, 20.0, 30.0, and 45.0 nmol mL−1 for Cys-Gly. The
further procedure was the same as in Section 3.5.1.

3.5.4. Precision and Accuracy

Assay precision was determined intra-day and inter-day. Intra-day precision was
assessed by assaying samples with the same concentration in triplicate and on the same
day. Plasma samples were enriched with thiol standards at the following concentrations:
1.76, 5.0, 15.0, and 30.0 mg mL−1 for has; 0.29, 0.9, 1.75, and 4.0 nmol mL−1 for α-LA; 1.16,
4.0, 15.0, and 30.0 nmol mL−1 for GSH; 9.83, 30.0, 100.0, and 350.0 nmol mL−1 for Cys; 0.55,
1.7, 15.0, and 30 nmol mL−1 for Hcy; 0.34, 1.0, 20.0, and 40.0 nmol mL−1 for NAC; and
1.45, 4.5, 20.0, and 35.0 nmol mL−1 for Cys-Gly. The inter-day precision was investigated
by comparing the assays on three different days. Three sample solutions with the same
concentration as above were prepared and assayed in triplicate.

3.5.5. Matrix Effect Evaluation

The slope comparison method was used to evaluate the matrix effect. First, the slopes
of the standard curves in plasma were compared with the slopes of the standard curves
in a proxy matrix (0.9% NaCl in 10 mmol L−1 phosphate buffer, pH 7.4). In this case,
the matrix effect was determined by spiking 70 µL of plasma or proxy matrix with 10 µL
of mixed standard solutions to obtain low, medium, and high analyte concentrations as
follows: 7.0, 50.0, and 250.0 nmol mL−1 for Cys; 2.0, 10.0, and 30.0 nmol mL−1 for Cys-Gly;
0.5, 5.0, and 20.0 nmol mL−1 for GSH and Hcy; 0.5, 2.0, and 4.0 nmol mL−1 for α-LA; 5.0,
10.0, and 150.0 nmol mL−1 for NAC; and 5.0, 10.0, and 25.0 mg mL−1 for HSA. The rest
of the procedure was the same as in Section 3.5.1, and all the analyses were performed
in triplicate. The next step was to evaluate the matrix effect in plasma samples from five
different subjects at the same analyte concentrations and using the same protocol as above.
The slopes of the calibration curves from the standard addition experiments were then
compared for all the analytes.

3.6. Application to Real Samples

The content of total thiols in plasma samples from 10 potentially healthy volunteers
was estimated. The method of single standard addition was used. For this purpose,
measurements of the analytical signal were made for the plasma samples containing only
the analyte and for the plasma samples with the addition of a known amount of the
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standard at concentrations of 50.0 nmol mL−1 for Cys and NAC, 20.0 nmol mL−1 for Cys-
Gly, GSH, and Hcy, 4.0 nmol mL−1 for α-LA, and 10.0 mg mL−1 for HSA. The procedure
was the same as presented in Section 3.5.1.

3.7. Statistical Analysis

All calculations, graphs, and statistical analyses were performed using Microsoft
Excel 16.0 (Microsoft Corporation). Each value in the calibration charts represents the
mean of three independent measurements with the standard deviations indicated. Unless
otherwise noted, the graphs show a representative set of results from a plasma sample
obtained from a single individual. All the results were presented as the means ± SD
of three chromatographic runs. Linear regression was applied to develop an equation
for predicting thiol concentration in plasma. Linear least-squares regression was used to
calculate the linearity relationship between peak ranges and analyte concentrations.

4. Conclusions

In recent years, the detection of biothiols has attracted considerable interest because
of their central role in a variety of physiological and pathological processes in the human
body [52]. Continuous monitoring of the concentrations of endogenous thiols in biological
fluids is extremely important to determine their content changes during disease devel-
opment. Therefore, it can be a valuable source of information when assessing a patient’s
health status. HPLC-FLD is the most widely used method for the determination of endoge-
nous thiols in biological samples due to its high sensitivity and robustness [14]. In this
work, we propose a new, sensitive, and simple protocol for the simultaneous determina-
tion of HSA and six low-molecular-weight thiols in human plasma. The assay is based
on the reduction of disulfide bonds with NaBH4 followed by pre-column derivatization
with mBBr. The thiol–bimane derivatives are then separated and quantified by RP-HPLC
with fluorescence detection at the excitation and emission wavelengths of 378 nm and
492 nm, respectively. The major advantage of the presented method is that it allows the
simultaneous determination of compounds with very different physicochemical properties
in a complex matrix at the same analytical wavelengths and in a relatively short time of
35 min. The method was validated according to the FDA [65] and ICH [66] guidelines and
the recovery, accuracy, and precision values meet the criteria for the analysis of biological
samples. The devised method can be successfully used to determine HSA, α-LA, GSH,
Cys, Hcy, Cys-Gly, and NAC concentrations in plasma samples derived from potentially
healthy individuals.

Supplementary Materials: The following are available online, Figure S1: Dependence of the mean
peak area on the pH of the buffer used for the derivatization reaction, n = 3, Figure S2: Dependence
of the mean peak area on the volume of mBBr, n = 3, Figure S3: Dependence of the mean peak area
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Author Contributions: Conceptualization, methodology, software, validation, formal analysis,
investigation, data curation, writing—original draft preparation, resources, visualization, K.K.;
writing—review and editing, supervision, project administration, funding acquisition, G.C. and R.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the University of Lodz (protocol
code 10/KBBN-UŁ/I/2020-21, approved on 15 December 2020).

Informed Consent Statement: Informed consent was obtained from all the subjects involved in
the study.

Data Availability Statement: HPLC data are available from the authors.

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

113



Molecules 2021, 26, 3321

Sample Availability: Plasma samples were damaged during the experiments and are not available
from the authors.

Appendix A

α

y = 150,925x + 1 × 107

R² = 0.9953

0
2,000,000
4,000,000
6,000,000
8,000,000

10,000,000
12,000,000
14,000,000
16,000,000
18,000,000

0 5 10 15 20 25 30 35

M
ea

n 
pe

ak
 a

re
a 

(µ
V⋅

s)

Plasma concentration (mg mL-1)

y = 3487.6x + 4187.2
R² = 0.9977

0

5,000

10,000

15,000

20,000

25,000

0 1 2 3 4 5 6

M
ea

n 
pe

ak
 a

re
a 

(
V

s)

Plasma concentration (nmol mL-1)

Figure A1. Calibration curve for human serum albumin.
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Figure A2. Calibration curve for α-lipoic acid.
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Figure A3. Calibration curve for glutathione.
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Figure A4. Calibration curve for cysteine.
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Figure A5. Calibration curve for homocysteine.
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Figure A6. Calibration curve for N-acetyl-L-cysteine.

115



Molecules 2021, 26, 3321

 

 ş

 

 

 ł ś

 

 

 

 

 

 

y = 34,376x + 379.58
R² = 0.9999

0
200,000
400,000
600,000
800,000

1,000,000
1,200,000
1,400,000
1,600,000
1,800,000
2,000,000

0 10 20 30 40 50

M
ea

n 
pe

ak
 a

re
a 

(
V

s)

Plasma concentration (nmol mL-1)

y = 3370.3x + 54,775
R² = 0.9998

0

50,000

100,000

150,000

200,000

250,000

0 10 20 30 40 50

M
ea

n 
pe

ak
 a

re
a 

(µ
V⋅

s)

Plasma concentration (nmol mL-1)

Figure A7. Calibration curve for cysteinylglycine.
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Abstract: In consideration of its relatively constant urinary excretion rate, creatinine (2-amino-1-
methyl-5H-imidazol-4-one, MW 113.1) in urine is a useful endogenous biochemical parameter to cor-
rect the urinary excretion rate of numerous endogenous and exogenous substances. Reliable measure-
ment of creatinine by gas chromatography (GC)-based methods requires derivatization of its amine
and keto groups. Creatinine exists in equilibrium with its open form creatine (methylguanidoacetic
acid, MW 131.1), which has a guanidine and a carboxylic group. Trimethylsilylation and triflu-
oroacetylation of creatinine and creatine are the oldest reported derivatization methods for their
GC-mass spectrometry (MS) analysis in human serum using flame- or electron-ionization. We per-
formed GC-MS studies on the derivatization of creatinine (d0-creatinine), [methylo-2H3]creatinine (d3-
creatinine, internal standard) and creatine (d0-creatine) with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) using standard derivatization conditions (60 min, 60 ◦C), yet in the absence of any base.
Reaction products were characterized both in the negative-ion chemical ionization (NICI) and in the
positive-ion chemical ionization (PICI) mode. Creatinine and creatine reacted with BSTFA to form
several derivatives. Their early eluting N,N,O-tris(trimethylsilyl) derivatives (8.9 min) were found to
be useful for the precise and accurate measurement of the sum of creatinine and creatine in human
urine (10 µL, up to 20 mM) by selected-ion monitoring (SIM) of m/z 271 (d0-creatinine/d0-creatine)
and m/z 274 (d3-creatinine) in the NICI mode. In the PICI mode, SIM of m/z 256, m/z 259, m/z 272
and m/z 275 was performed. BSTFA derivatization of d0-creatine from a freshly prepared solution
in distilled water resulted in formation of two lMate-eluting derivatives (14.08 min, 14.72 min),
presumably creatinyl-creatinine, with the creatininyl residue existing in its enol form (14.08 min)
and keto form (14.72 min). Our results suggest that BSTFA derivatization does not allow specific
analysis of creatine and creatinine by GC-MS. Preliminary analyses suggest that pentafluoropropionic
anhydride (PFPA) is also not useful for the measurement of creatinine in the presence of creatine.
Both BSTFA and PFPA facilitate the conversion of creatine to creatinine. Specific measurement of
creatinine in urine is possible by using pentafluorobenzyl bromide in aqueous acetone.

Keywords: BSTFA; creatine; creatinine; derivatization; quantification; silylation; TMS; validation

1. Introduction

Creatinine (2-amino-1,5-dihydro-1-methyl-4H-imidazol-4-one, MW 113.12; see Scheme 1)
is the end-product of creatine catabolism. Creatinine is excreted in the urine with a fairly
constant rate and is generally used for the correction of renal excretion rates of endogenous
and exogenous substances. This correction is indispensable in clinical studies when urine
specimens from spontaneous micturition must be analyzed [1]. The mean concentration of
creatinine in urine samples of healthy adults is approximately 12–13 mM, with men excret-
ing higher amounts of creatinine than women [1]. Besides the spectrophotometric method
based on the famous Jaffé reaction [2] many different analytical methods are currently avail-
able for creatinine. They include spectrophotometric, enzymatic and instrumental methods
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based on HPLC, GC-MS, LC-MS and LC-MS/MS [3–19]. Lawson [20] and Siekmann [21]
demonstrated by electron ionization (EI) that creatinine reacts with silylation reagents to
form its N,N,O-tris(trimethylsilyl) derivative. Björkhem and colleagues used trifluoroacetic
anhydride for the derivatization of creatinine and its GC-MS analysis [22]. Trimethylsilyla-
tion derivatization reactions used in MS-based methods were found to be associated with
interferences due to formation of several derivatives [23]. To our knowledge, the GC-MS
measurement of urinary creatinine as N,N,O-tris(trimethylsilyl) derivative by negative-ion
chemical ionization (NICI) or positive-ion chemical ionization (PICI) has not been reported
thus far.

 

 

Scheme 1. Schematic of the expected derivatization reaction and products of (A) unlabeled creatinine (d0-creatinine),
(B) deuterium-labelled creatinine ([methylo-2H3]creatinine, d3-creatinine) and (C) unlabeled (d0-creatine) and with N,O-
tris(trimethylsilyl)trifluoroacetamide (BSTFA) to form their N,N,O-tris(trimethylsilyl) creatinine derivatives (A,B) and
N,N,N’,O-tetrakis(trimethylsilyl creatine derivative (C).

In the present study, we investigated in detail the derivatization of unlabelled creati-
nine (d0-creatinine), commercially available [methylo-2H3]creatinine (d3-creatinine) and
unlabelled creatine (d0-creatine) by N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), one
of the oldest trimethylsilylation reagents for amino acids [24]. It is well known that BSTFA
reacts with many functional groups, notably hydroxyl, carboxyl and amine groups. Based
on this knowledge we expected that BSTFA will react with creatinine and creatine to form
N- and O-derivatives (Scheme 1).
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In our study, we used GC-MS in the NICI and in the PICI mode, confirmed the forma-
tion of the expected N,N,O-tris(trimethylsilyl) derivatives and identified several derivatives
of creatinine and creatine that have not reported thus far. As creatinine and creatine are
in a pH-dependent equilibrium and inter-convertible, our results suggest that BSTFA and
GC-MS are not specific for creatinine and creatine but allow measurement of their sum.
Using d3-creatinine as the internal standard we demonstrate that creatinine can be reli-
ably quantitated in 10-µL aliquots of human urine by GC-MS as N,N,O-tris(trimethylsilyl)
derivative with minimum labour.

2. Materials and Methods

2.1. Chemicals and Materials

Unlabeled creatine (d0-creatine), unlabeled creatine phosphate 4×H2O, unlabeled cre-
atinine (d0-creatinine) and trideuterocreatinine, i.e., [methylo-2H3]creatinine (d3-creatinine;
declared isotopic purity of >99 atom% 2H) were obtained from Aldrich (Steinheim, Ger-
many). Stock solutions of d0-creatine, d0-creatinine and d3-creatinine (each 20 mM) were
prepared in deionized water and stored in a refrigerator at 8 ◦C. BSTFA was obtained
from Macherey-Nagel (Düren, Germany). Glassware for GC–MS (i.e., 1.5 mL autosam-
pler glass vials and 0.2 mL microvials) and a fused-silica capillary column Optima 17
(15 m × 0.25 mm I.D., 0.25 µm film thickness) were purchased from Macherey-Nagel.

2.2. Derivatization Procedure for Creatinine in Human Urine Samples

Urine samples used in method development and validation were obtained from
healthy volunteers being members of the researcher group and authors of this manuscript.
Urine samples (1-mL aliquots) were kept frozen at −18 ◦C until analysis. Prior to sample
derivatization, urine samples were thawed and centrifuged (5800× g, 5 min). Urine (10 µL)
and synthetic creatinine-containing samples (usually 10 µL) were evaporated to complete
dryness under a stream of nitrogen. Subsequently, the samples were treated with 100 µL
absolute ethanol and the solvents were evaporated to dryness by a stream nitrogen gas
to remove remaining water. Then, the residues were reconstituted with pure BSTFA
(100 µL), the glass vials were tightly closed and heated for 60 min at 60 ◦C in a thermostat.
After cooling to room temperature, aliquots (about 90 µL) were transferred into 1.8-mL
autosampler glass vials equipped with 200-µL microinserts. Aqueous solutions (usually
10 µL aliquots) of creatinine and creatine were derivatized as described above.

2.3. GC–MS Conditions

In this work, we used a GC-MS method previously used in our group for amino
acid derivatives [25]. GC-MS analyses were performed on a single-quadrupole mass
spectrometer model ISQ directly interfaced with a Trace 1310 series gas chromatograph
equipped with an autosampler AS 1310 from ThermoFisher (Dreieich, Germany). The
following oven temperature program was used with helium as the carrier gas at a constant
flow rate of 1 mL/min: 0.5 min at 40 ◦C, then increased to 210 ◦C at a rate of 15 ◦C/min
and to 320 ◦C at a rate of 35 ◦C/min, respectively, and held at 320 ◦C for 1 min. Interface,
injector and ion-source were kept at 300 ◦C, 280 ◦C and 250 ◦C, respectively. Electron
energy was set to 70 eV and electron current to 50 µA. Methane (2.4 mL/min) was used
as the reagent gas for NICI and PICI. Aliquots (1 µL from derivatization mixtures) were
injected in the splitless mode by means of the autosampler using a 10-µL Hamilton needle,
which was cleaned automatically three times with toluene (5 µL) after each injection.
Quantitative analyses were performed in the selected-ion monitoring (SIM) mode. The
peak area (PA) values of d0-creatinine and d3-creatinine were calculated automatically by
the GC–MS software (Xcalibur and Quan Browser). The concentration of d0-creatinine was
calculated by multiplying the peak area ratio (PAR) of d0-creatinine to d3-creatinine with
the concentration of d3-creatinine added to the sample. Statistical analyses and graphs
were performed and prepared by GraphPad Prism 7 (San Diego, CA, USA).
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2.4. HPLC Analysis of Creatine, Creatinine and Creatine-Phosphate in HCl Solutions

We used a HPLC method previously reported by our group for creatinine measure-
ment in human urine [16]. HPLC analyses were carried out on the an HPLC system
consisting of an Agilent 1100 Series binary pump G1312A, an Agilent 1100 Series Degaser
G1322A, an Agilent 1100 Series oven column Colcom G1316A, an Agilent 1100 Series VWD
detector (all Agilent, Waldbronn, Germany, and an MP3 autosampler (Gerstel, Mülheim,
Germany), ChemStation for LC-Systems Rev.B.0402SP1 (212) and Gerstel Maestro Version
1.3.20.41.13.5 were used to control the HPLC system and evaluate the analyses. HPLC
analyses were performed on a Kinetex 5 µm EVO C18 100 Å column (250 × 4.6 mm) from
Phenomenex (Aschaffenburg, Germany) at a fixed column temperature of 20 ◦C. The
mobile phase was 100 mM sodium acetate, pH 7.5, 10 vol% methanol and was pumped
at a flow rate of 1.0 mL/min. Samples (20 µL) were injected by means of the autosam-
pler. The effluent was monitored at 210 nm. The analysis time was 5 min. The retention
time was 2.073 ± 0.018 min for creatine-phosphate, 2.252 ± 0.007 min for creatine and
2.547 ± 0.007 min for creatinine.

3. Results

3.1. Generation of GC-MS Spectra and Characterization of Derivatization Products of d0-Creatine
and of d3-Creatinine

Each 100 nmol of d0-creatinine and d3-creatinine taken from their aqueous solutions
were combined, the solvent was evaporated to dryness and derivatized with 100 µL BSTFA
as described above. Derivatization resulted in a yellow-colored clear solution. The sample
was analyzed by GC-MS in the PICI and NICI mode consecutively by injecting 1-µL aliquots
of the BSTFA solutions corresponding each to 1 nmol of d0-creatinine and d3-creatinine
(assuming quantitative derivatization). GC-MS spectra were generated by scanning the
quadrupole in the mass-to-charge (m/z) ratio range of 50–650 and 50–1000 (1 scan per s).
We observed two chromatographic peaks with the retention time of 8.6 min and 8.9 min
(major peak) and their GC-MS spectra contained paired m/z values differing by 3 Da due
to the three deuterium atoms in methyl group of d3-creatinine (Figure 1).

The most intense anions in the NICI mass spectrum (Figure 1A) of the GC peak eluting
at 8.9 min were m/z 271 and m/z 274 (base peaks). Less intense anions were found at
m/z 199 and m/z 202, and very weak ions (intensity < 1%) were m/z 326 and m/z 329,
presumably due to molecular anions of the derivatives (i.e., [M]−). These data indicate
the presence of the unlabeled methyl group in d0-creatinine and of the deuterium-labeled
methyl group of d3-creatinine in this peak (Figure 1A). The NICI spectrum of this GC
peak also contained weak anions at m/z 144 and m/z 186 that do not carry the original
methyl group of creatinine (Figure 1A). The PICI mass spectrum of the GC peak eluting at
8.9 min contained intense cations at m/z 272, m/z 275, m/z 256 and m/z 259, less intense
cations at m/z 300 and m/z 303, weaks ions at m/z 312 and m/z 315, and very weak ions
(intensity < 1%) at m/z 330 and m/z 333, presumably due to the protonated molecules of
the derivatives (i.e., [M+H]+) (Figure 1B).

These data indicate the presence of the unlabeled methyl group in d0-creatinine and
the deuterium-labeled methyl group of d3-creatinine in this peak (Figure 1). Comparison
of the total ion intensity in the NICI and PICI mass spectra (1.85 × 106 versus 9.92 × 105,
Figure 1) suggests that NICI may allow for a more sensitive detection of creatinine than
PICI. Proposed fragmentation mechanisms of the N,N,O-trimethylsilyl derivatives in the
PICI are shown in Scheme 2.

The smaller GC peak eluting at 8.6 min had closely comparable NICI and PICI mass
spectra to those of the N,N,O-tris(trimethylsilyl) derivative (data not shown). These ob-
servations suggest that the GC peak with the retention time of 8.6 min is an isomer of the
N,N,O-tris(trimethylsilyl) derivative of creatinine.
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Figure 1. (A) Negative-ion chemical ionization (NICI) and (B) positive-ion chemical ionization (PICI) GC-MS
spectra generated from a mixture of d0-creatinine (blue) and d3-creatinine (red) after derivatization with N,O-
tris(trimethylsilyl)trifluoroacetamide (BSTFA) at 60 ◦C for 60 min (each 1 nmol injected). The retention time (tR) of
the GC-MS peak was 8.9 min. Insets indicate the proposed structures of the derivatives and ions. See Scheme 2.
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Scheme 2. Proposed fragmentation mechanisms for the N,N,O-trimethylsilyl derivatives of d0-creatinine (A, blue) and
d3-creatinine (B, red) of the GC-MS peak with the retention time of 8.9 min in the PICI mode. The numbers give the
molecular weight of the neutral substances and the cations. See Figure 1B.

The GC peak with the retention time of 8.7 min was only detectable in the PICI mode.
The PICI mass spectrum of this peak contained three pairs of cations differing by 3 Da
due to the presence of d3-creatinine, i.e., m/z 314 and m/z 317 (base peaks), m/z 330 and
m/z 333 ([M+H]+), and m/z 358 and m/z 361 ([M+C2H4+H]+) (Figure 2). Adducts such as
C2H4 (28 Da) are common in PICI of amines such as dimethyl amine and derive from the
reactant gas methane [26]. Presumably, the adduct is on the non-ring amine group. These
observations suggest the GC peak eluting at 8.7 min is a creatinine derivative with three
trimethylsilyl (TMS) groups, most likely the N2,N3,O4-tris(trimethylsilyl) derivative. It
cannot ionize in the NICI mode, presumably because of the inability to form anions by loss
of an H atom or by capturing an electron due to the lack of electron-capturing atoms and
functional groups in the derivative. The cations with m/z 314 and m/z 317 seem to be very
stable and do not fragment. The cations m/z 55, m/z 57, m/z 73 and m/z 147 are shared by
d0-creatinine and d3-creatinine and are likely to be associated with the TMS groups (see
also [23]) of the derivatives (see also Figure 1B).
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Figure 2. PICI GC-MS spectrum generated from a mixture of d0-creatinine (blue) and d3-creatinine (red) after derivatization
with BSTFA at 60 ◦C for 60 min. The retention time (tR) of the GC-MS peak was 8.7 min. Insets indicate the proposed
structures for the mass fragments. See also Figure 1B.

3.2. Generation of GC-MS Spectra and Characterization of Derivatization Products of d0-Creatine

Derivatization of d0-creatine with BSTFA (60 ◦C, 60 min) resulted in the formation
of three GC-MS peaks with the retention times of the d0-creatinine. The NICI and PICI
mass spectra of these derivatives were virtually identical with those of the d0-creatinine
derivatives (data not shown). In order to investigate the potential formation of additional
derivatives of d0-creatine we extended the upper m/z scanning range to 1000 and the
acquisition time to 16 min. We observed two GC-MS eluting at 14.08 min (minor peaks)
and 14.72 min (major peaks) in the NICI and PICI mode. The corresponding GC-MS spectra
of these d0-creatine derivatives and the relatively high difference in their long retention
times suggest that these peaks are not derivatives of d0-creatine or d0-creatinine (Figure 3).
A possible explanation could be the formation of a creatinyl-derivative by the reaction of
two creatine molecules and/or by the reaction of a creatine molecule and with a molecule of
creatinine formed from creatine during the derivatization. The peak with shorter retention
time could be due to its TMS ether functionality compared to the keto group.
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Figure 3. NICI (A,C) and PICI (B,D) GC-MS spectra generated from the BSTFA derivatization (60 ◦C, 60 min) of a freshly
prepared solution of d0-creatine in deionized water upon its evaporation to complete dryness. The retention times (tR) of
the GC-MS peak were 14.08 min (minor peak, red) and 14.72 min (major peak, blue). Insets indicate the proposed structures
for the mass fragments. The same oven column temperature program was used as in Figures 1 and 2.

3.3. Standardization of [methylo-2H3]Creatinine

The isotopic purity of stable isotope-labelled analogs is of particular importance in
quantitative analyses [27]. The isotopic purity of the commercially available [methylo-
2H3]creatinine was verified as follows.

Nine separate samples containing each 100 nmol of d0-creatinine and d3-creatinine
were derivatized with BSTFA (100 µL) and 1-µL aliquots of their solutions were analyzed
by SIM of m/z 256, m/z 259, m/z 271, and m/z 274 (peak with retention time 8.9 min).
Analysis of the sample containing d0-creatinine generated a mean PAR of 0.02223 ± 0.00329
(RSD, 15%; n = 9) for m/z 259 to m/z 256, and a PAR of 0.01302 ± 0.00209 (RSD, 16%; n = 9)
for m/z 274 to m/z 271. Analysis of the samples that contained d3-creatinine produced a
mean PAR of 0.000588 ± 0.0001411 (RSD, 24%; n = 9) for m/z 256 to m/z 259 and a mean
PAR of 0.01108 ± 0.0002861 (RSD, 2.6%; n = 9) for m/z 271 to m/z 274. These observations
indicate the presence of only very low amounts of d0-creatinine in the commercial [methylo-
2H3]creatinine and confirm its declared isotopic purity (>99 atom% 2H).

