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Abstract: Indole-containing acids—tryptophan metabolites—found in serum and cerebrospinal fluid
(CSF) samples of patients with diseases of the central nervous system (CNS) were determined with the
use of microextraction by packed sorbent (MEPS) followed by silylation and gas chromatography–mass
spectrometry (GC–MS) analysis. MEPS with the following silylation led to the reproducible formation
of derivatives with an unsubstituted hydrogen ion in the indole ring, the chromatographic peaks
of which are symmetric and can be used for GC–MS analysis without additional derivatization.
The recoveries of analytes at the limit of quantitation (LOQ) levels were 40–80% for pooled CSF
and 40–60% for serum. The limit of detection (LOD) and LOQ values were 0.2–0.4 and 0.4–0.5 µM,
respectively, for both CSF and serum. The precision (the reproducibility, RSD) value of less than 20%
and the accuracy (the relative error, RE) value of less than ±20% at the LOQ concentrations meet the
Food and Drug Administration (FDA) recommendations. Linear correlations for all analytes were
determined over a potentially clinically significant range of concentrations (0.4–10 µM for serum,
R2
≥ 0.9942, and 0.4–7 µM for CSF, R2

≥ 0.9949). Moreover, MEPS significantly reduced the matrix
effect of serum compared to liquid–liquid extraction (LLE), which was revealed in the example of
reducing the amount of cholesterol and its relative compounds.

Keywords: tryptophan metabolites; indole-3-acetic acid; 5-hydroxyindole-3-acetic acid; indole-3-
propionic acid; indole-3-lactic acid; microextraction by packed sorbent; silylation; gas chroma
tography–mass spectrometry

1. Introduction

The study of the metabolism of aromatic α-amino acids in the human body has been of scientific
interest since the middle of the last century. Transformations of tyrosine, phenylalanine and tryptophan
have both normal pathways in a healthy body and alternative pathways associated with various
pathologies [1–3].

An important factor of tyrosine and phenylalanine metabolism is their microbial biodegradation
to certain aromatic metabolites in the human body under the influence of normal or disturbed
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gut microbiota [4]. Some aromatic acids (benzoic, phenylacetic, phenylpropionic, phenyllactic,
and p-hydroxyphenyllactic acids) are ubiquitous among healthy people and are detected in their
serum in low concentrations. The concentrations of these compounds, as well as the appearance
of other metabolites (homovanillic, p-hydroxyphenylacetic, and p-hydroxybenzoic acids), became
diagnostically important, indicating the possible development of severe infectious complications [5,6].
The determination of aromatic metabolites in critically ill patients with sepsis, septic shock, and
multiple organ failure, was carried out in blood serum. Several protocols for the determination of
these compounds were developed. They include liquid–liquid extraction (LLE), microextraction by
packed sorbent (MEPS) with C18 and hypercrosslinked polystyrene as sorbents with the following
derivatization and gas chromatography – mass spectrometry (GC–MS) analysis [7–9].

Tryptophan metabolism occurs in two main ways—the indole (“I”) and kynurenine (“K”)
pathways [10]. The indole metabolism (“I”) is conventionally divided into two main pathways— the
serotonin or endogenous (“I-S”) pathway and the microbial (“I-M”) pathway. 5-Hydroxyindole-3-acetic
acid (5HIAA) appears as a result of the serotonin metabolism (“I-S”) [11]. The microbial pathway (“I-M”)
leads to the formation of metabolites containing an indole ring, for example, tryptamine (“I-M-T”),
which, in particular, further forms indole-3-acetic (3IAA) and indole-3-propanoic (3IPA) acids [12].
Another way that tryptophan biodegradation can occur involves the formation of indole-3-pyruvic acid
(“I-M-P”), which in turn gives 3IAA, indole-3-carboxylic (3ICA) and indole-3-lactic (3ILA) acids [13].
3ILA is also known to be a microbial metabolite [14]. Thus, the detection and monitoring of the content
of indolic acids, including those of microbial origin, is an interesting and promising issue [3]. Thus,
the results of our studies, devoted to the role of the aromatic acids in the disorders of tyrosine and
phenylalanine metabolism, will be equally helpful in understanding the tryptophan metabolism.

All mentioned metabolites (5HIAA, 3IAA, 3ILA, 3ICA, and 3IPA) have been detected at the
nM-µM level both in healthy people and in patients with different pathologies, and this information
is accumulated in the Human Metabolome Database (HMDB) [15]. 5HIAA and 3IAA are the most
studied metabolites. They were detected in all common biological samples; 3ILA was detected in
blood, feces, and urine; 3IPA was detected in blood, feces, and saliva; 3ICA was detected in feces.

Indolic acids can be detected in serum [16–18] or plasma [13,19] and cerebrospinal fluid (CSF) [20,21]
samples using GC–MS [16–19] and high-performance liquid chromatography-mass spectrometry
(HPLC–MS) [16] methods. LLE [13,17–19] and solid-phase extraction [22] are applied as sample
preparation techniques. However, MEPS, which is one of the modern sample preparation techniques
has not been described for indolic compound extraction. Thus, indolic acids are usually analyzed using
the same methods as those for aromatic acids. The main difference of these two classes of compounds
is the presence of the indole ring in indolic acids. Hydrogen ions in amino groups are more difficult
to derivatize using conventional silylation reagents than in –OH and –COOH groups and significant
excess of derivatizing reagent or additional derivatization is often required [23]. We can assume that
the conditions that have been previously developed for the extraction of aromatic acids are suitable for
indolic acids, taking into account the possible features of their derivatization. The aim of our study
was the search for the sample preparation and silylation conditions for the determination of indolic
compounds in serum and CSF samples using GC–MS analysis.

