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Abstract

Organic acids play a key role in central metabolic functions of organisms, are crucial for understanding regulatory processes and
are ubiquitous inside the cell. Therefore, quantification of these compounds provides a valuable approach for studying dynamics
of metabolic processes, in particular when the organism faces changing environmental conditions. However, the extraction and
analysis of organic acids can be challenging and validated methods available in this field are limited. In this study, we developed a
method for the extraction and quantification of organic acids from microbial samples based on solid-phase extraction on a strong
anionic exchange cartridge and gas chromatographic-mass spectrometric analysis. Full method validation was conducted to
determine quality parameters of the new method. Recoveries for 12 of the 15 aromatic and aliphatic acids were between 100 and
111% and detection limits between 3 and 272 ng/mL. The ranges for the regression coefficients and process standard deviations
for these compound classes were 0.9874-0.9994 and 0.04-0.69 pg/mL, respectively. Limitations were encountered when
targeting aliphatic acids with hydroxy, oxo or enol ester functions. Finally, we demonstrated the applicability of the method

on cell extracts of the bacterium Escherichia coli and the dinoflagellate Prorocentrum minimum.
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Introduction

Metabolomics denotes the investigation of the metabolite com-
position in cells, tissues or organisms and belongs to the “-omics”
disciplines—genomics, proteomics and metabolomics—
converging in systems biology [1]. In the last years, growing
interest has shed light on this emerging field especially in bio-
technology and clinical research [2, 3]. With an increasing num-
ber of publications relating to metabolomics, more analytical
approaches have advanced, including gas or liquid chromatogra-
phy coupled to mass spectrometry (GC-MS, LC-MS) and
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nuclear magnetic resonance (NMR) spectroscopy [4, 5].
Besides an overall examination of the metabolome [6], two sep-
arate fields have developed—the analysis of the metabolic com-
position outside of the cell, also called the exometabolome or
metabolic footprinting [7] and the analysis of the metabolism
inside of the cell, termed endometabolome or metabolic finger-
printing [8, 9]. Methods used for the extraction of intracellular
metabolites mostly include organic solvents or a mixture of dif-
ferent solvents after quenching of the cells to halt metabolic
activities [10]. However, depending on the choice of the extrac-
tion method, the gained data and therefore the interpretation is
influenced [11]. For example, by comparing four extraction
methods for intracellular metabolites, Duportet et al. found that
a significant proportion of the identified metabolites appear to be
method-specific [12]. Therefore, detailed insight into certain
functions can only be accessed if metabolic key compounds are
targeted. Members of the tricarboxylic acid cycle (TCA cycle) as
well as other organic acids (OAs) play a major role in under-
standing metabolic processes, as OAs are ubiquitous inside cells
and the TCA cycle is not only the tail end of the catabolism but
also provides precursors for anabolism [13, 14].
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For the extraction and analysis of OAs, several protocols
and procedures have been developed. Markuszewski et al.
used capillary electrophoresis with indirect UV detection for
the analysis of metabolites from the TCA cycle in Bacillus
subtilis [15]. Kombu et al. described a method for the extrac-
tion of intermediates of the TCA cycle with chloroform/
methanol or 5% acetic acid in methanol/water followed by
GC-MS analysis [16]. An internal standard was used to cor-
rect for losses during the procedure. Mamer et al. developed a
stable isotope dilution method for tissue grown on culture
plates [17]. In all of these studies, extracts were measured
directly after disruption of the cells, leading to the possibility
of matrix effects causing ion suppression during measure-
ment, which induces reduced sensitivity as well as increased
detection and quantification limits [18]. One possibility to
improve the chromatographic resolution of cell extracts when
targeting specific compounds is the application of an addition-
al extraction step to remove disturbing matrix compounds,
which can influence the measurement [19].

Solid-phase extractions (SPEs) are widely used in sample
preparation and new methods and materials were developed
over the last decades [20]. When targeting OAs, anionic ex-
change sorbents are often chosen [21-23]. However, most
methods utilizing SPE to gain quantitative data on OAs focus
on food and clinical research [23, 24]. In this, concentrations
of OAs are considerably higher and the validation applied in
these studies cannot be transferred onto microorganisms by
implication. Consequently, method development and valida-
tion for microorganisms needs to focus on establishing satis-
fying recoveries as well as very low detection and quantifica-
tion limits to detect analytes present in traces only. Besides the
extraction and clean-up procedure, the method used for the
determination of the analytes has an additional influence on
the sensitivity. GC-MS offers the advantage of minimizing
problems related to ion suppression of coeluting compounds
as well as eliminating discrimination of compounds due to
response differences and is, besides LC-MS, one of the main
application for endometabolome analyses [25, 26]. Factors
affecting the quantitative analysis of metabolites using GC-
MS have been reviewed by Koek et al. [27]. They emphasized
the importance of using a set of standard compounds as well
as a proper method validation. The authors also documented
that only a limited number of studies gaining validated quan-
titative data in microbial samples exist. Before starting routine
applications, proper method validation should be performed
as biases may alter the results when neglected [28]. Otherwise
frequently encountered problems are related to the derivatiza-
tion, inevitable for GC-MS analysis of OAs, as instability may
occur and reaction kinetics change based on the functional
groups of the derivatized compounds [29, 30].