3.4. Method Linearity, Precision and Accuracy

For quantitative analyses of creatinine, we selected the N,N,O-tris(trimethylsilyl)
derivative of creatinine with the retention of 8.9 min. The structure of this creatinine
derivative is most likely N2,N2,O4-tris(trimethylsilyl). The structure with the ring-N3 atom
of creatinine, which is not derivatized, allows both PICI and NICI. In the NICI mode, SIM
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of m/z 271 for d0-creatinine and m/z 274 for d3-creatinine was performed. A representative
GC-MS chromatogram is shown in Figure 4 and indicates peaks with closely comparable
intensity (2.66 × 106 versus 2.56 × 106) due to injection of nominally 1 nmol of each analyte.
In the PICI mode, SIM of m/z 256 and m/z 272 for d0-creatinine and of m/z 259 and m/z 275
for d3-creatinine was performed. The dwell-time was 108 ms for all ions and the electron
multiplier voltage was set to 2025 V.

 

Figure 4. Partial GC-MS chromatograms from the analysis of an equimolar mixture of d0-creatinine (blue) and d3-creatinine
(red) after derivatization with BSTFA at 60 ◦C for 60 min (each 1 nmol injected). SIM of m/z 271 for d0-creatinine and m/z

274 for d3-creatinine was performed in the NICI mode.

Stock solutions (each 20 mM) of d0-creatinine and d3-creatinine were freshly prepared
in Ampuwa deionized water. Dilutions of the stock solution of d0-creatinine were prepared
using Ampuwa water providing d0-creatinine concentrations of 0, 2, 4, 6, 8, 10, 14 and
20 mM. Each 10-µL aliquots of these solutions were combined with each 5-µL aliquots of
the 20 mM d3-creatinine stock solution. After evaporation to dryness under a stream of
nitrogen gas, reconstitution of the residue in absolute ethanol and renewed evaporation to
dryness, derivatization with 100 µL BSTFA each was performed (60 min, 60 ◦C). Then. 1-µL
aliquots of the samples were injected in the splitless mode and analyzed in the PICI mode
by SIM of m/z 256, m/z 259, m/z 272 and m/z 275. The amounts injected were 1 nmol
for d3-creatinine in each sample and varying amounts of d0-creatinine (i.e., 0.0, 0.2, 0.4,
0.6, 0.8, 1.0, 1.4, 2 nmol). These analyses were performed by three persons in triplicate
for each concentration. The precision (relative standard deviation, RSD) ranged between
0.1% and 8.4%. Linear regression analysis between the PAR m/z 256 to m/z 259 (y) or
the PAR m/z 272 to m/z 275 (y) and the amount of d0-creatinine (nmol) (x) for all data
resulted in straight lines with the regression equations y = 0.033 + 0.0087x (r2 = 0.9945) and
y = 0.001 + 0.0098x (r2 = 0.9937), respectively (Figure 5). The reciprocal values of slopes of
the straight lines were 115 nmol and 102 nmol and correspond to the nominal amount
of d3-creatinine of 100 nmol used in the linearity experiment. Thus, SIM of m/z 272 and
m/z 275 yields a higher mean accuracy than SIM of m/z 256 and m/z 259 (87% vs. 98%)
(Figure 5).
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Figure 5. Linear relationships between the peak area ratio (PAR) values and d0-creatinine amounts obtained by SIM of
m/z 256 and m/z 272 for d0-creatinine and of m/z 259 and m/z 275 for d3-creatinine in the PICI mode. The indicated
d0-creatinine amounts and each 100 nmol d3-creatinine were derivatized with BSTFA (100 µL) at 60 ◦C for 60 min and 1 µL
aliquots of the reaction mixture were injected in the splitless mode. Data are shown as mean ± standard deviation (n = 9).
These analyses were performed by three persons in triplicate for each d0-creatinine amount. For more details, see the text.

3.5. Measurement of Creatinine in Human Urine in the NICI Mode

The method was validated in human urine samples in the NICI mode by the three
persons who performed the experiment described above. Three healthy volunteers (#1,
#2, #3) donated urine samples by spontaneous micturition. To 10-µL urine aliquots, d0-
creatinine was added to reach final added concentrations of 2, 4, 6, 10, 14 and 20 mM. d3-
Creatinine was also added to these samples to reach a fixed concentration of 10 mM in each
urine sample. After evaporation to dryness under a stream on nitrogen gas, reconstitution
of the residues in 100 µL aliquots of absolute ethanol and renewed evaporation to dryness,
derivatization each with 100 µL BSTFA was performed (60 min, 60 ◦C) and 1-µL aliquots
were injected and analyzed by SIM of m/z 271 and m/z 274 in the NICI mode. Linear
regression analysis between the PAR of m/z 271 to m/z 274 (y) and the concentration of
d0-creatinine (mM) (x) resulted in straight lines (Figure 6). The reciprocal slope values of
the straight lines were 10.9 mM for urine #1, 11.0 mM for urine #2, and 10.2 mM for urine
#3. Based on the nominal concentration of d3-creatinine of 10 mM in the urine samples, the
mean accuracy is calculated to be 109%, 110% and 102% in the three human urine samples
in the concentration range investigated. The y axis intercept values indicate mean basal
creatinine+creatine concentrations of 1.7, 1.8 and 1 mM, respectively.
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Figure 6. Linear relationships between the peak area ratio (PAR) values and the varying d0-creatinine
concentrations added to human urine samples donated by three healthy volunteers and regression
equations. d3-Creatinine was added at the fixed concentration of 10 mM and served as the internal
standard. SIM of m/z 271 and m/z 274 for d0-creatinine and d3-creatinine was performed in the NICI
mode, respectively. The analyses were performed by the three persons who performed the analyses
shown in Figure 5. For more details, see the text.

3.6. HPLC Analysis of Creatinine in HCl Solutions of Creatine

The aim of these analyses was to estimate the extent of formation of creatinine
from creatine and creatine-phosphate in hydrohloric acid solutions of varying molar-
ity and incubation time at room. Linear relationships between the response (y), i.e., peak
area, mAU×min at 210 nm, and the creatinine concentration in µM (x) was observed:
y = 7.4 + 4.92 x, (r2 = 0.9999) (range, 0–1000 µM). This regression equation was used to
measure the concentration of creatinine in creatine solutions in hydrochloric acid (Figure 7).
The concentration of creatinine in freshly prepared 5000 µM creatine solutions ranged
between 2 and 7 µM and increased with increasing HCl molarity and incubation time up
to 56 µM at 1 M HCl and 360 min (Figure 7A) and up to 2500–3000 µM after 63 days in
250–1000 mM HCl solutions (Figure 7B). The sigmoidal creatinine-incubation time profile
in a 5000 µM solution of creatine in 25 mM HCl is shown in (Figure 7C). The highest
creatinine concentration was determined to be 2150 µM after 69 days. Creatine-phosphate
was found to be stable in deionized water. Similar experiments with HCl-solutions of
creatine-phosphate did not result in formation of considerable amounts of creatinine (data
not shown). Except for creatine and creatinine we did not detect appearance of additional
peaks within HPLC run time of 5 min and UV absorbance detection at 210, 232 and 250 nm.
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Figure 7. (A–C) Creatinine formed upon incubation of 5 mM creatinine in deionized water and in the indicated HCl
solutions for the indicated times at room temperature (22–25 ◦C). Analyses were performed by HPLC with UV absorbance
detection at 210 nm. Note the double decadic logarithmic scale in panel (C).

4. Discussion

Silylation is one of the most widely used derivatization reaction in analytical chem-
istry, notably in GC-based methods. Silylation reagents such as BSTFA and MSTFA are
not specific, but react with different functionalities of organic compounds, especially of
hydroxyl and amine groups, to form O- and N-trimethylsilyl derivatives [23]. Such deriva-
tives are volatile and thermally stable in non-aqueous systems, best properties in GC-based
analytical methods.

Creatinine, 2-amino-1-methyl-5H-imidazol-4-one (Scheme 1), is an endogenous sub-
stance, the final metabolite of creatine catabolism. Creatinine can be formed chemically
from creatine by acid-catalyzed cyclization (Scheme 1). The most significant field of inter-
est in creatinine is Clinical Chemistry. Serum creatinine serves as an indicator of kidney
function. Urinary creatinine is of particular importance in clinical, pharmacological and
epidemiological studies, where biomarkers must be measured in urine collected from
spontaneous micturition, i.e., when the urine volume and the time between two urine
collections are unknown. This particular importance is because creatinine is excreted in
the urine with a relatively constant rate primarily via glomerular filtration mainly de-
pending on age and gender. The great interest in creatinine in various disciplines led to
the development of many analytical methodologies based on different principles. As an
organic amine, derivatization of creatinine improves its physicochemical properties so
that its analysis becomes feasible by GC also coupled with mass spectrometry (MS) [3–23].
Thus, GC-MS was used several decades ago for the quantitative measurement of creatinine
in biological samples including serum and urine using stable isotope-labelled analogs of
creatinine [20–22].

Using trimethylsilylation (no conditions reported), Lawson found by GC-MS and EI
that creatinine is converted to a single derivative, which was identified as the N,N,O-TMS
derivative [20]. The EI mass spectrum of this derivative contained two ions at m/z 329,
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which is the the molecular radical cation [M]•+, and m/z 314 due to the loss of methyl radical
([M-CH3]+) from one of the three TMS groups [20]. This derivative obviously corresponds
to the derivatives of do-creatinine of d3-creatinine in our study with the retention time of
8.9 min. Siekmann extracted creatinine from human serum samples by cation-exchange
resin Ag 50W-X2, derivatized by N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)
in anhydrous pyridine (1:1, v/v) by heating (40 min, 60 ◦C) [21]. Siekmann reported on the
formation of a single GC-MS peak (by SIM), of which the EI spectrum was very similar
to that reported by Lawson [20], supporting the formation of a N,N,O-TMS derivative of
creatinine. Neither Lawson nor Siekmann reported in their papers analogous analyses with
creatine.

Our observations strongly suggest that derivatization of creatinine (60 min, 60 ◦C)
with pure BSTFA, i.e., in the absence of any solvents such as pyridine generates at least three
derivatives. The derivative eluting at 8.9 min is most likely N2,N2,O4-tris(trimethylsilyl)-
creatinine, identical with that proposed by Lawson [20] and Siekmann [21]. The second
major derivative formed under the same derivatization conditions is most likely N2,N3,O4-
tris(trimethylsilyl)-creatinine with the retention time of 8.7 min (Scheme 3). This derivative
has not been reported thus far. N2,N3,O4-tris(Trimethylsilyl)-creatinine elutes in front of
N2,N2,O4-tris(trimethylsilyl)-creatinine presumably because all derivatizable N atoms of
creatinine are derivatized.

 

●

‒

 

Scheme 3. Proposed chemical structures for two derivatives of creatinine formed by its reaction with
N,O-tris(trimethylsilyl)trifluoroacetamide (BSTFA) at 60 ◦C for 60 min in pure BSTFA.

Our study also strongly suggests that derivatization of creatine with pure BSTFA under
same conditions (60 min, 60 ◦C) generates the same two derivatives eluting at 8.7 min and
8.9 min. The results from HPLC analyses of creatine solutions in deionized water and
hydrochloric acid solutions suggest that creatine cyclizes to form creatinine, yet a very low
extent. One may therefore assume that the derivatives N2,N3,O4-tris(trimethylsilyl) and
N2,N2,O4-tris(trimethylsilyl) are formed during the BSTFA derivatization step.

To the best of our knowledge, the present study is the first to demonstrate the forma-
tion of two new derivatives from creatine via BSTFA derivatization (60 min, 60 ◦C). These
derivatives emerge from the column 5 to 6 min later than the above-mentioned deriva-
tives of creatinine and creatine. Our study strongly suggests that both late-eluting TMS
derivatives stem from a creatine-creatinine adduct. As no creatinine was initially present

131



Molecules 2021, 26, 3206

in the creatine sample, the detected creatine-creatinine is likely to have been formed by
alternative mechanisms. One possible mechanism could involve formation of the O-TMS
ester of creatine (Scheme 4), which is likely to be formed more rapidly and to a higher extent
than the N-TMS [24]. Subsequently, free amine groups may attack the chemically activated
carboxylic group to make the creatinine residues. Thus far, only one group has reported on
the synthesis of creatinyl-amino acids derivatives such as creatinyl-glycine, which has been
reported to be neuroprotective [28]. In the NICI and PICI mass spectra of these derivatives
we obtained mass fragments being each by 4 Da (see Figure 3). An explanation for this
finding could be loss of 4 H atoms in total on the three trimethylsilyl groups of the terminal
guanidine group. We do not know whether this results from the derivatization or ionization
irrespective of the ionization mode. Such a phenomenon has not been reported thus far.
Yet, there is an indication that this may occur in N,N-di-trimethylsilyl derivatives [29–31].
Thus, in the EI mass spectra of the per-trimethylsilylated 1-phosphono-2-amino-ethane
(MW 413) and O-phosphorylethanolamine (MW 429) the cation m/z 174 was observed,
which was assigned to [CH2=N(Si(CH3)3)2]+. These spectra also contained m/z 172 with
intensity ratio of 2:1. A possible structure for m/z 172 could be [CH2=N(Si(CH3)2CH2)2]+.

 

 

Scheme 4. Proposed chemical structures for the formation of creatinyl-creatinine derivatives from
the derivatization of creatine with pure N,O-tris(trimethylsilyl)trifluoroacetamide (BSTFA) at 60 ◦C
for 60 min. See the NICI and PICI mass spectra of these derivatives in Figure 3.

Silylation of this compound with a perdeuterated silylation reagent shifted these
cations to m/z 192 and m/z 188 [30], strongly supporting the bridging of two methyl
groups of the neighboring TMS groups on the amine group. BSTFA and other silylation
agents can react with various functionalities [23], including acetamide groups such as
that of acetaminophen (paracetamol) to generate its O,O-di-TMS derivative [31], and their
derivatives undergo multiple fragmentations and rearrangements during ionization such
as EI [32].
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Pentafluoropropionic anhydride (PFPA) is another useful derivatization reagent in
GC-MS. Like BSTFA, PFPA also reacts with amine, hydroxylic and carboxylic groups for
instance of amino acids [33]. The N-pentafluoropropionyl derivatives are considerably
more stable than the O-pentafluoropropionyl derivatives [34]. As BSTFA derivatization
does not allow discrimination between creatinine and creatine, we tested the utility of PFPA.
Under conditions previously reported for amino acids [25,32], i.e., heating the analytes in
PFPA-ethyl acetate (1:4, v/v; 65 ◦C, 30 min), we observed each only one peak from creatine,
d0-creatinine and d3-creatinine. The GC-NICI-MS spectra of creatine and d0-creatinine
derivatives were virtually identical: m/z 221 (6 %; [M−HF−H2O]−), 239 (100 %; [M−HF]−)
and m/z 259 (6 %; [M]−; C7H6F5N3O2); the GC-MS spectrum of the d3-creatinine derivative
eluted a few seconds earlier: m/z 224 (6 %), 242 (100 %) and m/z 262 (6 %). These results
indicate the formation presumably of N2-pentafluoropropionyl from both, creatine and
creatinine. These observations suggest that PFPA reacts with the carboxylic group of
creatine to form the mixed anhydride. Subsequently, the N2-imine group attacks intra-
molecularly the carboxylic group, with pentafluoropropionic acid leaving the molecule,
analogous to the BSTFA derivative of creatine.

As far we are informed, creatinine has not be measured by GC-MS in human urine after
derivatization with BSTFA. Our study indicates that creatinine can be quantified precisely
and accurately by GC-MS in only 10-µL aliquots of human urine using d3-creatinine as
internal standard in relevant concentration ranges. The method does not require any
organic solvent or base like pyridine for derivatization and/or extraction for GC-MS
analysis. Excess BSTFA serves as a solvent, in which the TMS derivatives are readily
soluble, yet no other charged endogenous constituents present in urine. As BSTFA is highly
reactive towards numerous substances [23], it is possible that many endogenous substances
also form volatile TMS derivatives that do not accumulate in the GC column.

Currently available data suggest that specific measurement of creatinine in urine
and other biological samples is possible by using 2,3,4,5,6-pentafluorobenzyl (PFB) bro-
mide (PFB-Br) in aqueous acetone (60 min, 50 ◦C) [34]. Creatinine reacts with PFB-Br to
form a single derivative, i.e., N2-PFB-creatinine. Interestingly, we found that the N2-PFB-
derivatives of d0-creatinine and d3-creatinine react with PFPA (65 ◦C, 30 min) to form their
N2-PFB,N3-PFP derivatives (MW=439.21, C14H7F10N3O2; MW=442.23, C14H4D3F10N3O2,
respectively) with relative retention time of 1.29 with respect to the N2-PFB-derivatives.

5. Conclusions

BSTFA is known for many decades as a useful derivatization reagent for the GC-MS
analysis of creatinine, but its utility to measure creatinine in human urine has not been
reported thus far. This study investigated the derivatization of creatinine and its precursor
creatine with BSTFA. Both substances react with BSTFA (60 ◦C, 60 min) to form three
derivatives of virtually identical structures. Creatinine and creatine were found to react
with PFPA (65 ◦C, 30 min) to form a single N-pentafluoropropionyl derivative. These
observations indicate that BSTFA and PFPA is much more effective in the conversion of
creatine to creatinine than lowering the pH by inorganic acids such as hydrochloric acid.
Our findings suggest that BSTFA and PFPA are not useful for the simultaneous measure-
ment of creatinine and creatine. The N,N,O-trimethylsilyl derivative of creatinine and
creatine with the retention time of 8.9 min is useful for their quantitative measurement in
human urine both in the NICI and PICI mode using trideuteromethyl creatinine as internal
standard. Under the same derivatization conditions, creatine reacts with BSTFA and forms
two creatinyl-creatine derivatives with retention times of 14.07 min and 14.72 min, sug-
gesting intermediate formation of creatinine and its conjugation with creatine. Our results
show that methyl groups of the TMS residues react to form -CH2-CH2-bridges and are
supported by previous reports on alkyl amines. Such a cyclization reaction is more likely
to occur during EI, PICI and NICI, rather than during the derivatization with BSTFA. The
possibility that creatinine, but not creatine, reacts with PFB-Br and the N2-PFB-creatinine
derivative reacts with PFPA to form N2-PFB,N3-PFP-creatinine offers the possibility to
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measure biological creatinine and creatine simultaneously by GC-MS. This could be of
particular importance in the area of Clinical Chemistry and in clinical trials.
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Abstract: Derivatization of amino acids by 2 M HCl/CH3OH (60 min, 80 ◦C) followed by derivatiza-
tion of the intermediate methyl esters with pentafluoropropionic anhydride (PFPA) in ethyl acetate
(30 min, 65 ◦C) is a useful two-step derivatization procedure (procedure A) for their quantitative
measurement in biological samples by gas chromatography-mass spectrometry (GC-MS) as methyl
ester pentafluoropropionic (PFP) derivatives, (Me)m-(PFP)n. This procedure allows in situ prepara-
tion of trideutero-methyl esters PFP derivatives, (d3Me)m-(PFP)n, from synthetic amino acids and
2 M HCl/CD3OD for use as internal standards. However, procedure A converts citrulline (Cit) to or-
nithine (Orn) and homocitrulline (hCit) to lysine (Lys) due to the instability of their carbamide groups
under the acidic conditions of the esterification step. In the present study, we investigated whether re-
versing the order of the two-step derivatization may allow discrimination and simultaneous analysis
of these amino acids. Pentafluoropropionylation (30 min, 65 ◦C) and subsequent methyl esterification
(30 min, 80 ◦C), i.e., procedure B, of Cit resulted in the formation of six open and cyclic reaction
products. The most abundant product is likely to be N5-Carboxy-Orn. The second most abundant
product was confirmed to be Orn. The most abundant reaction product of hCit was confirmed to be
Lys, with the minor reaction product likely being N6-Carboxy-Lys. Mechanisms are proposed for
the formation of the reaction products of Cit and hCit via procedure B. It is assumed that at the first
derivatization step, amino acids form (N,O)-PFP derivatives including mixed anhydrides. At the sec-
ond derivatization step, the Cit-(PFP)4 and hCit-(PFP)4 are esterified on their C1-Carboxylic groups
and on their activated Nureido groups. Procedure B also allows in situ preparation of (d3Me)m-(PFP)n

from synthetic amino acids for use as internal standards. It is demonstrated that the derivatization
procedure B enables discrimination between Cit and Orn, and between hCit and Lys. The utility of
procedure B to measure simultaneously these amino acids in biological samples such as plasma and
urine remains to be demonstrated. Further work is required to optimize the derivatization conditions
of procedure B for biological amino acids.

Keywords: amino acids; derivatization; esterification; GC-MS; pentafluoropropionic anhydride; ureide

1. Introduction

Analysis of amino acids, dipeptides, and tripeptides such as glutathione by gas
chromatography-mass spectrometry (GC-MS) requires suitable derivatization reactions to
convert them into volatile and thermally stable derivatives [1–9]. Derivatization of amino
acids with 2 M HCl in methanol (CH3OH) (60 min, 80 ◦C) yields their mono- and di-methyl
esters. Subsequent reaction with pentafluoropropionic anhydride (PFPA) in ethyl acetate
(30 min, 65 ◦C) generates the N- and O-pentafluoropropionyl (PFP) derivatives. The methyl
ester (Me) PFP derivatives ((Me)m-(PFP)n) obtained by this procedure (here designated
as procedure A) are useful for the quantitative measurement of biological amino acids
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by GC-MS [7]. However, the carbamoyl-amino acids citrulline (Cit) and homocitrulline
(hCit) (Figure 1) are converted under these reaction conditions into the methyl esters of
ornithine (Orn) and lysine (Lys), respectively [7]. Analogously, glutamine (Gln) and as-
paragine (Asn) are converted into glutamate (Glu) and aspartate (Asp), respectively [7].
For not yet fully understood reasons, the derivatization procedure A was found to be
not useful for the GC-MS analysis of NG,N′G-dimethylarginine (symmetric dimethylargi-
nine, SDMA), in contrast to its structural isomer NG,NG-dimethylarginine (asymmetric
dimethylarginine, ADMA) and to their precursor arginine. This difficulty was in part
overcome by using a single derivatization reaction with PFPA, which most likely generates
the tetrakis(pentafluoropropionyl) derivative of SDMA, i.e., SDMA-(PFP)4 [8]. This deriva-
tization reaction, i.e., (N,O)-pentafluoroprionylation, enables quantitative measurement
of SDMA in human urine, but requires the use of commercially available stable-isotope
labelled SDMA analogue such as [NG,N′G-2H6]dimethylarginine [8] and is less sensitive
compared to the GC-MS analysis of ADMA as Me-PFP derivative. Interestingly, the tripep-
tides glutathione and its analogue ophthalmic acid were also found to react with PFPA
under the same derivatization conditions, which enabled their GC-MS analysis [9].

Figure 1. Upper panel, procedure (A) Schematic of the reactions of citrulline and homocitrulline with 2 M HCl/MeOH forming
the methyl esters of ornithine and lysine, respectively. Lower panel, procedure (B) Schematic of the two-step derivatization
of citrulline (left) and homocitrulline (right) first with PFPA/EA to form their PFP derivatives with the proposed formulas
Cit-(PFP)4 and hCit-(PFP)4, respectively. Subsequently, these derivatives react with 2 M HCl/MeOH (procedure B) to form
reaction products that were characterized structurally by GC-MS in the present study. Cit, citrulline; hCit, homocitrulline;
MeOH, methanol; PFPA, pentafluoropropionic anhydride; PFP, pentafluoropropionyl residue; EA, ethyl acetate.
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The aim of the present study was to find derivatization conditions that would allow
discrimination of Cit from Orn, and of hCit from Lys. Our previous observations that SDMA
can be measured in human urine by GC-MS by using PFPA/EA as the first derivatization
step [8] prompt us to investigate whether the derivatization of Cit and hCit with PFPA/EA
as the first step may also be useful for their GC-MS analysis and for their discrimination
from Orn and Lys, respectively. Analogous to SDMA, we assumed intermediate formation
of Cit-(PFP)4 and hCit-(PFP)4 (Figure 1). In order to investigate potential reactions of
the putative intermediates, we coupled the PFPA/EA derivatization with the classical
esterification with 2 M HCl/CH3OH and with 2 M HCl/CD3OD to prepare stable-isotope-
labelled analogs of Cit and hCit. De facto, this resulted in a reversed order of the original
two-step derivatization procedure A, which is specified as procedure B in the present work
(Figure 1). In most investigations using derivatization procedure B, we used experimental
conditions previously found to be optimum for the derivatization and GC-MS analysis of
amino acids and the tripeptides glutathione and ophthalmic acid [7–9].

2. Materials and Methods

2.1. Chemicals, Materials and Reagents

All amino acids (chemical purity, 95 to 98%) were obtained from Sigma-Aldrich.
Tetradeuterated methanol (CD3OD, 99% at 2H) and pentafluoropropionic anhydride were
supplied by Aldrich (Steinheim, Germany). Methanol was obtained from Chemsolute
(Renningen, Germany). Hydrochloric acid (37 wt%) was purchased from Baker (Deventer,
The Netherlands). Ethyl acetate was obtained from Merck (Darmstadt, Germany). Glass-
ware for GC-MS (1.5 mL autosampler glass vials and 0.2 mL microvials) and the fused-silica
capillary column Optima 17 (15 M × 0.25 mm I.D., 0.25 µM film thickness) were purchased
from Macherey–Nagel (Düren, Germany). Separate stock solutions of amino acids were
prepared by dissolving accurately weighed amounts of commercially available amino acids
in deionized water. Stock solutions were diluted with deionized water as appropriate.