2. Results and Discussion

2.1. Mass Spectrometric Characteristics of the Silyl Derivatives of Indolic Acids

At the beginning of the study, the acetone aliquots of indolic acids were derivatized using
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA). The GC–MS analysis of the derivatives revealed
that two trimethylsilyl (TMS) derivatives were formed for each indolic acid (Table 1). There were
TMS forms corresponded to the completely substituted derivatives where all labile hydrogen ions
were substituted by the TMS group (for 3IAA, 3ICA, and 3IPA—di-TMS derivatives; for 3ILA and
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5HIAA—tri-TMS derivatives) and TMS forms with an unsubstituted hydrogen ion in the indole ring
(for 3IAA, 3ICA, and 3IPA–mono-TMS derivatives; for 3ILA and 5HIAA—di-TMS derivatives).

Table 1. Retention times (Rt), m/z values and possible structure of characteristic ions of indolic acid
derivatives (M+ - molecular radical cation).

Indolic Acid, Derivative, Structure Rt, min M, Da m/z Possible Structure of Characteristic Ions

Trimethylsilyl (TMS) Derivatives

Indole-3-acetic acid (3IAA), mono-
(CH3)3SiOOCCH2-C8H6N 18.26 247 130

247
[M-COOSi(CH3)3]+

M+

3IAA, di-
(CH3)3SiOOCCH2-C8H5NSi(CH3)3

18.60 319 202
319

[M-COOSi(CH3)3]+

M+

Indole-3-carboxylic acid (3ICA), mono-1

(CH3)3SiOOC-C8H6N
19.12 233 218

233
[M-CH3]+

M+

3ICA, di-
(CH3)3SiOOC-C8H5NSi(CH3)3

19.21 305 290
305

[M-CH3]+

M+

Indole-3-propionic acid (3IPA), mono-1

(CH3)3SiOOC(CH2)2-C8H6N
19.44 261 130

261
[M-CH2COOSi(CH3)3]+

M+

3IPA, di-
(CH3)3SiOOC(CH2)2-C8H5NSi(CH3)3

19.77 333 202
333

[M-CH2COOSi(CH3)3]+

M+

Indole-3-lactic acid (3ILA), di-1

NC8H6-CH2CH(OSi(CH3)3)COOSi(CH3)3
20.35 349 130 [M-CH(OSi(CH3)3)-COOSi(CH3)3]+

3ILA, tri-
(CH3)3Si-NC8H5-CH2CH(OSi(CH3)3)COOSi(CH3)3

20.49 421 202
421

[M-CH(OSi(CH3)3)-COOSi(CH3)3]+

M+

5-Hydroxyindole-3-acetic acid (5HIAA), tri-
(CH3)3SiOOCCH2-C8H4NSi(CH3)3-OSi(CH3)3

20.88 407 290
407

[M-OSi(CH3)3; -CH3]+

M+

5HIAA, di-
(CH3)3SiOOCCH2-C8H5N-OSi(CH3)3

20.99 335 218
335

[M-COOSi(CH3)3]+

M+

Tert-butyldimethylsilyl (TBDMS) Derivatives

3IAA, mono-
(CH3)3C-(CH3)2SiOOCCH2-C8H6N 20.54 289

130
232
289

[M-COOSi(CH3)3-C(CH3)3]+

[M-C(CH3)3]+

M+

3ICA, mono-1

(CH3)3C-(CH3)2SiOOC-C8H6N
21.52 275 218 [M-C(CH3)3]+

3IPA, mono-1

(CH3)3C-(CH3)2SiOOC(CH2)2-C8H6N
21.63 303

130
246
303

[M-CH2COOSi(CH3)3-C(CH3)3]+

[M-C(CH3)3]+

M+

3ILA, di-
NC8H6-CH2CH(OSi(CH3)2-

C(CH3)3)COOSi(CH3)2-C(CH3)3

23.83 433 130
376

[M-CH(OSi(CH3)3-C(CH3)3)-CO
OSi(CH3)3-C(CH3)3]+

[M-C(CH3)3]+

5HIAA, di-
(CH3)3C-(CH3)2SiO-NC8H5-CH2COOSi(CH3)2-C(CH3)3

24.38 419 362
419 [M-C(CH3)3]+M+

1 Mass spectrum is absent from the NIST mass spectral library.

Figure 1a demonstrates the mass chromatogram fragments of TMS derivatives of 3ILA. The peak
retention time (Rt), 20.49 min, corresponds to the tri-TMS derivative (completely substituted form).
The peak with Rt = 20.35 min corresponds to the di-TMS derivative (incompletely substituted form)
the mass spectrum of which is absent from the National Institute of Standards and Technology (NIST)
mass spectral library (Figure 1b). The mass spectra of mono-TMS derivatives of 3ICA (Figure 1c) and
3IPA (Figure 1d) are also absent from the NIST mass spectral library. Other TMS derivatives of the
analytes are present in NIST mass spectral library.
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Figure 1. Fragments of mass chromatograms obtained using m/z values (Table 1) of di- and tri- 
trimethylsilyl (TMS) derivatives of indole-3-lactic acid (3ILA) (a), the mass spectra of the di-TMS 
derivative of 3ILA (b), the mono-TMS derivatives of indole-3-carboxylic acid (3ICA) (c) and indole-3-
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Figure 1. Fragments of mass chromatograms obtained using m/z values (Table 1) of di- and
tri- trimethylsilyl (TMS) derivatives of indole-3-lactic acid (3ILA) (a), the mass spectra of the
di-TMS derivative of 3ILA (b), the mono-TMS derivatives of indole-3-carboxylic acid (3ICA) (c)
and indole-3-propionic acid (3IPA) (d), and the mono- tert-butyldimethylsilyl (TBDMS) derivatives of
3ICA (e) and 3IPA (f).
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The mass spectrometric peak with m/z = 130 in the mass spectra of di-TMS derivative of
3ILA and mono-TMS derivative of 3IPA corresponds to the [M-CH(OSi(CH3)3)-COOSi(CH3)3]+ and
[M-CH2COOSi(CH3)3]+ ions, respectively. Peaks with m/z = 261, m/z = 143 and m/z = 144 in the
mass spectrum of the mono-TMS derivative of 3IPA correspond to the molecular radical cation,
[M-HCOOSi(CH3)3]+ radical cation and the [M-COOSi(CH3)3]+ ion, respectively. Peaks with m/z =

233 and m/z = 218 in mass spectrum of mono-TMS derivative of 3ICA correspond to the molecular
radical cation and [M-CH3]+ ion, respectively (Table 1). The peak with m/z = 174 corresponds to the
[C10H12NSi]+ ion, which, presumably, may form as a result of the skeletal rearrangement process in
the indole ring with the elimination of neutral particle.

