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Series Preface

The Methods and Protocols in Food Science series is devoted to the publication of research
protocols and methodologies in all fields of food science. The series is unique as it includes
protocols developed, validated, and used by food and related scientists as well as theoretical
bases are provided for each protocol. Aspects related to improvements, adaptations, and
further developments in the protocols may also be approached.

The Methods and Protocols in Food Science series aims to bring the most recent develop-
ments in research protocols in the field as well as very well-established methods. As such the
series targets undergraduates, graduates, and researchers in the field of food science and
correlated areas. The protocols documented in the series will be highly useful for scientific
inquiries in the field of food sciences, presented in such a way that the reader will be able to
reproduce the experiments in a step-by-step style.

Each protocol is characterized by a brief introductory section, followed by a short aims
section, in which the precise purpose of the protocol is clarified. Then, an in-depth list of
materials and reagents required for employing the protocol is presented, followed by
comprehensive and step-by-step procedures on how to perform that experiment. The next
section brings the dos and don’ts when carrying out the protocol, followed by the main
pitfalls faced and how to troubleshoot them. Finally, template results are presented and their
meaning,/conclusions addressed.

The Methods and Protocols in Food Science series will fill an important gap, addressing a
common complaint of food scientists, regarding the difficulties in repeating experiments
detailed in scientific papers. With this, the series has a potential to become a reference
material in food science laboratories of research centers and universities throughout the
world.

Campinas, Brazil Anderson S. Sant’Ana



Preface

The analytical technique mass spectrometry (MS), since its conception and commercial
disponibility in the early 1940s, has been applied to analyze foodstuft, especially for the
identification of the chemical composition and as quality control technique. During its
evolution, the technique passed through a wide range of developments in new ionization
techniques, mass analyzers, detectors, hyphenation with chromatography, and data proces-
sing. The achievement of new commercially available instruments diversified the application
possibilities of MS, especially in food science. Those achievements were possible due to
breakthrough scientific findings, such as gas-phase studies on organic molecules of food
interest, studies with metals and the first applications of laser ionizations expanded the
possibilities for food science. In particular, the development of the electrospray ionization
technique by John B. Fenn in the 1980s, which enabled the coupling with liquid chroma-
tography and made possible the ionization of large molecules, was remarkable. At that time,
iconically his colleagues commented that Fenn “made elephants fly,” and since then, those
“elephants” have been flying, enabling the analysis of protein-rich foods. Moreover, in the
last 20 years, several MS developments expanded even more the range of applications in food
science with the development of ambient ionization sources and miniaturized devices,
creation of orbitraps and its hybrids, coupling MS with ion mobility spectroscopy and data
processing with molecular networking.

Despite being so applicable, the technique possesses a long list of instrumental arrange-
ments and acronyms that makes the understanding in inexperienced students and scientists
difficult. Moreover, sometimes, the protocols of MS applications in food analysis are not
clear and /or available, thus making proper reproductions difficult. Moreover, the demand
of more concise publications precludes the appointment of key procedures that are essential
for a good MS reproducibility. The relevance of protocol handbooks relies on those biases,
addressing questions, mainly of young students.

Therefore, the aim of this book is to summarize handful of protocols involving mass
spectrometry and its associated techniques applied to food sciences and correlated areas. The
handbook covers from micro- to macronutrients analysis in foods of different origin, in
which several possibilities of mass spectrometry, as the sole analytical platform or as a
detection mode in combination with chromatography. Part I will describe relevant protocols
of consolidated mass spectrometry-related methodologies, covering direct injection, matrix-
assisted laser desorption ionization (MALDI), gas chromatography (uni- and bidimen-
sional) coupled to MS, liquid chromatography coupled to MS, and inductively coupled
plasma mass spectrometry (ICP-MS). Next, the book will describe protocols with relatively
new and/or emerging mass spectrometry techniques, such as paper spray mass spectrome-
try, traveling wave ion mobility mass spectrometry, supercritical fluid chromatography
coupled to mass spectrometry, and data processing using molecular networks (Part IT). All
of those applied in the bioprospection search for contaminants and quality control of fruits,
vegetables, animal protein, olive oil, coffee, tea, beer, milk, lactic bacteria, and emerging
food ingredients (e.g., crickets).

Vii



Viii Preface

My ambition is to offer the readers not only a comprehensive and updated collection of
state-the-of-art methodologies and models for food analysis, but also to encourage more
people to use any kind of mass spectrometry technique to tackle questions in food science
and /or related to this field.

Manaus, Brazil Hector Koolen
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Chapter 1

Mass Fingerprinting for High-Throughput Analyses of Food:

Authentication and Quality Control

Tzitziki Gonzalez-Rodriguez, Héctor A. Peniche-Pavia,
Jhonathan Pazmino-Arteaga, and Robert Winkler

Abstract

Mass fingerprinting is a fast and straightforward approach for analyzing the chemical composition of
biological materials. This chapter details how to generate mass fingerprints from diverse food sources,
from the extraction of metabolites to data analysis, using different mass spectrometry (MS) methods. We
cover four high-throughput ionization techniques for MS: Direct liquid-introduction electrospray ioniza-
tion (DLI-ESI), low-temperature plasma (LTP) ionization, matrix-assisted laser desorption/ionization
time-of-flight (MALDI-ToF), and leaf spray (LS). Further, we describe data visualization with clustering

methods and data mining.