For the preparation of unlabelled methyl esters and deuterium-labelled methyl esters
of amino acids, two derivatization reagents were prepared. To 80 mL ice-cold CH3OH were
added 16 mL of 37 wt% HCl slowly under gentle mixing. Analogously, to 80 mL ice-cold
CD3OD, 16 mL of 37 wt% HCl were added slowly under gentle mixing. The concentration
of HCl in these methanolic solutions was each 2 M. In the present article, these solutions
are denoted as 2 M HCl/CH3OH and 2 M HCl/CD3OD, respectively. The PFPA-ethyl
acetate reagent (PFPA/EA) was prepared daily by diluting pure PFPA in ethyl acetate (EA)
(1:4, v/v).

2.2. Derivatization Procedures A and B for Amino Acids and Generation of GC-MS Spectra

Procedure A. Solid amino acids were derivatized first with 2 M HCl/CH3OH or 2 M
HCl/CD3OD and then with PFPA/EA in autosampler glass vials. Briefly, residues were
reconstituted in 100 µL aliquots of a 2 M HCl/CH3OH or 2 M HCl/CD3OD solution and
the glass vials were tightly sealed. Esterification was performed by heating the samples for
60 min at 80 ◦C. After cooling the samples of the esterification reaction to room temperature,
solvents and reagents were evaporated to dryness under a stream of nitrogen. Aliquots
(100 µL) of the PFPA/EA solution were added, and the glass vials were tightly sealed
and heated for 30 min at 65 ◦C to prepare N-pentafluoropropionic amides of the methyl
esters. Then, residues were treated first with 200 µL aliquots of 400 mM borate buffer,
pH 8.5, and immediately thereafter with 200 µL aliquots of toluene, followed by immediate
vortex-mixing for 60 s and centrifugation (4000× g, 5 min, 18 ◦C). Aliquots (150 µL) of
the upper organic phase were transferred into autosampler glass vials equipped with
microinserts, and the samples were sealed and subjected to GC-MS analysis.

Procedure B. Solid amino acids were derivatized first with PFPA/EA (30 min, 65 ◦C)
and then with 2 M HCl/CH3OH or 2 M HCl/CD3OD (30 min, 80 ◦C). Briefly, aliquots
(100 µL) of a freshly prepared PFPA/EA solution were added, the glass vials were tightly
sealed and heated for 30 min at 65 ◦C to prepare N-pentafluoropropionic amides of the
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methyl esters. After cooling the samples to room temperature, solvents and reagents were
evaporated to dryness under a stream of nitrogen. Then, residues were reconstituted
in 100 µL aliquots of a 2 M HCl/CH3OH or 2 M HCl/CD3OD solution and the glass
vials were tightly sealed. Esterification was performed by heating the samples for 30 min
at 80 ◦C. After cooling to room temperature, solvents and reagents were evaporated to
dryness under a stream of nitrogen. Residues were treated directly with toluene (200 µL),
shortly vortex-mixed, aliquots (150 µL) of the upper organic phase were transferred into
autosampler glass vials equipped with microinserts, and the samples were sealed and
subjected to GC-MS analysis.

2.3. Generation of GC-MS Spectra

GC-MS spectra were obtained using negative-ion chemical ionization (NICI) after
separate derivatization of 5 nmol of each amino acid using both derivatization procedures
as described above. The derivatives were extracted with toluene (1 mL), 1 µL aliquots
containing 5 pmol of each analyte (assuming quantitative yield) were injected in the
splitless mode, and mass spectra were generated in the scan mode in the mass-to-charge
(m/z) range 50 to 650 (1 s per scan). The GC-MS software Xcalibur and Quan Browser were
used. ChemDrawProfessional 15.0 was used to draw chemical structures and to convert
structures into names. GraphPad Prism 7.0 (San Diego, CA, USA) was used in statistical
analyses and to prepare graphs.

2.4. GC-MS Conditions

All analyses were performed on a GC-MS apparatus consisting of a single quadrupole
mass spectrometer model ISQ, a Trace 1210 series gas chromatograph, and an AS1310
autosampler from ThermoFisher (Dreieich, Germany). The injector temperature was kept
at 280 ◦C. Helium was used as the carrier gas at a constant flow rate of 1.0 mL/min.
The oven temperature was held at 40 ◦C for 0.5 min and ramped to 210 ◦C at a rate of
15 ◦C/min and then to 320 ◦C at a rate 35 ◦C/min. Interface and ion-source temperatures
were set to 300 ◦C and 250 ◦C, respectively. Electron energy was 70 eV and electron
current 50 µA. Methane was used as the reagent gas for NICI at a constant flow rate of
2.4 mL/min. In quantitative analyses, the dwell time was 100 ms for each ion in the
selected-ion monitoring (SIM) mode and the electron multiplier voltage was set to 1400 V.

3. Results

3.1. Derivatization of Citrulline and Structural Characterization of Its Reaction Products
by GC-MS

Scanning of the Cit samples derivatized by procedure B resulted in the elution each
of six GC-MS peaks using CH3OH (Supplementary Materials Figure S1A) and CD3OD
(Figure S1B). In the latter case, the peaks I, II, V, and VI eluted a few seconds in front of the
peaks of the Cit sample derivatized with CH3OH, indicating the presence of deuterium
atoms in these peaks [7] (see Table 1). The almost identical retention times of the minor
peaks III (retention time, 9.36 min) and peaks IV (retention time, 9.67 min) suggest that
they are not methyl esters, but rather cyclic compounds.

The mass spectra of the peaks I (retention time, 8.36 min, 8.33 min) contained four cor-
responding ions that differed by 3 Da each, suggesting the presence of a single methylated
carboxylic group (Figure S1(A1,B1)) (Table 1). A tentative structure of this molecule could
be (S)-3-amino-2-oxopiperidine-1-Carboxylic acid (non-derivatized).
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Table 1. GC-MS retention times (tR, min) and most intense ions in the mass spectra of the six reaction
products of citrulline derivatized with procedure B (first PFPA/EA then 2 M HCl/CH3OH or 2 M
HCl/CD3OD). For comparison, synthetic ornithine standard (Orn-Std) was also derivatized with
procedure B. See also Figure S1.

Peak No. tR Spectrum Intensity m/z (Intensity, %)

Peak I 8.36 1.0 × 107 235 (2), 278 (5), 298 a (100), 318 (2)
Peak I 8.36 1.3 × 107 238 (2), 281 (4), 301 (100), 321 (1)
Peak II 8.67 1.5 × 107 275 (5), 398 (18), 418 (100)
Peak II 8.65 1.2 × 107 278 (5), 401 (20), 421 (100)
Peak III 9.36 1.2 × 106 218 (92), 238 (100)
Peak III 9.36 1.5 × 106 218 (90), 238 (100)
Peak IV 9.68 2.8 × 106 220 (20), 240 (100), 258 (5)
Peak IV 9.67 3.0 × 106 220 (15), 240 (100), 258 (5)
Peak V 10.57 2.5 × 106 162 (43), 278 (15), 298 (100), 486 (2)
Peak V 10.52 2.7 × 106 162 (25), 281 (12), 301 (100), 489 (6)
Peak VI 10.75 2.5 × 107 290 (5), 298 (27), 330 (100), 349 (3)
Peak VI 10.71 2.9 × 107 296 (5), 301 (25), 336 (100), 355 (3)
Orn-Std 8.67 1.1 × 108 275 (3), 398 (20), 418 (100), 437 (8)
Orn-Std 8.63 1.2 × 108 278 (2), 401 (20), 421 (100), 440 (10)

a Bold numbers indicate mass fragments with the highest intensity in the mass spectrum (i.e., base peaks).

Derivatization of Cit by procedure B resulted in the formation of the peaks II (retention
time, 8.67 min, 8.63 min) (Supplementary Materials: Figure S1(A1,B1)) (Table 1). Peaks II
had virtually the same mass spectra as the unlabelled Me-PFP (d0Me-PFP) and the labelled
Me-PFP (d3Me-PFP) derivatives of Orn (Figure S1(C1,C2)), indicating conversion of Cit to
Orn by both procedures as observed previously using procedure A [7].

The mass spectra in combination with the retention times of the peaks III and the peaks
IV suggest that the peak III corresponds to (S)-3-amino-4,5-dihydropyridin-2(3H)-one (Fig-
ure S1(A3,B3)) and peak IV corresponds to (S)-3-aminopiperidin-2-one (Figure S1(A4,B4))
(Table 1).

The mass spectra of the minor peaks V (retention time, 10.57 min, 10.52 min) contained
corresponding ions that did not differ (m/z 162) or did differ by 3 Da each (m/z, 301/298;
m/z, 489/486) suggesting the presence of an intact methylated carboxylic group and pre-
sumably a fragmented methyl ester (Figure S1(A5,B5)) (Table 1). A tentative structure
of this molecule could be (S)-2-amino-5-(Carboxyamino)pentanoic acid, which could be
trivially named N5-Carboxy-ornithine.

The most intense GC-MS peaks of Cit derivatized by procedure B were the peaks VI,
which eluted at 10.75 min (using CH3OH) and 10.71 min (using CD3OD) (Figure S1(A6,B6)).
The GC-MS spectra of these peaks contained several corresponding mass fragments that
differed by 3 Da (m/z 298/301) or 6 Da (m/z 296/290, m/z 336/330, m/z 355/349) suggesting
the presence of two carboxylic groups in these ions (Table 1).

3.2. Effects of the PFPA/EA Derivatization Time in Procedure B on the Reaction Products

The derivatization conditions used in procedure A in the present study were found
to be optimal in previous studies [7,8]. In this experiment, we investigated the effect of
the derivatization time of the pentafluoropropionylation reaction of Cit in procedure B.
For this, two sets of 10 µL aliquots of Cit samples in distilled water (50, 100, 150, 200,
250 µM) were derivatized first with PFPA/EA at 65 ◦C for 30 min and subsequently with
2 M HCl/CH3OH for 10, 20, 30, 40, and 60 min at 80 ◦C. A 100 µM Cit sample in distilled
water served as internal standard and was derivatized in parallel under the same conditions
using 2 M HCl/CD3OD. After toluene extraction, GC-MS analysis was performed by SIM
of m/z 298 and m/z 301 for peak I, m/z 418 and m/z 421 for peak II (i.e., Orn), m/z 298 and
m/z 301 for peak V, and m/z 330 and m/z 336 for peak VI (see Table 1).

The results of this experiment are illustrated in Figures 2–4. The peak area of the
internal standards varied between 11 and 16% (m/z 301, Peak I), between 7 and 14% (m/z 421,
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Peak II), between 10 and 21% (m/z 301, Peak V), and between 13 and 17% (m/z 336, Peak
VI). There were significant time effects for all monitored internal standards (P < 0.0001,
two-way ANOVA) and a Cit concentration effect for Peak II (P = 0.043, two-way ANOVA).
With the exception of the Peak I, the peak areas of the Peaks II, V, and VI had a minimum
at the esterification time of 30 min. When combining all data of the incubation times
of the esterification, the peak area ratios (y) of all peaks depended linearly upon the Cit
concentration (in µM) (x): y = −0.223 + 0.011 x, r2 = 0.9943 for Peak I, y = 0.241 + 0.0098 x,
r2 = 0.9712 for Peak II, y = −0.469 + 0.012 x, r2 = 0.9944 for Peak V, and y = −0.415 +0.013 x,
r2 = 0.9923 for Peak VI. Linear relationships were observed between the peak area ratio
(PAR) values (y) of the individual peaks and the derivatized Cit concentration (x) resulted
in straight lines for all derivatization times of the esterification step (Figure 4). Linear
regression analysis of the mean PAR of all peaks vs. The concentrations of derivatized Cit
resulted in the regression equation y = −0.217 + 0.0117 x, r2 = 0.9973. The reciprocal of the
slope value of this regression equation indicates a mean concentration of 85.3 µM for the
sum of internal standards (nominal concentration, 100 µM).

Taken together, these results demonstrate the principle applicability of the procedure
B for the quantitative GC-MS analysis of Cit in aqueous solutions.

Figure 2. Time profiles of the peak areas of the internal standards (generated from 100 µM Cit)
upon derivatization of aqueous Cit (0, 50, 100, 150, 200, 250 µM; see insert) using procedure B, i.e.,
first with PFPA/EA for a fixed time of 30 min at 65 ◦C and subsequently with 2 M HCl/CH3OH
(2 M HCl/CD3OD for the internal standards) at 80 ◦C for the indicated times. (A) Peak I; (B) Peak II;
(C) Peak V; (D) Peak VI. See also Table 1 and Figure 3.
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Figure 3. Partial GC-MS chromatograms from the analysis of an aqueous citrulline sample (250 µM) derivatized by
procedure B, i.e., first with PFPA/EA (30 min, 65 ◦C) followed with 2 M HCl in CH3OH or CD3OD (60 min, 80 ◦C). Selected
ion monitoring (SIM, 100 ms) of (A1,A2) m/z 298 and m/z 301 for Peak I, m/z 418 and m/z 421 for Peak II, and m/z 330 and
m/z 336 for Peak VI was performed. (B1,B2) SIM (100 ms) of m/z 298 and m/z 301 for Peak V. See also Table 1 and Figure 2.

Figure 4. Linear regression analysis between the peak area ratio (PAR) values (y) for (A) Peak I, (B) Peak II, (C) Peak
V, and (D) Peak VI to the corresponding internal standards (generated from 100 µM Cit) and the Cit concentration (x)
upon derivatization of aqueous Cit (0, 50, 100, 150, 200, 250 µM) first with PFPA/EA for a fixed time of 30 min at 65 ◦C
and subsequently with 2 M HCl/CH3OH (2 M HCl/CD3OD for the internal standard) at 80 ◦C for 10 (green circles),
20 (blue squares), 30 (black upper triangles), 40 (black lower triangles), 60 (red diamonds) min. Insets indicate the regression
equations. Note that Peak II corresponds to the Orn derivative. See also Table 1 and Figure 3.
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3.3. Derivatization of Homocitrulline and Structural Characterization of Its Reaction Products by
GC-MS

Scanning of the hCit samples derivatized by procedure B resulted in the elution each
of an intense GC-MS peak using CH3OH (Figure S1D) and CD3OD (Figure S1E) and two
minor peaks (Table 2).

Table 2. GC-MS retention times (tR, min) and most intense ions in the mass spectra of the three
reaction products of homocitrulline derivatized with procedure B (PFPA/EA then 2 M HCl/CH3OH
or 2 M HCl/CD3OD). For comparison, synthetic lysine standard (Lys-Std) was also derivatized with
procedure B. See also Figure S1.

Peak No. tR Spectrum Intensity m/z (Intensity, %)

Peak I 9.21 4.7 × 105 272 (9), 292 (5), 312 a (100), 338 (3)
Peak I 9.18 5.9 × 105 272 (8), 295 (3), 315 (100), 338 (3)
Peak II 9.54 2.5 × 107 289 (11), 392 (8), 412 (27), 432 (100)
Peak II 9.52 1.1 × 107 292 (10), 395 (5), 415 (27), 435 (100)
Peak III 11.47 4.0 × 105 312 (100), 344 (42)
Peak III 11.42 7.7 × 105 315 (100), 350 (48)
Lys-Std 9.54 5.6 × 106 289 (15), 392 (16), 412 (50), 432 (100), 451 (5)
Lys-Std 9.52 5.6 × 106 292 (16), 395 (14), 415 (30), 435 (100), 454 (4)

a Bold numbers indicate mass fragments with the highest intensity in the mass spectrum (i.e., base peaks).

The major GC-MS peaks eluted at 9.54 min and 9.52 min, respectively. The mass
spectra of these peaks are very similar to those obtained from the derivatization of hCit
by procedure B, as well as to those of the d0Me-PFP and d3Me-PFP derivatives of syn-
thetic Lys confirming previous observations of the conversion of hCit to Lys [7] (Figure 1).
The minor GC-MS peaks eluting at 9.21 min and 9.18 min could correspond to (S)-3-amino-
2-oxoazepane-1-Carboxylic acid (Figure S1(D1,E1)). The minor GC-MS peaks eluting
at 11.47 min and 11.42 min could correspond to N6-Carboxy-lysine (Figure S1(D3,E3)),
analogous to N5-Carboxy-ornithine obtained from Cit using procedure B. The small differ-
ences in the retention times is indicative of the presence of deuterium atoms in the earlier
eluting peaks.

4. Discussion

Procedure A allows for the reliable quantitative determination of amino acids and
their metabolites in biological samples by GC-MS [7,10]. During the first esterification
step, however, Cit and hCit undergo almost complete conversion to the methyl esters of
Orn and Lys, respectively. The same happens to Gln and Asn, which are converted to the
methyl esters of Glu and Asp, respectively [7]. These observations strongly indicate that
the carbamide groups of Cit, hCit, Gln, and Asn are labile under the strong esterification
conditions. This circumstance prevents simultaneous measurement of Cit, Orn, hCit,
Lys, Gln, Glu, Asn, and Asp [7]. We have hypothesized that reversing the order of the
derivatization procedure A may present a way to prevent the abovementioned conversions.
In the present study, we investigated this possibility for Cit and hCit using procedure
B, i.e., first pentafluoropropionylation and subsequently esterification, using previously
optimized derivatization conditions [7]. Cit and hCit reacted to form five and three reaction
products, respectively. The tentative chemical structures of these reaction products are
illustrated in Figure 5.
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Figure 5. Proposed structures of the reaction products of citrulline (left panel) and homocitrulline
(right panel) using procedure B (first PFPA/EA then 2 M HCl/MeOH). The red-marked structures
were not found to be derivatization products of homocitrulline. The red numbers between the
structures are the relative retention times of the homocitrulline products to the corresponding
citrulline reaction products.

One major reaction product of Cit was identified as Orn. This observation suggests that
pentafluoropropionylation prevents conversion of Cit to Orn, albeit not entirely. The major
reaction product of hCit was identified as Lys. The reaction products of hCit corresponding
to the Cit-derived peaks III, IV, and V were not observed (Figure 5). These observations
suggest that pentafluoropropionylation prevents conversion of hCit to Lys to only a minor
extent. The conversion of Cit to four reaction products in addition to Orn suggest that
pentafluoropropionylation of Cit enables additional reactions during the second reaction
step of procedure B. The different reaction behaviour of Cit and hCit could be due to the
longer side chain of these homologue amino acids: 3 vs. 4 CH2 groups. It is assumed that
this structural difference plays a major role in the formation of cyclic reaction products
(Figure 5). Interestingly, procedure B resulted in the formation of N5-Carboxy-Orn from
Cit as a major reaction product and N6-Carboxy-Lys from hCit as a minor reaction product.
Because of the commercially unavailability of synthetic standards of N5-Carboxy-L-Orn and
N6-Carboxy-L-Lys, we were not able to unequivocally demonstrate the formation of these
reaction products. Nevertheless, these putative reaction products enable discrimination
of Cit from Orn, and of hCit from Lys, respectively. It is interesting to note that the
physiological occurrence and the biological significance of the free amino acids N5-Carboxy-
Orn and N6-Carboxy-Lys (Chemical Entities of Biological Interest (ChEBI):43575) have
not been reported thus far. However, a N6-Carboxy-Lys residue was found to be present
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in the active site of class D β-lactamases and to play a significant role in the hydrolysis
of β-lactam antibiotics [11,12]. Our study provides useful information for forthcoming
studies on these uncommon amino acids.

Based on the results of our study, we propose potential mechanisms that may explain
the reaction products of Cit and hCit during the derivatization procedure B. Being a highly
reactive derivatization reagent, PFPA is likely to react with all functional groups of free
amino acids and those in tripeptides [8,9]. We therefore assume that PFPA/EA reacts with
all functional groups of Cit to form its N,N,N,O-(PFP)4 derivative (Figure 6). An intact
Cit-(PFP)4 derivative was not observed in our study. An explanation could be that the
remaining Cit-(PFP)4 extracted into toluene decomposed during the injection in the hot
injector (280 ◦C). This is more likely to happen to the O-PFP residue, as N-PFP residues
of derivatized amino acids are considerably stable [7]. A more plausible explanation for
our observations is that the O-PFP residue of the Cit derivative is a mixed anhydride
of PFPA and the carboxylic group Cit. As such, the Cit-(PFP)4 derivative is likely to
undergo several reactions with 2 M HCl/CH3OH (Figure 6). The reaction of the Cit-
(PFP)4 derivative with 2 M HCl/CH3OH will always generate its C1-Carboxy-methyl ester.
Analogously, the reaction of the Cit-(PFP)4 derivative with 2 M HCl/CD3OD will generate
the C1-Carboxy-trideutero-methyl ester. This provides a way to prepare deuterium-labelled
internal standards for quantitative analyses. Especially the N-PFP residue on the carbamide
functionality of the Cit-(PFP)4 derivative opens ways for additional reactions, which leads
to the formation of open reaction products including N5-Carboxy-Orn from Cit and N6-
Carboxy-Lys from hCit and several cyclic reaction products that can be utilized both in
analytical and organic preparative chemistry (Figure 6).

The reaction time of the esterification reaction performed at 80 ◦C has an effect on
the yield of individual reaction products. In a proof-of-principle experiment, we found
that procedure B is useful for the quantitative analysis of Cit in aqueous solution for
several esterification times. Yet, the quantitative determination of Cit, Orn, hCit, and Lys in
biological samples by GC-MS using procedure B remains to be optimized and validated.
Our preliminary studies suggest that the derivatization procedure B can be extended to
Gln and Asn, which are converted into Glu and Asp, respectively. The derivatization
procedure B possess the potential to simultaneously quantitate a large number of biological
amino acids and their metabolites by GC-MS using in situ prepared (d3Me)m-(PFP)n or
commercially available stable-isotope labelled amino acids as internal standards.
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Figure 6. Proposed reaction products of the very first, not yet identified N,N,N,O-(PFP)4 derivative
of Cit using procedure B. Blue and red arrows indicate the carbonyl moieties, which are attacked by
methanol, and the green arrow indicates the intramolecular attack of N5 on C1 carbonyl group.

Supplementary Materials: The following are available online, Figure S1: Separate derivatization
of citrulline and homocitrulline (5 nmol each) by procedure B, i.e., first with PFPA/EA and then
2 M HCl/CH3OH or 2 M HCl/CD3OD, and structural characterization of their reaction products
by GC-MS.
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Abstract: In this study, quantitative gas chromatography–mass spectrometry (GC–MS) analysis was
used to evaluate the influence of pigment concentration on the drying of oil paints. Seven sets of
artificially aged self-made paints with different pigments (yellow ochre, red ochre, natural cinnabar,
zinc white, Prussian blue, chrome oxide green, hematite + kaolinite) and linseed oil mixtures were
analysed. In the pigment + linseed oil mixtures, linseed oil concentration varied in the range of 10
to 95 g/100 g. The results demonstrate that the commonly used palmitic acid to stearic acid ratio
(P/S) to distinguish between drying oils varied in a vast range (from especially low 0.6 to a common
1.6) even though the paints contained the same linseed oil. Therefore, the P/S ratio is an unreliable
parameter, and other criteria should be included for confirmation. The pigment concentration had a
substantial effect on the values used to characterise the degree of drying (azelaic acid to palmitic acid
ratio (A/P) and the relative content of dicarboxylic acids (∑D)). The absolute quantification showed
that almost all oil paint mock-ups were influenced by pigment concentration. Therefore, pigment
concentration needs to be considered as another factor when characterising oil-based paint samples
based on the lipid profile.

Keywords: GC–MS; pigment; linseed oil; derivatisation; quantification; P/S ratio; A/P ratio; ∑D

1. Introduction

Paints are complex mixtures that may consist of various organic and inorganic com-
pounds (pigments, binders, fillers, and additives). During the drying/curing of the liquid
mixture, the binding material goes through different chemical reactions (oxidation, cross-
linking, hydrolysis of ester bonds, polymerisation), by which a solid paint layer is formed.
Therefore, identifying the binder may be very challenging due to the loss of original
compounds and the appearance of new ones [1–3].

One type of binding material whose identification still puzzles scientists are drying
oils [4–6]. For example, the most common drying oils (linseed, poppy, and walnut oil)
consist of the same fatty acids (palmitic, stearic, oleic, linoleic, and linolenic acid) bound
together in triglyceride molecules. The only difference is the percentages of the before-
mentioned fatty acids [7]. It was discovered by Mills in the 1960s that the ratio of the
contents of two saturated fatty acids—palmitic acid to stearic acid (P/S) ratio—is approx-
imately stable during the drying process [8]. Since then, the P/S ratio has been used as
one of the main criteria to differentiate between drying oils. Over the years, the P/S value
for linseed oil has been reported to be around 1.4–2.4, for walnut oil, 2–4.5, and poppy oil,
3–8 [9]. However, some studies have questioned the stability of the P/S ratio [3,10,11]. For
example, Schilling et al. [11] demonstrated that palmitic acid is around four times more
prone to evaporate than stearic acid from a drying oil-based paint, which could lead to a
decrease in the P/S ratio.

In a study by Keune et al. [10], the P/S ratio was monitored in oil paint mock-ups
(artificially created paint samples) made with linseed oil mixed with different pigments.
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They observed that depending on the pigment, the P/S ratio ranged from 0.8 (paints
containing vine black or vermilion) to 1.7 (Naples yellow paints). However, this wide
range of the observed P/S ratios could have been caused by the experimental conditions
applied for the artificial ageing (light and high relative humidity) because, uncommonly,
the non-pigmented linseed oil was reliquified during ageing.

