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Abstract

The aim of this work was to develop a capillary electrophoresis-mass spectrometry (CE-
ESI-QToF-MS) method to carry out the metabolic fingerprinting of green and roasted
coffee samples (Arabica variety). To evaluate changes in the metabolic profiles of
coffee occurring along the roasting process, green coffee beans were submitted to
different roasting degrees. The effect of different parameters concerning the
electrophoretic separation (background electrolyte, temperature, voltage, and injection
time), the MS detection (temperature and flow of drying gas, sheath gas of jet stream
temperature, and capillary, fragmentator, nozzle, skimmer, and octapole voltages) and
the sheath liquid (composition and flow rate) was studied to achieve an adequate
separation and to obtain the largest number of molecular features. The analyses were
carried out in positive ESI mode allowing to detect highly polar cationic metabolites
present in coffee beans. Non-supervised and supervised multivariate analyses were
performed showing a good discrimination among the different coffee groups. Those
features having a high variable importance in the projection values on supervised
analyses were selected as significant metabolites for their identification. Thus, 13
compounds were proposed as potential markers of the coffee roasting process, being 7
of them tentatively identified and 2 of them unequivocally identified. Different families
of compounds such as pyridines, pyrroles, betaines, or indoles could be pointed out as

markers of the coffee roasting process.

Keywords: metabolic fingerprinting, capillary electrophoresis, high resolution mass

spectrometry, jet stream, coffee beans, roasting process.
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1. Introduction

Coffee production comprises different steps which affect not only its chemical
composition but also its organoleptic properties [1]. Among these steps, coffee roasting
is crucial for the development of coffee flavor since it involves several physical and
chemical reactions that give rise to the formation and/or degradation of many
components responsible for aroma, flavor or color. Some coffee components, such as
lipids or caffeine, remain practically unaltered during the thermal process [2]. However,
this process can lead to the formation of melanoidines due to the combination of sugars
and amino acids during the Maillard reaction [3-9], pyridines because of protein
hydrolysis and the degradation of trigonelline [10, 11], or even toxic compounds, such
as furan derivatives, which have shown carcinogenic activity [12], among others. These
changes in the chemical composition of coffee strongly affect its quality so that their
evaluation has special importance to guarantee coffee quality both for the coffee
industry and for consumers. In the industry, the control of roasting degree is usually
carried out through differences in beans color, dry matter loss and/or other changes in
sensory characteristics. Therefore, there is a need to develop adequate analytical
methodologies enabling to face the discrimination of coffee beans submitted to different
roasting degrees.

Different research works have already pointed out the importance to carry out a control
of the chemical composition of coffee beans along roasting process [13-15]. Most of the
works focused on this topic are based on target (detection of a single component) [16,
17] or profiling (detection of a specific class or components) analyses [18-21]. Thus,
compounds such as amino acids, alkylpyrazines, chlorogenic acids or
chlorogenic/caffeine ratio have been reported as markers to distinguish the roasting

degree of coffee beans [22-24]. However, coffee beans, as well as other foods, are a
3
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very complex matrix that presents hundreds of components so that its fingerprinting
analysis (analysis of as many components as possible) during the roasting process will
provide a maximum coverage of metabolites that can be simultaneously identified. In
this sense, metabolomics, a well-established omics science focused on the study of the
metabolome [25], is a powerful tool capable of providing an exhaustive characterization
of complex samples which is becoming one of the most relevant procedures to assess
food quality, safety and traceability [26, 27]. Up to date, the number of works
concerning the metabolomic study of coffee is scarce. The discrimination of coffee
varieties or origins [28-31] or between caffeinated and decaffeinated coffee [32] has
been performed using as analytical platforms nuclear magnetic resonance (NMR), liquid
chromatography-mass  spectrometry (LC-MS) or gas chromatography-mass
spectrometry (GC-MS). On the other hand, a few works have been focused on the
evaluation of coffee roasting process using targeted metabolomic approaches based on
ion mobility spectrometry-mass spectrometry (IMS-MS) [10], and employing non-
targeted metabolomic approaches based on NMR, ambient sonic-spray ionization-mass
spectrometry (EASI-MS) and GC-MS [3, 4, 33, 34]. Recently, our research group
developed a non-targeted metabolomics strategy based on reversed-phase liquid
chromatography-mass spectrometry (RPLC-MS) to provide the characterization of
coffee beans roasted at three different degrees. It enabled to identify 7 and 13
metabolites as markers of roasting process in positive and negative modes, respectively
[35].