Key words Chemical profiles, Mass fingerprinting, Direct analysis, Clustering, Classification, Data

mining

1 Introduction

Mass spectrometry (MS) provides information about the chemical
composition of complex samples and is therefore widely used in
food analysis. Typical MS applications include the trace analysis for
agrochemicals and contaminants [1, 2] and the determination of
macronutrients and nutraceutical compounds [ 3, 4]. Recently, con-
sumers also demonstrate increased awareness of additional criteria
such as authenticity and sustainability of products, which also can

be addressed with MS strategies [5-7].

Conventional food analysis with MS uses gas or liquid chroma-
tography for reducing the complexity of mixtures [5, 7, 8]. In
contrast, direct and ambient ionization methods skip this
pre-separation step [9, 10]. Mass fingerprinting (MSF) has lower
analytical performance than chromatography-based methods
because of ion suppression and overlapping signals [8, 11]. But
sample handling and manipulation steps are reduced, which results

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_1,
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in a drastically increased sample throughput [12-14]. MSF spectra
contain more information than MS spectra after chromatographic
separation [15].

High-resolution mass analyzers and fragmentation studies dis-
tinguish compounds with similar masses in MSF [16, 17]. Further,
adequate data processing workflows excavate relevant data from
noisy data sets and make MSF a valuable sample classification tool
[8,18].

In this chapter, we present four MSF methods:

1. In direct liquid-introduction electrospray ionization
(DLI-ESI) MS, extracted samples are introduced directly to
the mass spectrometer after minimum preparation
[14, 15]. The soft ionization technique is suitable for polar
metabolites and multiply charged proteins that are in the range
ot 50-2000 m/z[19, 20], mainly reporting protonated mole-
cules [M + H]" and adducts [M + X]* in positive mode, and
de-protonated molecules [M — H]— in negative mode [21].

2. Low-temperature plasma (LTP) is an ambient ionization
method for the direct analysis of solid, liquid, and gaseous
samples without any pre-treatment [9]. Different degrees of
ionization and fragmentations are possible depending on the
used discharge gas and operating parameters [22]. Compared
to ESI, less polar compounds are detectable, and the molecular
weight range is reduced (<500 m/2) [12, 13]. LTP MS is a fast
method (~20 s per sample) and ideal for high-throughput
screening.

3. Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) MS instruments are popular for their fast anal-
ysis of solid samples and high analytical resolution in a broad
weight range (from 200 to several KDa) [23]. Besides whole
proteins and peptides, hydrophobic compounds such as lipids
can also be measured [24, 25]. The detectable molecule classes
and the analytical parameters depend strongly on the sample
preparation, which requires the co-crystallization with a chem-
ical matrix [26].

4. Leaf spray (LS) is one of the most recent ambient MS applica-
tions. A high electrical potential is applied directly to a leaf or
another plant tissue. Its endogenous sap generates an
electrospray-like ionization that can be introduced into the
mass spectrometer [27]. LS allows real-time studies of a living
organism’s chemical profile with multiple applications such as
detection of agrochemical residues in vegetables and fruits
[28, 29] and determination of poisonous compounds [30].

Interpretation and visualization of data are fundamental for
every mass spectrometry experiment. This task is often the most
time-consuming step and critical for the interpretation of the
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results. This area’s advance is pushed forward by an active commu-
nity developing open-source software tools and workflows for MS
data analysis [31].

Here, we explain how to process mass spectra for producing

plots that visualize differences between sample groups. We demon-
strate the visualization and comparison of MSF data sets with
hierarchical cluster analysis (HCA), principal component analysis
(PCA), and the building of predictive classification models with the
Random Forest algorithm.

2 Materials

2.1 Biological
Material

2.2 DLI-ESI mMS

2.2.1 Sample
Preparation

2.2.2 Mass Analyzer

Here, we explain in detail how to generate metabolite fingerprints
from different biological sources and MS platforms:

1.

For Subheading 3.1, we utilized lyophilized maize leaves (see
Notes 1 and 2).

. For Subheading 3.2, we employed liquor samples (tequila and

mezcal) and fresh jalapeno chilies for in vivo experiments.
For Subheading 3.3, we used unroasted coffee beans.

For Subheading 3.4, we used fresh maize leaves.

. Methanol, HPLC grade (Sigma-Aldrich, St. Louis, MO, US).

Ultrapure water (Water system Milli-Q® Q-Gard 1, Merck,
Darmstadt, DE).

Formic acid (Fermont, Monterrey, MX).

2.0 mL polypropylene  microtubes  (Eppendorf®,
Hamburg, DE).

. 0.2 pm nylon membrane filters (MilliporeSigma™, Burlington,

MA, US).

Pipettes and proper tips for handling organic solvents.
Equipment:

e Mixer mill (Model MM 301, Retsch GmbH, DE).

e Vortex (Model G560, Scientific Industries Inc., US).

e Ultrasonic bath (Model 1510, 80W, Branson, Danbury,
CT, US).

e Centrifuge (Model 5427R, Eppendorf®, Hamburg, DE).