Together with the P/S ratio, ratios of other fatty acids or dicarboxylic acids have been
used to characterise the binding material or its degree of oxidation. One is the ratio of
azelaic acid to palmitic acid (A/P). The higher the value, the more oxidised/dried is the oil
because azelaic acid is one of the main dicarboxylic acids produced from the autoxidation
of the unsaturated fatty acids present in the fresh oils [10,12]. Similar to the A/P ratio is
the sum of the relative content of dicarboxylic acids to other fatty acids (∑D), which again
is higher for more oxidised oil [2]. Both values are used to differentiate drying oils from
other lipids such as semi-drying (e.g., canola oil) and non-drying oils (e.g., castor oil) or
egg (yolk, white, or whole egg) [13–15]. In rough terms, A/P > 1, together with ∑D > 40%,
suggests that the binder is a drying oil. In contrast, A/P < 0.3 and ∑D < 15% indicate
that the binder is an egg. In the case of a drying oil and egg mixture, the values should
be in between [13]. However, numerous studies show that different factors such as the
type of the pigment, the origin and pre-treatment of the oil, and environmental conditions
affect the fatty acid composition, which in turn influence the P/S, A/P, and ∑D values and
make the identification challenging [3,16–19]. Sometimes, even additives with a similar
composition to the fatty acids (such as metal stearates) that have been added to paints
affect the previously mentioned values [3,20].

However, one aspect that has been studied less is the effect of pigment concentration
on the drying of the oil. To our knowledge, previous research has thoroughly addressed the
influence of different pigments [21–28] but neglected the effect of the amount of pigment.
The impact of pigment concentration on proteinaceous binders [29] has been studied but
not on lipids.

In this study, we have addressed the questions of P/S stability and pigment concen-
tration effect by analysing paint mock-ups in which the pigments and their percentages
varied over a wide range (the narrowest pigment range was 25–70 g/100 g and the widest
5–90 g/100 g). Seven sets of aged paint samples were analysed, each containing different
commercially available natural or synthetic pigment (chrome oxide green, natural cinnabar,
yellow or red ochre, Prussian blue, zinc white, or a mixture of hematite and kaolinite) mixed
with linseed oil. For the analysis, gas chromatography combined with mass spectrometry
(GC–MS) was chosen because of its reputation as a standard method for identifying and
characterising fatty acids in oil-based paints. All the mentioned paint mock-ups were
derivatised with acid-catalysed methylation, and the sample preparation was modified to
enable both absolute and relative quantification. The values of the most common ratios
(P/S, A/P, ∑D) were examined, and the absolute quantification of palmitic, stearic, and
oleic acid was performed based on ref [30].

To the best of our knowledge, this is the first time the absolute quantification method
has been applied to characterise fatty acids in aged oil paints. Additionally, attenuated
total reflection Fourier transform infrared (ATR–FT–IR) spectroscopy was used to support
the GC–MS findings.

2. Materials and Methods

2.1. Materials

Clarified linseed oil was a product of Lefranc & Bourgeois, Paris, France. The pigments
zinc white, Prussian blue LUX (45202), natural cinnabar (10620), and chrome oxide green
(44200) were obtained from Kremer Pigmente GmbH & Co KG, Aichstetten, BW, Germany.
Yellow ochre and red ochre are the product of Kreidezeit Naturfarben GmbH, Lamspringe,
NI, Germany (purchased from Safran OÜ, Tartu, Estonia). Kaolinite was obtained from
Bang & Bonsomer Group Oy, Helsinki, Finland and hematite from Reakhim.
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Methanol (purity ≥ 99.9%), hexane (purity ≥ 97.0%), and toluene (purity ≥ 99.9%)
were purchased from Honeywell (Charlotte, NC, USA). Concentrated sulfuric acid (purity
98%) was from VWR Chemicals (Radnor, PA, USA), K2CO3 (purity 99.5%) from Reakhim,
glass wool from Supelco (Bellefonte, PA, Unites States), and hexadecane (purity ≥ 99%)
from Sigma-Aldrich (St. Louis, MO, USA). For the absolute quantification, a standard
mixture of fatty acid methyl esters (FAME) was purchased from Sigma-Aldrich. The
concentrations of FAMEs used in this study were the following: methyl palmitate 9.9%,
methyl stearate 5.95%, methyl oleate + methyl elaidate (Z + E) 34.9%, and their purities
were in the range of 99.0–100.0%.

2.2. Preparation and Ageing of the Pigment and Linseed Oil Mixtures

This investigation is part of a larger research project related to the quantitative analysis
of different painting materials (S. Vahur’s grant PUT1521). All these self-made oil paint
mixtures have been made during the framework of this project.

Six sets of pigment (yellow ochre, red ochre, natural cinnabar, zinc white, Prussian
blue, or chrome oxide green) + linseed oil mixtures and one set of hematite + kaolinite + lin-
seed oil mixture with different mass ratios were prepared on Petri dishes by weighing
components and mixing thoroughly. A diverse set of pigments was chosen. They include
both synthetic (Prussian blue, zinc white, chrome oxide green) and natural pigments (natu-
ral cinnabar, both ochres, hematite), as well as one that is known to produce metal soaps
(zinc white). Among them are slow driers (cinnabar, zinc white), medium driers (chrome
oxide green, ochres), and a fast drier (Prussian blue). The red ochre and hematite + kaolinite
mixtures can both be called red ochres, but these were analysed to see how much additives
affect the drying processes. Each set contained 10 to 16 paint mock-ups in which the
approximate concentration of oil varied in the range of 10 to 95 g/100 g. The total initial
weight for zinc white + linseed oil and yellow ochre + linseed oil mixtures was 3 g, and for
the rest of the mock-ups, 1 g. The exact mass ratios of all the paint mock-ups are presented
in the Supplementary Materials.

All the oil paint mock-ups were artificially aged eight to ten months. The Prussian
blue, red ochre, chrome oxide green, hematite + kaolinite, and natural cinnabar oil paint
mock-ups were artificially aged in a specially made chamber with relative humidity (RH)
of 35 ± 10% and temperature of 72 ± 5 ◦C for six months and 62 ± 5 ◦C for four months.
Zinc white + linseed oil and yellow ochre + linseed oil mixtures were aged eight months at
80 ± 2 ◦C in a drying oven (Heraeus, Thermo Scientific, Waltham, MA, USA).

After ageing, the paints were pulverised with a ball mill (Mini-mill Pulverisette 23,
Fritsch) to obtain a homogeneous mixture. The pulverised paint samples were transferred
into 4 mL vials and stored at room temperature. After about nine months, these self-made
oil paint samples were analysed with GC–MS, and ATR–FT–IR spectra of the paints with
the pigment concentration of 50 g/100 g were recorded.

2.3. Derivatisation of the Pigment and Linseed Oil Mixtures

GC–MS analysis of aged oil paints requires derivatisation, during which the dried poly-
meric structure consisting of polar compounds is converted into less polar and more volatile
molecules. Depending on the limitations and question at hand, various derivatisation meth-
ods may be preferred [1,30,31]. In this work, acid-catalysed methylation (a technique that
uses low-cost reagents and is suitable for the analysis of aged paint) was chosen because of
the large sample amount and the high number of paint samples used in these experiments.
Additionally, a derivatisation method with m-(trifluoromethyl)phenyltrimethylammonium
hydroxide (TMTFTH) reagent was tested because of its suitability for the quantitative
GC analysis of fresh oils [30]. However, complications occurred with this reagent when
the absolute quantification of fatty acids in 10 mg of dried paint samples was attempted.
Even when 0.5 mL (compared to the commonly used 15–50 µL [12,30,32]) was used for the
derivatisation, the absolute quantities of fatty acids were lower than the values obtained
with the acid-catalysed methylation.
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One by one, each pigment + linseed oil set was derivatised and analysed with GC–MS
in one series. The used derivatisation method was based on the procedure presented in
ref [30], with slight modifications. To make the absolute quantification reliable, 10 to 12 mg
of paint sample was weighed into a 15 mL glass vial. As some paint samples (especially
chrome oxide green + linseed oil mixtures) remained visually heterogeneous even after
pulverisation, pieces as different as possible were carefully selected for the derivatisation
to enable the best overview of the whole paint. A total of 2 mL of methanol was added to
the weighted portion, and the vial was sonicated for 15 min. Then, 0.4 mL of concentrated
H2SO4 was added carefully to the methanolic solution. The vial with the derivatisation
mixture was heated for 3 h at 80 ◦C in an oven (Heraeus). After that, the solution was
allowed to cool to room temperature and then extracted with hexane (3 × 2 mL). The
obtained hexane solution containing the methylated analytes was pipetted through a glass
pipette filled with a layer of K2CO3 on top of a glass wool layer into another 15 mL glass
vial. The combined hexane extracts were evaporated to dryness under a N2 evaporator.
Then, 2 mL of toluene was added to the residue and weighed on the analytical balance. The
solution was stirred vigorously on a VWR vortex mixer to redissolve the analytes. From
these stock solutions, dilutions in toluene were made into 1.5 mL Eppendorf® Safe-Lock
PCR clean tubes. If the sample contained at least 70 g of oil per 100 g of the mixture,
then 0.16 mL of stock solution and 0.4 mL of toluene were weighed; if the oil content was
between 40g to 70 g of oil per 100 g, then 0.32 mL of stock solution and 0.24 mL of toluene
were weighed; if the oil content was below 40 g/100 g, then 0.64 mL of stock solution
was weighed. To all the solutions, 0.1 mL of internal standard solution (0.136 mg·g−1

hexadecane in toluene) was added and weighed. The solutions were mixed, and 50 µL
of the solution was pipetted into a chromatographic vial with a conical insert (100 µL).
To estimate the reproducibility of the applied derivatisation method, one of the most
homogeneous samples (yellow ochre + linseed oil, oil concentration 50 g/100 g) was
analysed on five analysis days, together with the other paint sets.

2.4. Preparation of the Calibration Solutions

For the absolute quantification, an internal standard method presented in ref [30] was
used. To construct the calibration curves, eight calibration solutions from the FAME mix-
ture were made in toluene, and the internal standard solution (0.363 mg·g−1 hexadecane
in toluene) was added. All the calibration solutions were made by weighing. The concen-
trations of the compounds necessary for this study were as follows: 0.004 to 0.252 mg·g−1

for methyl palmitate, 0.002 to 0.151 mg·g−1 for methyl stearate, 0.013 to 0.888 mg·g−1 for
methyl oleate, and around 0.036 mg·g−1 for the internal standard. From the calibration
solution, 50 µL was pipetted into a chromatographic vial with a conical insert (100 µL).
The calibration solutions were measured in the same GC–MS run with the derivatised
pigment + linseed oil mixtures in random order.

2.5. Instrumentation

For preparing the paint samples, an analytical balance (Sartorius, Göttigen, NI, Ger-
many, resolution 0.1 mg) had been used to weigh all the paint components. For the weigh-
ing the aged paint samples, another analytical balance (Precisa, Dietikon, Switzerland,
resolution 0.01 mg) was used.

An Agilent (Santa Clara, CA, USA) 5975C inert XL MSD with a triple-axis detector, con-
nected to an Agilent 7890A GC system with an Agilent G4513A autosampler, was used for
the GC–MS analysis. The column was a 30 m × 0.25 mm in diameter, 0.25 µm film thickness
Agilent DB-225MS capillary column (50% cyanopropylphenyl/50% methylpolysiloxane
stationary phase). The injection volume was 0.5 µL. The temperature of the ion source and
mass spectrometer were 230 ◦C and 280 ◦C, respectively. The inlet temperature was 300 ◦C,
the splitless mode was used, and the split was opened after 2 min. The oven temperature
program was as follows: initial temperature 80 ◦C, isothermal for 2 min, increased at 20 ◦C
min−1 to 200 ◦C, isothermal for 4 min, increased 5 ◦C min−1 to 220 ◦C, isothermal for
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5 min, and finally 10 ◦C min−1 to 230 ◦C, isothermal for 12 min, with a total run time of
34 min. The solvent delay was 5.6 min, electron ionisation (EI) with 70 eV was used, and
helium 6.0 with a flow rate of 1.5 mL min−1 was used as the carrier gas. The analysis was
performed in two modes—scan mode, where a total ion chromatogram (TIC) was recorded,
and selected ion monitoring (SIM) mode. The scan mode was used for the qualitative
analysis, and the mass range of 27–400 m/z was scanned. For quantitative analysis, SIM
mode was used. At the start of the run, the signal corresponding to m/z values of 57 and 71
were measured to detect internal standard (hexadecane), and after 9.5 min, the signal of
m/z values 55, 74, and 81 were measured (corresponding to the most intense fragments of
methylated palmitic, stearic, and oleic acid). The measured chromatograms were analysed
with Agilent MSD ChemStation and the mass spectra with NIST (National Institute of
Standards and Technology) Mass Spectral Library Search 2.0.

For the ATR–FT–IR analysis, a Thermo Scientific (Waltham, MA, USA) Nicolet 6700
FT–IR spectrometer with a Smart Orbit diamond micro-ATR accessory (refractive index
is 2.4 and the diameter of the active sample area is 1.5 mm) was used. The FT–IR spec-
trometer was equipped with a DLaTGS detector, Vectra aluminium interferometer, and CsI
beamsplitter. The recorded wavenumber range was 4000–225 cm−1, with a resolution of
4 cm−1, and the number of scans 128. Constant purging with dry air was used to protect
the spectrometer from atmospheric moisture. Thermo Electron’s OMNIC 9 software was
used to collect and process the spectra.

3. Results and Discussion

The GC–MS analysis of the seven artificially aged paint sets showed that all the
samples contained some original fatty acids of linseed oil—palmitic (P), stearic (S), and
oleic (O) acid—and the degradation products of the unsaturated fatty acids—azelaic (A),
sebacic (Se), suberic (Su), and pimelic acid (Pi). Some of the paint sets contained linoleic
and linolenic acid in small quantities (zinc white + linseed oil mixture) and/or other
degradation products besides the above-mentioned dicarboxylic acids—9-oxononanoic
acid, 10-oxoctadecanoic acid, and undecanedioic acid. Two representative chromatograms
− zinc white + linseed oil (A) and Prussian blue + linseed oil (B) − measured in SIM mode
are presented in Figure 1.
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Figure 1. Representative selected ion monitoring (SIM) chromatograms of aged oil paint mock-ups,
pigment concentration of 50 g/100 g. (A) zinc white and linseed oil and (B) Prussian blue and linseed
oil. Hexadecane was used as the internal standard, and the abbreviations of other peaks are explained
in the text.
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3.1. Relative Quantification

The most common values (P/S, A/P, and ∑D) used to characterise a drying oil were
found through relative quantification. The results are presented in Table 1. These values
were also found for the same fresh linseed oil that was used to prepare the paint samples:
P/S = 1.5, A/P = 0, and ∑D = 0%. The other ratios determined for all paint mock-ups (O/S,
A/Su, A/Se) are presented in the Supplementary Materials.

Table 1. Palmitic acid to stearic acid ratio (P/S), azelaic acid to palmitic acid ratio (A/P), and the sum of the relative content
of dicarboxylic acids (∑D) in % of the studied pigment and linseed oil mixtures. The name of the pigment represents the
studied pigment and linseed oil mixture.

Oil Concen-
tration in

g/100 g (ca. a)

Chrome Oxide
Green

Natural
Cinnabar

Red Ochre Prussian Blue
Hematite +
Kaolinite

Yellow Ochre Zinc White

P/S A/P ∑D P/S A/P ∑D P/S A/P ∑D P/S A/P ∑D P/S A/P ∑D P/S A/P ∑D P/S A/P ∑D

10 1.0 3.0 65.4

15 0.8 2.3 55.6 1.5 0.4 15.5

20 0.9 2.7 54.5

25 0.8 2.7 58.4 0.8 6.9 79.8 1.5 1.7 57.5 1.5 0.3 12.4

30 0.7 2.6 57.4 0.8 2.6 52.8 1.0 4.4 72.3 0.7 2.8 58.7 0.9 6.7 74.6 1.4 1.1 46.0 1.5 0.3 12.2

35 0.7 2.8 58.9 0.9 2.3 51.6 0.8 4.8 70.0 0.7 1.7 46.6 1.1 5.6 72.6 1.6 1.2 48.4 1.5 0.3 13.4

39 0.8 5.0 74.4

40 0.8 2.3 55.6 0.8 2.2 50.4 0.7 2.0 49.3 1.0 3.1 59.0 1.4 1.2 47.0 1.5 0.3 13.1

42 0.9 5.7 75.1

45 0.8 2.7 59.2 0.8 2.2 50.0 0.8 5.5 73.4 0.7 1.7 46.1 1.0 5.8 73.1 1.4 1.0 41.9 1.5 0.3 13.2

50 0.7 2.7 58.8 0.8 1.5 39.0 0.7 6.8 75.4 0.7 2.1 50.1 0.9 4.2 65.4 1.6 1.0 44.2 1.6 0.3 13.6

55 0.7 2.7 57.2 0.8 1.6 41.9 0.9 6.5 77.1 0.7 2.0 47.0 0.9 3.9 67.1 1.6 0.9 41.1 1.5 0.3 12.6

60 0.8 2.4 56.5 0.9 1.3 36.7 0.8 4.6 69.4 0.7 1.7 44.8 0.9 6.1 73.2 1.6 1.0 42.3 1.5 0.3 12.4

62 0.7 2.6 52.8

65 0.9 1.7 50.6 0.9 1.2 33.7 0.9 3.1 62.5 0.7 2.7 56.0 1.0 2.0 48.3 1.6 1.0 42.5 1.5 0.3 13.2

70 0.8 2.0 52.5 0.8 1.7 42.4 0.8 3.7 66.4 0.6 2.7 53.8 1.0 4.5 68.8 1.6 0.8 39.7 1.5 0.3 12.3

75 0.9 1.5 46.2 1.0 0.9 28.6 0.9 2.9 62.5 0.7 3.1 58.2 1.0 4.9 70.4 1.6 0.8 37.6 1.5 0.3 12.5

80 1.0 1.2 39.3 0.9 2.5 58.7 0.6 2.9 57.3 1.6 0.7 35.2 1.5 0.3 13.3

85 1.0 0.9 28.4 0.7 2.4 54.1 1.6 0.7 34.4 1.6 0.3 14.4

90 1.0 1.1 36.2 0.9 1.9 49.4 0.7 2.7 57.1 1.6 0.6 30.0 1.5 0.3 14.1

95 1.1 0.8 31.0 1.2 0.5 20.0 0.9 2.0 51.9 0.8 2.4 54.2 1.6 0.6 27.8 1.5 0.3 14.5
a—These values are rounded. The exact values are presented in the Supplementary Materials.

In Table 1, the value of the P/S ratio ranges from 0.6 (Prussian blue + linseed oil)
to 1.6 (yellow ochre + linseed oil and zinc white + linseed oil). The P/S ratio had sig-
nificantly decreased (≤ 1.2) when Prussian blue, chrome oxide green, natural cinnabar,
hematite + kaolinite, or red ochre were mixed with the linseed oil. This suggests that
with these pigments, palmitic acid is more prone than stearic acid to evaporate during the
drying process, which leads to a decrease in the P/S ratio. These results confirm the obser-
vations presented in several publications that the P/S ratio may not be the most reliable
differentiator [2,3]. Here, we can also conclude that a low P/S ratio does not always imply
that additives (e.g., metal stearates) have been added to the paint, as has been sometimes
suggested [33]. Further investigation must be conducted to answer whether these pigments
could have the same effect on walnut oil (P/S value of fresh oil is 2–4.5) by lowering the
P/S value and complicating the differentiation from linseed oil. It is interesting to note that
only a few studies see the decrease of the P/S value during paint drying [10,34], and others
do not [21,22,26].
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In yellow ochre and zinc white containing oil paint samples, the P/S ratio (average
value of 1.6 and 1.5, respectively) is almost the same as the P/S ratio for fresh linseed oil
(1.5). The ATR–FT–IR analysis also confirmed that the oil composition of these pigment
and linseed oil mixtures differs from the other aged paints. For yellow ochre + linseed
oil and zinc white + linseed oil sets, the ATR–FT–IR spectra (Figure 2) differ from the IR
spectra of linseed oil mixtures with red ochre (Figure 2), natural cinnabar, Prussian blue,
hematite + kaolinite, and chrome oxide green in the wavenumber range of 1530–1750 cm−1

(see Figures S1–S4 in the Supplementary Materials). The IR spectra of all the paint samples
have an absorption band around 1730–1740 cm−1 that belongs to the C=O stretching
vibration of the ester group in the triglyceride molecule. However, in the IR spectra of
oil paint samples with yellow ochre and zinc white, a C=O stretching band near 1705
cm−1 is absent that is present in the spectra of all the other pigment and linseed oil pairs.
This absorption has been assigned to carboxylic acids formed during the oxidation of the
paint [25]. In the case of zinc white + linseed oil mixture, also absorptions corresponding
to zinc carboxylates were observed—1587 cm−1 (amorphous structure) and 1539 cm−1

(crystalline structure) [35]. The formation of metal carboxylates (or metal soaps) from
the metal cation and free carboxylic acids from the hydrolysis of triglycerides is a known
phenomenon observed with some pigments, including zinc white [2,24,36]. Importantly,
carboxylic acids in the anionic form are not prone to evaporation. Additionally, the absence
of 1705 cm−1 absorbance in the spectrum of yellow ochre and linseed oil paint shows that
also with this pigment, less free carboxylic acids are present. These results imply that the
formation of free carboxylic acids (as opposed to carboxylate salts) may lead to the decrease
of the P/S value. However, this correlation should be investigated further.

 

∑

∑

Figure 2. Attenuated total reflection Fourier transform infrared (ATR–FT–IR) spectra of aged paint mock-ups, pigment
concentration 50 g/100 g. The spectra of the mixtures containing other pigments (pigment concentration 50 g/100 g) are
presented in the Supplementary Materials.
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Observing the A/P and ∑D values in Table 1, the highest values are found for red
ochre and hematite + kaolinite containing oil paint mock-ups, implying that with these
mixtures, the paints are the most oxidised/dried. In most cases, a trend can be observed in
the range of one pigment and oil set. The only exception is the hematite + kaolinite + linseed
oil paints, in which these values change more hectically over the scope of the set. This could
imply that the powdered hematite + kaolinite paint mock-ups were less homogeneous than
the other samples.

When observing the results of chrome oxide green, natural cinnabar, yellow ochre,
and red ochre containing oil paints, the A/P and ∑D values increase when the linseed oil
content decreases. This implies that besides the type of pigment, pigment concentration also
influences the drying of the oil. With these pigments, the higher the pigment concentration,
the more ‘dried’ is the oil—even though considering one set of pigment and oil mixtures,
the samples have been dried over the same period. However, with Prussian blue + linseed
oil and zinc white + linseed oil mixtures, these correlations cannot be made, which implies
that the pigment concentration does not influence the degree of oil oxidation with these
pigments. Therefore, interestingly, the pigment concentration effect is not in correlation
with the siccative nature of the pigment. Even though Prussian blue is a known fast drier,
the higher concentration of Prussian blue pigment in the paint mixture did not accelerate
the drying processes. Likewise, cinnabar is known more as a slow drier; however, the
higher concentration of cinnabar pigment accelerated the drying of the paint mock-ups.
The fact that with some pigments the A/P and ∑D values increase together with the
increase of the pigment concentration, but with other pigments, this correlation is absent
leads to another conclusion: the increase in the A/P and ∑D values does indeed come from
the higher pigment concentration, not from the fact that the samples contained less oil (one
might think that at lower concentration the oil dries better).

As another interesting fact, the A/P and ∑D values are especially low for zinc
white + linseed oil mixtures (average values of 0.3 and 13, respectively)—this again may
confirm the presence of zinc carboxylates, which hinders the loss of palmitic, stearic, and
oleic acid. Therefore, these results show that the A/P ratio does not straightforwardly indi-
cate if the oil has been pre-polymerised (A/P < 0.5 for the zinc white set) or not (A/P > 1 for
all the other pigment sets), even though these criteria have been suggested previously [28].
Additionally, here it can be seen that although the A/P ratio is below 0.3 and ∑D is below
15%, the binding material is not an egg. Therefore, in similar cases, those values would
lead to incorrect identification of the binding material. These results show that both A/P
and ∑D values are affected by the pigment type and, interestingly, in most cases, also by
the pigment percentage in the paint mock-up. Therefore, these ratios should only be used
cautiously to characterise the state of the dried oil binder.

3.2. Absolute Quantification of Fatty Acids

3.2.1. Intermediate Precision Estimation

For estimating the intermediate precision (within-lab reproducibility) of the analysis,
one of the yellow ochre and linseed oil mixtures (concentration of oil 50 g/100 g) was
analysed on five days, spread over two months (see Table 2). This sample was chosen
because the yellow ochre + linseed oil mixtures were one of the most homogeneous, and
therefore, the contribution to scatter resulting from sampling should be the lowest. The
fatty acids present in the FAME calibration mixture and also in the dried paint samples
were methylated palmitic, stearic, and oleic acid, which were quantified with the absolute
quantification method.
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Table 2. Results of absolute quantification of fatty acids in dried yellow ochre and linseed oil mixture
(concentration of oil 50 g/100 g) a.

g/100 g Palmitic Acid g/100 g Stearic Acid g/100 g Oleic Acid g/100 g P/S

50 1.33 (± 0.05) 0.86 (± 0.01) 0.14 (± 0.03) 0.65 (± 0.02)
a—The standard deviations are presented in the brackets.

The results show that acid-catalysed methylation is a suitable derivatisation method
with reproducible results for the samples studied in this work. The other aspects of the GC–
MS method were the same as in the validated procedure presented by Tammekivi et al. [30].
Therefore, the contents of fatty acids in different pigment and oil mixtures and the parame-
ters derived from them are reliable and can be compared to one another.