Fragmentations of both completely and incompletely substituted derivatives proceed according to
similar schemes (Table 1). For example, for most analytes, molecular radical cation was usually detected;
for both forms of 3IAA, [M-COOSi(CH3)3]+ ions are characteristic; for 3ICA—[M-CH3]+ ions, for
3IPA—[M-CH2COOSi(CH3)3]+ ions, for 3ILA—[M-CH(OSi(CH3)3)-COOSi(CH3)3]+. It confirms that
the recorded mass spectra absent from the NIST mass spectral library correspond to the incompletely
substituted TMS derivatives of 3ICA, 3IPA and 3ILA. The peak forms of the incompletely substituted
derivatives of indolic acids are symmetric and can be used in quantitative analysis.

The selection of derivatization conditions allowed us to obtain only incompletely substituted
derivatives of indolic acids using BSTFA (40 µL, 90 ◦C, 30 min). The results were reproducible and the
relative signals (peak areas of the analytes divided by the peak area of internal standard) of the TMS
derivatives of indolic acids were the following: 3IAA 0.7 ± 0.2, 3ICA 0.35 ± 0.03, 3IPA 1.3 ± 0.1, 3ILA
0.8 ± 0.2, 5HIAA 0.5 ± 0.1. Subsequently they were used to calculate the recoveries of indolic acids
from model solutions and biological samples in Section 2.3.

Derivatization using MTBSTFA with the formation of tert-butyldimethylsilyl (TBDMS) derivatives
as an alternative silylating reagent was studied. The Rt values of obtained TBDMS derivatives were
2–4 min higher than for TMS derivatives (Table 1). All TBDMS derivatives of indolic acids were in
an incompletely substituted form with an unsubstituted hydrogen ion in the indole ring. The mass
spectra of the TBDMS derivatives of 3ICA and 3IPA are absent from the NIST mass spectral library
(Figure 1e,f), but their fragmentation proceeds similarly to other TBDMS derivatives of indolic acids
(Table 1). The mass spectrometric peak with m/z = 218 in the mass spectrum of the mono-TBDMS
derivative of 3ICA and the peak with m/z = 249 in the mass spectrum of di-TBDMS derivative of
3IPA correspond to [M-C(CH3)3]+ ions, which are also formed during fragmentation of the TBDMS
derivatives of 3IAA, 3ILA and 5HIAA. The peak with m/z = 130 in mass spectrum of 3IPA is also
characteristic for 3IAA and 3ILA mass spectra; the peak with m/z = 117 corresponds to indole [C8H7N]+

radical cation. Thus, the recorded mass spectra that are not present in the NIST mass spectral library
correspond to incompletely substituted TBDMS derivatives of 3ICA and 3IPA. The peak forms of
the incompletely substituted TBDMS derivatives of indolic acids are symmetric and can be used for
quantitative analysis as the results were reproducible. Therelative signals of TBDMS derivatives of
indolic acids were the following: 3IAA 0.3 ± 0.1, 3ICA 0.012 ± 0.001, 3IPA 0.6 ± 0.2, 3ILA 0.90 ± 0.04,
5HIAA 0.17 ± 0.06. Subsequently, they were used to calculate the recoveries of indolic acids from
model solutions in Section 2.3.

2.2. Retrospective Analysis of Indolic Acids in Biological Samples of Critically Ill Patients

We have developed the conditions based on LLE with diethyl ether, derivatization with BSTFA and
GC–MS analysis for the determination of aromatic acids in serum samples of both healthy people and
critically ill patients [7]. While investigating the profile of aromatic acids in serum samples of different
groups of critically ill patients, we have accumulated a large amount of data. Since all chromatograms
had been recorded in the full spectrum scan mode, we performed a qualitative retrospective analysis
of indolic acid derivatives using m/z and Rt values, as described in Section 2.1.

The search for the chromatographic peaks of target compounds was made on the mass
chromatograms of serum samples (n = 288) of critically ill patients with stroke, myocardial infarction,
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postoperative surgical complications, and sepsis. The derivatives of 3IAA, 3IPA, and 3ICA were found;
the frequency of appearance was 91, 9, and 6%, respectively. Notably, 3ICA was not detected in serum
samples according to HMDB. 3IPA was detected in di-TMS form (n = 25) and in mono-TMS form
(n = 2). 3ICA was detected in di-TMS form (n = 16) and in mono-TMS form (n = 1).

3IAA (Table 2) was found in mono- (1) or di-TMS (2) forms, or in both forms (1 + 2). It was not
possible to determine the regularity of appearance of 3IAA derivatives in different sets of samples;
various ratios were observed between the occurrences of mono- or di-TMS derivatives, as well as
between the ratio of their peak areas (A1 > A2 or A1 < A2).

Table 2. Frequency of appearance of indole-3-acetic acid (3IAA) trimethylsilyl (TMS) derivatives in
serum samples of critically ill patients using liquid–liquid extraction (LLE) as a sample preparation
technique (A–peak area).

Group of
Patients

Number of
Samples

Presence in
Samples

mono-TMS
(1)

di-TMS
(2) 1 + 2 A1 > A2 A1 < A2

1 38 35 21 27 13 8 5
2 24 23 8 23 7 4 3
3 64 59 58 14 13 11 2
4 55 55 51 53 49 31 18
5 107 91 56 70 35 25 10
Σ 288 263 194 187 118 79 38

The retrospective analysis of the chromatographic peaks of target compounds was also made
on the mass chromatograms of the CSF samples (n = 138) of neurosurgical patients with various
intracranial diseases or injuries. The derivatives of 3IAA, 3ILA, and 5HIAA were found; the frequency
of appearance was 26, 2, and 0.7%, respectively. Notably, 3ILA was not detected in CSF samples
according to HMDB. 3IAA was detected in di-TMS form (n = 36) and in mono-TMS form (n = 2). 3ILA
was detected in tri-TMS form (n = 3); 5HIAA was detected in di-TMS form (n = 1).