. LCQ-Fleet ion trap MS (Thermo Scientific, Waltham,

MA, US).
Installation for mass spectrometer:

e Single syringe pump, Fisherbrand™ (Fisher Scientific, Wal-
tham, MA, US).
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23 LTP MS

2.3.1 Sample
Preparation

2.3.2 Desorption/
lonization Probe

2.3.3 Sampling Platform

2.3.4 Mass Analyzer

2.4 MALDI-ToF MS

2.4.1  Sample and Matrix
Preparation

2.4.2 Mass Analyzer

e Nitrogen gas generator (Peak Scientific, Glasgow, UK).
e UPS Security Plus (Powervar™, Waukegan, IL, US).

e SV40 BI oil-sealed pump (SOGEVAC®, Leybold, Export,
PA, US).

. Scalpel.
. Microscope slide and adhesive tape.
. 2.0 mL HPLC glass vials (Waters™, Milford, MA, US).

. 3D-printed LTP ionization probe [32].

2. AIMS power supply (Kuturabi SA de CV, Irapuato, MX).

O 0 N O\ Ul W N

—
o

—
(NS

. Optional (for improving the desorption): Continuous wave

(CW) UV laser, 405 nm (Fermion IIT Series, Micro Laser
Systems Inc.), and plano-convex lens (Edmund Optics, NJ,
US) for focusing [33].

. Helium gas (technical grade) supply, with flow regulator (Swa-

gelok, OH, USA).

. Open LabBot for sample movement and mounting the UV

laser, a lens holder, and the LTP probe [34].

. LCQ-Fleet ion trap MS with ambient adaptation (Thermo

Scientific, Waltham, MA, US).

. n-Hexane (EMSURE®, Merk).

. Benzine (Petroleum ether 35-60 °C; JT Baker®).

. Chloroform (EMPARTA®, Merk).

. Methanol, HPLC grade (Sigma-Aldrich, St. Louis, MO, US).
. 2,5-dihydroxybenzoic acid (Supelco®, St. Louis, MO, US).

. Acetonitrile (LiChrosolv®, Merk).

. 2.0 mL HPLC glass vials (Waters, Milford, MA, US).

. 5 mL polypropylene tubes (Eppendorf®, Hamburg, DE).

. Pipettes and tips proper for handling organic solvents.

. 0.2 pm nylon membrane filters (MilliporeSigma™, Burling-

ton, MA, US).

. Nitrogen gas (Grade 5.0).
. Stainless steel MALDI sample plates (Bruker Daltonics, Bre-

men, Germany).

. Autoflex III smartbeam MALDI-ToF MS (Bruker Daltonics,

Bremen, Germany).
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2.5 Leaf Spray MS

2.5.1 Sample
Preparation

2.5.2  Sampling Platform

—

. Scalpel or scissors (see Note 11).
. Methanol, HPLC grade (Sigma-Aldrich, St. Louis, MO, US).

. Pipettes and proper tips for handling organic solvents.

. Laboratory stand.
. Alligator clips.
. AIMS power supply (Kuturabi SA de CV, Irapuato, MX).

253 Mass Analyzer 1. LCQ-Fleet ion trap MS with ambient adaptation (Thermo
Scientific, Waltham, MA, US).

3 Methods

3.1 DLI-ESI MS 1. Prepare the extraction solvent: dissolve pure methanol with
ultrapure water (80:20 »/») containing 0.1% formic acid. Cal-

3.1.1  Sample . .

] culate and prepare enough solution for the extraction of all

Preparation
samples.

2. Grind the lyophilized tissue to homogeneity. For this step, we
recommend ball milling. A very fine powder with the lowest
amount of water is critical to have an optimum extraction.

3. Weigh 10 mg of ground material into a 2 mL microtube. It is

3.1.2  Metabolite
Extraction

3.1.3 Analytical
Procedure

essential to use high-quality polypropylene tubes because some
solvents can dissolve plastics and contaminate the sample and
the mass spectrometer.

. Add 1 mL of extraction solvent to the tube with the biological

material (ensure its correct labeling). Close the tubes, ensuring
that no evaporation will take place during extraction.

. After adding the solvent, mix them thoroughly in a Vortex

mixer.

. Place the tubes in an ultrasonic bath at maximum frequency for

15 min at 10 °C.

4. Centrifuge at 4 °C and 10,000 x g for 10 min.

. Filter with 0.2 pm pore size filters. Extracts can be kept at

—20 °C for less than 24 h.

. There are two options for injecting the extracts directly into the

ESI probe: an external syringe pump [14] or an autosampler
(see Note 4) [13].

. Here, we explain using an external syringe pump for direct

injection to an LCQ-Fleet ion trap mass spectrometer.

. Open Thermo Tune Plus for LCQ control (Xcalibur™ 3.0

Qual Browser).
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3.2 LTP MS

3.2.1 Sample
Preparation: Solids

3.2.2 Sample

Preparation: Liquids

3.2.3 Analytical
Procedure

3.3 MALDI-ToF MS
3.3.1 Sample Extraction

4.