Although NMR, GC-MS, and LC-MS are well established platforms for metabolomics,
capillary electrophoresis (CE) coupled to MS is also a powerful analytical technique for
metabolomics research due to its particular characteristics, i.e., it provides fast and

efficient separations, requires low consumption of reagents and samples, and has a high
4
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versatility considering its different modes [36]. Moreover, a large number of
metabolites are polar and ionic, so they can be detected by CE-MS in contrast to LC-
MS or GC-MS in which medium-polar, hydrophobic and volatile compounds are
detected. However, even though several works have demonstrated the high potential of
CE-MS in metabolomics studies [37-39], up to now, just a few works employed this
technique to perform the metabolomics analysis of food matrices [36, 40-42].

In this work, an analytical method, based on the use of CE coupled to high resolution
MS equipped with a Jet Stream thermal orthogonal electrospray ionization source, was
developed in order to carry out the fingerprinting of green and roasted coffee and to
evaluate changes in the metabolic profiles of coffee samples (Arabica variety)
submitted to different roasting degrees. With this aim, different parameters concerning
the electrophoretic separation and MS detection were optimized in order to maximize
the number of detected peaks. In addition, the metabolic analysis, including data
processing and chemometric analysis using PCA and PLS-DA models was applied to
discriminate coffee beans according to their roasting degree. Finally, the identification

of the significant metabolites along different roasting levels was performed.

2. Materials and methods

2.1 Chemicals and coffee samples

MS-grade methanol, acetic acid, and formic acid and HPLC-grade isopropanol were
purchased from Fisher Scientific (Hampton, NH, USA). Ammonium formate and
ammonium acetate of MS grade were from Sigma (St. Louis, MO, USA).

Calcium acetate, 3-ethylpyridine, 2-acetylpyrrole, 1-methyl-2-pyrrolecarboxaldehyde,
L-(+)-arabinose, methyl anthranilate, indole-3-butyric acid, choline, and duloxetine

were purchased from Sigma (St. Louis, MO, USA). Water employed to prepare the
5
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running buffer and the coffee extracts was purified through a Milli-Q system from
Millipore (Millipore, Madrid, Spain).

Arabica green coffee beans (GCB) were roasted and provided by the company “Café
Fortaleza” (Vitoria, Spain). Coffee beans were roasted at three different levels: light
(LRC), medium (MRC) and dark (DRC) using temperatures of 175°C (during 12.36
min), 185°C (for 14.11 min), and 195°C (during 17.06 min), respectively. The roasting
process was controlled in terms of the weight loss of each sample being 13% in LRC,
15% in MRC and 17% in DRC.

2.2 Preparation of coffee samples

The metabolite extraction procedure from coffee samples was performed using an
extraction protocol previously optimized by our research group [35]. Briefly, 5 mg of
grounded coffee samples were extracted with 1.5 mL of 25% (v/v) methanol in water.
The solid-liquid extraction was carried out in a Thermomixer Compact (Eppendorf AG,
Hamburg, Germany) at 700 rpm during 15 min at 25°C. After centrifugation (3500 rpm,
10 min, 25 °C) the supernatant fraction was collected and directly analyzed by CE-MS.
Five replicate extractions for each group of coffee samples (GCB, LRC, MRC and
DRC) were prepared and analyzed in the metabolomic sequence. Quality control
samples (QC) were prepared by pooling equal aliquots of each coffee sample, which lets
monitoring instrumental drifts throughout the analysis [43]. Duloxetine was used as
internal standard (1S) at a final concentration of 10 pug/mL in all the analyzed samples
including QCs.