In this study, we developed a method for the extraction of
OAs from cell extracts with an anionic exchange solid-phase
extraction cartridge and used gas chromatography-mass
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spectrometry for the determination of the target compounds.
We targeted 24 OAs, which included intermediates of the
TCA cycle as well as OAs known to occur in the metabolic
pathway of microorganisms studied in our laboratory and may
be interesting for future quantitative studies [31]. The linearity
of the method, storage stability and stability of the derivatized
OAs, limit of detection and quantification as well as the re-
coveries were evaluated as validation parameters before ap-
plying the method to extracted cells of a bacterium,
Escherichia coli, and a dinoflagellate, Prorocentrum
minimum.

Experimental
Chemiicals

Lactic acid (sodium salt), pyruvic acid (sodium salt), malic acid,
maleic acid, glutaric acid and ammonium hydroxide solution
(25%) were purchased from Fluka (Neu-Ulm, Germany). Malonic
acid (sodium salt), succinic acid, maleic acid and formic acid were
bought from Merck (Darmstadt, Germany). Fumaric acid, -
ketoglutaric acid and citric acid were from Carl Roth GmbH +
Co. KG (Karlsruhe, Germany). Phenylacetic acid and hypoxanthin
were purchased from Acros Organics (NJ, USA). Glycolic acid,
phosphoenolpyruvic acid (monopotassium salt), glutaric acid,
pimelic acid, methylmalonic acid, methylsuccinic acid, oxaloacetic
acid, isocitric acid (trisodium salt), benzoic acid, hydrocinnamic
acid, cinnamic acid, p-hydroxybenzoic acid, benzylsuccinic acid,
L-4-thiazolidinecarboxylic acid, L-pyroglutamic acid, adenine,
DL-glutamic acid, DL-phenylalanine, DL-methionine, DL-aspartic
acid, trans-(,2,3,4,5,6-"H)cinnamic acid, (2,3,4,5,6-*Hs)benzoic
acid and (2,2,3,3—2H4)succinic acid were bought from Sigma-
Aldrich (Steinheim, Germany). Adipic acid was from Riedel-de-
Haén (Seelze, Germany). 5x-Androstan-17-one was purchased
from SERVA Electrophoresis GmbH (Heidelberg, Germany). N-
Methyl-N-(trimethylsilyltrifluoroacetamide (MSTFA) was bought
from CS Chromatography Service GmbH (Langerwehe, Germany)
and methanol from Biosolve Chimie SARL (Dieuze, France).
Dichloromethane from various suppliers was freshly distilled and
checked for impurities via gas chromatography.

Mixed stock solutions of 1 mg/mL (0.5 mg/mL for
(2,3,4,5,6-*Hs)benzoic acid and 0.25 mg/mL
(2,2,3,3—2H4)succinic acid were prepared in double distilled
water with a pH adjusted to 9 using an ammonium hydroxide
solution.

Cultivation of microorganisms

The bacterium Escherichia coli K12 (DSM 18039) was ob-
tained from the German Collection of Microorganisms and
Cell Cultures (DSMZ; Braunschweig, Germany). E. coli
K12 stock cultures were revived in LB (Luria—Bertani)
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medium (DSMZ medium no. 381), followed by adaptation
over several passages to defined mineral M9 medium
(DSMZ medium no. 382) containing glucose (6 mM) as sole
source of organic carbon and energy as well as 1 mL/L of a
trace element mixture [32]. Growth of cultures was monitored
by measuring the optical density (OD) at 600 nm (UVmini-
1240; Shimadzu, Duisburg, Germany). Main cultures were
performed in triplicates using 1 L Erlenmeyer flasks (contain-
ing 250 mL medium, inoculated to ODgoo 0.02) and by incu-
bating at 37 °C on a rotary shaker (100 rpm). Cultures were
harvested at 2 OD,.x (0.7), including the following steps:
centrifugation of 250 mL culture broth (14,000g, 15 min,
4 °C), resuspending the cell pellets in 200 mL Tris/HCI buffer
(100 mM Tris, 5 mM MgCl, x 6 H,O, adjusted to pH 7.5),
anew centrifugation (20,000g, 15 min, 4 °C) and resuspending
in 0.8 mL Tris/HCI buffer, shock freezing the cell pellets in
liquid N, and storage at — 80 °C until further analyses.