N O N

Set the following parameters: capillary temperature 280 °C,
tube lens 115 V, capillary, and spray voltage to 3 Vand 4.5V,
respectively.

. Set the flow rate to 10 pL/min .

. Acquire the mass spectra in the positive mode in a range of

100-1250 m/z after the signal stabilization.

. Use extraction solvent as the blank solution to acquire the

reference mass spectrum.

. Cut material with a scalpel to prepare a coarse mixture.

. Put the sample on the microscope glass slide.

. Liquid samples such as liquors do not need any preparation.

The samples are filled into a glass vial and placed directly in
front of the LTP probe (se¢ Note 6).

. Mount the 3D-LTP probe at an angle of 45° to the sample

surface.

. Mount the laser at an angle of 90° to the sample surface; focus

the laser.

. Set the helium flow for the LTP probe to 0.1 L/min.
. Set the LTP probe’s power supply to a voltage of 7 kV and a

frequency of 10 kHz.

. For MS; select positive ion mode for an m,/z range of 50-500.

. Set the capillary temperature set to 200 °C, and the capillary

voltage set to 55 V.

. Set the tube lens voltage set to 25 V.
. Spectra are acquired in a full scan and continuous mode.

. Food samples can be attached directly to a glass slide using

double-sided adhesive tape.

. Freeze the green coffee beans with liquid nitrogen for 5 min.
. Grind coffee beans in a mixer mill to a fine powder.

. Weight 2 g of the powder in a polypropylene tube.

. Add 5 mL of 1:1 (»/») hexane/benzine solution.

. Mix on a Vortex for 5 min.

. Transfer the tube to an ultrasound sonication bath (frequency

40 kHz; 80 W) for 30 min at 10 °C.

7. Filter the extract through the membrane filters.

co

. Transfer the filtrate to a glass vial of known weight.



Mass Fingerprinting for High-Throughput Analyses of Food: Authentication. .. 9

9.

10.
3.3.2 Sample and Matrix 1
Preparation 2

3.3.3 Analytical 1.

Procedure

3.4 Leaf Spray MS 1.

3.4.1 Sample
Preparation

3.4.2 Analytical 1.

Procedure

Remove the solvent by drying with nitrogen gas.

Determine the quantity of coffee oil.

. Transfer 10 mg of coftee oil into a 10 mL volumetric flask.
. Dissolve with chloroform/methanol 2:1 (»/»). 3b. For the

MALDI matrix, dissolve 200 mg of 2,5-dihydroxybenzoic
acid in 10 mL of acetonitrile.

Mix the green coffee oil solution and MALDI matrix in a ratio
of 1:1.

. Place 1.0 pL of the mixture on a sample plate made of polished

steel using a dried droplet method.

. Set the following settings: 337 nm nitrogen laser, an accelera-

tion voltage of 20 kV in positive mode.

. Acquired spectra in reflectron mode within a mass range of

550-1600 m/z. Use five single laser shots per sample.

. For more details, go to [25] and see Note 8.

Cut the leaf or plant tissue into an isosceles triangle shape (see
Note 11).

Place the sample into the alligator clip and mount it on the
laboratory holder.

. Adjust the stand arm and the alligator clip to position the tissue

in line with the MS inlet, approximately 5-10 mm (see Note
12).

. Turn on the mass analyzer in collection data mode (before

applying high voltage).

. Power on the AIMS power supply and optimize the voltage for

the best ionization (4-6 kV).

. Add methanol directly to the leaf if needed (see Note 13).

. Acquire data when the signal stabilizes.

3.5 Dala Analysis The example data set was generated from maize leaves extracts,
analyzed by DLI-ESI MS. The data set and R script for data
processing and statistical analysis are available from https://
github.com /tzi-ki/maize_data.

3.5.1 Mass Spectra 1.
Visualization 2.

Download the data set [35].

Convert the raw data files to the HUPO standard .mzML using
the ProteoWizard MS Convert Tool: http://proteowizard.
sourceforge.net/download.html [36]. In this example, the
data set is already in the proper format.


https://github.com/tzi-ki/maize_data
https://github.com/tzi-ki/maize_data
http://proteowizard.sourceforge.net/download.html
http://proteowizard.sourceforge.net/download.html
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Fig. 1 Comparison of mass spectra of maize leaf extracts acquired with DLI-ESI
MS. The maize inbred lines B73 (top, black) and Mo17 (bottom, blue) show clear
differences in their mass fingerprints

3.

To visualize and compare mass spectra from ditferent samples,
download and execute mMass (http://www.mmass.org) [37].

4. Select a file: File> Open> B73_I(1).mzML> Open.

o o

3.5.2 Data 1.

Pre-processing

Select all scans and click Open selected.

. To sum up, all scans, go to Processing> Math Operations>

Sum all visible> Apply.

. Right-click the Combined spectra (in the left panel) and cus-

tomize (color, name, etc.).

. Repeat previous steps for another sample (e.g., Mol7_L(1).

mzML).

. Right-click the last combined spectra and select Flip Spectrum

(Fig. 1).

Open the script MSF_DataAnalysis (https: //github.com /tzi-
ki/maize_data/blob/master/MSF_DataAnalysis.md).