2.3 CE-MS analysis

Metabolic fingerprinting of coffee samples was carried out using a 7100 CE system
from Agilent Technologies (Waldbronn, Germany) coupled to a 6530 quadrupole time-

of-flight mass spectrometer from Agilent Technologies (Waldbronn, Germany)
6
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equipped with a Jet Stream thermal orthogonal electrospray ionization (ESI) source.
Coupling was performed via a sheath liquid interface with a CE-ESI co-axial sprayer
(G1607 model from Agilent Technologies). A sheath liquid composed of
methanol:water (50:50 v/v) containing 1 M acetic acid was delivered into the ESI
source at a 8 pL/min flow rate by means of a NE-3000 pump (New Era Pump Systems
Inc., Farmingdale, NY, USA). Sheath liquid also included two reference standards from
Agilent Technologies (purine (m/z 121.0508) and HP921 (m/z 922.0097)) to allow mass
accuracy monitoring. Agilent Mass Hunter Qualitative Analysis software (B.07.00) was
employed for MS control and data acquisition.

Separations took place in uncoated fused-silica capillaries of 50 um ID with a total
length of 100 cm (Polymicro Technologies, Phoenix, AZ, USA) using a solution of 1 M
formic acid (pH 1.8) as background electrolyte (BGE). Before first use, new capillaries
were rinsed (applying 1 bar) with 1 M sodium hydroxide for 30 min, followed by 5 min
with Milli-Q water and conditioned with BGE for 60 min. Between injections, the
capillary was preconditioned with BGE for 5 min. Then, the samples were injected
applying a pressure of 50 mbar for 80 s. Finally, the electrophoretic separation was
achieved applying +30 kV at a working temperature of 20 °C.

MS operate in positive ESI mode and data were acquired within 100-1700 m/z range
(extended dynamic range) in full scan resolution mode at a scan rate of 2 scans per s.
Capillary voltage was set to 3000 V with a nozzle voltage of 0 V, a nebulizer pressure
of 10 psi, and a sheath gas of jet stream at 3 L/min and 150 °C. Drying gas was supplied
at 5 L/min at 180 °C. The fragmentator voltage was set at 175 V whereas the skimmer

and octapole voltages were 60 V and 750 V, respectively.
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MS/MS experiments were performed to assist in the metabolite identification. The
voltage employed in MS/MS analyses ranged from 20 to 40 V depending on each
analyte.

2.4 Metabolomic sequence

Blank and QC samples were injected in the CE-MS system at the beginning of the
metabolomic sequence to ensure a good repeatability. Then, a total of 60 coffee samples
(five replicates of each group (GCB, LRC, MRC, and DRC) injected in triplicate) were
randomly injected and a QC sample was injected every six coffee samples and at the
end of the sequence.

2.5 Data processing and analysis

Molecular features from the raw data were obtained using the Molecular Feature
Extraction (MFE) tool from Mass Hunter Qualitative Analysis (B.07.00 from Agilent
Technologies) where the migration time and abundance of the molecular features were
annotated. The MFE parameters were as follows: “small molecules (chromatographic)”
mode; peaks with height > 500 counts; peak spacing tolerance for isotope grouping was
0.0025 m/z plus 7.0 ppm; isotope model = common organic molecules; and the charge
states were limited to 2. Moreover, to identify different ion species coming from the
same molecular feature, H', Na*, K*, and NH," adducts were considered.

Migration time correction and alignment of molecular features were conducted using
the Mass Profiler Professional (MPP) software (B.02.00 from Agilent). To carry out the
alignment, a migration time window of 0.3 min, with a mass window of 30 ppm + 0.02
Da, were employed. Then, data were normalized using the intensity of the IS. To
remove non-reproducible signals before performing statistical analysis, molecular
features were filtered by retaining masses present in at least 80 % of all injected QC

samples and with a coefficient of variation below 35%.
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Multivariate statistical analysis of the data matrix containing the filtered molecular
features was performed using SIMCA 14.0 software (Umetrics, Umeda, Sweden). After
log-transformation (to approximate to a normal distribution) and Pareto scaling (for
reducing the relative importance of larger values) [44] both principal component
analysis (PCA) and partial least square discriminant analysis (PLS-DA) models were
used to investigate clustering existing in the analyzed samples and to find differences
between samples according to their roasted degree. Quality of the models was assessed
by the R? (R®X, R?Y) and Q7 values. Potential biomarkers of roasting degree of coffee
were found by two-class comparisons: GCB vs LRC, GCB vs MRC, and GCB vs DRC.
Only features with variable importance in the projection (VIP) values of the first
component of the PLS-DA models higher than 1.0 were considered as significant.
Moreover, univariate statistical analysis using the Mann-Whitney U test was performed

in R (http://www.R-project.org). Benjamini-Hochberg false discovery rate was

employed for multiple testing correction.