3.2.2. Absolute Quantification of the Pigment and Oil Mixtures

Table 3 represents the absolute quantification of palmitic, stearic, and oleic acid in
the paint mock-ups. In fresh linseed oil, these values were P = 4.2 g, S = 2.9 g, and
O = 15.5 g/100 g. As can be inferred from Table 3, one of the lowest values of these
fatty acids were measured for the similar red ochre + linseed oil and hematite + kaolin-
ite + linseed oil mixtures, which agree with the statement suggested above that these paint
mock-ups are the most oxidised.

Table 3. Absolute quantification of palmitic (P), stearic (S), and oleic (O) acid in g per 100 g of dried oil paint mock-ups. The
name of the pigment represents the studied pigment and linseed oil mixture.

Oil Concentration
in g/100 g (ca. a)

Chrome
Oxide Green

Natural
Cinnabar

Red Ochre
Prussian

Blue
Hematite +
Kaolinite

Yellow
Ochre

Zinc White

P S O P S O P S O P S O P S O P S O P S O

10 0.1 0.1 0.03

15 0.2 0.2 0.1 0.6 0.4 0.9

20 0.2 0.2 0.1

25 0.3 0.4 0.1 0.1 0.1 0.0 0.4 0.3 0.0 1.1 0.8 2.1

30 0.5 0.5 0.1 0.3 0.4 0.2 0.1 0.1 0.0 0.3 0.4 0.0 0.1 0.1 0.1 0.7 0.5 0.02 1.4 0.9 2.5

35 0.5 0.5 0.2 0.5 0.4 0.2 0.2 0.2 0.0 0.4 0.6 0.1 0.1 0.1 0.1 0.9 0.6 0.03 1.6 1.1 3.0

39 0.2 0.2 0.0

40 0.7 0.8 0.2 0.5 0.6 0.3 0.4 0.6 0.1 0.2 0.2 0.1 1.0 0.7 0.04 1.8 1.2 3.3

42 0.2 0.2 0.1

45 0.6 0.8 0.2 0.5 0.6 0.3 0.2 0.3 0.1 0.5 0.7 0.1 0.2 0.3 0.1 1.2 0.9 0.1 2.0 1.4 3.8

50 0.6 0.9 0.2 0.9 1.0 0.7 0.2 0.3 0.1 0.5 0.7 0.1 0.2 0.2 0.1 1.3 0.9 0.1 2.3 1.6 4.3

55 0.9 1.1 0.3 0.9 1.1 0.7 0.2 0.2 0.1 0.5 0.8 0.2 0.3 0.3 0.2 1.5 1.0 0.1 2.3 1.6 4.4

60 0.9 1.1 0.3 1.2 1.4 1.4 0.4 0.6 0.2 0.7 1.0 0.2 0.3 0.3 0.2 1.8 1.2 0.2 2.6 1.8 5.1

62 0.4 0.6 0.1

65 1.3 1.5 0.4 1.6 1.9 1.8 0.7 0.9 0.2 0.6 1.0 0.2 0.4 0.4 0.3 2.0 1.3 0.2 2.8 2.0 5.4

70 1.2 1.5 0.6 1.1 1.3 1.0 0.7 0.8 0.3 0.6 1.0 0.2 0.6 0.7 0.6 2.3 1.5 0.4 2.9 2.0 5.7

75 1.8 2.0 0.8 2.1 2.1 2.3 0.9 1.0 0.3 0.8 1.2 0.3 1.0 1.1 1.0 2.6 1.7 0.5 3.1 2.2 6.1

80 2.3 2.4 1.5 1.1 1.3 0.4 0.9 1.4 0.3 2.8 1.9 0.7 3.4 2.4 6.3

85 2.5 2.6 3.1 1.2 1.7 0.3 3.0 2.0 0.8 3.4 2.4 5.9

90 2.5 2.6 2.3 1.5 1.8 0.9 1.2 1.8 0.3 3.5 2.3 1.5 3.7 2.5 6.3

95 3.6 3.1 3.1 4.0 3.4 5.8 1.8 2.1 0.8 1.5 2.0 0.4 3.8 2.5 2.2 4.1 2.8 6.6
a—These values are rounded. The exact values are presented in the Supplementary Materials.

157



Molecules 2021, 26, 2218

Again, most peculiar are the results of the zinc white-containing oil paint mixtures.
In addition to the higher palmitic and stearic acid contents, compared to other pigments
throughout the set, the oleic acid content is especially high. This probably contributed to
the low A/P and ∑D values because less azelaic acid and other dicarboxylic acids were
produced. The contents of palmitic and stearic acid are also the most similar to fresh linseed
oil. Interestingly, although natural cinnabar + linseed oil samples (that had 50 g or more
linseed oil per 100 g of sample) also had higher oleic acid content than the other paints, the
A/P and ∑D values were not remarkably low.

In Figure 3, the correlations between stearic acid absolute concentration and the
pigment concentration in the paint mock-ups are shown. Linseed oil mixtures with chrome
oxide green, natural cinnabar, Prussian blue, red ochre, and hematite + kaolinite are presented
in Figure 3A; zinc white and yellow ochre oil paint sets are shown in Figure 3B. The same
graphs for palmitic acid are presented in the Supplementary Materials. The deviations from
the correlation lines in the case of some pigment + linseed oil mixtures (e.g., chrome oxide
green and natural cinnabar sets) are likely caused by the inhomogeneities of the samples.
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Figure 3. Correlations between stearic acid absolute quantity (g/100 g) vs. oil content (g/100 g)
in the weighted sample. (A) chrome oxide green, natural cinnabar, Prussian blue, red ochre, and
hematite + kaolinite mixtures with linseed oil. (B) zinc white and yellow ochre mixtures with linseed
oil. The name of the pigment represents the studied pigment and linseed oil mixture.

In theory, if the concentration of a pigment does not influence the drying extent of
linseed oil, then the correlation should be linear. The correlation in the case of chrome oxide
green, natural cinnabar, red ochre, hematite + kaolinite, and Prussian blue are far from
linear. This demonstrates that the higher the pigment concentration in these paint samples,
the more stearic acid has evaporated from the paint. For zinc white and yellow ochre paints,
the curves are the closest to a linear function. In the yellow ochre + linseed oil case, the
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reason for a curve closer to a linear function could be the fact that the samples were aged
two months less, without artificially increased relative humidity, and the amount of the
prepared paints was three times higher than for the paint samples presented in Figure 3A.
For example, when looking at the absolute values in Table 3 and comparing the stearic acid
quantities for 80 g of linseed oil per 100 g of sample to 40 g, it is evident that the decrease
has been around 2.7 times, not 2. Therefore, it can be concluded that, also in the case of
yellow ochre, the concentration of the pigment influences the drying processes.

Interestingly again, the zinc white + linseed oil paint set acts differently. When
comparing the stearic acid quantities of 80 g of linseed oil per 100 g of sample to 40 g, the
decrease is two times, which demonstrates that in the case of zinc white paints, the effect
of the pigment concentration is the lowest (if present at all). Therefore, in zinc white paint
mock-ups, it would be the simplest to suggest the pigment percentage in an unknown
sample based on the stearic acid absolute content (if the same value for fresh oil is known).

4. Conclusions

In this study, seven artificially aged oil paint mock-ups in varying concentrations
were analysed with GC–MS. In addition to the traditional relative quantification of fatty
acids, the method developed in our workgroup was successfully used for the absolute
quantification of fatty acids in aged paint samples.

The results show that the commonly used ratios to characterise and identify a drying
oil (P/S, A/P, and ∑D) vary greatly because of both the different nature of the used
pigments and different pigment concentrations. The P/S ratios of Prussian blue, chrome
oxide green, natural cinnabar, hematite + kaolinite, and red ochre oil paint sets were
generally below 1.0, which is uncommonly low for the used fresh linseed oil with a P/S
value of 1.5. On the contrary, the P/S values for yellow ochre and zinc white-containing
oil paints remained the same as in fresh oil (1.6 and 1.5, respectively). The high variance
in the P/S ratio obtained in this study demonstrates that if this value is to be used to
identify/confirm the type of drying oil, it should be performed highly judiciously. The
pigment concentration effect could be detected by observing the A/P and ∑D ratios. In
the case of chrome oxide green, natural cinnabar, yellow ochre, and red ochre paints, these
values increased together with the increase of the pigment concentration. However, for
Prussian blue and zinc white, the pigment concentration did not influence the A/P and
∑D values.

The examination of the absolute stearic acid content over the range of paint samples
with varying pigment concentration showed that the correlation was far from linear for
almost all the pigments (except for zinc white samples). This suggests that higher pigment
concentration accelerates the evaporation of stearic acid from the paint samples. Therefore,
only the absolute quantification shows that even when the ratios (P/S, A/P, ∑D) are stable
or when no trend can be seen, the concentration of the pigment has an influence on the
drying processes of oil-paint with almost all the pigments (except zinc white) studied in
this work.

Supplementary Materials: The following are available online, Table S1: The exact pigment and
linseed oil masses in the weighted mixtures a. Table S2: Oleic acid to stearic acid ratio (O/S),
azelaic acid to suberic acid ratio (A/Su), and azelaic acid to sebacic acid ratio (A/Se) calculated
from the GC–MS analyses. Figure S1: ATR–FT–IR spectrum of natural cinnabar and linseed oil aged
mixture (50 g/100 g). Figure S2: ATR–FT–IR spectrum of Prussian blue and linseed oil aged mixture
(50 g/100 g). Figure S3: ATR–FT–IR spectrum of hematite + kaolinite and linseed oil aged mixture
(25 g of hematite + 25 g of kaolinite per 100 g of paint). Figure S4: ATR–FT–IR spectrum of chrome
oxide green and linseed oil aged mixture (50 g/100 g). Figure S5: Correlations between palmitic
acid absolute quantity (g/100 g) vs. oil content (g/100 g) in the weighted sample. (A) chrome oxide
green, natural cinnabar, Prussian blue, red ochre, and hematite + kaolinite mixtures with linseed oil.
(B) zinc white and yellow ochre mixtures with linseed oil. The name of the pigment represents the
studied pigment and linseed oil mixture.
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Abstract: Analysis of amino acids by gas chromatography-mass spectrometry (GC–MS) requires at
least one derivatization step to enable solubility in GC–MS-compatible water-immiscible organic
solvents such as toluene, to make them volatile to introduce into the gas chromatograph and thermally
stable enough for separation in the GC column and introduction into the ion-source, and finally to
increase their ionization by increasing their electronegativity using F-rich reagents. In this work we
investigated the long-term stability of the methyl esters pentafluoropropionic (Me-PFP) derivatives
of 21 urinary amino acids prepared by a two-step derivatization procedure and extraction by toluene.
In situ prepared trideuteromethyl ester pentafluoropropionic derivatives were used as internal
standards. GC–MS analysis (injection of 1 µL aliquots and quantification by selected-ion monitoring
of specific mass fragments) was performed on days 1, 2, 8, and 15. Measured peak areas and
calculated peak area ratios were used to evaluate the stability of the derivatives of endogenous amino
acids and their internal standards, as well as the precision and the accuracy of the method. All
analyses were performed under routine conditions. Me-PFP derivatives of endogenous amino acids
and their stable-isotope labelled analogs were stable in toluene for 14 days. The peak area values
of the derivatives of most amino acids and their internal standards were slightly higher on days
8 and 15 compared to days 1 and 2, yet the peak area ratio values of endogenous amino acids to
their internal standards did not change. Our study indicates that Me-PFP derivatives of amino acids
from human urine samples can easily be prepared, are stable at least for 14 days in the extraction
solvent toluene, and allow for precise and accurate quantitative measurements by GC–MS using in
situ prepared deuterium-labelled methyl ester as internal standard.

Keywords: amino acids; derivatization; esterification; GC–MS; pentafluoropropionic anhydride;
stability; toluene

1. Introduction

Amino acids are carboxylic acids and contain at least one primary or secondary amine
group and additional functionalities such as a hydroxyl (OH) group (Scheme 1). Amino
acids are soluble in water and in water-miscible organic solvents such as methanol, but
they are not soluble in water-immiscible organic solvents such as toluene. Amino acids and
many of their metabolites are generally not accessible to gas chromatography (GC)-based
analysis because they are not volatile and are thermally labile. Their injection in the gas
chromatograph would lead to decomposition in the usually hot injector port to release
small gases most likely including CO2, NH3 and H2O. Thus, native amino acids are not
compatible with GC-based techniques such as gas chromatography-mass spectrometry
(GC–MS). This trouble can be solved by chemical reactions of the carboxylic (COOH)
groups, amine (NH2 and NH) groups, and OH groups with chemically reactive reagents to
generate derivatives that are soluble in GC-compatible, water-immiscible organic, electro-
neutral, volatile and thermally stabile solvents [1–4]. Biological samples contain amino
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acids and their metabolites. GC–MS analysis of all amino acids in biological samples such
as blood and urine usually requires a two-step derivatization procedure to protect the
above mentioned functionalities. Amino acids can be converted to their corresponding
methyl esters by heating the samples for instance with 2 M HCl in methanol (CH3OH)
or CD3OD [3] (Scheme 2, upper panel). This reaction is specific for carboxylic groups of
amino acids. Thus, additional functionalities must be reacted with a second derivatizing
reagent such as an organic anhydride (Scheme 2, lower panel) [2,5]. The reaction order of
the two derivatization steps is of particular importance. Anhydrides of organic acids can
react with all functional groups including carboxylic groups, but such derivatives are not
stable enough [6].

Scheme 1. Chemical structures of the amino acids investigated in the present study. The functionali-
ties being accessible to derivatization are colored. Blue, carboxylic group; Green, amine; Red, OH;
Magenta, ureido, carbamoyl. Cit, citrulline; Orn, ornithine. The chemical structure of homoarginine
(hArg), the methylene homolog of arginine (Arg) is not shown.
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Scheme 2. Two-step derivatization of lysine representative of the chemical class of amino acids.
Separate esterification with 2 M HCl in CH3OH for biological amino acids (1A) and with 2 M HCl in
CD3OD for synthetic amino acids (1B) to serve as internal standards. (2) Combined acylation with
pentafluoropropionic anhydride (PFPA) in ethyl acetate (EA; 1:4, v/v).

In previous work [7,8], we found that a two-step derivatization step (Scheme 2) is
useful for the reliable simultaneous quantitative measurement of amino acids by GC–MS in
different biological samples including plasma, serum and urine. A major advantage of this
derivatization procedure is the generation of stable-isotope labeled amino acids analogs
from synthetic amino acids for use as the respective internal standards. The latter are
synthesized in situ by performing the first derivatization step (60 min, 80 ◦C) in a solution
of 2 M HCl in commercially available, isotopically highly pure tetradeutero-methanol
(CD3OD) (Scheme 2) [5]. The fractions of unlabeled methyl esters (R–COOCH3) of biolog-
ical amino acids and their deuterium-labeled methyl esters (R–COOCD3) are combined
and subjected to the second common derivatization step (30 min, 65 ◦C) with pentafluoro-
propionic anhydride (PFPA) in ethyl acetate (1:4, v/v) (Scheme 2). Subsequently, organic
solvents and excess PFPA are evaporated under a nitrogen stream, the residue is treated
with borate buffer (200 µL) and immediately thereafter with toluene (200 µL). The sample
is then vortex-mixed for 60 s to extract the amino acid derivatives into toluene, thereby
keeping polar compounds such as pentafluoropropionic acid formed from hydrolyzed and
reacted PFPA in the aqueous phase. A 150 µL aliquot of the upper toluene phase obtained
by centrifugation (5 min, 800× g) is transferred into 0.2 mL microinserts which were placed
in 1.5 mL autosampler glass vials, sealed tightly and subjected to GC–MS analysis [7,8].

Investigations of the stability of native analytes in their biological samples are essential
in method validation. Stability studies of non-derivatized analytes in extracts such as in the
mobile phase in liquid chromatography (LC)-based methods, for instance in autosampler
vials during automated analysis, are widely performed and an indispensable part of
method validation. Analogous stability studies in GC-based methods are relatively rare.
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Yet, this may be a particular concern for certain analytes such as amino acids derivatized
with PFPA [6] and OH-rich carbohydrates derivatized with silylating reagents such as
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) [9].

The aim of the present study was to investigate the long-term stability (14 days) in
toluene extracts of the methyl ester pentafluoropropionyl derivatives (Scheme 2) of several
urinary amino acids (Scheme 1). As the GC–MS analysis of histidine (His) and cysteine
(Cys) by this method is not reliable enough [8], these amino acids were not investigated in
the present study.

2. Materials and Methods

2.1. Chemicals and Materials

All synthetic amino acids were of analytical grade and were commercially obtained
from various manufacturers (Sigma-Aldrich, Merck, Germany). Tetradeuterated methanol
(CD3OD, 99% at 2H) and pentafluoropropionic anhydride were supplied by Aldrich (Stein-
heim, Germany). Methanol was obtained from Chemsolute (Renningen, Germany). Hy-
drochloric acid (37 wt%) was purchased from Baker (Deventer, The Netherlands). Ethyl
acetate was obtained from Merck (Darmstadt, Germany). Glass ware for GC–MS (1.5 mL au-
tosampler glass vials and 0.2 mL microvials) and the fused-silica capillary column Optima
17 (15 m × 0.25 mm I.D., 0.25 µm film thickness) were purchased from Macherey-Nagel
(Düren, Germany). Separate stock solutions of amino acids were prepared by dissolving
accurately weighed amounts of commercially available unlabelled and stable-isotope la-
belled amino acids in deionized water. Stock solutions were diluted with deionized water
as appropriate.

2.2. Derivatization Procedures for Amino Acids in Human Urine Samples

A quality control human urine sample (#29) and six 24-h collected urine samples
from six renal transplant recipients (#364, #367, #377, #382, #388, #390) of a previously
reported study [10] were used. Urine aliquots (10 µL) were taken and evaporated to
dryness under a stream of nitrogen. Methyl esters of the amino acids and their metabolites
analyzed in the present study were prepared as follows (see Scheme 2). The residues of
the urine samples were reconstituted in 100 µL aliquots of a 2 M HCl/MeOH solution
and the vials were tightly sealed. Esterification was performed by heating the samples
for 60 min at 80 ◦C. After cooling to room temperature, urine extracts were spiked with
10 µL aliquots of the newly synthesized trideutero-methyl esters, i.e., the internal standard
mixture, in order to reach relevant concentrations with respect to human urine, and the
solvents were evaporated to dryness under a stream of nitrogen. Aliquots (100 µL) of a
daily prepared PFPA solution in ethyl acetate (PFPA-EA, 1:4, v/v) were added, the glass
vials were tightly sealed and heated for 30 min at 65 ◦C to prepare N-pentafluoropropionic
amides of the methyl esters. After cooling to room temperature, solvents and reagents were
evaporated to dryness under a stream of nitrogen. Subsequently, residues were treated
first with 200 µL aliquots of 400 mM borate buffer, pH 8.5, and immediately thereafter
with 200 µL aliquots of toluene, followed by vortex-mixing solvent extraction for 60 s and
centrifugation (4000× g, 5 min, 18 ◦C). Aliquots (150 µL) of the upper organic phase were
transferred into autosampler glass vials equipped with 200 µL microinserts, the samples
were sealed and subjected to GC–MS analysis. After each GC–MS analysis (i.e., injection of
1 µL toluene aliquots, quantification by selected-ion monitoring of specific mass fragments),
the samples were sealed again and stored at room temperature until the next analysis.
This procedure was repeated on days 2, 8, and 15. The peak areas measured and the
concentrations calculated at various storage times were used to evaluate the stability of the
derivatives as well as the precision and the accuracy of the method. The concentrations of
the internal standards were within expected concentrations of endogenous urinary amino
acids (Table 1).
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Table 1. Summary of the GC–MS conditions used for the simultaneous quantitative determination of
the indicated amino acids (AA) in human urine using their stable-isotope labelled analogs as internal
standards (IS).

Amino Acid Derivative
AA/IS
(m/z)

Retention Time
(min)

Dwell Time
(ms)

IS
(µM)

Ala Me-PFP 229/232 3.73/3.70 100 220

Thr Me-(PFP)2 259/262 4.07/4.05 50 165

Gly Me-PFP 215/218 4.22/4.20 50 1100

Val Me-PFP 257/260 4.44/4.42 50 33

Ser Me-(PFP)2 207/210 4.46/4.43 50 330

Leu/Ile Me-PFP 271/274 5.09/5.07 100 88

Asn/Asp (Me)2-PFP 287/293 6.74/6.69 50 82.5

Pro Me-PFP 255/258 7.18/7.16 100 22

Gln/Glu (Me)2-PFP 301/307 7.93/7.89 100 275

Met Me-PFP 289/292 7.94/7.92 100 55

Orn/Cit Me-(PFP)2 418/421 8.60/8.58 50 27.5

Phe Me-PFP 305/308 8.73/8.71 50 88

Tyr Me-PFP 233/236 9.06/9.04 100 110

Lys Me-(PFP)2 432/425 9.51/9.49 50 110

Arg Me-(PFP)3 586/589 9.60/9.58 50 55

hArg Me-(PFP)3 600/603 10.39/10.37 100 5.5

Trp Me-(PFP)2 233/236 11.48/11.45 50 55
Abbreviations. AA, amino acid; IS, internal standard; m/z, mass-to-charge ratio; Me, methyl; PFP, pentafluoropro-
pionyl. Orn, ornithine; Cit, citrulline; hArg, homoarginine.

2.3. Quantitative GC–MS Analyses of Amino Acids

All analyses were performed under routine conditions on a GC–MS apparatus con-
sisting of a single-stage quadrupole mass spectrometer model ISQ, a Trace 1210 series
gas chromatograph and an AS1310 autosampler from ThermoFisher (Dreieich, Germany)
equipped with a 10 µL Hamilton needle. Toluene aliquots (1 µL) were injected in the split-
less mode. The autosampler needle was cleaned automatically three times with toluene
(5 µL) after each injection. Injector temperature was kept at 280 ◦C. Helium was used as
the carrier gas at a constant flow rate of 1.0 mL/min. The oven temperature was held at
40 ◦C for 0.5 min and ramped to 210 ◦C at a rate of 15 ◦C/min and then to 320 ◦C at a
rate of 35 ◦C/min. Interface and ion-source temperatures were set to 300 ◦C and 250 ◦C,
respectively. Electron energy was 70 eV and electron current 50 µA. Methane was used
as the reagent gas for negative-ion chemical ionization (NICI) at a constant flow rate of
2.4 mL/min. In quantitative analyses, the dwell time was 50 ms or 100 ms for each ion
in the selected-ion monitoring (SIM) mode and the electron multiplier voltage was set to
1400 V.

The concentration of the amino in the human urine samples in quantitative analyses
was determined in the SIM mode using one mass fragment (m/z) for the unlabelled amino
acid and one ion for the corresponding mass fragment for the stable-isotope labelled amino
acid serving as the internal standard (IS). The ions monitored are listed in Table 1. The
peak area (PA) values of the urinary amino acids and of the respective internal standards
were calculated automatically by the GC–MS software (Xcalibur and Quan Browser). The
concentration of the amino acids was calculated by multiplying the peak area ratio of the
endogenous urinary amino acid to the respective internal standard with the concentration
of the respective internal standard. Statistical analyses and graphs were performed and
prepared by GraphPad Prism 7 (San Diego, CA, USA).
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3. Results and Discussion

The mean ratios of the PA values of the urinary amino acids to the PA values of the
respective internal standards measured in the seven urine samples are summarized in
Table 2. This Table indicates the inter-individual variation of the excretion of the analyzed
amino acids. The concentrations of the amino acids in the 24 h collected urine samples of
seven individuals varied from 18% to 20% for Met and from 89% to 93% hArg, indicating
the biological variation of the urinary excretion of amino acids.

Table 2. Mean peak area ratio and its coefficient of variation (CV) of the indicated endogenous
amino acids (d0) in urine samples from seven volunteers to the respective internal standards (d3) as
measured by GC–MS analysis of 1 µL aliquots of the toluene extracts stored at room temperature for
several days.

Amino Acid Mean Peak Area Ratio (d0/d3) CV (%) Inter-Indivual Variation

Day 1 Day 2 Day 8 Day 15 All Days CV (%)

Ala 0.427 0.417 0.413 0.415 1.49 74–79

Thr 0.653 0.666 0.588 0.584 6.87 30–32

Gly 0.538 0.535 0.550 0.561 2.18 41–44

Val 0.966 0.960 0.813 0.805 10.1 29–36

Ser 0.724 0.721 0.767 0.782 4.10 36–37

Leu/Ile 0.580 0.575 0.564 0.554 2.04 49–50

Asn/Asp 2.204 2.216 2.506 2.571 8.07 32–37

Pro 0.081 0.081 0.079 0.077 2.41 21–25

Gln/Glu 2.754 2.754 3.505 3.372 12.9 36–39

Met 1.526 1.531 1.889 1.869 11.9 18–20

Orn/Cit 1.091 1.096 1.103 1.100 0.47 34–35

Phe 0.381 0.338 0.350 0.348 5.25 64–67

Tyr 0.812 0.813 0.818 0.804 0.71 47–49

Lys 0.818 0.814 0.855 0.845 2.41 67–70

Arg 0.437 0.430 0.438 0.434 0.83 52–55

hArg a 0.126 0.130 0.142 0.144 6.53 89–93

Trp 0.427 0.417 0.413 0.415 1.67 74–79
a hArg, homoarginine.