The dinoflagellate Prorocentrum minimum CCMP 1329
was obtained from the Bigelow National Center for Marine
Algae and Microbiota (East Boothbay, ME, USA) via the
Wagner-Dobler lab (Technische Universitidt Braunschweig,
Germany). P. minimum was cultivated in defined mineral
L1-Si medium adjusted to pH 8.3 (for details see: ncma.
bigelow.org/ccmp1329). A special incubation cabinet
equipped with two-sided, thermally insulated lighting (P530;
Rubarth Apparate GmbH, Laatzen, Germany) was used,
applying the following settings: 12 h light/12 h dark cycle,
10% light, 50% air circulation and 20 °C. Cultivation was
carried out in 1 L Erlenmeyer flasks (containing 100 mL me-
dium) without shaking. Growth of cultures was monitored by
measuring the OD at 440 nm. For harvesting, actively grow-
ing cells of three replicate cultures were pooled, followed by
three rounds of gentle centrifugation (2000g, 10 min, 4 °C)
and washing with Tris/HCI buffer (see above), with the buffer
volume decreasing from 100 mL via 5 mL to 1 mL. The
resultant cell pellets were shock frozen in liquid N, and stored
at — 80 °C until further analyses.

Cell extraction

Cells from E. coli and P. minimum cultivation experiments
were disrupted as follows. Cell pellets were transferred into
pre-weighted Cryotubes filled with 0.5 g of 0.1 mm glass
beads and 1 g of 0.7 mm zirconia beads. One millilitre of
methanol was added before treating the cells in the bead beater
homogenizer (Fast Prep-24 5G; MP Biomedicals, Santa Ana,
CA, USA) at 6 m/s for 30 s. This procedure was repeated
twice with a cooling phase of 2 min in between cycles to
prevent decomposition of metabolites. Afterwards, the sam-
ples were centrifuged at 4 °C and 12,000 rpm for 10 min
(Sigma 4K 10, Osterode am Harz, Germany). While the meth-
anol was transferred into a 4 mL glass vial and evaporated, the
centrifugation was repeated twice after resuspending the cells

with 1 mL double-distilled water adjusted to pH 9 with a 5%
ammonium hydroxide solution. The pooled extract was treat-
ed in an ultrasonic bath before adding the internal standard
(IS) and submitting the sample to solid-phase extraction.

Solid-phase extraction

For solid-phase extraction, 150 mg Oasis MAX cartridges
were used (Waters, Eschborn, Germany). Prior to extraction,
samples were basified with a 5% ammonium hydroxide solu-
tion to pH 9. After conditioning and equilibrating the car-
tridges with 4 mL each of methanol and water, the pH-
adjusted sample was applied with a flow rate below 1 mL/
min. Four millilitres of 5% NH4OH were used as washing
solution and the cartridge was dried by applying a vacuum
for 30 min. Carboxylic acids were eluted with 2 mL 5%
formic acid in methanol twice.

Derivatization

For derivatization, we chose silylation, which has already
been established as valid methodology for OAs by Koek
etal., and to ensure that the smallest OAs were accessible with
our GC-MS method [26]. One hundred microlitres of each
sample were evaporated at 50 °C under a nitrogen stream to
complete dryness and resolved in 50 uL dichloromethane and
40 uL MSTFA. Samples were silylated at 70 °C for 2 h. After
the sample had cooled down to ambient temperature, 10 uL of
the injection standard containing 5x-androstan-17-one
(10 ug/mL) was added before GC-MS analysis. As some sig-
nals exceeded the limits of our calibration range, biological
samples were additionally measured using only 25 puL sample
volume for derivatization.

GC-MS analysis

Gas chromatographic-mass spectrometric analyses of silylated
standards and extracts were performed on a Trace GC Ultra
gas chromatograph coupled to a TriPlus autosampler and an
ISQ QD mass spectrometer operated with the Xcalibur soft-
ware, version 4.1.31.4 (all Thermo Scientific, Bremen,
Germany). The gas chromatograph was equipped with a
PTV injector in splitless mode and an Agilent J&W DB-5
capillary column with a length of 30 m, an inner diameter of
0.25 mm and a film thickness of 0.25 um. The tray of the
autosampler was cooled at 15 °C. One microlitre of sample
solution was injected into the system. The oven temperature
program started at 70 °C, was kept for 2 min and then raised to
200 °C with a heating rate of 3 K/min. A second ramp follow-
ed with a heating rate of 20 K/min, until a final temperature of
320 °C was reached, which was held for 10 min. The total
runtime was 61.33 min. Helium was used as carrier gas. The
ionization mode for the mass spectrometer was electron
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impact at 70 eV. The transfer line temperature was 280 °C and
the ion source temperature was 220 °C. Full-scan mass spectra
were recorded between m/z 50 and 650 at a scan time of 0.2 s.
For peak integration, a set of characteristic and selective frag-
ments (Table 1) was chosen for each acid in order to enhance
sensitivity of the method.