2. Follow the instructions outlined in it:

Set the working directory in the R environment to the data
location.

Install the R packages needed for MS analysis: MALDIquant
and MALDIquantForeign [18, 38].

Import the .mzML data into the R workspace.
Sum scans for each independent spectrum.

Calibrate and normalize intensity using the total ion current
(TIC).

. Estimate the signal-to-noise ratio and detect peaks from the

spectra.


http://www.mmass.org
https://github.com/tzi-ki/maize_data/blob/master/MSF_DataAnalysis.md
https://github.com/tzi-ki/maize_data/blob/master/MSF_DataAnalysis.md
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9. Pick and bin peaks.
10. Generate the feature matrix with the complete #/z and inten-
sity values.
11. Export the feature matrix for subsequent statistical analysis.
3.5.3 Statistical Analysis 1. Install the R packages pheatmap and factoextra.
and Visualization 2. Execute the function pheatmap to visualize the default
heatmap.
Heatmap and Hierarchical 3. Optimi f sualizati lor k . £
Clustering Analysis (HCA) . Optimize parameters for visualization (e.g., color key, size o
letters).

4. Set the matrix distance and the linkage method for hierarchical
clustering analysis (HCA) (see Note 9).

5. Optional: See Subheading 4.4.3 to learn how to select the most
important variables.

6. Plot the heatmap (Fig. 2).

Principal Component 1. Use k-means to define the interest clusters, & = 2 groups
Analysis (centers argument).

2. Create the PCA object using the feature matrix.

3. Plot the PCA to visualize your clusters in two dimensions
(Fig. 3).

3.5.4 Data Mining: 1. Install the R package rattle [39].
Random Forest 2. Open the GUI typing rattle() into the R command line.

3. Import the feature matrix generated in Subheading 3.5.2,
using the R data option within the Data tab. Click Execute to
load your data set. In the provided script, this R data is named
IonFrame.

4. Click the Model tab and select Forest. Click Execute to build a
Random Forest model. For identifying the features with pre-
dictive power for sample classification, generate a random for-
est model with 500 tree decisions or more. The algorithm ranks
the most important variables for classification based on the
mean decrease Gini index.

4 Notes

1. Freshly harvested plant tissue should be rapidly submerged into
liquid nitrogen to stop the metabolism.

2. For further recommendations for growing plant material, har-
vest, and sampling storage, see reference [40].

3. For exploratory non-targeted metabolomics, we recommend

beginning with pure methanol or methanol/water solutions
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Fig. 2 Heatmap with hierarchical clustering analysis (HCA) of two varieties of maize. Eleven individual samples
were measured for each genotype, and 20 variables were selected. The two inbred lines of maize are
separated. The rows represent the features, and columns represent the different samples. The color
represents intensity: red for higher and blue for lower intensities. The dendrograms represent the hierarchical
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relationship between the samples and variables

(e.g., 2:1); in both cases, acidified with 0.1% formic acid. All
solvents should be LC-MS grade. Some studies, such as lipi-
domics experiments, may require the separation of polar from
non-polar compounds. For those cases, a liquid-liquid extrac-
tion using a mixture of water: methanol: chloroform (1:2:0.8),

or similar is possible [41].

4. In the case of using an autosampler (Accela 600 autosampler,
Thermo Scientific), inject all samples three times in random
order, with a loop filling of 10 pL. Do not use any column.
Employ a gradient method to reduce the carry-over of samples
between injections at a 100 pL/min flow rate. Start with 0.5%
methanol for 3 min, then 100% methanol for 1 min, and finally

0.5% for 2 min.

5. Clean the cone after 20 samples to avoid ion suppression.
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Fig. 3 Principal Component Analysis (PCA) with the -means algorithm for clustering. Each cluster represents a
distinct maize genotype: Black cluster—B73; blue cluster—Mo17

6.

10.

11.

12.

Samples from fruit juice or with a high sugar content should be
diluted to 1:10 or 1:50 with the solvent mix to avoid ion
suppression and the clogging of the ESI probe’s needle.

. Calibrate the mass analyzers before measurements.

. The samples are analyzed on three different days for MALDI-

ToF MS to even out differences in sample extraction,
co-crystallization, and measurements.

. For clustering analyses, the distance measure between samples

and the linkage method for defining the cluster distance need
to be defined. From our experience, we recommend “correla-
tion” as the distance measure and “complete” as the linkage
method.

Random Forest (RF) analysis can be used as a simple and
efficient filter for variables. High-ranking important variables
(m/z features) obtained from RF analysis are more likely to be
relevant.

The biological sample must have a sharp tip to generate an
appropriate spray (if you are analyzing, e.g., stems, roots,
grains, or fruits).

Ensure that the metal clip with the sample is appropriate to the
MS inlet to avoid an electric arc or an electric discard.
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13. Plants with high water content do not require the addition of
any organic solvent. The choice of solvent with different pola-
rities offers the opportunity to extract and ionize different
compounds from the same sample.