To quantify the target components using calibration curves, it is important that the analytes are
present in the chromatogram as a single derivative, and the formation of other forms is minimized.
Thus, a quantitative analysis of 3IAA and other indolic acids in biological samples (especially in serum
samples) using the conditions of LLE developed for aromatic acids is inappropriate.

2.3. Analytical Characteristics of MEPS for Indolic Acid Extraction

MEPS was chosen as an alternative sample preparation method to LLE. The conditions for the
extraction of the indolic acids from serum and CSF samples were based on our previous study [8]
and they were significantly modified. The main modification is the reduced to 40 µL volume of the
biological sample, which is important for the analysis of CSF samples. To keep the sensitivity of the
modified conditions, the number of sample loading cycles was increased, and the elution speed was
reduced. The developed conditions are described in Sections 3.2 and 3.3.

Preliminary experiments with model solutions showed that the application of MEPS with C18
sorbent and derivatization with BSTFA allows for detecting only incompletely substituted forms of
indolic acids. Recoveries of the indolic acids from model solutions (concentration of addition was
100 µg/L/0.4–0.5 µM) using MEPS with BSTFA and MTBSTFA were comparable: 50–80% for BSTFA and
40–80% for MTBSTFA (Table 3). BSTFA was chosen for the further analyses for the following reasons:
the recovery of 3IPA was higher for BSTFA; the reproducibility (RSD) of the recoveries of the indolic
acids for BSTFA was better (10–23%) than for MTBSTFA (18–36%); Rt values for TMS derivatives were
less than for TBDMS ones.

The recoveries from pooled CSF samples (40–80%) were comparable to those obtained from model
solutions (50–80%) and higher than those from serum (40–60%). Recoveries at higher concentrations
are also demonstrated in Table 3 and do not statistically differ from those for the limit of quantitation
(LOQ) level.
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Table 3. Recoveries (%) of the silyl derivatives of indolic acids from model solution (derivatization
with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) or N-(tert-butyldimethylsilyl)-N-methyltrifluo
roacetamide (MTBSTFA)), pooled cerebrospinal fluid (CSF) samples and serum samples at three
concentration levels using microextraction by packed sorbent (MEPS) as a sample preparation technique
and BSTFA as a derivatizing reagent (n = 3, p = 0.95).

Indolic Acid
Derivative

Model Solution Pooled CSF Blood Serum

BSTFA MTBSTFA 100 a 500 b 1500 c 100 a 500 b 2000 d

Indole-3-acetic acid
(3IAA), mono- 80 ± 20 80 ± 10 80 ± 20 80 ± 20 80 ± 10 60 ± 20 60 ± 10 60 ± 20

Indole-3-carboxylic acid
(3ICA), mono- 70 ± 10 70 ± 20 60 ± 20 70 ± 20 60 ± 10 60 ± 10 70 ± 20 60 ± 10

Indole-3-propionic acid
(3IPA), mono- 62 ± 6 40 ± 10 70 ± 20 70 ± 10 70 ± 10 48 ± 9 50 ± 10 50 ± 10

Indole-3-lactic acid
(3ILA), di- 80 ± 20 70 ± 20 80 ± 20 70 ± 20 80 ± 20 50 ± 10 50 ± 10 60 ± 10

5-Hydroxyindole-3-acetic
acid (5HIAA), di- 52 ± 8 40 ± 10 40 ± 10 50 ± 10 50 ± 10 40 ± 10 38 ± 6 40 ± 10

a 100 µg/L corresponds to 0.4–0.5 µM; b 500 µg/L corresponds to 2.0–2.5 µM; c 1500 µg/L corresponds to 6–7 µM;
d2000 µg/L corresponds to 8–10 µM.

Linear correlations (Table 4) were determined over the 0.4–10 µM range of concentrations in
model solutions (R2

≥ 0.9960) and serum samples (R2
≥ 0.9942) and over the 0.4–7 µM range of

concentrations for pooled CSF samples (R2
≥ 0.9949). The LOD values were 0.1–0.2 µM for model

solutions, and 0.2–0.4 µM for pooled CSF and serum. The LOQ values were 0.4–0.5 µM for all matrices.
The reproducibility (RSD) and relative error (RE) values for the LOQ concentration were less than 20%
and ±20%, respectively (Table 4). The RSD and RE values at higher concentration levels also meet
the necessary requirements, as described in Section 3.4. The obtained results can be illustrated by the
mass chromatograms of a model solution (Figure 2a,b), pooled CSF (Figure 2c,d) and serum sample
(Figure 2e,f) with the addition of the indolic acids. Thus, the developed conditions of MEPS can be
used for the quantitative analysis of target compounds in CSF and serum samples.

Table 4. Analytical characteristics of the determination of the indolic acids in model solutions, pooled
cerebrospinal (CSF) and serum samples (n = 3, p = 0.95).

Indolic Acid Matrix
Dynamic

Concentration
Range, µM

R2 LOD, µM LOQ, µM 1RSD, % 1RE, %

Indole-3-acetic
acid (3IAA)

Model solution 0.4–9 0.9982 0.1 0.4 15 −9
Pooled CSF 0.4–7 0.9951 0.2 0.4 16 −11

Blood serum 0.4–9 0.9945 0.2 0.4 19 15

Indole-3-carboxylic
acid (3ICA)

Model solution 0.5–10 0.9973 0.1 0.5 7 10
Pooled CSF 0.5–7 0.9998 0.3 0.5 10 20

Blood serum 0.5–10 0.9987 0.4 0.5 20 −17

Indole-3-propionic
acid (3IPA)

Model solution 0.4–8 0.9989 0.1 0.4 6 13
Pooled CSF 0.4–6 0.9949 0.4 0.4 18 16

Blood serum 0.4–8 0.9942 0.4 0.4 16 12

Indole-3-lactic
acid (3ILA)