Validation

Before applying the method to biological samples, several
performance indicators needed to be evaluated. For this pur-
pose, experiments to access the calibration range, limits of
detection and quantification, stability as well as recovery of
the acids were performed before applying the method to cell
extracts of E. coli and P. minimum.

Calibration

Calibration was performed in the range of 0.01-5 pg/mL and
0.1-20 pg/mL for compounds with a limited response in the
GC-MS system. We chose eight calibration points distributed
over the concentration range with six replicates for each con-
centration, leading to a total of 48 measurements per calibra-
tion. Outliers within calibration points were determined using
the Grubbs test, testing the minimum and the maximum value
of each concentration against the mean value of all replicates
[33, 34]. If the calculated result was higher than the tabulated
control value for the Grubbs test at a confidence level of 95%,
the data point was considered a significant outlier and re-
moved from the calibration. The square of the correlation
coefficient as well as the process standard deviation were con-
sidered as qualitative markers of the calibration. Lastly, we
calculated 95% confidence and prediction bands [35] of all
calibrations.

Limits of detection and quantification

For the calculation of the detection and quantification limits
(LOD and LOQ), we prepared 19 samples between 1 and
100 ng/mL (10 and 1000 ng/mL for low response acids) to
have sufficient data points close to the assessed detection limit
for all acids. At least five of these samples were used to cal-
culate the limits according to DIN 32645 with the lowest
concentration near and the highest concentration not more
than ten times the estimated detection limit [36].

Storage stability

To test the stability of the underivatized solutions under dif-
ferent conditions, the stock solutions of the analytes were
diluted to a high (4 and 17.5 pg/mL for high and low response
OAs, respectively) and a low (0.2 and 2 pg/mL for high
and low response OAs, respectively) concentration relative
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to the chosen calibration range. Five of these samples each
were measured directly after preparing the solutions and on
the same day the stock solutions were made. Seventy-two
aliquots of both concentrations were stored either at room
temperature, 4 °C or —18 °C and measured over a period of
3 weeks in triplicates. Additionally, the stock solution, which
was stored at —18 °C, was diluted to the higher concentration
level and analysed in triplicates on the same days as the other
stability samples.

Stability of derivatized organic acids

Assessing the stability of processed and derivatized samples is
necessary to detect any decomposition occurring during resi-
dence time in the autosampler as measurement might start a
couple of hours after derivatization when a longer sequence is
prepared. To investigate whether silylated samples are affect-
ed, solutions of analytes were prepared in the same two con-
centrations as were used for the storage stability tests. A 2-mL
sample was derivatized and divided into 15 aliquots, which
were measured in sequence. The relative standard deviation
(RSD) was then used to examine any significant variances in
the area ratios in relation to the injection standard.

Recovery

The extraction efficiency indicates if the analyte is fully trans-
ferred from the matrix into the primary extract. It is deter-
mined by performing two correlated experiments. In the first
one, blank matrix is spiked with the analyte prior to and the IS
after extraction. In the second experiment, blank matrix is
extracted and afterwards spiked with the same concentrations
ofanalyte and IS. The percentage of the first analyte/IS ratio of
the ratio calculated for the second experiment displays the
extraction efficiency. As this can depend on the concentration
of the analyte, we performed this experiment at six concentra-
tions distributed over the calibration range in duplicates.
Recoveries were determined as the slope of the regression
curve given by plotting the area ratio of the samples with IS
added after extraction against the area ratio of the samples
with IS added before SPE. To access the recovery of the in-
ternal standard, blank matrixes were spiked with IS prior to
solid-phase extraction and compared to the samples spiked
with IS after SPE.

Further statistical evaluation

For proper statistical evaluation, multiple tests are recom-
mended, which were applied to the present dataset. Gaussian
distribution within concentration levels of the calibration was
examined applying the Shapiro-Wilk and the David tests [37,
38]. As for standard applications, confidence levels of 95% for
the Shapiro—Wilk and 90% for the David test were chosen.
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The Mandel test was applied to test the linearity of the cali-
bration. This test as well as a test for homogeneity of variances
was applied as described in DIN 38402 part 51 [39].
Additionally, variances across the calibration range were eval-
uated according to Cochran’s C test with 95% confidence
[40]. The results and discussion of these calculations can be
found in the Electronic Supplementary Material (ESM).