2.6 Metabolite identification

Potential markers of coffee roasting process were identified by matching the
experimental accurate mass values with theoretical mass values available in the CEU
Mass Mediator database [45] considering an error of 30 ppm. This database, available
online, allows to obtain information simultaneously from different databases such as
KEGG, METLIN, HMDB and LipidMaps. In addition, the FooDB database
(http://foodb.ca/) was also employed. Those metabolites that were commercially
available as standards compounds were also analyzed by the developed CE-MS
methodology to perform their unequivocal identification according to their migration
time and MS/MS fragmentation pattern. When the standards could not be acquired, a

tentative identification was carried out comparing the experimental MS/MS spectra
9
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obtained for each molecular feature with those predicted in HMDB database, CFM-ID

(cfmid.wishartlab.com) and/or literature.

3. Results and discussion

3.1 Development of a CE-MS method for metabolic fingerprinting

In order to develop a CE-MS methodology enabling the fingerprinting of green and
roasted coffee and to study the changes occurring in the metabolic profiles of coffee
samples submitted to different roasting degrees, those parameters related to the CE-MS
coupling (composition and flow rate of the sheath liquid), the electrophoretic separation
(BGE, temperature, voltage, and injection time) and the MS detection were optimized
using as model a QC sample (injected in duplicate). The selection of each parameter
was based on the number of molecular features extracted by the MFE tool (see section
2.5). It should be mentioned that only ESI in positive mode was evaluated as ionization
mode in this work. This was due to the fact that up to date, most of the metabolomics
studies based on the use of CE-MS as analytical platform have employed this ionization
mode [46, 47], since using a fused silica capillary and normal polarity, the
electroosmotic flow (EOF) moves from the anode to the cathode (where the MS
detector is located), and the CE electrical current is stabilized. In addition, both EOF
and the electrophoretic mobility of cationic metabolites are toward the MS detector
what enabled to achieve rapid analysis with good resolution [40].

The effect of the composition and flow rate of the sheath liquid was investigated
because they are critical variables not only to establish an adequate electric contact
between the CE system and the mass spectrometer but also to obtain a good metabolite
ionization. Thus, using 1 M formic acid (pH 1.8) as BGE and a methanol:water (50:50

v/v) sheath liquid as initial conditions, different additives, such as 1 M formic acid, 1 M
10
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acetic acid, 5 mM ammonium formate and 5 mM ammonium acetate were added to the
sheath liquid to study their influence on the ionization. Among these additives, 1 M
acetic acid was chosen for further experiments since its addition to the sheath liquid
enabled to obtain the highest number of molecular features. Contrary to what it would
be expected, the use of acetic acid in the sheath liquid and formic acid in the running
buffer allowed to detect the maximum number of molecular features. The increment in
molecular features was truly due to the appearance of new compounds and not to
artifacts derived from the combination of both buffers.

The next step was to evaluate the influence of the organic solvent present in the sheath
liquid. Mixtures of methanol or isopropanol with water at 50:50 (v/v) containing 1 M
acetic acid were tested. Since the use of methanol allowed to obtain a greater number of
molecular features and a higher current stability, it was selected as organic solvent.
Also, different sheath liquid compositions (methanol:water 50:50, 70:30 and 80:20
(v/v)) were compared, selecting methanol:water 50:50 (v/v) due to the higher number of
molecular features observed with this mixture. Finally, the flow rate was optimized
using 4, 6, and 8 uL/min. It was necessary to employ the highest flow (i.e. 8 uL/min) in
order to enhance the ionization which also enabled obtaining the maximum number of
molecular features.

Once the best conditions for the sheath liquid were selected, the next step was to
optimize the variables affecting the electrophoretic profile. The nature of the BGE (1 M
formic acid or 1 M acetic acid), the working temperature (15, 20 or 25 °C), the applied
voltage (20, 25 or 30 kV) and the injection time (10, 20, 80 and 120 s) were evaluated in
terms of electrophoretic separation, peak efficiency, and sensitivity to ensure the

detection of the largest number of molecular features in the coffee samples. The
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optimized conditions were 1 M formic acid (pH 1.8), a working temperature of 20 °C, a
separation voltage of 30 kV, and an injection time of 80 s.