Model solution 0.4–8 0.9960 0.2 0.4 17 19
Pooled CSF 0.4–6 0.9963 0.2 0.4 18 −20

Blood serum 0.4–8 0.9967 0.3 0.4 18 13

5-Hydroxyindole-
3-acetic acid

(5HIAA)

Model solution 0.4–8 0.9981 0.1 0.4 7 −11
Pooled CSF 0.4–6 0.9991 0.3 0.4 19 19

Blood serum 0.4–8 0.9991 0.4 0.4 20 17
1RSD (relative standard deviation) and RE (relative error) are given for LOQ (limit of quantitation) level.
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Figure 2. Mass chromatograms of a model solution (a,b), pooled cerebrospinal (CSF) sample (c,d)
and serum sample of a healthy donor (e,f) after microextraction by packed sorbent (MEPS) with the
addition of the indolic acids (concentration of each acid 500 µg/L / 2.0-2.5 µM) obtained using m/z
values (130, 143, 174, 218, 247) of the trimethylsilyl (TMS) derivatives of indole-3-acetic acid (3IAA),
indole-3-carboxylic acid (3ICA), indole-3-propionic acid (3IPA), indole-3-lactic acid (3ILA) (a,c,e) and
m/z values (218, 335) of the TMS derivatives of 5-hydroxyindole-3-acetic acid (5HIAA) (b,d,f).
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2.4. Application of MEPS for Indolic Acid Extraction from Biological Samples of Critically Ill Patients

MEPS was used for the extraction of indolic compounds from serum (n = 3) and CSF (n = 3)
samples of different patients with CNS diseases like cerebral infraction, meningitis and transient
ischemic attack. Mono-TMS derivative of 3IAA was detected in all samples (n = 3, p = 0.95):

• CSF samples: #1–(0.42 ± 0.08) µM; #2–(0.6 ± 0.1) µM; #3–(0.43 ± 0.03) µM.
• Serum samples: #A–(0.47 ± 0.09) µM; #B–(0.43 ± 0.06) µM; #C–(0.6 ± 0.1) µM.

Other acids were not detected in the analyzed samples. We can explain the absence of 3IPA and
3ICA in serum samples, 3ILA and 5HIAA in CSF samples by their low frequency of appearance (9, 6, 2,
and 0.7%, respectively) described in Section 2.2, and more thorough and extended research is required.

2.5. MEPS for Reducing the Matrix Effect

The Rt values of the indolic derivatives are close to those of the compounds with higher boiling
points. These matrix compounds are usually coextracted with target compounds when using LLE,
leading to the contamination of chromatography and mass spectrometry systems, long GC analysis
times, and high final temperatures [7]. The utilization of MEPS led to the interesting results in solving
this problem. Fragments of the chromatograms recorded in full spectrum scan mode obtained after
LLE (Figure 3a) and MEPS (Figure 3b) of the serum samples of a critically ill patient indicated several
peaks: Rt = 23.71 min corresponds to the TMS derivative of cholesterol; Rt = 25.43, 26.50 and 26.96
min correspond to the derivatives of related sterol compounds. MEPS with C18 sorbent demonstrated
perfect results in reducing the content of these interfering matrix components even in the serum sample
of a critically ill patient.
Molecules 2020, 25, x FOR PEER REVIEW 10 of 15 

 

  
(a)          (b) 

Figure 3. Fragments of chromatograms recorded in full spectrum scan mode obtained after the liquid-
liquid extraction (LLE) (a) and the microextraction by packed sorbent (MEPS) (b) of the serum 
samples of a critically ill patient which indicate the content of interfering matrix components. 

3. Materials and Methods 

3.1. Chemicals and Reagents 

Indole-3-carboxylic acid (3ICA, 99%), indole-3-acetic acid (3IAA, 98%), indole-3-propionic acid 
(3IPA, 99%), indole-3-lactic acid (3ILA, 99%), 5-hydroxyindole-3-acetic acid (5HIAA, ≥98%), 2,3,4,5,6-
D5-benzoic acid (internal standard, D5-BA, ≥99 atom % D, ≥99%), N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA, contains 1% trimethylchlorosilane, 99% BSTFA), N-
(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA, >97%), formic acid (≥95%), hexane 
(≥97.0%), methanol (≥99.9%) were purchased from Sigma-Aldrich (Darmstadt, Germany); sulfuric 
acid, acetone, diethyl ether were Laboratory Reagent grade and obtained from Khimreactiv (Staryy 
Oskol, Russia). 

3.2. Analysis of Model and Biological Samples 

A mixture of aqueous stock solutions of each indolic acid (0.8 mg/L) and internal standard (1.0 
mg/L) were prepared. Then, the aliquot of this mixture was added to the serum or pooled CSF 
solution to prepare solutions with concentrations of 100 (0.4–0.5 µM), 500 (2.0–2.5 µM), 1000 (4–5 µM) 
and 2000 (8–10 µM) µg/L to create respective calibration curves in the 0.4–10 µM range of 
concentrations for serum samples; 100 (0.4–0.5 µM), 500 (2.0–2.5 µM) and 1500 (6–7 µM) µg/L to 
create respective calibration curves in the 0.4–7 µM range of concentrations for pooled CSF samples. 

Serum (n = 3), CSF (n = 3) samples of different patients with CNS diseases such as cerebral 
infraction, meningitis and transient ischemic attack and a healthy donor were collected in the Federal 
Research and Clinical Center of Intensive Care Medicine and Rehabilitology (Moscow, Russia). The 
approval of the local ethics committee was obtained (N 26/2019). Serum and CSF samples were stored 
at −30 °С for not more than 3 months and were defrosted at room temperature prior to use. Pooled 
CSF samples were used due to the absence of those of healthy donors and were prepared by mixing 
CSF samples from several patients with unconfirmed bacterial or viral infection of the CNS. 