The coefficient of variation (CV) of the mean peak area ratio d0/d3 measured on days
1, 2, 8, 15 ranged between 0.47% for Orn/Cit and 12.9% for Gln/Glu. The higher CV values
were due to higher values between days 1 and 2, and days 8 and 15 for some amino acids
(Thr, Val) on the one hand, and lower values between days 1/2 and days 8/15 for other
amino acids (Asn/Asp, Gln/Glu), one the other hand.

The mean peak area ratio values for the individual amino acids to their respective
internal standards and the precision values (CV) in the toluene extracts of seven urine
samples analyzed on days 1, 2, 8 and 15 are listed in Table S1. The CV values were below
10% for Ala, Thr, Gly, Ser, leu/Ile, Pro, Orn/Cit, Phe, Tyr, Lys, Arg, hArg and Trp. The CV
values were in part between 10% and 28% for Val, Asn/Asp, Gln/Glu, Met. These data
indicate that the Me-PFP derivatives of the analyzed amino acids are remarkably stable in
the toluene extracts, with the stability apparently depending upon the amino acid and the
biological matrix (i.e., urine).

In order to investigate the stability of the Me-PFP derivatives of the endogenous amino
acids and of the internal standards we plotted separately their peak area values against
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the storage time of the toluene extracts. The results of this analysis are illustrated in the
Supplementary Figure S1 for all amino acids and in Figure 1 exemplarily for lysine.

Figure 1. (a) Plots of the peak area of urinary lysine (upper left panel), (b) of the peak area of its internal standard (upper
right panel), and (c) of the peak area ratio of lysine to its internal standard (lower panel) in seven 24 h collected urine
samples against the storage time of the toluene extracts (day 1, 2, 8, 15). Note the decadic logarithm scale on the y axes in
the left and middle panels. The plots of the other amino acids investigated in this study are found in the Supplementary
Information. IS, internal standard; a.u., arbitrary units.

On day 1 and day 2 very similar peak areas were measured in the respective urine
samples for all amino acids (Figure S1, left panels) and their internal standards (Figure S1,
middle panels). On day 8 and day 15 also very similar peak areas were observed for the
respective urine samples for all amino acids and their internal standards, except that the
peak area values were generally higher (Figure S1, left and middle panels). The volume
of toluene phase did not decrease in the microinserts during the storage of the sample.
Enrichment of the derivatives is therefore unlikely to explain the higher peak area values
of the amino acid derivatives. Because the toluene phases were not vortex-mixed or shaken
between the analyses (for practical reasons), it cannot be excluded that exceeding PFPA
(ρ = 1.57 g/mL) and Me-PFP derivatives “precipitated” in the toluene phase. Yet, the peak
area values of the endogenous amino acids and their internal standards increased by almost
the same factor, finally resulting in remarkably constant peak area ratios practically in
all urine samples (Figure S1, right panels). These observations suggest that the methyl
ester-pentafluoropropionyl derivatives of unlabeled amino acids of urinary origin and of
the deuterium-labelled amino acids are stable for at least two weeks when stored in toluene
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at room temperature and analyzed by GC–MS in laboratory routine. These observations
also provide convincing evidence that trideutero-methyl esters of amino acids undergo
almost the same physicochemical reactions including chemical derivatization and perfectly
correct for all possible changes during the whole analytical procedure including incomplete
derivatization.

The derivatization conditions used in the present study, including reaction tempera-
ture and time, for the derivatization of the amino acids were found in previous studies to be
optimum [7,8]. Reaction of amino acids with methanol in 2 M HCl at 80 ◦C requires about
60 min for a mean yield of 85% for endogenous and synthetic mono- and dicarboxylic
amino acids. Ureido and carbamoyl amino acids are unstable under the esterification con-
ditions (Scheme 1) [6,8]. Citrulline (Cit) is hydrolyzed to form ornithine (Orn); asparagine
(Asn) and glutamine (Gln) are also hydrolyzed to form aspartate (Asp) and glutamate
(Glu), respectively; Orn, Asp and Glu are further esterified to form their dimethyl esters [8].
OH-groups containing amino acids (Thr, Ser, Tyr) are not affected by the HCl-catalyzed
esterification.

After esterification, reaction mixtures must be evaporated to complete dryness in
order to avoid hydrolysis and to increase the yield of the second consecutive derivatization
with PFPA in EA. This reaction requires lower reaction temperature and shorter reaction
time given the high reactivity of PFPA. The reaction solutions (PFPA-EA, 1:4, v/v) should
be freshly prepared for maximum yield. As PFPA is highly reactive and non-selective,
it reacts with many functional groups including primary and secondary amines to form
N-pentafluoropropionyl derivatives, hydroxyl groups to form O-pentafluoropropionic
esters, and carboxylic groups to form mixed anhydrides. While pentafluoropropionamides
are resistant towards water, mixed anhydrides are not stable even in virtually anhydrous
toluene [6]. Thr and Ser contain each one OH group which also react with PFPA to finally
produce the methyl ester-N,O-pentafluoropropionic derivatives. The results of the present
study suggest that the methyl ester-N,O-pentafluoropropionic derivatives of Thr and Ser
are very stable in toluene. Tyr contains an aromatic OH group. Under the derivatization
conditions used in our study (Scheme 2), the acidic OH group of Tyr is likely to react with
PFPA, yet with the O-pentafluoropropionic ester being very easily and quickly hydrolyzing
during the borate buffer/toluene extraction step. This has been previously demonstrated
by trimethylsilylating the non-derivatized OH group of the Me-PFP derivative of Tyr with
BSTFA at room temperature [11].

The reaction mixture of the second derivatization step contains numerous compounds
of urinary origin including derivatized and non-derivatized amino acids, huge excess of
non-reacted PFPA, as well as pentafluoropropionic acid from hydrolyzed and reacted PFPA.
For optimum analysis and minimum contamination of the GC–MS apparatus, extraction
of the Me-PFP derivatives is highly recommended. Water-immiscible and GC-compatible
organic solvents are best suited. We selected toluene for solvent extraction because it is
practically not miscible with water (solubility: 29 µM water in 1 L toluene; i.e., about
160 times less soluble than water in ethyl acetate) and has a lower density than water
(ρ = 0.87 g/mL). These features facilitate phase separation and easy transfer of the upper
organic phase into autosampler glass vials, thereby effectively avoiding water-carryover.
The results of the present study underline the superiority of toluene for the extraction
and long-term storage of Me-PFP derivatives of amino acids. Because of the very high
molar excess of PFPA over amino acids and other substances of urine origin, it is likely that
remaining PFPA is also extracted into toluene and serves as an “in injector” derivatization
reagent like ethyl acetate in the analysis of nitrous acid [12].

Trimethylsilyl (TMS) derivatives of many amino acids in pyridine-methoxyamine-N-
trimethylsilyl-N-methyltrifluoroacetamide (MSTFA) were found to degrade during the
storage in glass vials in the autosampler within a few hours [13]. The stability increased
considerably when the derivative solutions were stored at 4 ◦C (for 12 h), with maximum
stability (for 72 h) when stored at −20 ◦C [13]. These results suggest that TMS derivatives
of amino acids are not best suitable for GC–MS analysis.
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Alkyl chloroformate is widely used for the GC–MS analysis of amino acids [2]. This
derivatization procedure was automated for high-throughput analysis of different classes
of substances including amino acids [14]. Yet, no stable-isotope labelled analogs were
used for quantitation, with the mode of quantitation being not clearly described in that
work. Stability studies of chloroform extracts dried over anhydrous sodium sulfate and
at stored at −80 ◦C. The precision (RSD) of the GC–MS method was used as a measure
of the derivatives stability. With respect to the derivatives of amino acids from human
urine the stability was reported to be <20% for 6 days storage for the majority of amino
acids. Phenylalanine, glutamate, cysteine have been excluded from stability analyses due
to lacking linearity.

4. Conclusions

Derivatization of the functional groups of amino acids, i.e., –COOH, –NH2, –NH,
–OH, –SH first with 2 M HCl in CH3OH and then with PFPA in EA enables analysis of
amino acids in biological samples such as human urine by GC–MS. Derivatization of
the –COOH group(s) of synthetic amino acids with 2 M HCl in CD3OD from commercial
sources is a useful approach to prepare stable-isotope labelled analogs for use as internal
standards in quantitative analyses. Toluene is excellently suitable for the instantaneous
extraction and long-term storage of urinary amino acids and their internal standards as
methyl ester-pentafluoropropionyl derivatives.

Supplementary Materials: The following are available online, Table S1 Mean peak area ratio (coeffi-
cient of variation, CV) of endogenous amino acids in the seven human urine samples to the respective
internal standard as measured by GC–MS analysis of 1 µL aliquots of the toluene extracts stored and
room temperature for several days. Figure S1. Plots of the peak area of urinary amino acids (upper
panel), of the peak area of their internal standards (middle panel), and of the peak area ratio of the
amino acids to their internal standards (lower panel) in seven 24 h collected urine samples against
the storage time of the toluene extracts (day 1, 2, 8, 15). Note the decadic logarithm scale on the y
axes in the left and middle panels.
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Abstract: The aim of this work was to characterize biogenic amines (BAs) in different parts of Lycium

barbarum L. using HPLC with dansyl chloride derivatization, and jointly, to provide referential data for
further exploration and utilization of Lycium barbarum L. The linear correlation coefficients for all BAs
were above 0.9989. The limits of detection and quantification were 0.015–0.075 and 0.05–0.25 µg/mL,
respectively. The relative standard deviations for the intra-day and inter-day precision were 0.66–
2.69% and 0.91–4.38%. The described method has good repeatability and intermediate precision for
the quantitative determination of BAs in different parts of Lycium barbarum L. Satisfactory recovery
for all amines was obtained (79.3–110.3%). The result showed that there were four kinds of BAs.
The highest putrescine content (20.9 ± 3.2 mg/kg) was found in the flower. The highest histamine
content (102.7 ± 5.8 mg/kg) was detected in the bark, and the highest spermidine (13.3 ± 1.6 mg/kg)
and spermine (23.7 ± 2.0 mg/kg) contents were detected in the young leaves. The high histamine
(HIS) content in the bark may be one of the reasons why all of the parts of Lycium barbarum L., except
the bark, are used for medicine or food in China. Meanwhile, the issue of the high concentration of
HIS should be considered when exploiting or utilizing the bark of Lycium barbarum L.

Keywords: biogenic amines; Lycium barbarum L.; HPLC; derivatization

1. Introduction

Biogenic amines (BAs), such as tyramine (TYR), methylamine (MET), histamine (HIS),
putrescine (PUT), cadaverine (CAD), tryptamine (TRY), phenylethylamine (PEA), sper-
mine (SPM), and spermidine (SPD), are endogenous and indispensable components to
living cells, playing important roles in cell proliferation and differentiation, regulation
of nucleic acid function, protein synthesis, brain development, and nerve growth and
regeneration [1]. Moreover, they have many biological activities, such as vasoconstric-
tion [2], vasodilation [3], antioxidant [4], and promoting longevity [5]. For polyamines
PUT, SPD, and SPM, their intracellular concentrations decline during human aging, and
administration of SPD markedly extended the lifespans of yeast, flies, worms, and human
immune cells. The SPD administration potently inhibited oxidative stress in aging mice.
In aging yeast, spermidine treatment triggered epigenetic deacetylation of histone H3
through the inhibition of histone acetyltransferases (HAT), suppressing oxidative stress
and necrosis. Conversely, depletion of endogenous polyamines led to hyperacetylation,
generation of reactive oxygen species, early necrotic death, and decreased lifespan [5]. In
recent years, it was found that SPD and SPM potently inhibit oxidative stress in aging mice,
which can increase the activity of antioxidant enzymes, reduce the accumulation of free
radicals, improve the skeletal muscle cell membrane metabolism and anti-injury ability,
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and significantly delay the occurrence of mouse fatigue [6,7]. BAs in low concentrations
are essential for many physiological functions; however, they can cause a variety of side
effects in high concentrations, including rashes, headaches, nausea, hypo- or hyper-tension,
cardiac palpitations, intracerebral hemorrhages, and anaphylactic shock, especially when
alcohol or monoamine oxidase inhibitors are ingested at the same time [8]. Among the BAs,
the toxicity of each amine is different, but HIS and TRY are the most toxic. HIS poisoning
has a short incubation period, ranging from minutes to hours after ingestion. Symptoms
include headache, facial flushing and sweating, rash and itching, nausea, vomiting, diar-
rhea, and heart palpitations [9]. TYR overdose may result in a hypertensive crisis, usually
accompanied by a severe headache and sometimes intracranial hemorrhage and other
neurological sequelae, cardiac failure, and pulmonary edema [10]. It was reported that
3 mg of PEA can cause migraine headaches in susceptible individuals [1]. PUT and CAD
have not demonstrated direct adverse health effects, but they are known to enhance HIS
toxicity by inhabiting HIS metabolizing enzymes [1]. The permissible limit of 50 mg/kg of
HIS has been proposed by the US Food and Drug Administration (US FDA)—differently,
100 mg/kg was proposed by the European Union, South Africa, Canada, and Switzerland,
and 200 mg/kg by Australia [11–13]. The acceptable level of TYR is 100–800 mg/kg and
for PEA it is 30 mg/kg [1,4]. No recommendations have been suggested for PUT and CAD.
Although estimating the total toxic dose of individual BAs is very difficult, Shalaby and
Valsamaki et al. have stated that the safe sum of HIS, TRY, PUT, and CAD should not
significantly exceed 900 mg/kg [14,15]. Therefore, the study of BAs is of great interest due
to their activities and toxicological threats.

Lycium barbarum L. (L. barbarum) is a perennial bush produced mostly in Ningxia Hui
Autonomous Region of China. The Compendium of Materia Medica in the Ming Dynasty
recorded: the leaves of L. barbarum are called Tianjingcao; the flowers are called Chang-
shengcao; the fruits are called Gouqizi (Lycii Fructus); the root bark is called Digupi (Cortex
Lycii Radicis) [16]. In Traditional Chinese Medicine (TCM), the roots, stems, leaves, flowers,
and fruits of L. barbarum are used as medicine [17]. The fruit of L. barbarum, known as the
wolfberry, is a well-known product used for medicinal and food purposes in China [18,19].
It was first recorded in the book of “Shennong’s Classic of Materia Medica” and described
as making the body stronger, resistant to aging, and resistant to cold and heat, and enhanc-
ing physical fitness. It was listed in the Chinese Pharmacopoeia (2020). The dried fruit of
L. barbarum, widely used as a very important commercial crop, has been developed and
used in different kinds of products, including medlar wine, tea, drinks, health products,
and cosmetics [20]. It is also used in food such as stewed soup and porridge. The fruit of
L. barbarum also has been used for preventing and treating various diseases in East Asia
for over 2000 years with excellent efficacy in nourishing the liver and kidney, brighten-
ing the eyes [21], and providing anti-aging and cytoprotective effects [22]. The leaves of
L. barbarum, which are recorded in the book of Chinese Materia Medica, have effects of
tonifying the kidney and providing a beneficial essence, removing heat and quenching
thirst, nourishing the liver and improving eyesight, and promoting longevity [16]. Modern
pharmacology shows that it has antioxidant, anti-aging, hypoglycemic, hypolipidemic,
anti-tumor, antibacterial, anti-hypoxic, and anti-fatigue activities [23–25]. The leaves of
L. barbarum also have been used as a daily health food, a health-enhancing herbal tea,
and vegetables [26]. The leaves of L. barbarum and cactus are reportedly used to make a
hypoglycemic health drink to control blood glucemin [27]. Stems and leaves of L. barbarum
and garlic as mixed raw materials can be made as a composite function beverage [28]. The
flower of L. barbarum has antioxidant, neuroprotective, and antibacterial effects [23]. The
root of L. barbarum has anti-free radical activity, has immune regulation activity, lowers
blood pressure, regulates blood lipids, is hypoglycemic, and is antibacterial [25]. Therefore,
it is valuable to study the different parts of L. barbarum for its better exploitation and
utilization.

For the study of the composition of L. barbarum, most studies have reported flavonoids,
alkaloids, terpenoids, polysaccharides, peptides, phenolic amides, traceelements, and
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amino acids in the fruit or leaves of L. barbarum [20,29,30]. Ma Baolong et al. [31] successfully
established a method for detecting chloride derivatives of SPM and SPD in L. barbarum
leaves with high performance liquid chromatography (HPLC), but they did not provide
examples, nor did they give specific contents. To the best of the authors’ knowledge, there
are no reports available about specific BA contents in the different parts of L. barbarum.

A variety of methods have been applied for the determination of BAs in foods, such
as electrochemical biosensor methods [32], thin layer chromatography (TLC) [33], gas
chromatography (GC) [34], ion chromatography (IC) [35], and reverse-phase HPLC (RP-
HPLC) [36]. Since most BAs lack satisfactory absorption and significant fluorescence
characteristics, chemical derivatization is usually performed to increase the sensitivity
in determining BAs. O-phthalaldehyde (OPA) [37] and dansyl chloride (Dns-Cl) [38]
are mostly used. The major disadvantage of OPA is that it only reacts with primary
amines. However, Dns-Cl forms derivatives not only with primary but also with secondary
amines. Their products are more stable than those formed by using OPA [39]. BAs were
characterized in Chinese Tonic-Qi herbs, male silkworm moths, and rat plasma using
HPLC with Dns-Cl derivatization in our previous studies [40–42]. This method has good
repeatability and precision for the quantitative determination of BAs. This work aimed to
characterize BAs in the different parts of L. barbarum using HPLC with Dns-Cl derivatization
and to provide referential data for further exploration and utilization of L. barbarum. The
identification of dansylated BAs was confirmed by HPLC-UV and ESI-Q-TOF-MS.

2. Results and Discussion

2.1. Preparation of Samples

In order to optimize the solution extracted, trichloroacetic acid, perchloric acid, and
hydrochloric acid were employed to compare the extraction efficiency of BAs from L.
barbarum. The best results came from the use of hydrochloric acid as the extraction reagent
with an optimal concentration of 1 M. To determine low concentrations of BAs in the
complex samples, it can be of great importance to remove interfering constituents in order
to obtain the baseline separated peaks. Therefore, the amine was concentrated by liquid–
liquid extraction and the interference components were removed. A total 10 mL of 1 M HCl
extraction was collected, and the pH was adjusted to 12 to obtain free amines. The n-butyl
alcohol-dichloromethane (1:1, v/v) was used to extract the free amines. One milliliter of 1
M HCl was added to the organic fractions before evaporation in order to obtain the stable
amine hydrochloride.

BAs can be formed stable amine hydrochloride when extracted with 1 M HCl. An
additional liquid–liquid extraction was employed to remove highly polar or ionic com-
pounds. After organic solvent evaporation, the dry residue was dissolved in 0.1 M HCl
(1 mL) for enrichment finally. The chemical constituents of L. barbarum are very complex,
including anthocyanins, flavonoids, polysaccharides, fatty acids, amino acids, sugars, and
some trace elements. Extraction of BAs from samples and pre-processing are important
steps prior to the derivatization. Most of the methods available in the literature for BA
determination involve an acidic extraction from a solid matrix; organic solvents are seldom
used. The choice of acid has to be related to the characteristics of the matrix to be analyzed.
Many compounds that might interfere can be eliminated in this step. In our previous study,
an optimization of the extraction procedure was carried out by investigating the influences
of extraction solvent (acid choice), extraction method, and extraction time on the outputs
of the extraction [40–42]. To determine low concentrations of BAs in crude extracts from
plant tissues, it can be of great importance to remove interfering compounds; purification
is necessary. Therefore, an additional liquid–liquid extraction was employed to remove
highly polar or ionic compounds from the plant extract. BAs were dissociated after adding
NaOH, and extracted by an organic solvent which can remove water-soluble impurities
(amino acids and sugar). After organic solvent evaporation, the dry residue was dissolved
in 0.1M HCl (1 mL) for enrichment. This method has good repeatability, precision, and
recovery for the quantitative determination of BAs.
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2.2. Derivatization Procedure

To optimize the derivatization procedure, different amounts of Dns-Cl (between 3 and
10 mg/mL) and reaction times (from 30 to 60 min) were used to derivatize the 11 amines at
different temperatures (between 25 and 80 ◦C). It was found that a 45 min derivatization at
60 ◦C by using 5 mg/mL Dns-Cl was sufficient to produce a quantitative conversion of the
amines into stable Dns-Cl derivatives. As the dansylation reaction requires an alkaline state,
the pH of the buffer is the main influence for dansylation on these 11 determined amines.
Upon comparison of different pHs of the NaHCO3/Na2CO3 buffer from 8.16 to 11.0, a
suitable pH of 10.0 was determined. An addition of ammonia is necessary to quench an
excess of Dns-Cl, and a reaction for 30 min is sufficient to stop the dansylation. Experiments
have shown that the dansyl derivative is stable for more than 24 h at room temperature.

2.3. Identification of the BAs in L. barbarum

In the analysis of L. barbarum samples, the BAs peak identification was based on
the comparison between the retention times of standard compounds and was confirmed
by ESI-Q-TOF-MS. The chromatogram of a standard solution of dansylamines shown in
Figure 1A was obtained using the gradient profile described in the Section 3.5. There was
no overlap between each standard amine. The high content of acetonitrile (ACN) in the
mobile phase within the twenty-fifth and thirty-fifth minutes is a necessity due to the
slow movement of SPD and SPM in the column. After SPM elution, the composition of
the mobile phase returned within 5 min to the initial composition. All of the standard
amine peaks appeared within 35 min. The detection peaks of different parts of L. barbarum
samples could be well separated with no endogenous interference observed at the retention
times of both the analyte and the internal standard (IS). The sample of young leaves, as a
representative one, is shown in Figure 1B–D. Major side-products of the dansyl reaction
were eluted for 2–10 min and good separation was achieved from derivatized amines. The
control group was detected using 10 mL of 1 M HCl to replace the 10 mL of sample extract
derived with Dns-Cl and shown in Figure 1F.

Under the MS conditions, dansylated BAs produced stable and intense [M + Na]+ ions
seen in Figure 2 and Table 1. However, the product ion of SPM was not found, though the
dansylated SPM was analyzed alone or the concentration of the analyte was increased. The
dansylated SPM (MW: 1157) may be too large to detect under the MS conditions. SPM was
identified by changing the mobile phase and the spiked standards [40].

Table 1. Characteristic mass fragments of dansylated BAs.

BAs Dns-BAs [M + 23]+ (m/z) [M + 23]+ (m/z) found

PUT Dns2-PUT 577.1914 577.1921
HIS Dns-HIS 367.1199 367.1215
SPD Dns3-SPD 867.3003 867.2959
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μ
μ

Figure 1. (A): Standard solution of BAs (10 µg/mL each); (B): L. barbarum leaves sample (IS unspiked); (C): L. barbarum

leaves sample; (D): L. barbarum leaves sample (Dns-Cl unspiked); (E): Dns-Cl solution (20 µg/mL); (F): control group: 10 mL
1 M HCl replacing the 10 mL sample extract derived with Dns-Cl. Chromatographic peaks: (1) MET; (2) TRP; (3) PEA; (4)
PUT; (5) CAD; (6) HIS; (7) DMP; (8) 5-HT; (9) TYR; (10) SPD; (11) DA; (12) SPM.
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Figure 2. MS spectra of dansylated BAs.

2.4. The Matrix Effect

The matrix effect was assessed by the slope comparison method as performed by
Flores and Jia groups [43,44]. The slope ratio of the matrix curve to the neat solution curve
was calculated; the ratio value of 1.0 indicated no matrix effect. The results showed that
most of the ratio values were close to 1.0, implying that there were no significant matrix
effects in relatively complex plant matrices. Since no significant matrix effects were found
for the relatively complex plant matrices, the proposed method might be applicable for the
detection of BAs in other complex samples in the future.

2.5. Method Validation

The results are summarized in Table 2. Good fitting with the linear model for the
response (R2: 0.9989–0.9999) of each analyte was observed in the concentration ranges of
0.10–10, 0.25–10, and 0.10–50µg/mL. The LOD and LOQ were in the ranges of 0.015–0.075
and 0.05–0.25 µg/mL, respectively. The relative standard deviations (R.S.Ds.) for the intra-
day and inter-day precision were 0.66–2.69% and 0.91–4.38%, respectively. These results
confirmed the good repeatability and intermediate precision of the described method.
Satisfactory recovery for all amines was obtained (79.3–110.3%); young leaves sample, as a
representative, is shown in Table 2.
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Table 2. Sample characteristics obtained with HPLC analysis.

Biogenic
Amines

Linear
Range

(µg/mL)

R2
LOD

(µg/mL)
LOQ

(µg/mL)

Intra-Day
Precision
(%RSD)
(n = 5)

Inter-Day
Precision
(%RSD)
(n = 5)

Recovery (Young Leaves Samples)
(% mean ± SD, n = 3)

1 µg/mL 5 µg/mL 10 µg/mL

MET 0.10–10 0.9999 0.015 0.05 0.98 2.54 89.1 ± 4.9 91.7 ± 1.3 86.5 ± 1.1
TRP 0.10–10 0.9990 0.030 0.10 0.81 1.53 79.3 ± 4.6 92.1 ± 1.2 91.7 ± 1.0
PEA 0.25–10 0.9997 0.075 0.25 1.01 1.73 92.6 ± 5.3 94.3 ± 1.6 90.5 ± 1.2
PUT 0.10–50 0.9996 0.015 0.05 2.69 4.38 88.2 ± 5.4 90.6 ± 1.6 88.6 ± 1.2
CAD 0.10–10 0.9998 0.030 0.10 0.93 1.67 86.3 ± 4.3 93.6 ± 1.6 95.5 ± 1.1
HIS 0.10–10 0.9993 0.030 0.10 1.27 2.39 89.5 ± 4.7 91.2 ± 1.2 87.9 ± 1.1

5-HT 0.25–10 0.9989 0.075 0.25 1.33 2.06 110.3 ±

5.1 88.1 ± 2.0 87.7 ± 1.7

TYR 0.25–10 0.9997 0.075 0.25 0.66 0.91 86.5 ± 4.1 88.2 ± 1.1 89.4 ± 1.3
SPD 0.10–10 0.9997 0.030 0.10 1.42 2.82 89.7 ± 5.7 92.6 ± 1.9 90.4 ± 1.4
DA 0.25–10 0.9989 0.075 0.25 1.09 2.43 93.1 ± 4.8 94.1 ± 2.5 88.5 ± 1.7

SPM 0.10–10 0.9996 0.030 0.10 2.07 3.31 96.5 ± 4.4 94.2 ± 1.4 90.1 ± 1.1

R2: square of regression coefficient; LOD: limit of detection; LOQ: limit of quantification; RSD: relative standard deviation.