Finally, the effect of different ESI parameters, such as capillary voltage (2000-4000 V),
fragmentator voltage (110-175 V), nozzle voltage (0-100 V), skimmer (50-60 V),
octapole (160 or 750 V), drying gas temperature (150-300 °C), drying gas flow (5-10
L/min) and sheath gas of jet stream temperature (150-300 °C), was evaluated. The most
adequate values to achieve the largest number of molecular features with the highest
sensitivity were 3000 V for capillary voltage, 175 and 0 V for fragmentator and nozzle
voltages, respectively, 60 V for skimmer, 750 V for octapole, 180 °C and 5 L/min for
drying gas, and 150 °C for sheath gas temperature.

Figure 1 shows the metabolic profiles of GCB, LRC, MRC and DRC samples analyzed

by the developed CE-MS methodology.

3.2 Metabolic fingerprinting of coffee samples by CE-MS and potential markers of
roasting process

The CE-MS method developed was applied to the metabolic fingerprinting of coffee
samples submitted to different roasting levels to evaluate the potential of this technique
for differentiating molecules related to the roasting process. For this purpose, a total of
60 samples (five replicates of each group (GCB, LRC, MRC, and DRC) injected in
triplicate) and different injections of a QC sample distributed across the metabolomics
sequence (see section 2.4) were analyzed. 1275 different molecular features were found
which demonstrated the potential of CE-MS for high-throughput metabolomics
analysis.

It should be highlighted that data processing must be carefully performed since the

algorithms used for peak fitting of some tools have been developed for LC purposes and
12
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318

the scores should be adjusted because of the slight different shape of the CE peaks
compared to LC signals and their width [48]. In fact, the molecular features alignment
in CE-MS is normally more problematic than in LC-MS due to the higher migration
time shift.

After migration time correction, alignment, normalization, and filtering (see section
2.5), the resulting dataset comprised 39 time-aligned metabolic features. The reason
behind the reduction of molecular features after filtering (from 1275 to 39) is because in
CE the migration time variability is much larger than in any chromatographic technique
and that artificially increases the number of features which are actually the same
features repeated across samples. For this reason, the preprocessing steps such as
alignment and normalization are crucial in CE. It should be mentioned that Figure 1
shows a metabolomic profile more in line with the number of molecular features
obtained (around 39).

Then, logarithmic transformation and Pareto scaling were used to approximate a normal
distribution and for reducing the relative importance of larger values, respectively [44].
Regarding data analysis, the data matrix was first subjected to PCA not only to evaluate
the consistency of the metabolomics sequence but also to observe the variability
existing in the dataset. As it can be seen in Figure 2, PCA clearly showed not only
differences among the four groups of samples analyzed but also it demonstrated the
consistence of the analytical sequence since QC samples were clustered in the center of
the plot showing the low analytical variability existing between runs. Note that, high
percentages of variability were explained for the first two components (66 and 15 % for
the first and second component, respectively). The first principal component is
responsible for the separation of the gradual roasting process (from light to dark coffee)

whereas the second one differentiates mainly GCB from LRC. This fact could be
13
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explained because the differences between raw and light roasting coffee beans are
milder; however, the differences between GCB, MRC and DRC appear not only in the
first component but also in the second one, highlighting a more different phenotype than
with the LRC. Loading plots of the PCA model are shown in Figure S1.

To carry out the sample classification and to simplify the search of those variables that
are potential markers of coffee roasting level, PLS-DA models were performed. Figure
3 shows the PLS-DA models for different two-class comparison (GCB vs LRC, GCB vs
MRC, and GCB vs DRC). In addition, Table 1 shows R’X, R?Y and Q? quality
parameters as well as F and p-values of the cross validated ANOVA for all PLS-DA
models. In all cases, high Q? values (> 0.919) were achieved and the values obtained in
the cross validated ANOVA (F values higher than 58.2 and p-values lower than 5.2 x
10™*?) demonstrated the robustness of the proposed models and a good classification
existing between groups. Moreover, the results obtained in the permutation tests (based
on 200 permutations), employed to validate all PLS-DA models, indicated that
differences in the PLS-DA were indeed due to differences in the metabolic profile of
coffee samples and not due to data overfitting (see Figure 3) [49].