Application

We applied the new method to three biological replicates
each of E. coli and P. minimum. Each SPE extract was mea-
sured three times. Concentrations of acids in cell extracts were
calculated by assigning the ratio of the area of the analyte and
the area of the internal standard to the corresponding values in
the calibration curve. Confidence intervals for the concentra-
tions provided in this way were defined according to DIN
38402 part 51 [39].

Results and discussion
Method development

In contrast to untargeted extraction processes, SPE specifical-
ly intended for a certain compound class offers the possibility
to detect and quantify compounds which may otherwise be
overlooked when analysing a complex sample mixture if the
concentration of the analyte is low. In order to determine the
best method to extract OAs, different procedures were evalu-
ated. First, we tried to apply liquid—liquid extraction (LLE), as
this is a method routinely used in our lab for metabolite ex-
traction. Tests performed with dichloromethane or diethyl
ether and ethyl acetate as solvents did not show satisfactory
results, as just a few acids from the test mixture could be
retrieved (data not shown). Additionally, SPE is faster, con-
sumes less solvent and does not lead to the formation of emul-
sions as it can be the case with LLE, which will be hard to
disrupt and may lead to loss of analytes when working with
biological samples. Besides the Oasis MAX cartridges, we
tested six other anionic exchange cartridges containing mate-
rial potentially suitable for the extraction of OAs. The car-
tridges tested were Chromabond HR-XA, PS-OH and SB,
Supelclean LC-SAX as well as Phenomenex Strata X-AW.
We compared the recoveries of some selected acids achieved
with the MAX cartridge to the results of the other cartridges
when applying standard protocols as given by manufacturers
(Fig. 1 and ESM Table S1).

As the recovery was best with the Oasis MAX cartridges,
we decided to use this cartridge and to optimize the SPE to
further enhance the recovery. To test for losses during the
extraction procedure, we checked the sample volume which
passed through the cartridge, as well as the fraction captured
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Fig. 1 Comparison of the recoveries of a test mixture on six cartridges to
the extraction efficiency of the Oasis MAX cartridge. The diagonal line
indicates equal recovery on both cartridges. Everything above the line
was better retained on the cartridge in comparison, while everything
below the line was better retained on the Oasis MAX cartridge

after methanol was applied, which elutes the neutral fraction
of a sample, for residues of the analytes. Of the 17 acids
present in the test mixture, traces of five of them could be
found in the part of the sample which passed through the
cartridge with concentrations below 3% of the reference sam-
ple. Contents in the neutral fraction of the SPE were not con-
sistent but existed. Therefore, we omitted the washing/elution
step with methanol from our procedure and added a drying
step under vacuum to remove the water left on the cartridge.
We also tested the coupling of two cartridges on top of each
other or performing the extraction in a batch process, which
however both lead to a reduced recovery of OAs. As we as-
sumed that loss of analytes occurs due to a strong binding to
the cartridge material, we examined if the inclusion of a sec-
ond extraction step and an increase of the amount of formic
acid to 10% would enhance the recovery. However, analytes
were not found in any of these additional fractions obtained.
According to the supplier, the recommended pH of the sample
before submitting it to solid-phase extraction on Oasis MAX
cartridges is 10. For optimal performance, pH should at least
be two units above the pK, of the analyte. Most of the acids
considered in this study have a pK, of around 4. We tested the
recovery with pH values between 7.8 and 10 to assure appli-
cability for acids with higher pK, for future extension of the
analytical range. A pH of 9 yielded better recoveries than the
experiments done at a pH of 10, while it was still high enough
to ensure that all the analytes were present in their dissociated
form (ESM Fig. S1). We also optimized the temperature pro-
gram of the GC oven to enable best possible peak shapes and
separation as dichloromethane and MSTFA differ significant-
ly in their boiling points (39.6 versus 131 °C). In conclusion,
the starting temperature should not be too high to prevent peak
fronting for the low-boiling compounds while also being high
enough to prevent peak fronting for the later eluting analytes.
We tested different temperatures between 60 and 80 °C and
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found that 70 °C was the preferred temperature to ensure these
criteria (ESM Fig. S2). The chromatogram achieved with the
final settings including all analytes accessed in this study and
the improvement achieved by using SPE in addition to bead
beating can be seen in Fig. 2.

Validation

For the presentation of the following sections, acids were
sorted into four different categories according to their chemi-
cal properties as listed in Table 1.