The equipment for the analysis was the following: Trace GC 1310 gas chromatograph with an 
ISQ LT mass spectrometer and AI 1310 autosampler (Thermo Scientific, Thermo Electron 
Corporation, Waltham, MA, USA). 2,3,4,5,6-D5-benzoic acid was used as an internal standard for 
indolic acids. Briefly, the conditions for the analysis of the indolic acids are described in Scheme 1. 

RT: 23.00 - 27.50

23.0 23.2 23.4 23.6 23.8 24.0 24.2 24.4 24.6 24.8 25.0 25.2 25.4 25.6 25.8 26.0 26.2 26.4 26.6 26.8 27.0 27.2 27.4
Time (min)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

RT: 26.95
MA: 4206849528

RT: 23.71
MA: 4774626744 RT: 25.43

MA: 1680191127

RT: 26.50
MA: 1320537982

26.87

23.27
26.1323.41 24.8824.7724.08 26.6823.01 24.44 25.0724.19 26.3425.32 25.53 27.1924.51 27.3025.63 26.06

23.0 23.5 24.0 24.5 25.0 25.5 26.0 26.5 27.0
Time (min)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

RT: 26.96
MA: 6250155

RT: 25.44
MA: 2091776

RT: 23.72
MA: 6487399

RT: 26.50
MA: 1724246

24.2124.19
24.24 25.4524.90

24.45 27.0124.7824.14 24.76
24.97 26.5323.27 27.1026.7124.47 26.4825.0524.09 27.1426.1925.47 25.72 26.0425.35 25.9923.98 25.2124.6323.67

23.7723.6423.19 23.29

23.61

Cholesterol 
Cholesterol 

Figure 3. Fragments of chromatograms recorded in full spectrum scan mode obtained after the
liquid-liquid extraction (LLE) (a) and the microextraction by packed sorbent (MEPS) (b) of the serum
samples of a critically ill patient which indicate the content of interfering matrix components.

3. Materials and Methods

3.1. Chemicals and Reagents

Indole-3-carboxylic acid (3ICA, 99%), indole-3-acetic acid (3IAA, 98%), indole-3-propionic acid
(3IPA, 99%), indole-3-lactic acid (3ILA, 99%), 5-hydroxyindole-3-acetic acid (5HIAA, ≥98%), 2,3,4,5,6-
D5-benzoic acid (internal standard, D5-BA, ≥99 atom % D, ≥99%), N,O-bis(trimethylsilyl)trifluoroac
etamide (BSTFA, contains 1% trimethylchlorosilane, 99% BSTFA), N-(tert-butyldimethylsilyl)-N-met
hyltrifluoroacetamide (MTBSTFA, >97%), formic acid (≥95%), hexane (≥97.0%), methanol (≥99.9%)
were purchased from Sigma-Aldrich (Darmstadt, Germany); sulfuric acid, acetone, diethyl ether were
Laboratory Reagent grade and obtained from Khimreactiv (Staryy Oskol, Russia).
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3.2. Analysis of Model and Biological Samples

A mixture of aqueous stock solutions of each indolic acid (0.8 mg/L) and internal standard
(1.0 mg/L) were prepared. Then, the aliquot of this mixture was added to the serum or pooled CSF
solution to prepare solutions with concentrations of 100 (0.4–0.5 µM), 500 (2.0–2.5 µM), 1000 (4–5 µM)
and 2000 (8–10 µM) µg/L to create respective calibration curves in the 0.4–10 µM range of concentrations
for serum samples; 100 (0.4–0.5 µM), 500 (2.0–2.5 µM) and 1500 (6–7 µM) µg/L to create respective
calibration curves in the 0.4–7 µM range of concentrations for pooled CSF samples.

Serum (n = 3), CSF (n = 3) samples of different patients with CNS diseases such as cerebral
infraction, meningitis and transient ischemic attack and a healthy donor were collected in the Federal
Research and Clinical Center of Intensive Care Medicine and Rehabilitology (Moscow, Russia). The
approval of the local ethics committee was obtained (N 26/2019). Serum and CSF samples were stored
at −30 ◦C for not more than 3 months and were defrosted at room temperature prior to use. Pooled
CSF samples were used due to the absence of those of healthy donors and were prepared by mixing
CSF samples from several patients with unconfirmed bacterial or viral infection of the CNS.

The equipment for the analysis was the following: Trace GC 1310 gas chromatograph with an
ISQ LT mass spectrometer and AI 1310 autosampler (Thermo Scientific, Thermo Electron Corporation,
Waltham, MA, USA). 2,3,4,5,6-D5-benzoic acid was used as an internal standard for indolic acids.
Briefly, the conditions for the analysis of the indolic acids are described in Scheme 1.Molecules 2020, 25, x FOR PEER REVIEW 11 of 15 
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Scheme 1. Conditions for the analysis of indolic acids.

3.3. MEPS Procedure

MEPS was performed using a 50 µL volume syringe coupled with barrel insert and needle
assemblies packed with ~4 mg of C18 (SGE Analytical, Melbourne, Australia). Prior to each sample
preparation, the C18 sorbent was activated by consistent conditioning with methanol, distilled water
and 0.3 mM formic acid. A total of 50 µL of sample was passed through the C18 sorbent 20 times.
Subsequently, the solid phase was washed with 20 µL of 0.3 mM formic acid to remove interferences.
The elution of analytes using diethyl ether was conducted after the sorbent drying, which was achieved
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by the passing of the air through the sorbent for 12 times. The analytes were derivatized using BSTFA
after the complete drying of the organic eluate.

3.4. Method Validation

The recoveries, linearity, LOD, LOQ, accuracy, and precision were evaluated according to the
guidelines of the FDA (endogenous analysis section) [24].

3.4.1. Recovery

The recoveries of indolic acids were calculated at three different concentration levels (100, 500,
1500 µg/L for pooled CSF and 100, 500, 2000 µg/L for serum samples) as follows:

Recovery (%) = (A/ASt)/(A/ASt)100% × 100,

A—peak area of the TMS derivative of the indolic acid;
ASt—peak area of the TMS derivative of the internal standard;
(A/ASt)—relative signal obtained after sample preparation using MEPS;
(A/ASt)100%—relative signal obtained from organic solution without any kind of sample preparation

(except derivatization).