Next, once demonstrated the differences in the metabolic profiles of the coffee samples
submitted to different roasting process, the variable importance in projection (VIP)
value was selected to point out potential markers since it summarizes the contribution of
each variable to the PLS model (loading plots of the three PLS-DA models are shown in
Figure S2). Thus, 13 variables with VIP values higher than 1.0 were chosen as potential
relevant molecular features in coffee roasting process. The extracted ion

electropherograms (EIEs) of the 13 significant variables are represented in Figure 4.

3.3 Metabolite identification
14
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The identification of the 13 molecular features highlighted as markers of the coffee
roasting process by the VIP values was performed using their m/z value, isotopic
pattern, and MS/MS fragmentation pattern as it has been described in section 2.7. Using
different databases, a list of possible metabolites was proposed. To filter them, the first
step was to remove compounds such as drugs or compounds of biological relevance that
are not present in vegetables matrices, keeping only these compounds whose presence
could be probable in coffee, for further interpretation. Then, the isotopic profile and the
fragmentation pattern (MS/MS spectra) were carefully evaluated. Table 2 summarizes
the migration time, the molecular formula, the experimental m/z value, the mass error
(ppm), the main fragments obtained in MS/MS spectra, and statistical parameters, i.e.
VIP values from PLS-DA models and the p-values (in brackets) from non-parametric
univariate Mann-Whitney U test for each of the three pairwise comparisons. Also, the
trend observed for all significant metabolites along the roasting process of coffee is
included in this table. As Table 2 shows, 7 metabolites were identified using this
approach (2 of them were unequivocally identified). Interestingly, the levels of most
compounds decreased with the roasting process except the compounds 3, 5, 6, 8 and 12
whose levels increased along this process.

Compound 2 (t, = 8.4 min) exhibited a [M+H]" ion at m/z 143 with an intense MS/MS
fragment ion at m/z 82. Looking to the isotopic profile of this compound hints the
presence of a sulphur atom. Moreover, by comparing the MS/MS spectrum obtained to
the predicted one reported in the HMDB database, this compound was tentatively
identified as S-(2-furanylmethyl)methanethioate. Even though the presence of this
compound in roasted coffee has been previously reported in the literature [50], as far as

we know, its experimental MS/MS spectrum has not been yet reported.
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From the different molecular features selected as markers of the coffee roasting process
in some cases, identification could be corroborated by co-injection with commercial
standards. For instance, compound 3 (t, = 9.9 min) with a [M+H]" ion at m/z 108 and
compound 4 (t,, = 10.1 min) with a [M]" ion at m/z 104 were unequivocally identified
as 3-ethylpyridine and choline, respectively, based on the comparison of their migration
times and MS/MS fragmentation patterns to those obtained for the commercial
standards. The presence of both compounds in roasted coffee has been widely reported
in some works [51-55]. As can be seen in the box plot (see Figure 5), 3-ethylpyridine
(compound 3) is one of the compounds whose levels increased along roasting process
which is in agreement with the results previously reported by Dorfner et al. [56]. This
provides a way to validate our metabolomic approach herein developed. Regarding
choline, Wei et al. observed that this compound slightly decreased during the roasting
process [57].

Compounds 5 (t, = 10.4 min) and 8 (t, = 11.1 min) displayed [M+H]" ions at m/z 110
and m/z 124, respectively. Both compounds were tentatively identified as pyrrole
derivatives. Standard solution of 1-methyl-2-pyrrolecarboxaldehyde and 2-acetylpyrrole
were injected to try to identify compound 5. Although, the migration time of these
standards did not match the one obtained for compound 5, the fragment ions obtained
from the MS/MS spectrum of 1-methyl-2-pyrrolecarboxaldehyde matched those
obtained for compound 5 (ions m/z 67 and 80), suggesting this compound could be a
derivative of methyl-pyrrolecarboxaldehyde. On the other hand, compound 8 was
tentatively identified as N-acetyl-2-methylpyrrole since it showed fragment ions at m/z
80, 81 and 53, which is in agreement with previous results described in the literature
[58]. Several works have reported the role of pyrrole compounds in the aroma and

flavour of coffee [58-60]. An increment of levels of these two pyrrole derivatives during
16
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roasting process was observed in the box plots (Figure 5). Another metabolite
tentatively identified was 3-dehydroxycarnitine (compound 9, t, = 11.2 min), having a
[M+H]" ion at m/z 146. The two product ions from MS/MS spectrum (m/z 43 and 87)
matched the predicted one obtained in the HMDB database.