2.6. Distribution of the BAs in L. barbarum

Table 3 lists the BAs in different parts of L. barbarum.

Table 3. Content of BAs in different parts of L. barbarum. (n = 3).

Samples
Concentrations of BAs (mg/kg) (Mean ± SD)

MET TRP PEA PUT CAD HIS 5-HT TYR SPD DA SPM

Young
leaves ND ND ND 12.94 ± 1.8 ab ND 5.6 ± 0.9 c ND ND 13.3 ± 1.6 a ND 23.7 ± 2.0 a

Mature
leaves ND ND ND 2.3 ± 0.4 d ND 2.6 ± 0.3 c ND ND 10.7 ± 1.5 abc ND 9.4 ± 1.1 bc

Young
stem ND ND ND 10.4 ± 1.4 abc ND 10.2 ± 1.8 c ND ND 4.3 ± 0.8 bc ND 13.3 ± 1.4 b

Mature
stem ND ND ND 5.2 ± 1.1 acd ND 23.5 ± 2.2 b ND ND 3.6 ± 0.6 bc ND 2.4 ± 0.4 d

Bark ND ND ND 3.0 ± 0.5 ad ND 102.7 ± 5.8 a ND ND 3.0 ± 0.5 c ND 2.7 ± 0.4 d

Flower ND ND ND 20.9 ± 3.2 a ND 2.3 ± 0.4 c ND ND 10.7 ± 2.1 abc ND 4.2 ± 0.7 d

Fruit ND ND ND 1.3 ± 0.3 d ND ND ND ND 2.9 ± 0.1 bc ND 6.3 ± 1.2 cd

Root ND ND ND 5.2 ± 0.9 abcd ND 17.0 ± 3.2 bc ND ND 3.0 ± 0.3 bc ND 0.9 ± 0.1 d

ND: not detected. Different letters (such as a and b) indicate differences between period groups (p < 0.05), identical letters (including a and
ab) indicate no differences between period groups, and no letters indicate no differences among all eight period groups.

As shown in Table 3, MET, TRP, PEA, CAD, 5-HT, TRY, and DA were not found in
detectable concentrations in any of the samples. PUT, HIS, SPD, and SPM were found in all
parts of L. barbarum, except that HIS was not found in detectable concentrations in the fruit.

The content of BAs was determined and compared in different parts of L. barbarum.
The PUT content was the highest in the flower (20.9 ± 3.2 mg/kg), followed by young
leaves, young stem, mature stem, root, bark, mature leaves, and fruit. The PUT content of
the flower and young leaves, young stem, mature stem, root, and bark did not significantly
differences among the six groups (p >0.05); however, there were significant differences in
PUT content among flower, mature leaves, and fruit (p < 0.05).

The highest HIS content was detected in the bark (102.7 ± 5.8 mg/kg), followed by ma-
ture stem (23.5 ± 2.2 mg/kg), root (17.0 ± 3.2 mg/kg), young stem (10.2 ± 1.8 mg/kg), young
leaves (5.6 ± 0.9 mg/kg), mature leaves (2.6 ± 0.3 mg/kg), and flower (2.3 ± 0.4 mg/kg).
HIS was not found in detectable concentrations in the fruit. The content of HIS in the bark was
much higher than that in the other seven groups, and the difference was significant (p < 0.05).
The HIS content in the mature stem was the second, with no significant difference from root,
but there was a significant difference between the mature stem and young leaves, mature
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leaves, young stem, and flower (p < 0.05). The contents of HIS in mature leaves, young leaves,
young stem, flower, and root were very low and were not significantly different (p > 0.05). The
HIS content in the bark (102.7 ± 5.8 mg/kg) was higher than the limit standard (50 mg/kg by
the US FDA, 100 mg/kg by the European Union, South Africa, Canada, and Switzerland).
Considering the toxicity of HIS [1,9], it is necessary to pay attention to the high toxicity of
HIS in the bark. The experimental result suggests that high HIS should be considered when
exploiting or utilizing the bark of L. Barbarum. The HIS contents in young leaves, mature
leaves, young stem, flower, and root were not significantly different, and were lower than
regulated limits, so they can be used safely. The Compendium of Materia Medica recorded
that the root, stem, leaves, flower, and fruit are used as medicine; only the bark is not. The
bark is also not used for food in China. The high content of HIS in the bark may be one of the
reasons.

Upon comparison with the SPD contents in different parts of L. barbarum, the highest
amount of SPD was detected in the young leaves (13.4 ± 1.6 mg/kg), followed by mature
leaves (10.7 ± 1.5 mg/kg) and flower (10.7 ± 2.1 mg/kg), all of which had significantly
higher contents than the other parts. The difference between these three groups is not
obvious (p > 0.05), but there was significant difference from other groups (p < 0.05). The
highest SPM content was found in the young leaves, followed by young stem, mature leaves,
fruit, flower, bark, mature stem, and root. Compared with the contents of SPM in different
parts of L. barbarum, the contents of SPM in young leaves (23.7 ± 2.0 mg/kg), young stem
(13.3 ± 1.4 mg/kg), mature leaves (9.4 ± 1.1 mg/kg), and fruit (6.3 ± 1.2 mg/kg) were
significantly higher than those in the other parts, and the content of SPM in young leaves
was the highest. A significant difference existed between the content of SPM in young
leaves and the contents in the other seven groups (p < 0.05). The SPM contents in mature
leaves and young stem were higher than in mature stem, bark, flower, fruit, and root,
significantly (p < 0.05). No significant difference for SPM content was observed between
mature leaves and young stem (p > 0.05).

3. Materials and Methods

3.1. Chemicals and Reagents

BAs, 2-phenylethylamine (PEA), methylamine (MET), putrescine dihydrochloride
(PUT), cadaverine dihydrochloride (CAD), tryptamine (TRY), histamine dihydrochlo-
ride (HIS), serotonin hydrochloride (5-HT), tyramine hydrochloride (TYR), dopamine
hydrochloride (DA), spermidine trihydrochloride (SPD), and spermine tetrahydrochloride
(SPM) were obtained from Sigma-Aldrich (St. Louis, MO, USA). IS, 1,7-diaminoheptane
(DMP) was supplied by Sigma-Aldrich (Steinheim, Germany). Dansyl chloride (Dns-Cl)
from Sigma-Aldrich (USA) was used as a derivatization reagent. The HPLC grade acetoni-
trile (ACN) was purchased from Tedia (Fairfield, CT, USA). Deionized water was produced
by a MILLPAK Reagent Water System (Millipore, MA, USA). All other reagents were of
analytical grade.

3.2. Preparation of Standard Solutions

The mixed stock solution, containing 0.1 mg/mL of each individual amine, was
prepared in 0.1 M HCl and stored at 4 ◦C. Standard solutions were prepared by diluting
the stock solution and used to obtain calibration curves. A separate IS stock solution,
containing 0.1 mg/mL DMP, was made in an analogous way. Dns-Cl standard solution
was prepared in acetone and stored at 4 ◦C.

3.3. Preparation of Sample Solution

L. barbarum samples were collected from Xi’an Town, Zhongwei City, NingXia Hui
Autonomous Region of China (31 August), and were categorized as young leaves, mature
leaves, young stems, mature stems, main stem bark, flowers, fruit, and roots. Each sample
was dried in the shade according to the traditional drying method of L. barbarum fruit
(known as the wolfberry) [45].
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The different parts were collected from multiple trees, then cut into small pieces
(0.5 cm * 0.5 cm) and mixed, and then 3 samples (5 g each sample) were weighed randomly.
Each sample was transferred into a 50 mL centrifuge tube, followed by the addition of
20 mL of 1 M HCl and 0.1 mL of IS working solution (0.1 mg/mL). The mixture was
extracted in a constant-temperature shaker (SHA-C, China) for 60 min and then centrifuged
(3600 rpm) for 10 min. The supernatant was collected with the residue extracted twice with
the same volume of 1 M HCl. All supernatants were combined and filtered through a filter
paper into a 50 mL brown volumetric flask. The final volume was adjusted to 50 mL with
1 M HCl. A 10 mL aliquot of sample extract was transferred to a 50 mL centrifuge tube
and adjusted to pH 12 with 2 M NaOH. The mixture was extracted with 10 mL n-butyl
alcohol-dichloromethane (1:1, v/v), vortex-mixed for 5 min and then centrifuged for 10 min
at 3600 rpm. After separating the two phases, the lower organic phase was transferred to
an evaporating dish. The extraction was repeated three times. The 1 mL of 1 M HCl was
added to the combined organic fractions and evaporated to dryness under nitrogen in a
water bath at 40 ◦C. The dried residue was dissolved in 1 mL of 0.1 M HCl, and 0.5 mL
solution was collected for derivatization. The residue was used for the blank group. The
control group was carried out with a 10 mL 1 M HCl replaced 10 mL extract, then followed
the rest steps.

3.4. Derivatization Procedure

The 0.5 mL of dilute standard solution of the amines was mixed with 20 µL DMP
(0.1 mg/mL), 0.5 mL of Dns-Cl (5 mg/mL in acetone), and 1 mL of Na2CO3-NaHCO3 pH
10 buffer. The mixture was heated in a water bath at 60 ◦C for 45 min. The excess Dns-Cl
was quenched by adding 100 µL of ammonia in the dark at room temperature. After 30 min,
the mixture was adjusted to 5 mL with ACN. The solution was filtered through a 0.45 µm
membrane filter and injected onto the chromatographic column for determination. For
each of the extracted samples, a dansylation reaction was performed as described earlier
for the standard solution, except that IS was not added.

3.5. Instrumentation and Conditions

The HPLC determination of dansyl derivatives of BAs was performed with a Shi-
madzu liquid chromatography system coupled with a system controller SCL-10A-Vp, two
pumps (LC-10A-Vp), a DAD detector SPD-M-10A-Vp, a degasser GT-154, and a Rheodyne
injector with a 20 µL loop (Tokyo, JPN). Separation was achieved using a Shimadzu shim-
pack C18 analytical column (250 mm × 4.6 mm, Intenal Diameter, 5 µm) and protected
with a Shimadzu extend C18 guard column (12.5 mm × 4.6 mm, Intenal Diameter, 5 µm)
maintained at 30 ◦C. The mobile phase solution A was ultra-pure water and the mobile
phase solution B was ACN. Gradient elution was from 45–50 % A for 0–7 min; 50–10%
A for 8–25 min; 10% A for 26–35 min and 10–45 % A for 36–40 min at the flow rate of
0.8 mL/min. The detector was set at 254 nm; 20 µL of dansyl derivative was injected onto
HPLC for analysis.

Mass spectrometry was carried out on a micrOTOF-Q II mass spectrometer instrument
(Bruker Daltonics, Bremen, Germany). The conditions of MS analysis in the positive ion
mode were as follows: dry gas; flow rate, 4.0 mL min−1; dry heater temperature, 180 °C;
scan range, 50–3000 m/z; capillary voltage, 4500 V; nebulizer press, 0.4 Bar.

3.6. Method Validation

The analytical method was validated in terms of its linearity, limit of detection (LOD),
limit of quantification (LOQ), precision, and recovery. The calibration curves were gen-
erated by plotting the peak-area ratios of the analyte to the IS relative to the analyte
concentrations against the seven concentrations of the standard mixtures. The LOD and
LOQ were calculated based on the signal-to-noise ratios (S/N) of 3 and 10, respectively.
Five replicates of the same sample were analyzed within one working day to determine
the intra-day precision. The sample was continuously measured for three days, repeatedly,
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five times a day, to determine the inter-day precision. Recovery studies were carried out
by adding 4 mL of a mixed standard solution at three different concentrations (1, 5, and
10 µg/mL) to three young leaves samples, the amine content of which had been predeter-
mined. The standard solution was added to the sample in the first step (extracted with 1M
HCl) [40].

3.7. Evaluation of the Matrix Effect

As it is very difficult to find blank plant matrix samples free of BAs, the slope com-
parison method was used instead to evaluate the matrix effect for this study. The leaf
sample extracts, which were spiked with appropriate amounts of mixed standard solutions,
as done for the apparent recovery measurement described in Section 3.6, were used to
construct standard addition calibration curves. Then, the slopes of the calibration curves
from the standard addition experiments were compared with the slopes obtained from the
pure aqueous standards at the same concentration levels.

3.8. Statistical Analysis

The calculation of linearity relationship between peak-area ratios of analyte to the IS
and concentrations of analyte were adopted by weighted-least-squares linear regression.
SPSS 20.0 was used for all statistical tests. Data were presented as the mean ± standard
deviation (SD). Single factor analysis of variance (One-way ANOVA) and Tukey’s post hoc
test were used for comparisons between groups. One-way ANOVA was used to determine
group differences. The Tukey post hoc test was used for multiple comparisons among
groups. A p-value < 0.05 was considered statistically significant.

4. Conclusions

In this work, a method involving HPLC with precolumn derivatization for determina-
tion of 11 BAs in L. barbarum was developed. This is the first report showing that different
parts of L. barbarum contain PUT, HIS, SPD, and SPM. The PUT content was the highest in
the flowers; the HIS content was the highest in the bark; the SPD and SPM contents were
the highest in the young leaves. HIS was not found in the fruit and its content in the leaves
was very low, which makes them safe when used in drugs and food. The high HIS content
in the bark may be one of the reasons why all of the parts of L. barbarum, except the bark,
are used for medicine or food in China. Meanwhile, the issue of high concentration of HIS
should be considered when exploiting or utilizing the bark of L. Barbarum.
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Abbreviation

BAs: biogenic amines; MET, methylamine; PEA, 2-phenylethylamine; TYR, tyramine;
HIS, histamine; PUT, putrescine; CAD, cadaverine dihydrochloride; TRY, tryptamine; PEA,
phenylethylamine; 5-HT, serotonin; DA, dopamine; SPM, spermine; SPD, spermidine; IS,
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Internal standard; DMP, 1,7-diaminoheptane; ACN, acetonitrile; TLC, thin layer chromatog-
raphy; GC, gas chromatography; IC, ion chromatography; OPA, O-phthalaldehyde; Dns-Cl,
dansyl chloride; LOD, limit of detection; LOQ, limit of quantification; S/N, signal-to-noise
ratio; TCM, Traditional Chinese Medicine.
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Abstract: The tyrosine kinase inhibitors (TKIs) are chemotherapeutic drugs used for the targeted ther-
apy of various types of cancer. This work discusses the experimental and computational evaluation
of chloranilic acid (CLA) as a universal chromogenic reagent for developing a novel 96-microwell
spectrophotometric assay (MW-SPA) for TKIs. The reaction resulted in an instantaneous formation of
intensely purple colored products with TKIs. Spectrophotometric results confirmed that the reactions
proceeded via the formation of charge-transfer complexes (CTCs). The physical parameters were
determined for the CTCs of all TKIs. Computational calculations and molecular modelling for the
CTCs were conducted, and the site(s) of interaction on each TKI molecule were determined. Under
the optimized conditions, Beer’s law correlating the absorbances of the CTCs with the concentrations
of TKIs were obeyed in the range of 10–500 µg/well with good correlation coefficients (0.9993–0.9998).
The proposed MW-SPA fully validated and successfully applied for the determination of all TKIs
in their bulk forms and pharmaceutical formulations (tablets). The proposed MW-SPA is the first
assay that can analyze all the TKIs on a single assay system without modifications in the detection
wavelength. The advantages of the proposed MW-SPA are simple, economic and, more importantly,
have high throughput.

Keywords: tyrosine kinase inhibitors; chloranilic acid; charge-transfer reaction; 96-microwell spec-
trophotometric assay; high-throughput pharmaceutical analysis

1. Introduction

Cancer is the world’s second major cause of death among males and females. This
reflects ~9.6 million deaths in 2018 (~13% of all deaths). Cancer deaths worldwide are
expected to increase significantly, with ~13.1 million deaths in 2030 [1]. According to
many reported studies, cancer is a growing problem [2–4] and therefore it continues to
spread worldwide, with a tremendous burden on individuals, families, communities and
healthcare systems, both mentally and socially [5]. The majority of health care systems
in developed countries are little prepared to deal with this challenge, and many cancer
patients globally will not have the privilege of early treatment. In these countries, nearly
two-thirds of cancer patients die [6]. There is evidence that shows that in countries where
national health services are well-developed, strategies such as early detection, treatment
and survivorship care are improving the survival rates of many types of cancers [1,6].

There are a number of treatment options for cancer such as surgery, radiation therapy
and/or chemotherapy. For treating localized cancers, radiation therapy and surgery
are preferred, while chemotherapy is considered safe for systemic cancers. Although
chemotherapeutic agents exert their cytotoxic effect by way of interfering with the synthesis
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or the function of proteins and other needed cellular biomolecules, they also attack RNA,
DNA and other vital proteins. Consequently, one must be careful when administering
chemotherapy, as it has major side/toxic effects since it is capable of killing cells. A perfect
recorded chemotherapy would be highly selective and specific to sick or cancerous tissues,
while leaving healthy ones untouched. Unsurprisingly, the reality always differs from
expectations, as most chemotherapies are heavily toxic, particularly for short-lived cells [7].

Recent developments in life science research in recent years have led to increased
understanding of signaling transductions in tumor cells, apoptosis triggering, cellular
interactions and other critical processes [8]. In addition, these chemotherapeutic drugs
may be highly selective for DNA and other cellular targets that present in cancer cells as
well as normal cells. The use of major intracellular signal transduction enzymes relevant
to the differentiation and spread of cancer cells as drug testing objectives has become a
hot area for medical research and development of antitumor drugs, and the continued
improvement of effective, safe and specific new targeted anticancer drugs [9].

Tyrosine kinase (TK) is an enzyme that is responsible for transferring phosphate group
from adenosine triphosphate (ATP) to the tyrosine residues of certain proteins inside the
living cell [10]. An abnormality in TK could lead to a series of body diseases. Earlier
investigations have demonstrated that there are TK activities for more than half of mutated
proto-oncogenes and oncogenes, and the irregular expression of these genes can contribute
to abnormal cell proliferation and eventually cancer [11]. Additionally, in conjunction with
tumorigenesis, neovascularization and chemotherapy resistance, an abnormal expression
of TK has been observed [12]. For that reason, targeting TK has attracted even more
interest for the pharmaceutical industry for developing new chemotherapeutic drugs.
Researchers and pharmaceutical organizations have been given high priority to developing
tyrosine kinase inhibitors (TKIs) that may affect unique molecular pathways [13]. In
2001, the Food and Drug Administration (FDA) quickly approved the first targeted TKI
drug imatinib and stimulated new energetic thought to cancer treatment [14–16]. To
date, the FDA has approved over 20 TKI drugs [17]. These drugs are characterized by
high effectiveness and low drawbacks and dominate the management of various types of
cancer [10–17] compared to traditional cytotoxic antinineoplastics, some of which have
become the foremost cancer treatment. The safety and efficacy of TKI medications is
principally based on their corresponding pharmaceutical formulation quality, including
drug content and uniformity.

For the quality control (QC) of TKIs, it is absolutely necessary to use proper ana-
lytical techniques. The analytical methods mentioned in the literature for QC of TKIs
in their dosage forms are HPLC and HPTLC [18–27], voltammetry [28], spectrofluorom-
etry [29–32] and spectrophotometry [33–44]. The most accessible methodology is spec-
trophotometry, which is quite easy, the least expensive and available in most quality control
laboratories. Nevertheless, almost all of these spectrophotometric assays for TKIs are
based on measurements of native UV absorption, which are not selective [33–39]. Few
visible-spectrophotometric methodologies with varying chromogenic reagents have been
developed for assaying TKIs [40–44]. Even worse, these methods incorporate laborious
extraction steps and utilize large volumes of toxic organic solvents [45–48]. Furthermore,
due to the differences in chemical structures of analyzed TKIs, these assays were individu-
ally developed. Besides, these assays have limitations regarding throughput, as they use
traditional spectrophotometry.

From the presented information, establishing a universal spectrophotometric method
for assaying any TKI irrespective of its chemical structure would be of great benefit and
convenience. This research is directed to establish a novel 96-microwell-based spectropho-
tometric assay (MW-SPA) that could be applied in QC laboratories for reliable and accurate
determination of any TKI. The proposed approach is based on formation of charge-transfer
complexes (CTCs) between TKIs and chloranilic acid (CLA). The proposed procedure was
established and validated for five TKIs. These TKIs were seliciclib (SEL), vandetanib (VAN),
tozasertib (TOZ), dasatinib (DAS) and olaparib (OLA); their chemical structures are given
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in Figure 1. Their chemical names, molecular formulae and molecular weights are given in
Table 1.

λ

λ ε

shown below. 

 

Figure 1. The chemical structures of chloranilic acid (CLA) and the investigated tyrosine kinase
inhibitors (TKIs) with their abbreviations. Asterisks symbol (*) denotes the electron-donating sites of
interactions of TKIs with CLA and the charge-transfer complexes (CTCs) formed.

Table 1. The investigated TKIs with names, abbreviations, IUPAC names, molecular formulae and molecular weights.

TKI Name Abbreviation IUPAC Name Molecular formula Molecular Weight

Seliciclib SEL (2R)-2-{[6-(benzylamino)-9-(propan-2-yl)-9H-
purin-2-yl]amino}butan-1-ol C19H26N6O 354.46

Vandetanib VAN
N-(4-bromo-2-fluorophenyl)-6-methoxy-7-[(1-

methylpiperidin-4-yl)
methoxy]quinazolin-4-amine

C22H24BrFN4O2 475.40

Tozasertib TOZ
N-[4-[4-(4-methylpiperazin-1-yl)-6-[(5-methyl-

1H-pyrazol-3-yl) amino] pyrimidin-2-yl]
sulfanylphenyl]cyclopropanecarboxamide

C23H28N8OS 464.59

Dasatinib DAS

N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-
hydroxyethyl)

piperazin-1-yl]-2-methylpyrimidin-4-yl]amino]-
1,3-thiazole-5-carboxamide

C22H26ClN7O2S 488.01

Olaparib OLA
4-[[3-[4-(cyclopropanecarbonyl)piperazine-1-

carbonyl]-4-fluorophenyl]
methyl]-2H-phthalazin-1-one

C24H23FN4O3 434.47
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2. Results and Discussion

2.1. Strategy and Design of the Study

Our selection for TKIs as target analytes is due to their therapeutic relevance and
the need to develop a globalized analytical methodology for their quantification in their
dosage forms regardless of their differences in chemical structure. By virtue of its simplicity
and spreadability in almost all analytical laboratories, spectrophotometry was adopted for
assaying TKIs in the current work. The CT reaction of the investigated TKIs were examined
in this section on the basis of their expected high electron-donating capability due to the
presence of multiple potentially electron-donating sites on the chemical structures of all
TKIs (Figure 1); these sites may form CTCs with electron-acceptors. Previous research,
which include CT reactions with several polyhalo-/polycyanoquinone electron acceptors,
have shown that CLA is by far the most reactive acceptor because its reactions are instant
at room temperature [49,50]. This is the reason why CLA was selected from other acceptors
for the current work. Since traditional CT-based spectrophotometric methods have a
restricted throughput and utilize large volumes of organic solvents that are costly and,
more crucially, cause toxicity to analysts [45–48], this study was dedicated to developing
a spectrophotometric assay for TKIs that is free from these demerits. Accomplishing this
goal was achieved by performing a CT reaction between TKIs and CLA in 96-microwell
assay plates and recording the color intensity by a microplate absorbance reader. This
technique employs low volumes of organic solvents and offers a high-performance analysis
that serves the needs of QC laboratories, as it allows analysts to rapidly perform huge
numbers of samples and to obtain large datasets that would otherwise exhaust assets in
terms of costs, effort and time [50,51].

2.2. UV–Visible Absorption Spectra and Band Gap Energy

UV–visible absorption spectra of various solutions of TKIs were measured in the range
of 200–400 nm. The spectra exhibited various shapes, maxima and molar absorptivities.
This is due to variability in their chemical structures (Figure 1). Nevertheless, none of
the studied TKIs exhibited any reading above 360 nm (Figure 2). When TKI solutions
were mixed individually with a yellow–orange color solution of CLA (its (λmax of 444 nm),
the solutions changed to purple color and the corresponding absorption spectra shifted
toward larger wavelengths of both CLA and TKIs (Figure 2). Table 2 depicts all (λmax)
and the molar absorptivities (ε) for all TKIs. It was confirmed that the new absorption
bands of TKI–CLA product were generated as a result of the reaction between CLA and
TKIs, and the absorption intensities depended on the concentrations of TKIs. The TKI–CLA
absorption spectra produced was shown to have the same form and pattern as the CLA
radical anion formed as a result of the reduction procedure, as published previously [49,52].
The reaction was therefore suggested to be a CT interaction between TKI (electron donor
(D)) and CLA (electron acceptor (A)) and the reaction initiated in methanol (polar solvent)
to form the CTC (D–A). This complex was then disassociated by the ionizing power of
methanol and formed the CLA radical anion, as shown below.