Acknowledgments

The project was funded by the CONACyT Fronteras project 2015-
2 /814 and the bilateral grant CONACyT-DFG 2016,/277850. T.
G.-R. and H.A.P.-P. acknowledge their CONACyT scholarships.
We thank Leonardo Soto Rodriguez for testing the data analysis

script.

Contflict of Interest R.W. is the co-inventor of the patent “Non-
thermal plasma jet device as sourvce of spatial ionization for ambient
mass spectrometry and method of application” (WO 2014/057409)
and sharveholder of the company KUTURABI SA de CV.

References

1.

Wiley JS, Garcia-Reyes JF, Harper JD et al
(2010) Screening of agrochemicals in food-
stuffs using low-temperature plasma (LTD)
ambient ionization mass spectrometry. Analyst
135:971-979. https://doi.org/10.1039/
b919493b

. Pizzo JS, Galuch MB, Santos PDS et al (2019)

Determination of coconut oil adulteration with
soybean oil by direct infusion electrospray ion-
ization mass spectrometry. J Braz Chem Soc
30:1468-1474. https://doi.org/10.21577/
0103-5053.20190042

.Mo S, Dong L, Hurst WJ, van Breemen RB

(2013) Quantitative analysis of phytosterols in
edible oils using APCI liquid chromatography-
tandem mass spectrometry. Lipids 48:
949-956. https://doi.org/10.1007 /s11745-
013-3813-3

. Calvano CD, Monopoli A, Loizzo P et al

(2013) DProteomic approach based on
MALDI-TOF MS to detect powdered milk in
fresh cow’s milk. J Agric Food Chem 61:
1609-1617. https://doi.org/10.1021/
j£302999s

. Ellis DI, Brewster VL, Dunn WB et al (2012)

Fingerprinting food: current technologies for
the detection of food adulteration and contam-
ination. Chem Soc Rev 41:5706-5727.
https: //doi.org,/10.1039 /C2CS35138B

. Laursen KH, Bontempo L, Camin F, Roffmann

A (2016) Chapter 9—advances in isotopic
analysis for food authenticity testing. In:

10.

11.

. Martinez-Jarquin S,

Downey G (ed) Advances in food authenticity
testing. Woodhead Publishing, Sawston, pp
227-252

. Medina S, Pereira JA, Silva P et al (2019) Food

fingerprints—a valuable tool to monitor food
authenticity and safety. Food Chem 278:
144-162. https://doi.org/10.1016/j.
foodchem.2018.11.046

.Ren J-L, Zhang A-H, Kong L, Wang X-J

(2018) Advances in mass spectrometry-based
metabolomics for investigation of metabolites.
RSC Adv 8:22335-22350. https://doi.org/
10.1039/C8RA01574K

Winkler R (2017)
Low-temperature plasma (LTP) jets for mass
spectrometry (MS): ion processes, instrumen-
tal set-ups, and application examples. TrAC
Trends Anal Chem 89:133-145. https://doi.
org/10.1016/j.trac.2017.01.013

Gan H-H, Soukoulis C, Fisk I (2014) Atmo-
spheric pressure chemical ionisation mass spec-
trometry analysis linked with chemometrics for
food classification—a case study: geographical
provenance and cultivar classification of mono-
varietal clarified apple juices. Food Chem 146:
149-156. https://doi.org/10.1016/j.
foodchem.2013.09.024

Koulman A, Cao M, Faville M et al (2009)
Semi-quantitative and structural metabolic
phenotyping by direct infusion ion trap mass
spectrometry and its application in genetical
metabolomics.  Rapid  Commun  Mass


https://doi.org/10.1039/b919493b
https://doi.org/10.1039/b919493b
https://doi.org/10.21577/0103-5053.20190042
https://doi.org/10.21577/0103-5053.20190042
https://doi.org/10.1007/s11745-013-3813-3
https://doi.org/10.1007/s11745-013-3813-3
https://doi.org/10.1021/jf302999s
https://doi.org/10.1021/jf302999s
https://doi.org/10.1039/C2CS35138B
https://doi.org/10.1016/j.foodchem.2018.11.046
https://doi.org/10.1016/j.foodchem.2018.11.046
https://doi.org/10.1039/C8RA01574K
https://doi.org/10.1039/C8RA01574K
https://doi.org/10.1016/j.trac.2017.01.013
https://doi.org/10.1016/j.trac.2017.01.013
https://doi.org/10.1016/j.foodchem.2013.09.024
https://doi.org/10.1016/j.foodchem.2013.09.024

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mass Fingerprinting for High-Throughput Analyses of Food: Authentication. .. 15

Spectrom 23:2253-2263. https: //doi.org/10.
1002 /rcm.4142

Gamboa-Becerra R, Montero-Vargas JM, Mar-
tinez-Jarquin S et al (2017) Rapid classification
of coffee products by data mining models from
direct electrospray and plasma-based mass
spectrometry analyses. Food Anal Methods
10:1359-1368. https://doi.org,/10.1007/
s12161-016-0696-y

Martinez-Jarquin S, Moreno-Pedraza A,
Cazarez-Garcia D, Winkler R (2017) Auto-
mated chemical fingerprinting of Mexican spir-
its derived from: agave (tequila and mezcal)
using direct-injection electrospray ionization
(DIESI) and low-temperature plasma (LTP)
mass spectrometry. Anal Methods 9:
5023-5028. https://doi.org/10.1039/
c7ay00793k