Calibration

Calibration levels were chosen to be 0.01, 0.05,0.1,0.5, 1, 2, 3.5
and 5 pug/mL (0.1, 0.5, 1, 3, 6, 10, 15 and 20 pg/mL for acids
with a low response factor). However, not all acids could be
detected in the highly diluted samples. The ranges of the calibra-
tion for the individual acids as well as the squared regression
coefficients and the process standard deviations for each calibra-
tion can be found in Table 1. The Grubbs test led to an elimina-
tion of outliers within calibration levels. Out of 1086 data points,
55 were classified as outliers, with a maximum of one outlier per
concentration and between zero and five eliminated data points

in total for one compound. The best results with R* over 0.98 and
the lowest process standard deviations were achieved for aromat-
ic acids and aliphatic dicarboxylic acids without additional func-
tional groups like hydroxy and oxo groups. In contrast, function-
alized aliphatic acids showed poorer regression coefficients and
higher variations in the process standard deviations, which is also
reflected by broader confidence and prediction intervals for these
compounds as depicted in Fig. 3.

Limits of detection and quantification

Of the samples measured to calculate LODs and LOQs, be-
tween five and ten were used to obtain these limits. The results
acquired by applying the formulas given in DIN 32645 are
shown in Table 1 [36]. For some acids, the concentrations of
these samples were not high enough to have at least five data
points for the evaluation. In the case of citric and
phosphoenolpyruvic acid, two and three, respectively, addi-
tional concentration levels were used from the calibration,
which still fulfilled the requirement of not being higher than
ten times the estimated detection limit. LOD and LOQ for
oxaloacetic acid were calculated using the calibration only
because it could not be detected in any of the samples pro-
duced especially for LOD and LOQ. The detection limits were
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Fig. 3 Exemplary depiction of calibration parameters for six OAs. Each
graph shows area ratios of the acids with the corresponding internal
standard for all measured concentrations and replications. Outliers
eliminated via the Grubbs test are marked with a red cross. The

below 0.1 pg/mL for 75% of the acids. Acids with a reduced
response factor constituted exceptions together with lactic ac-
id. LOQs ranged from 5 ng/mL for formic acid to over 20 pg/
mL for oxaloacetic acid, which would therefore be excluded
from quantification with the calibration produced in this
study. However, the signal-to-noise ratio (SNR), which is also
an indicator for detection and quantification limits, was above
3 for the first calibration point for all analytes and above 10 for
the first or the second concentration, indicating lower LODs
and LOQs when determining the limits in this way, which
may be a reason why this method is applied more often than
the calculation according to the DIN norm.

Storage stability

As expected, acids were least stable at room temperature,
although some acids did not start to decompose signifi-
cantly before day 14 when stored in a higher concentra-
tion. Stability was best for aromatic acids, followed by
dicarboxylic aliphatic acids without additional functional
groups. Intensities of functionalized aliphatic acids with
hydroxy, oxo or enol ester groups decreased the most or
even enhanced extensively especially in the diluted stock
solutions. This is in accordance with Christou et al., who
documented a limited stability for glycolic and 3-
hydroxypropionic acid stored in methanol at —24 °C for
22 days, whereas unfunctionalized dicarboxylic acids
remained stable [41]. x-Keto acids like oxaloacetic,
pyruvic or «-ketoglutaric acid may decarboxylate sponta-
neously resulting in a limited stability of these acids. In
cultivation experiments, this decarboxylation can addi-
tionally be facilitated by the addition of inorganic salts

@ Springer

regression lines in black including the formula and the squared
correlation coefficients are displayed as well as the 95% confidence
(red) and prediction (green) bands. Graphs for the other acids can be
found in ESM Fig. S3

necessary for the growth of the organism [42, 43].
However, the extreme increase in intensities throughout
the experiment for o-keto acids as well as variations with-
in triplicate measurements cannot be explained at this
moment. Some acids also showed enhancements up to
around 200% in the samples with lower initial concentra-
tions stored at — 18 °C or 4 °C, which may be caused by
an incomplete dissolution of the acids on the day the
stock solutions were prepared. Samples with higher con-
centration stored at — 18 °C or 4 °C generally had a better
stability and partially were not affected during the com-
plete analysis period. There was no trend in decomposi-
tion over time valid for all acids. While some acids
seemed to be mostly unaffected for the investigated time
period, other acids showed a considerable decrease in re-
sponse after 3 days already. Best stability was observed
for samples stored at — 18 °C. When assuming low sample
concentrations, a fast preparation is recommended to re-
duce problems arising from instable compounds especial-
ly when they are highly functionalized. Examples for the
stability over time for different storage conditions are giv-
en in Fig. 4.