Table 2. Spectrophotometric parameters of the CT complex reaction of CLA with TKIs.

TKIs λmax (nm)
εmax × 103

(L mol−1 cm−1)

Band Gap Energy
Value (eV)

Association Constant
(L mol−1 × 108)

DG0 (J mol−1 × 104)
Molar Ratio
[TKI:CLA]

SEL 497 0.83 1.90 2.00 −4.74 1:2
VAN 517 1.54 1.90 2.18 −4.76 1:2
TOZ 512 1.47 1.90 1.13 −4.60 1:2
DAS 475 1.09 1.90 2.30 −4.77 1:2
OLA 494 0.73 2.14 1.97 −4.73 1:1
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absorption spectra of CLA 
(0.1%, w/v)  reaction mixtures with TKIs 

–
–

–

–

–  αh

αhν

TKIs max (nm)
max  103 (L mol−1 

cm−1)
Band Gap Energy 

value (eV) 
Association Constant 

(L mol−1  108) 
−1  

104  

Molar Ratio 
[TKI:CLA]

SEL 497 1.90 2.00 −4.74 1:2
VAN 517 1.90 2.18 −4.76 1:2
TOZ 512 1.90 1.13 −4.60 1:2

Figure 2. Panel (A): Absorption spectra of TKIs (10 µg/mL). Panel (B): absorption spectra of CLA
(0.1%, w/v), and its reaction mixtures with TKIs (100 µg/mL). All solutions were in methanol.

It is well known that CLA has three different ionic forms depending on the pH value.
The first form that occurs at low pH is the neutral yellow–orange form (H2A), while the
second form is the purple form (HA−), which is stable at pH = 3, and lastly the third form is
the pale violet form (A2–), which is stable at high pH [53]. It was observed that the resulting
products of all the investigated TKIs with CLA were purple; accordingly, the form HA−

was the concluded form of CLA that is involved in the current reaction. Additionally, there
was other evidence for the suggested reaction, namely the disappearance of the formed
purple color upon addition of mineral acids to the reaction mixtures. All of these findings
support the development of the CTC between CAL and TKIs. The band gap energy (Eg) is
the smallest required energy for excitation of an electron from the lower energy valence
band into the higher energy band to participate in formation of a conduction band [54]. In
order to compute Eg values, a Tauc graph was created from the absorption spectra of the
TKI–CLA complexes by drawing energy values (hυ, in eV) against (αhυ)2 (Figure 3). Eg
values were attained by extrapolation of the linear segments of the plots to (αhν)2 = 0 [55].
The results showed that Eg values ranged from 1.90 to 1.92 eV for all the investigated TKIs
(Table 2). These results illustrate the easiness of electron transfer from TKI to CLA and the
formation of CTC absorption bands.
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Figure 3. Tauc plots of energy (h) against (αh)2 for CT complex of CLA with TOZ (1), VAN (2), SEL
(3), DAS (4) and OLA (5).

2.3. Optimizing Conditions for CT Reaction of CLA with TKIs

In order to pick the best solvent for color development optimum reaction conditions,
various solvents with different dielectric constants [56] and polarity indexes [57] were tried
and the absorption spectra reported. These solvents were acetonitrile, methanol, ethanol,
acetone, propanol, butanol, dichloroethane, dichloromethane, chloroform, diethyl ether,
benzene and dioxan. Small shifts were noticed in the λmax values, as well as changes in
molar absorptivity (ε) values. As anticipated, the interactions in more polar solvents that
possess large dielectric constant values, such as methanol and acetonitrile, provided ε

values when compared with less polar solvents, such as diethyl ether and chloroform. This
was attributed to the complete transfer of electrons from the TKI molecule to CLA in polar
solvents; hence, methanol was chosen throughout this work.

2.4. Association Constants and Free Energy Change for the CTC of TKI–CLA

The Benesi–Hildebrand method [58] was applied for calculation of the association
constants (Kc) at room temperature (25 ± 2 ◦C) and at the λmax of the formed TKI–CLA
complexes. As shown in Figure 4 as a representative example, straight lines were obtained
from which the association constants of the CTC were computed. The obtained values
of the association constants ranged from 1.13 × 108 to 2.3 × 108 L mol−1, as depicted in
Table 2.

DAS 475 1.90 2.30 −4.77 1:2
OLA 494 2.14 1.97 −4.73 1:1

αh






–
–

 and at the λ –

−

Figure 4. Benesi–Hildebrand plot of the CT complex of CLA with SEL, and the linear fitting equation
with correlation coefficient (r). [A0], AAD and [D0] are the molar concentration of CLA, absorbance of
the complex reaction mixture and molar concentration of SEL, respectively.
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The standard free energy change (∆G0) of the CTC were calculated using the follow-
ing formula:

∆G0 = −2.303 RT log Kc

where ∆G0 is the standard free energy change of the complex (KJ mol−1), R is the gas
constant (8.314 KJ mol−1), T is the absolute temperature in Kelvin (◦C + 273) and Kc is the
association constant of the complex (L mol−1). ∆G0 values were found to be comparable to
all TKIs (~ 4.72 × 104 J mol−1). These values proposed the easiness of the TKI interaction
with CLA, as well as the stability of the formed CTCs [59].

2.5. Molar Ratio of the Reaction, Molecular Modelling of CTCs and Determination of the Sites
of Interaction

The published spectrophotometric titration methodology [52] was adopted to find
out the molar ratio of TKI to CLA, and it was found to be 1:1 for OLA and 1:2 for SEL,
VAN, TOZ and DAS (Figure 5). The molecular modelling and energy minimization of the
TKI molecules and the CTC were performed, and the electron density of each atom was
computed for allocation of these sites from the multiple electron-donating sites that exist
on TKI molecules (Figure 1).

–



 = −2.303 RT log K

 −

− 
− 

−1

. For verification of these sites’ participation, energy minimization was perform

–
→ π

Figure 5. Plot of absorbance versus molar ratio of [CLA]/[Drug] obtained from reaction mixtures
containing a fixed concentration of drug and varying concentrations of CLA. The mole ratio corre-
sponds to the point of intersection of the tangents of straight-line portions of the plots (as shown for
VAN). Measurements were carried out at 490 nm.

The molecular modelling was done with CS Chem3D Ultra, version 16.0, and execution
took place by molecular orbital computations software (MOPAC) and molecular dynamics
computations software (MM2 and MMFF94). The most likely sites for the interaction
between CLA and TKI are found on the TKI, which have the highest electron density
(Table 3). For verification of these sites’ participation, energy minimization was performed
for one molecule of TKI with the number of CLA molecules obtained from the molar ratios.
The CLA molecule was observed adjacent to the suggested sites with the highest electron
density (Figure 6). Exceptionally in the case of OLA, the CLA molecule was adjacent to
the carbonyl oxygen atom (O11), although it had lower electron density than those on
the amide nitrogen atoms (N22 and N25). This information confirmed that CLA–TKI
interactions happen through n → π* interactions. From the results of the molar ratio and
computational molecular modelling, it was clear that these are the electron-donating sites
on TKI molecules that are involved in generation of the produced CTCs with CLA.
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Table 3. The molar ratios of the reaction of TKIs with CLA, types of atoms proposed as site(s) of interaction on TKIs
molecules and charges on these atoms.

TKI TKI:CLA Molar Ratio Atom Type(s) Proposed as Site(s) of Interaction a Charge b

SEL 1:2 (N10): Enamine or aniline nitrogen, delocalized lone pair of electrons −0.8691
(N21): Enamine or aniline nitrogen, delocalized lone pair of electrons −0.8691

VAN 1:2 (N11): Enamine or aniline nitrogen, delocalized lone pair of electrons −0.6
(N23): Amine nitrogen −0.81

TOZ 1:2 (N2): Aromatic 5-ring nitrogen −0.7068
(N14): Enamine or aniline nitrogen, delocalized lone pair of electrons −0.8382

(N17): Amine nitrogen −0.81
DAS 1:2 (N28): Enamine or aniline nitrogen, delocalized lone pair of electrons −0.8382

(N29): Amine nitrogen, N-hydroxyethyl −0.81
(O30): Alcohol or ether oxygen −0.68

OLA 1:1 (O11): Carbonyl oxygen in amide −0.57
(O21): Carbonyl oxygen in amide −0.57

(N22): Amide nitrogen −0.6602
(N25): Amide nitrogen −0.6602

a These sites of interactions are denoted on the chemical structures of the TKIs (Figure 1). b The negative sign indicates negative
electron density.

–

–

–

–
–

–

–

–

–
–
–
–
–
–

 

Figure 6. Energy-minimized CTC of CLA with OLA in the conformational (A) and 3D structures (B).
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2.6. Optimization of MW-SPA Conditions

In order to have an excellent result in the 96-microwell assay plate, the experimental
conditions were adjusted by adopting a “change one factor at a time” approach. Among
the different tested solvents (Table 4), methanol was the optimum solvent, and it was used
through the whole study, and measurements were recorded at 490 nm (the nearest filter
to the λmax of all investigated TKIs complexes of CLA). The observed results of changing
CLA concentrations and the time of the reaction at room temperature (25 ± 2 ◦C) showed
that the optimum CLA concentrations ranged from 0.2 to 0.8% (w/v), as shown in Figure 7.
Similar experiments were conducted in order to optimize the reaction time, and it was
discovered that the reaction was instantaneous; nevertheless, for obtaining the best reading
precision, the measurements were carried out after 5 min from the starting point of the
reaction. A summary of the condition ranges studied and the optimum value selected for
the development of the proposed MW-SPA are included in Table 4.

Table 4. Optimization of experimental conditions for the 96-microwell spectrophotometric assay for
TKIs based on their CT reaction with CLA.

Condition Studied Range Optimum Value a

CLA conc. (%, w/v) 0.01–0.8 0.4
Solvent Different b Methanol

Reaction time (min) 0–40 5
Temperature (◦C) 25–60 25

Measuring wavelength (nm) 400–800 490
a Optimum values were used for all TKIs. b Solvents used were acetonitrile, methanol, ethanol, acetone, propanol,
butanol, dichloroethane, dichloromethane, chloroform, diethyl ether, benzene and dioxan.

“ ”


 

–

–
 –

–

200 µg/well). 

–

– –

Figure 7. Effect of CLA concentration on its reaction with TKIs (200 µg/well). Measurements were
carried out at 490 nm.

2.7. Validation of MW-SPA

2.7.1. Linear Range and Sensitivity

The calibration curves were constructed (Figure 8) according to optimum conditions
of the MW-SPA (Table 4), and the least square method was used for linear data regression.
Calibration curves in the range of 10–500 µg/well (100 µL) were linear with excellent corre-
lation coefficients. The limits of detection (LOD) and quantitation (LOQ) were determined
based on the International Conference on Harmonization (ICH) guidelines [60]. The LOD
and LOQ levels lay at 3.78–8.16 and 11.36–24.46 µg/well, respectively. A summary for the
calibration and validation parameters of the current MW-SPA is given in Table 5.
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Table 5. Calibration parameters for the analysis of TKIs by the 96-microwell spectrophotometric assay based on their CT
reaction with CLA.

TKIs Linear Range a Intercept SDa b Slope SDb b r b LOD a LOQ a

SEL 10–500 0.0034 0.52 × 10−2 0.0041 1.5 × 10−3 0.9995 4.12 12.38
VAN 15–300 0.0028 0.78 × 10−2 0.0067 1.2 × 10−3 0.9997 3.84 11.52
TOZ 10–300 0.0081 0.60 × 10−2 0.0053 0.6 × 10−2 0.9998 3.78 11.36
DAS 20–500 0.0056 0.68 × 10−2 0.0033 0.1 × 10−2 0.9993 6.78 20.32
OLA 25–500 0.0065 0.64 × 10−3 0.0028 4.3 × 10−3 0.9996 8.16 24.46

a Values are in µg/well. b SDa = standard deviation of the intercept, SDb = standard deviation of the slope, r = correlation coefficient.

TKIs Linear rangea Intercept SDa b Slope SDbb r b LOD a LOQ a

SEL 10–500 0.0034 0.52 × 10−2 0.0041 1.5 × 10−3 0.9995 4.12 12.38
VAN 15–300 0.0028 0.78 × 10−2 0.0067 1.2 × 10−3 0.9997 3.84 11.52
TOZ 10–300 0.0081 0.60 × 10−2 0.0053 0.6 × 10−2 0.9998 3.78 11.36
DAS 20–500 0.0056 0.68 × 10−2 0.0033 0.1 × 10−2 0.9993 6.78 20.32
OLA 25–500 0.0065 0.64 × 10−3 0.0028 4.3 × 10−3 0.9996 8.16 24.46

b SDa 

– –

Relative Standard Deviation (%) a Recovery (% ± SD) a

Intra−assay, n = 3 Inter−assay, n = 3
SEL 2.12 2.25 101.7 ± 2.3
VAN 1.24 1.51 102.3 ± 2.2
TOZ 1.53 2.11 ± 1.9
DAS 2.24 2.87 ± 2.3
OLA 2.01 2.54 ± 2.6

Figure 8. Calibration curves for determination of TKIs by the proposed 96-microwell-based spec-
trophotometric assay based on their reaction with CLA. Measurements were carried out at 490 nm.

2.7.2. Precision and Accuracy

The accuracy of the proposed MW-SPA was determined utilizing samples of TKI
solutions at various concentration levels (Table 6). The values of relative standard deviation
(RSD) were 1.24–2.24 and 1.51–2.87% for intra- and inter-assay accuracy, respectively. The
high precision of the method was proved by these low RSD values. The accuracy of the
proposed method was assessed by the recovery studies. The recovery values ranged from
97.2 to 102.4% (Table 6), reflecting the accuracy of the assay.

Table 6. Precision and accuracy of the proposed 96-microwell spectrophotometric assay for TKIs via
their CT reactions with CLA.

TKIs
Relative Standard Deviation (%) a

Recovery (% ± SD) a

Intra−Assay, n = 3 Inter−Assay, n = 3

SEL 2.12 2.25 101.7 ± 2.3
VAN 1.24 1.51 102.3 ± 2.2
TOZ 1.53 2.11 97.6 ± 1.9
DAS 2.24 2.87 102.4 ± 2.3
OLA 2.01 2.54 97.2 ± 2.6

a Values are the means of three determinations.

2.7.3. Robustness and Ruggedness

The robustness of the method (effect of small changes in the variables on its perfor-
mance) was assessed [60]. The results of the test were found to be not significantly affected
by small variations in the studied variables; the recovery values ranged between 97.5 and
102.3 ± 1.76 and 2.49%, respectively. This confirmed that the proposed test was convenient
for routine TKI analysis.
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Additionally, the ruggedness was tested by performing the method by at least two
different analysts on three different days [60]. The results were reproducible since RSD
values never exceeded 2.8%.

2.7.4. Specificity and Interference

The advantage of the suggested MW-SPA is that measurements in the visible region
are performed away from UV-absorbing interfering substances, which may be co-extracted
from TKI-containing pharmaceutical formulations. Possible interference of additives in
dosage forms was also studied. Mixing known quantity of TKI with different quantities of
the familiar excipients was done to produce samples. These excipients included microcrys-
talline cellulose, magnesium stearate, sodium starch glyconate, colloidal silicon dioxide
and anhydrous dibasic calcium phosphate. The results given in Table 7 showed that no
interference was noted from any of the mentioned excipients with the suggested methods,
as the recovery values ranged from 97.5 to 102.9%. The absence of interference with these
excipients was caused by the organic solvent extraction of the TKI target from samples,
where the excipients were not dissolved.

Table 7. Analysis of TKIs in the presence of the excipients in solid pharmaceutical tablets by the
proposed 96-microwell spectrophotometric assay based on their CT reactions with CLA.

Excipient b
Recovery (% ± SD) a

SEL VAN TOZ DAS OLA

MCC (50) c 100.9 ± 0.8 101.3 ± 0.56 99.7 ± 1.1 99.5 ± 1.2 101.5 ± 1.2
CSD (10) 97.5 ± 1.5 98.6 ± 1.3 100.6 ± 0.9 100.9 ± 0.9 100.1 ± 1.8
ADCP (5) 101.3 ± 0.9 101.3 ± 1.2 98.8 ± 1.4 102.3 ± 1.7 98.8 ± 1.9

SSG (5) 101.2 ± 0.8 102.9 ± 0.8 99.2 ± 1.6 101.6 ± 1.3 99.2 ± 1.6
MS (5) 99.4 ± 1.2 101.8 ± 1.5 97.9 ± 1.9 100.4 ± 1.4 102.1 ± 1.4

a Values are means of three determinations. b Abbreviations: MCC = microcrystalline cellulose, CSD = colloidal sil-
icone dioxide, ADCP = anhydrous dibasic calcium phosphate, MS = magnesium stearate. c Figures in parenthesis
are the amounts in mg added per 50 mg of TKI.

2.8. Application of MW-SPA in the Analysis of TKIs in Pharmaceutical Formulations

The successfulness of the validation results demonstrated that the suggested procedure
was suitable for routine QC analysis of the investigated TKIs. The MW-SPA was used to
determine TKIs in various pharmaceutical formulations, and the results are depicted in
Table 8. The acquired mean values of the marked amounts were in the range of 98.6% to
103.1%. The results proved that the proposed MW-SPA was appropriate for assaying the
investigated TKIs in their tablets.

Table 8. Determination of TKIs in their pharmaceutical formulations by the proposed MW-SPA based on their CT reaction
with CLA.

Taken Conc.
(µg/well)

Recovery (% ± SD) a

Caprelsa Tablets
(300 mg VAN)

Sprycel Tablets
(70 mg DAS)

Lynparza Tablets
(150 mg OLA)

LM TOZ Tablets b

(100 mg TOZ)
LM SEL Tablets b

(100 mg SEL)

50 102.4 ± 1.3 100.6 ± 1.3 97.9 ± 2.2 101.4 ± 1.8 99.1 ± 1.7
100 98.9 ± 1.2 101.9 ± 1.6 99.2 ± 1.4 103.1 ± 2.6 101.5 ± 1.4
150 101.8 ± 1.8 100.8 ± 1.1 101.3 ± 1.6 99.3 ± 1.2 98.6 ± 1.9
250 99.7 ± 2.1 99.5 ± 1.8 100.6 ± 1.5 101.3 ± 2.8 100.8 ± 1.6

a Values are mean of three determinations. b LM means laboratory made.

In the present study, the detailed spectrophotometric investigations and quantitative
analysis were given for five TKIs; however, other TKIs (more than 10) were tested in our
laboratory for their ability to form CT complexes with CLA, and their results were positive.
Their universal ability to form CT complexes was attributed to the fact that all TKIs contain
electron-donating atoms in their chemical structure; that is the main requirement for forma-
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tion of charge transfer complexes. In addition, we confirmed that all TKIs, regardless their
chemical structures, did not absorb above 400 nm (the UV cut off wavelength) because they
all were not colored. Furthermore, we confirmed that, even if the TKI molecule absorbed
at above 400 nm, it could be analyzed by its reaction with CLA as long as its absorption
spectrum did not extend to the maximum absorption peak of the complex (475–517 nm).

3. Experimental

3.1. Apparatus

A double beam ultraviolet–visible spectrophotometer with matched 1-cm quartz
cells (UV-1800, Shimadzu Co. Ltd., Kyoto, Japan) was operated for the scanning of all
the generated UV–visible spectra. An absorbance microplate reader (ELx808: Bio-Tek
Instruments Inc., Winooski, VT, USA) powered by KC Junior software provided with the
instrument was used.

3.2. Chemicals and Materials

All the investigated TKIs were procured from LC Laboratories (Woburn, MA, USA) and
Weihua Pharma Co. Limited (Hangzhou, Zhejiang, China) and utilized as provided. Their
purity was >99% (as claimed by the providing companies), and their solutions remained
stable for at least 7 days under refrigeration. CLA was bought from BDH Chemicals Co.
(Langenfeld, Germany). Transparent 96-microwell plates were procured from Corning/Costar
Inc (Cambridge, USA). AdjusTable 8-channel pipettes were obtained from Sigma-Aldrich
Chemicals Co (St. Louis, Missouri, USA). BRAND® PP reagent tanks with lids for the pipettes
were acquired from Merck KGaA (Darmstadt, Germany). The other reagents and solvents were
of analytical grade (Fisher Scientific, California, CA, USA). The pharmaceutical formulations
were caprelsa tablets (AstraZeneca, Cambridge, United Kingdom) labelled to contain 300 mg
of VAN; sprycel tablets (Bristol Myers Squibb, New York, NY, USA) labelled to contain 50 mg
DAS per tablet; and lynparza tablets (AstraZeneca, Cambridge, United Kingdom) labelled
to contain 150 mg OLA per tablet. Laboratory-made tablets were prepared in the lab by
combining individually accurate amounts (100 mg) of TOZ and SEL with 25 mg of each of
starch, lactose monohydrate, microcrystalline cellulose and hydroxypropyl cellulose.

3.3. Preparation of TKIs Standard Solutions

Stock solutions of 5 mg/mL of SEL, VAN and OLA were obtained by dissolving
50 mg of the standard material in 10 mL of methanol, while 0.5 mg/mL of DAS and TOZ
solutions were made by dissolving 5 mg of the standard material in 10 mL of methanol.
These above-mentioned stock solutions were found to be stable over a period of 14 days
when stored in the refrigerator.

3.4. Determination of Association Constants

A set of TKI solutions ranging from 1.79 × 10−4 to 1.85 × 10−3 M were swirled with a
constant CLA concentration (4.8 × 10−3 M). The reaction was instant at room temperature
(25 ± 2 ◦C). The absorbances of the colored solutions were recorded at their absorption
peaks against exactly prepared reagent blanks. The measured absorbances were utilized to
produce the plot of Benesi–Hildebrand [58] by plotting the values [A0]/AAD versus l/[D0].
Linear regression analysis was shown for the data using the following Benesi–Hildebrand
equation [60]:

[A0]

AAD =
1

εAD +
1

KAD
c ·εAD ×

1
[D0]

where [A0] represents the CLA molar concentration (the acceptor); [D0] represents TKI
molar concentration (the donor); AAD represents the absorbance of the CTC reaction
mixture formed; εAD represents the molar absorptivity of the CTC; and KcAD represents
the formation constant of the complex (L mol−1). The intercept of the linear fitting equation
was equivalent to 1/εAD, and the formation constant was calculated from the derived value
of εAD in addition to the slope of the equation.
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3.5. Determination of CLA:TKI Molar Ratio

The spectrophotometric titration methods were applied in the current work [61].
Principal solutions of the investigated TKIs (2.5 × 10−3 M) and CLA (2 × 10−2 M) were
readily prepared (i.e., molar concentration of CLA was 8 times bigger than that of TKI).
Exceptionally, PEL concentration was (1 × 10−3 M) and that of CLA was 8 × 10−3 M. A
set of master solutions of both the investigated TKIs and CLA were made to give molar
ratios of TKI:CLA of 0.25:8. These solutions were always composed of constant TKI
concentrations. The temperature was 25 ± 2 ◦C, and the corrected absorbances of the
products were measured at 490 nm (after subtracting the readings of blanks that were
treated similarly but using methanol instead of the sample) A graph was drawn by plotting
the corrected measured absorbances versus the TKI:CLA molar ratio. From this graph,
the molar ratio of the reaction was computed. The mole ratio corresponds to the point of
intersection of the tangents of straight-line portions of the plots.

3.6. Preparation of TKI Tablets Solutions

The total amount of commercialized or synthetic tablets accounting for 50 mg of TKI
(5 mg was used in case of DAS and TOZ) was placed in a 10-mL measuring flask, dissolved
in a volume of 5 mL methanol, mixed thoroughly and sonicated for 5 min, completed to
the mark with methanol, well shaken for 10 min and then filtered. The first portion of the
filtrate was thrown away, and the exact volume of the filtrate was diluted with methanol.
The final concentrations of TKIs ranged from 50 to 5000 µg mL−1.

3.7. Procedure of MW-SPA

Aliquots (100 microliters) of the standard or tablet sample solutions were composed
of varying concentrations of TKI, ranging from 5 to 500 µg, and were placed to 96-well
plates in addition to 100 microliters of 0.4% w/v of CLA solution. The reaction was carried
out at 25 ± 2 ◦C for 5 min. Absorbances of the product were measured by the plate reader
at a selected wavelength (490 nm). The blank wells were treated exactly the same as the
other wells, except for the addition of 100 µL of methanol to each of them instead of the
TKI solutions. Then, the absorbances of the samples were corrected by subtracting those of
the blanks.

4. Conclusions

The present study found the CLA reagent to be a universal chromogenic reagent for
TKIs. The experiment proved how the reaction proceeded, through formation of colored
CTCs between CLA and TKIs. The reaction was used to develop novel MW-SPA for the
five investigated TKIs. The proposed assay outperformed all the established assays for
TKIs, since it could be applied for assaying all TKIs irrespective of the differences in their
chemical structures. In the presented work, five TKIs were tested; however, the universal
applicability of the proposed assay was supported by another study that was carried out
in our laboratory [62]. Extended advantages of the suggested MW-SPA are the easiness
of the procedure (simplicity), the use of affordable analytical reagents (economic), the
requirement of minimal volumes of reagent and solvent (eco sustainable “green” approach)
and high throughput. All these advantages make the suggested MW-SPA an effective
universal TKI assay for routine QC laboratory use.
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