3.4.2. Calibration Curve

For the determination of linearity, the calibration curves for all analytes were revealed using
the spiked serum and pooled CSF samples described in Section 3.2, which were treated by MEPS
procedure. Calibration curves were obtained by plotting the ratio of the analyte peak area/internal
standard peak area as a function of the corresponding nominal concentrations (three replicates for each
concentration levels) and calculated using the least squares method.

3.4.3. LOD and LOQ

LODs (µM) were calculated according to the following formula:

LOD (µM) = 3 × SD/b,

SD—the standard deviation;
b—the slope.
LOQs (µM) were defined as the lowest point of the calibration curve (100 µg/L / 0.4–0.5 µM).

3.4.4. Accuracy and Precision

The precision was defined as RSD (%). The accuracy was defined as RE (%):

RE (%) = [((measured concentration − concentration in a sample without additives) −
nominal concentration)/nominal concentration] × 100%.

The values of RSD not deviating more than 20% and RE not deviating more than ±20% from the
nominal concentration at the LOQ were considered acceptable as well as RSD not deviating 15% and
RE not deviating ±15% from the nominal concentration for standards other than LOQ.

3.4.5. Selectivity

Selectivity for all analytes and internal standards was also evaluated for CSF by three parallel
analysis of pooled CSF samples from three different patients and for serum by three parallel analysis
of a healthy donor serum. After this, serum and pooled CSF samples were used in the preparation
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of calibration standards and were subsequently subjected to MEPS sample preparation and GC–MS
analysis. Response of the interfering compounds did not exceed 20% of the LOQ values.

3.4.6. Stability

The instability of aqueous solutions of indolic acids was observed and fresh stock solutions were
prepared on a daily basis.

3.4.7. Carryover Effects

The MEPS carryover effect was evaluated as follows: needle, which had been used for all previous
extraction procedures with calibration standards, was used for extraction of pooled CSF or serum
sample without the addition of indolic acids; the extract was derivatized and introduced into the
chromatographic system. We did not observe an increase in the areas of chromatographic peaks during
the elution of the target analytes, so the carryover effect of MEPS was considered to be insignificant.

The blank sample of the eluting solvent was introduced into the chromatographic system
immediately after the analysis of all calibration standards to evaluate the carryover effect of the
chromatographic system, which did not exceed 0.1% of the areas of chromatographic peaks of indolic
acids obtained during the previous analysis.

3.5. Statistical Analysis

The statistical processing of experimental data was performed based on the results of three parallel
experiments and represented the mean with a confidence interval (n = 3, p = 0.95). All data were
analyzed using Microsoft Excel 2016.

4. Conclusions

Tryptophan metabolites were determined in serum and CSF samples of patients with CNS
diseases using MEPS with the following derivatization and GC–MS analysis. These metabolites are
indole-containing acids—3IAA, 5HIAA, 3IPA, 3ILA, and 3ICA; some of them are known to be of
microbial origin. Silylation with BSTFA and MTBSTFA led to the reproducible formation of derivatives
with an unsubstituted hydrogen ion in the indole ring. The mass spectra of some derivatives are
described in detail because they are absent from the NIST mass spectral library. By analogy with the
fragmentation of fully derivatized forms of indolic acids, we proposed a possible fragmentation for
incompletely derivatized forms and showed that the fragmentation of both forms occurs according to
similar schemes. The chromatographic peaks of all incompletely substituted derivatives are symmetric
and can be used for the GC–MS analysis without additional derivatization.

The qualitative retrospective analysis of tryptophan metabolites on the chromatograms of serum
(n = 288) and CSF (n = 138) samples of different groups of patients using LLE revealed interesting
facts. The derivatives of 3IAA were found both in serum and CSF (the frequency of appearance was 91
and 26%, respectively); 3IPA and 3ICA were found in serum (the frequency of appearance was 9 and
6%, respectively); 3ILA and 5HIAA were found in CSF (the frequency of appearance was 2 and 0.7%,
respectively). The facts that 3ICA was found in serum samples and 3ILA was found in CSF samples
are not described in HMDB. However, quantitative analysis of indolic acids using LLE is inappropriate
because of the irreproducible formation of different silyl derivatives of analytes.

The advantages of MEPS were shown in comparison with the LLE. An aliquot of only 40 µL of
biological sample can be analyzed using MEPS instead of 200 µL for LLE. The utilization of MEPS,
in contrast to LLE, makes it possible to carry out a quantitative analysis of indolic acids, since it
allows for the reproducible formation of only one of the derivatized forms (incompletely substituted
ones). Some analytical characteristics of the methodology were calculated, and their values met
the requirements of the FDA recommendations. The applicability of the developed conditions was
demonstrated by analyzing real samples, where 3IAA was reproducibly determined in the CSF and
serum samples of patients with CNS diseases at the 0.4–0.6 µM level. Other acids were not detected
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at this stage of research and the analysis of biological samples of the extended group of patients is
required. A comparison of the chromatograms of the same serum sample obtained after MEPS and
LLE demonstrated that the utilization of MEPS significantly reduced the amount of sterol matrix
components of serum compared to LLE. All of the mentioned advantages of MEPS with the C18
sorbent suggests that this approach can be an excellent alternative to traditional sample preparation
techniques for the analysis of small target analytes in complex matrices such as blood serum and CSF.

Author Contributions: Conceptualization, A.P., A.R. and N.B.; methodology, A.P., Z.K., P.S., and A.R.; validation,
Z.K. and P.S.; formal analysis, A.P. and Z.K.; investigation, A.P, Z.K. and M.G.; resources, A.R. and N.B.; data
curation, A.P. and A.R.; writing—original draft preparation, A.P., Z.K. and M.G.; writing—review and editing, P.S.,
A.R., and N.B.; visualization, A.P., Z.K. and M.G.; supervision, A.P., A.R. and N.B.; project administration, N.B.;
funding acquisition, N.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MINISTRY OF SCIENCE AND HIGHER EDUCATION (Russian Federation)
on the state assignment number 0563-2019-0020, and by THE COUNCIL ON GRANTS OF THE PRESIDENT OF
THE RUSSIAN FEDERATION, grant number MK-627.2020.7.