Stability of derivatized organic acids

Stability for the samples left in the autosampler for 15 h varied
between 2 and 14% RSD for the high concentration and be-
tween 3 and 32% RSD for the samples prepared at a lower
concentration (Table 1). In the high concentration samples,
RSD was at or below 7% except for o-ketoglutaric and oxa-
loacetic acid, which both contain an oxo group. For the lower
concentration, RSD was at or below 10% except for
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Benzylsuccinic acid Pimelic acid a-Ketoglutaric acid
4 pg/mL (S) 4 ug/mL (S) 17.5 pug/mL (S)
120% 1400%
0.2 pg/mL 4 pg/mL 0.2 pg/mL 17.5 ug/mL 1050% 2 pg/mL
-18°C -18°C -18°C -18°C 700% -18°C
350%
, GFLQ
) 02ugiml 4 pgiml 0.2 pg/mL  17.5 pg/mL 2 ug/mL
4°C 4°C 4°C 4°C 4°C
4 ug/mL 0.2 pg/mL 4 pg/mL 0.2 pg/mL 17.5 pg/mL 2 pg/mL
RT RT RT RT RT RT
——Day 0 ——Day 3 Day 7 Day 14 Day 21

Fig. 4 Examples of the storage stability over 21 days depicted as net graphs. Mean values of relative intensities measured on each day are given as
percentage of day 0. (S) Diluted stock solution stored at — 18 °C. Graphs for the other acids can be found in ESM Fig. S4

phosphoenolpyruvic, pyruvic and lactic acid, which contain
enol ester, oxo and hydroxy functions, respectively. The
higher deviations for these acids may derive from the sensi-
tivity of derivatives with trimethylsilyl esters as well as ethers
to the presence of water even at trace levels. Variations in peak
areas for functionalized aliphatic acids rather resulted from
individual derivative properties, which are different for every
acid, hard to predict and not necessarily time dependent. In
conclusion, longer measurement sequences are possible,
which is in agreement with previous studies [41, 44, 45].

N

PC2 (22.1% explained variance)
o

Recovery

For aromatic and most dicarboxylic aliphatic acids without fur-
ther functional groups, recovery was satisfactory with 100 to
111% as shown in Table 1. Phosphoenolpyruvic acid was the
only compound which could not be retrieved at all. Recovery for
the other aliphatic acids with a hydroxy or oxo function was
either below 27% or above 125%. Interestingly, fumaric acid,
the trans isomer of butenedioic acid, exhibited a very good re-
covery with 100%, whereas for the cis isomer, maleic acid, re-
covery was 0.3% even though they showed comparable signal

4 6 8

PC1 (52.3% explained variance)

Al

Fig. 5 Principal component analysis of all OAs. Parameters used to
calculate variances were the square of the regression coefficient of the
calibration R?, the recoveries, process standard deviation Vx0, limit of
detection LOD and the RSD of the derivatized samples at the higher
concentration level (RSD stability). Ellipses were drawn around each
compound class defined as described in Table 1. Ar: 1, benzoic acid; 2,
phenylacetic acid; 3, hydrocinnamic acid; 4, cinnamic acid; 5, p-

Ar— O — OH

hydroxybenzoic acid; 6, benzylsuccinic acid; Al: 7, methylmalonic
acid; 8, succinic acid; 9, methylsuccinic acid; 10, fumaric acid; 11,
glutaric acid; 12, adipic acid; 13, pimelic acid; 14, malonic acid; 15,
maleic acid; OH: 16, lactic acid; 17, glycolic acid; 18, malic acid; 19,
citric acid; 20, isocitric acid; O: 21, phosphoenolpyruvic acid; 22, pyruvic
acid; 23, a-ketoglutaric acid; 24, oxaloacetic acid
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responses. For the internal standard, recovery was 97% for
trans-(p,2,3 ,4,5,6-2H6)cinnamic acid, 92% for
(2,3,4,5,6-"Hs)benzoic acid and 109% for (2,2,3,3-H)succinic
acid, making all of them suitable for the application.

Principal component analysis of performance
indicators

Considering the possible extension of the method to further
target compounds, PCA analysis is a good tool to compare the
performance indicators determined for our validation and to
allow predictions of the behaviour of other analytes by inves-
tigating clustering of compounds or compound classes. As
depicted in Fig. 5, aromatic acids and dicarboxylic aliphatic
acids without further functional groups are highly correlated
and cluster together, indicating a similar behaviour. In con-
trast, hydroxy-, oxo- and enol ester-group-containing aliphatic
acids are spread across the axes. They show high variations in
comparison to the other groups as well as within the class
associated with the same functional group, as they are being
influenced by various parameters. This complicates a predic-
tion of their behaviour when transferring our approach to other
functionalized OAs.