The last compound tentatively identified was compound 12 (t, = 12.7 min) that
displayed a [M+H]" ion at m/z 204. A standard solution of indole-3-butyric acid (ty, =
22.5 min) was analysed in order to obtain its migration time and MS/MS pattern to
compare with the ones obtained for compound 12. Although the migration times did
not match, the MS/MS pattern shows similar fragments for both compounds at m/z 158,
144, and 186 suggesting that compound 12 could be an indole derivative. In fact,
despite being very scarce the available information about the formation pathway and
kinetics of indole during coffee roasting, the presence of this family compounds has
been reported in coffee. Silwar and Lullman [61] measured the formation of indole
during coffee roasting and reported that it appears in considerable amounts at 170 °C
and increases with roasting time. This corroborates our findings once again.

Other standard compounds such as calcium acetate (t, = 9.1 min), methyl anthranilate
(tn = 13.4 min) and L-(+)-arabinose were analysed to know their migration times and
MS/MS spectra with the aim of comparing them with those obtained for compounds 1
and 7 (see Table 2). However, the possibility of matching calcium acetate or methyl
anthranilate with one of our metabolites was discarded due to differences in the
migration time and MS/MS fragmentation pattern. On the other hand, the ionization of
L-(+)-arabinose was not possible under the given CE-MS conditions.

Unfortunately, none of the compounds 1, 6, 7, 10, 11 and 13 matched the experimental
MS/MS fragmentation pattern nor the migration times of the available standards.

Comparison with theoretical MS/MS fragmentation pattern found in the literature also
17
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did not result in a match. This all made their identification unfruitful and, thus, their
identity as “unknowns” in Table 2.

Thus, in the present study, several markers of the coffee roasting process have been
identified. Some of these metabolites have already been proven to be related to the
roasting process. This validates our approach and help us demonstrating the potential of
CE-MS in the metabolomic analysis of coffee samples.

Bearing in mind the results obtained in this work and those previously described by our
research group in which a RPLC-MS non-targeted metabolomics strategy was applied
to analyze coffee beans extracts submitted to different roasting degrees [35], it is clear
the importance of combining orthogonal analytical platforms to achieve a broad
metabolite coverage to provide a better knowledge of the changes occurring during the
roasting process of green coffee beans. Several metabolites showed statistically
significant differences among the coffee bean samples analyzed by each analytical
platforms. Amino acids, betaines and products formed during Maillard reaction were
tentatively identified by CE-MS, whereas RPLC-MS mainly enabled the tentatively
identification of compounds belonging to the hydroxycinnamic acids family. None of
these metabolites were common in both analytical platforms what demonstrates the
complementarity of these techniques and the relevance of their combined use to study
the full metabolome. In fact, RPLC enables to separate from medium-polar to non-polar
compounds whereas CE is a powerful tool for the analysis of highly polar and ionized

compounds (which cannot be determined by RPLC).

4. Conclusions
In this work, a new CE-MS method has been developed enabling the metabolic

fingerprinting of coffee samples submitted to different roasting degrees. This advanced
18
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analytical methodology enables a reliable comparison of metabolic profiles in which
peak alignment was successfully carried out using vendor software. The feasibility of
the methodology was demonstrated by the analysis of coffee samples submitted to three
different roasting degrees (light, medium, and dark coffee) in order to investigate
changes occurring during this process. This approach allowed to propose 13 compounds
as potential markers of the coffee roasting process. 7 of these compounds could be
identified, being 2 of them unequivocally identified. Different families of compounds
such as derivatives from pyridine, pyrrole, betaine, or indole have been pointed out as
markers of the coffee roasting process. In summary, the developed CE-MS
methodology is presented as a useful and powerful strategy to obtain information on the
polar metabolome, being highly complementary to other previously used in
metabolomics.
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Figure captions

Figure 1. Base peak electropherograms obtained in positive ionization mode for green
coffee (GCB), light roasted coffee (LRC), medium roasted coffee (MRC) and dark
roasted coffee (DRC) under optimal separation conditions. CE-MS conditions are
summarized in Section 2.4.