Garcia-Flores M, Juarez-Colunga S, Garcia-
Casarrubias A et al (2015) Metabolic profiling
of plant extracts using direct-injection electro-
spray ionization mass spectrometry allows for
high-throughput phenotypic characterization
according to genetic and environmental effects.
J Agric Food Chem 63:1042-1052. https://
doi.org,/10.1021/jt504853w

Goodacre R, Vaidyanathan S, Bianchi G, Kell
DB (2002) Metabolic profiling using direct
infusion electrospray ionisation mass spectrom-
etry for the characterisation of olive oils. Ana-
lyst 127:1457-1462. https://doi.org/10.
1039,/B206037]

Madalinski G, Godat E, Alves S et al (2008)
Direct introduction of biological samples into a
LTQ-Orbitrap hybrid mass spectrometer as a
tool for fast metabolome analysis. Anal Chem
80:3291-3303. https://doi.org/10.1021/
ac7024915

Draper J, Lloyd AJ, Goodacre R, Beckmann M
(2013) Flow infusion electrospray ionisation
mass spectrometry for high throughput,
non-targeted metabolite fingerprinting: a
review. Metabolomics 9:4-29. https://doi.
org/10.1007 /5s11306-012-0449-x

Gibb S, Strimmer K (2012) MALDIquant: a
versatile R package for the analysis of mass
spectrometry  data.  Bioinformatics  28:
2270-2271. https://doi.org,/10.1093/bioin
formatics/bts447

Jardine I (1990) Electrospray ionization mass
spectrometry of biomolecules. Nature 345:
747-748. https://doi.org/10.1038/
345747a0

Winkler R (2010) ESIprot: a universal tool for
charge state determination and molecular
weight calculation of proteins from electro-

spray ionization mass spectrometry data.
Rapid Commun Mass Spectrom 24:285-294

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Fenn J, Mann M, Meng C et al (1989) Elec-
trospray ionization for mass spectrometry of
large  biomolecules. Science 246:64-71.
https: //doi.org,/10.1126 /science.2675315

Harper JD, Charipar NA, Mulligan CC et al
(2008) Low-temperature plasma probe for
ambient desorption ionization. Anal Chem
80:9097-9104. https://doi.org/10.1021/
ac801641a

Clark CM, Costa MS, Sanchez LM, Murphy
BT (2018) Coupling MALDI-TOF mass spec-
trometry protein and specialized metabolite
analyses to rapidly discriminate bacterial func-
tion. Proc Natl Acad Sci U S A 115:
4981-4986. https://doi.org,/10.1073 /pnas.
1801247115

Calvano CD, Zambonin CG (2013) MALDI-
Q-TOF-MS ionization and fragmentation of
phospholipids and neutral lipids of dairy inter-
est using variable doping salts. Adv Dairy Res
1:1-8

Pazmino-Arteaga JD, Chagolla A, Gallardo-
Cabrera C, et al (2019) Screening for green
coffee with sensorial defects due to aging dur-
ing storage by MALDI-ToF mass fingerprint-
ing. Food Anal Methods, 12. https: //doi.org/
10.1007/s12161-019-01485-9

Karas M, Bachmann D, Bahr U, Hillenkamp F
(1987) Matrix-assisted ultraviolet laser desorp-
tion of non-volatile compounds. Int J Mass
Spectrom Ion Process 78:53-68. https://doi.
org/10.1016,/0168-1176(87)87041-6

Liu J, Wang H, Cooks RG, Ouyang Z (2011)
Leaf spray: direct chemical analysis of plant
material and living plants by mass spectrome-
try. Anal Chem 83:7608-7613. https://doi.
org/10.1021/ac2020273

Pereira I, Rodrigues SRM, de Carvalho TC
et al (2016) Rapid screening of agrochemicals
by paper spray ionization and leaf spray mass
spectrometry: which technique is more appro-
priate? Anal Methods 8:6023-6029. https://
doi.org,/10.1039 /C6AY01154C

Malaj N, Ouyang Z, Sindona G, Cooks RG
(2012) Analysis of pesticide residues by leaf
spray mass spectrometry. Anal Methods 4:
1913-1919. https://doi.org/10.1039/
C2AY25222H

Tadjimukhamedov FK, Huang G, Ouyang Z,
Cooks RG (2012) Rapid detection of urushiol
allergens of toxicodendron genus using leaf
spray mass spectrometry. Analyst 137:
1082-1084. https://doi.org/10.1039/
C2AN16077C