Comparison with other studies applying SPE

To compare our results with previously published data, we ex-
amined ten publications, which all applied solid-phase extraction
for the analysis of OAs and validated the recoveries and, where
stated, the detection and quantification limits. We recalculated
the given concentrations to the absolute amount of acid applied
either to the SPE cartridge for the evaluation of the recovery or to
the chromatographic column for the determination of the detec-
tion limit based on the data and information given in the papers.
As it was the only OA accessed in all studies, Fig. 6 shows the
results for the recovery including the recalculated amount used
for the validation as well as the LODs of succinic acid. The full
information on all OAs with the respective matrices, analytes
covered, applied SPE technique and material, derivatization
method (where applicable), recovery and the amount used for
the evaluation of this parameter, LOD, LOQ and the way those
limits were determined in the compared studies as well as in this
study are given in Table S2 of the ESM.

The advantage of our method is the applicability to biolog-
ical samples with low concentrations of OAs as we achieved
very low detection and quantification limits while maintaining
high recoveries. Solid-phase extraction of OAs is mainly used
for food analysis and clinical chemistry where acid concentra-
tions are considerably higher than in microorganisms, hence
making existing methods unsuitable for the application to
samples with low concentrations. Where stated, all studies
used either the signal-to-noise ratio or the ratio of the regres-
sion standard deviation to the slope of the calibration to
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Fig. 6 Recovery (bars), minimum amount used for the calculation of the
recovery (colour of the bars) and calculated limits of detection (green
rhombi) for succinic acid as evaluated in this study as well as in the
studies used for comparison. White bars illustrate that no data for the
amount of acid used for the determination of the recovery was provided
as well as missing rhombi indicate that no LOD was given in the
respective study. Error bars represent the lower and upper limits of the
determined recovery. The lowest concentration used in the studies to
calculate the recovery was considered in this depiction

evaluate detection and quantification limits. Even though the
calculation according to DIN 32645 results in higher detection
and quantification limits than the estimation based on the
SNR, our determined limits for succinic acid were still below
the results of all studies evaluated. Aside from one exception

Table2  Concentrations of selected OAs in E. coli and P. minimum cell
pellet extracts

E. coli P. minimum
(Hg/ Ewet cell weight + confidence range)

Organic acid

Pyruvic acid 32+10 nd
Benzoic acid 34+0.6 2.7+0.57
Succinic acid 622+4.5 9.94+0.59
Fumaric acid 22+2.0 20+19
Malic acid 58+£10 <LOD
Citric acid 13+14 806+ 144
Isocitric acid nd 6.3+9.9
Malonic acid nd <LOD
-Ketoglutaric acid 72+26 34+25

Concentrations are given as mean of three biological replicates measured
three times each

nd not detected
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for lactic acid, this holds true for all OAs analysed in any of
the other studies. Therefore, our method is suitable to remove
matrix interferences of microbiological samples and thereby
enhances the sensitivity for the analysis of OAs.

Application to E. coli and P. minimum cell pellets

Table 2 shows the concentrations determined in E. coli and
P. minimum cells after bead beating using the newly devel-
oped method. Chromatograms of the measurements can be
viewed in Fig. S5 of the ESM.

As some of the compounds selected for this study are linked
to specific metabolic pathways which are not expected to occur
in the main metabolism of the organisms chosen to apply this
method to as a proof of concept, the number of identified and
quantified acids is limited. It needs to be considered that recov-
eries of individual acids are not included into the calculations for
the concentrations. Therefore, actual concentrations may be
higher for pyruvic and malonic acid and lower for malic, citric,
isocitric and o-ketoglutaric acid. However, we could show that
the method developed in this study is suitable for prokaryotic and
eukaryotic microorganisms and can be used to investigate and
distinguish differences in the respective metabolomes.
Contaminations for the acids quantified in cell extracts were
excluded by analysing 15 water and 7 SPE blank samples over
the course of the study (ESM, Table S6).

Conclusion

We developed a method for the selective extraction, analysis
and quantification of OAs out of aqueous phases based on
anionic solid-phase extraction followed by GC-MS measure-
ment. This method may be extended to higher molecular
weight acids and is not limited to cell extracts. Additionally,
it may be used to examine alterations in the metabolism in
response to growth phases or changes in the substrate supplied
to the microorganism as well as for observations in other sam-
ple sets like culture media or natural samples. Method valida-
tion was performed to show the stability of the method. We
could demonstrate that the method is especially useful for
biological samples with low concentrations of the target com-
pounds. Due to the high range of polarity within the complex
mixture of compounds chosen for this study, overall satisfying
results could be achieved when considering problems arising
for certain acids with additional functional groups. Finally, the
method was successfully applied to bead beater extracts from
E. coli and P. minimum.
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