Figure 2. Score plots of the PCA models from the CE-MS data obtained from the
analysis of GCB, LRC, MRC and DRC samples. (A) PCA including QC samples and
(B) PCA without QC samples.

Figure 3. Score plots for the PLS-DA models of two-class comparisons and their
corresponding permutation test.

Figure 4. Extracted ion electropherograms (EIES) for the potential markers of coffee
roasting process obtained in positive ionization mode.

Figure 5. Box-plots for the different metabolites unequivocally and tentatively

identified.
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Figure 4. (online version)
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Figure 5

Figure 5.
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Tables

Table 1. Quality parameters and statistical values for the PLS-DA models built for the three different pairwise groups comparisons.

Quality parameters Cross-validated ANOVA

R2X R?Y Q? F-value p-value
GCB vs LRC 0.644 0.965 0.919 58.2 52%10 "
GCB vs MRC 0.674 0.975 0.946 81.3 31x 10"

GCB vs DRC 0.690 0.975 0.960 1325 5.4 X 10'16




Table 2. MS/MS fragmentation of potential markers of coffee roasting process found in this work

VIP values
(p-value)?
. . + Main .
# Migration  Molecular o irootion  IMFHI Masserror g s | GeBvs LRC GCBvs MRC GCBvs DRC R02ting
time (ty,) Formula (m/z) (ppm) f trend
ragments
No
fragmentation 1.3 1.2 0.5
L 8 ] Unknown 158.9891 ! pattern (L7x10%  (1.8x10% (0.0453) L
82.9977
S-(2-Furanylmethyl) 1.7 13 0.4
2 8.4 CoH0.5 methanethioate 143.0117 20 39.0077 (5.2 x 10°°) (1.9x10%) (0.2289) ‘
65.0399
3 9.9 C/HoN 3-Ethylpyridine®  108.0737 2 92.0575 (00623) (010-52) (010-32) A
58.0655
. 60.0808 . . .
4 10.1 CsHuNO Choline® 104.1061° 9 45.0564 (1.02)(310-6) (1_91x810'6) (0(.)084) !
67.0417
95.0368
Methyl- 2.4 2.6 29
5 10.4 CoHNO v rrolecarboxaldehyde  +10-0530 2 ig'gggg (2.0 x 10 (1.9 x 10 (1.7 x 10 A
44.0498
70.0649 0.7 14 1.7
6 10.6 ) Unknown 100.1049 - 41.0389 (0.021) (0.022) (0.020) A
53.0382 11 1.1 15
! 11.0 ” Unknown 152.0631 ) 93.0546 (0.002) (4.4 x 107 (4.9 x 109) !




10

11

12

13

111

11.2

11.6

125

12.7

154

CeH;NO

C/HisNO,

C12H13N02

N-acetyl-2-
methylpyrrole

3-dehydroxycarnitine

Unknown

Unknown

Indole derivative

Unknown

124.0685

146.1101

174.0837

198.1165

204.0942

412.1427

80.0494
81.0536
109.0491
53.0401

43.0178
87.0428

144.0793
92.0486
93.0568
65.0379

130.0620

No
fragmentation
pattern

107.0731
158.0933
144.0834
186.0910
138.0599
94.0646
192.0386
288.4826

1.4
(0.020)

1.4
(4.4 x 10

0.9
(0.139)

2.4
(5.0x 107)

2.4
(3.6x107%)

1.5
(2.7 x1073)

15
(0.021)

1.9
(1.9x10°)

0.8
(0.274)

2.1
(3.6 x10°)

2.3
(3.7x10™

1.6
(9.7 x 10

1.7
(0.020)

2.3
(6.9x107)

1.2
(0.135)

1.8
(1.7 x10°)

2.0
(0.612)

1.6
(3.6 x10™

#p-value of Mann Whitney U (FDR) test. Cut-off value: 0.045.

® |dentification corroborated using commercial standards.



C +
(M]
T The level of the compound increases with roasting; 4 The level of the compound decreases with roasting.
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