Acknowledgments: The authors are grateful to Neolab Company for providing equipment for MEPS and to MS
Analitika Company for providing the GC–MS system.

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

Abbreviations

BSTFA N,O-bis(trimethylsilyl)trifluoroacetamide
CNS central nervous system
CSF cerebrospinal fluid
FDA Food and Drug Administration
GC–MS gas chromatography–mass spectrometry
5HIAA 5-hydroxyindole-3-acetic acid
HMDB Human Metabolome Database
3IAA indole-3-acetic acid
3ICA indole-3-carboxylic acid
3ILA indole-3-lactic acid
3IPA indole-3-propionic acid
LLE liquid-liquid extraction
LOD limit of detection
LOQ limit of quantitation
MEPS microextraction by packed sorbent
MTBSTFA N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide
NIST National Institute of Standards and Technology
RE relative error
RSD relative standard deviation
Rt retention time
TBDMS tert-butyldimethylsilyl
TMS trimethylsilyl

References

1. Elsden, S.R.; Hilton, M.G.; Waller, J.M. The end products of the metabolism of aromatic amino acids by
clostridia. Arch. Microbiol. 1976, 107, 283–288. [CrossRef] [PubMed]

2. Dalgliesh, C. Metabolism of the Aromatic Amino Acids. In Advances in Protein Chemistry Volume 12; Elsevier
BV: Amsterdam, The Netherlands, 1955; Volume 10, pp. 31–150.

3. Getsina, M.L.; Chernevskaya, E.A.; Beloborodova, N.V. The role of human and microbial metabolites of
triptophane in severe diseases and critical ill (review). Clin. Pract. 2020, 11, 92–102. [CrossRef]

http://dx.doi.org/10.1007/BF00425340
http://www.ncbi.nlm.nih.gov/pubmed/1275638
http://dx.doi.org/10.17816/clinpract19068


Molecules 2020, 25, 3258 14 of 15

4. Beloborodova, N.V.; Khodakova, A.S.; Bairamov, I.; Olenin, A.Y. Microbial origin of phenylcarboxylic acids
in the human body. Biochemistry 2009, 74, 1350–1355. [CrossRef] [PubMed]

5. Beloborodova, N.V.; Sarshor, Y.N.; Bedova, A.Y.; Chernevskaya, E.; Pautova, A.K. Involvement of Aromatic
Metabolites in the Pathogenesis of Septic Shock. Shock 2018, 50, 273–279. [CrossRef]

6. Beloborodova, N.V.; Pautova, A.K.; Sergeev, A.; Fedotcheva, N. Serum Levels of Mitochondrial and Microbial
Metabolites Reflect Mitochondrial Dysfunction in Different Stages of Sepsis. Metabolites 2019, 9, 196.
[CrossRef]

7. Pautova, A.K.; Bedova, A.Y.; Sarshor, Y.N.; Beloborodova, N.V. Determination of Aromatic Microbial
Metabolites in Blood Serum by Gas Chromatography–Mass Spectrometry. J. Anal. Chem. 2018, 73, 160–166.
[CrossRef]

8. Pautova, A.K.; Sobolev, P.D.; Revelsky, A.I. Analysis of phenylcarboxylic acid-type microbial metabolites by
microextraction by packed sorbent from blood serum followed by GC–MS detection. Clin. Mass Spectrom.
2019, 14, 46–53. [CrossRef]

9. Pautova, A.K.; Sobolev, P.D.; Revelsky, A.I. Microextraction of aromatic microbial metabolites by packed
hypercrosslinked polystyrene from blood serum. J. Pharm. Biomed. Anal. 2019, 177, 112883. [CrossRef]

10. Palego, L.; Betti, L.; Rossi, A.; Giannaccini, G. Tryptophan Biochemistry: Structural, Nutritional, Metabolic,
and Medical Aspects in Humans. J. Amino Acids 2016, 2016, 1–13. [CrossRef]

11. Keszthelyi, D.; Troost, F.J.; Masclee, A.A.M. Understanding the role of tryptophan and serotonin metabolism
in gastrointestinal function. Neurogastroenterol. Motil. 2009, 21, 1239–1249. [CrossRef]

12. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics analysis
reveals large effects of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106,
3698–3703. [CrossRef] [PubMed]

13. Gertsman, I.; Gangoiti, J.A.; Nyhan, W.L.; Barshop, B. Perturbations of tyrosine metabolism promote the
indolepyruvate pathway via tryptophan in host and microbiome. Mol. Genet. Metab. 2015, 114, 431–437.
[CrossRef] [PubMed]

14. Dodd, D.; Spitzer, M.H.; Van Treuren, W.; Merrill, B.; Hryckowian, A.J.; Higginbottom, S.K.; Le, A.;
Cowan, T.M.; Nolan, G.P.; Fischbach, M.A.; et al. A gut bacterial pathway metabolizes aromatic amino acids
into nine circulating metabolites. Nature 2017, 551, 648–652. [CrossRef] [PubMed]

15. Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.;
Sawhney, S.; et al. HMDB: The Human Metabolome Database. Nucleic Acids Res. 2007, 35, D521–D526.
[CrossRef]

16. Jiang, G.; Shen, X.; Kang, H.; Li, K.; Zheng, J.; Yu, Y. Serum metabolite profiling of cutaneous T-cell lymphoma
based on a multiplatform approach. J. Chromatogr. B 2018, 71–76. [CrossRef]

17. Oresic, M.; Posti, J.P.; Kamstrup-Nielsen, M.H.; Takala, R.S.; Lingsma, H.F.; Mattila, I.; Jäntti, S.; Katila, A.J.;
Carpenter, K.; Ala-Seppälä, H.; et al. Human Serum Metabolites Associate With Severity and Patient
Outcomes in Traumatic Brain Injury. EBioMedicine 2016, 12, 118–126. [CrossRef] [PubMed]
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