Winkler R (2020) Processing metabolomics
and proteomics data with open software: a


https://doi.org/10.1002/rcm.4142
https://doi.org/10.1002/rcm.4142
https://doi.org/10.1007/s12161-016-0696-y
https://doi.org/10.1007/s12161-016-0696-y
https://doi.org/10.1039/c7ay00793k
https://doi.org/10.1039/c7ay00793k
https://doi.org/10.1021/jf504853w
https://doi.org/10.1021/jf504853w
https://doi.org/10.1039/B206037J
https://doi.org/10.1039/B206037J
https://doi.org/10.1021/ac7024915
https://doi.org/10.1021/ac7024915
https://doi.org/10.1007/s11306-012-0449-x
https://doi.org/10.1007/s11306-012-0449-x
https://doi.org/10.1093/bioinformatics/bts447
https://doi.org/10.1093/bioinformatics/bts447
https://doi.org/10.1038/345747a0
https://doi.org/10.1038/345747a0
https://doi.org/10.1126/science.2675315
https://doi.org/10.1021/ac801641a
https://doi.org/10.1021/ac801641a
https://doi.org/10.1073/pnas.1801247115
https://doi.org/10.1073/pnas.1801247115
https://doi.org/10.1007/s12161-019-01485-9
https://doi.org/10.1007/s12161-019-01485-9
https://doi.org/10.1016/0168-1176(87)87041-6
https://doi.org/10.1016/0168-1176(87)87041-6
https://doi.org/10.1021/ac2020273
https://doi.org/10.1021/ac2020273
https://doi.org/10.1039/C6AY01154C
https://doi.org/10.1039/C6AY01154C
https://doi.org/10.1039/C2AY25222H
https://doi.org/10.1039/C2AY25222H
https://doi.org/10.1039/C2AN16077C
https://doi.org/10.1039/C2AN16077C

16

32.

33.

34.

35.

36.

Tzitziki Gonzalez-Rodriguez et al.

practical guide, 1lst edn. Royal Society of
Chemistry, Cambridge

Martinez-Jarquin S, Moreno-Pedraza A, Guil-
lén-Alonso H, Winkler R (2016) Template for
3D printing a low-temperature plasma probe.
Anal Chem 88:6976-6980. https://doi.org/
10.1021 /acs.analchem.6b01019

Moreno-Pedraza A, Rosas-Romdin I, Garcia-
Rojas NS et al (2019) Elucidating the distribu-
tion of plant metabolites from native tissues
with laser desorption low-temperature plasma
mass spectrometry imaging. Anal Chem 91:
2734-2743. https://doi.org/10.1021 /acs.
analchem.8b04406

Rosas-Roman I, Ovando-Vazquez C, Moreno-
Pedraza A et al (2020) Open LabBot and
RmsiGUI: community development kit for
sampling automation and ambient imaging.
Microchem ] 152:104343. https://doi.org/
10.1016/j.microc.2019.104343

Gonzalez-Rodriguez T (2020) Mass spectra of
leaf extracts from maize

Kessner D, Chambers M, Burke R et al (2008)
ProteoWizard: open source software for rapid
proteomics tools development. Bioinformatics

37.

38.

39.

40.

41.

24:2534-2536. https: //doi.org,/10.1093 /bio
informatics/btn323

Strohalm M, Kavan D, Novak P et al (2010)
mMass 3: a cross-platform software environ-
ment for precise analysis of mass spectrometric
data. Anal Chem 82:4648-4651. https://doi.
org/10.1021 /ac100818g

Gibb S, Franceschi P (2019) MALDIquant-
Foreign:  import/export  routines  for
‘MALDIquant’

Williams GJ (2009) Rattle: a data mining GUI
for R. RJ 1:45-55

Biais B, Bernillon S, Deborde C et al (2012)
Precautions for harvest, sampling, storage, and
transport of crop plant metabolomics samples.
Methods Mol Biol 860:51-63. https://doi.
org/10.1007 /978-1-61779-594-7_4

Creydt M, Arndt M, Hudzik D, Fischer M
(2018) Plant metabolomics: evaluation of dif-
ferent extraction parameters for nontargeted
UPLC-ESI-QTOF-mass spectrometry at the
example of white Asparagus officinalis. J Agric
Food Chem 66:12876-12887. https://doi.
org/10.1021 /acs.jafc.8b06037


https://doi.org/10.1021/acs.analchem.6b01019
https://doi.org/10.1021/acs.analchem.6b01019
https://doi.org/10.1021/acs.analchem.8b04406
https://doi.org/10.1021/acs.analchem.8b04406
https://doi.org/10.1016/j.microc.2019.104343
https://doi.org/10.1016/j.microc.2019.104343
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1021/ac100818g
https://doi.org/10.1021/ac100818g
https://doi.org/10.1007/978-1-61779-594-7_4
https://doi.org/10.1007/978-1-61779-594-7_4
https://doi.org/10.1021/acs.jafc.8b06037
https://doi.org/10.1021/acs.jafc.8b06037

Check for
updates

MALDI-MS Application for Food Control

Igor Pereira, Bijay Banstola, Kelin Wang, Fabrizio Donnarumma,
Kermit K. Murray, and Boniek Gontijo Vaz

Abstract

Matrix-assisted laser desorption and ionization mass spectrometry (MALDI-MS) is a fast, reliable, and
accurate tool to guarantee food control in terms of pesticide distribution and microbiological contamina-
tion. In this chapter, we describe an interesting protocol to determine the distribution of the fungicide
imazalil in apples using MALDI-MS which enables to visualize the penetration of chemical into fruit over
the time. Images of apple slices showed the penetration depth of imazalil up to 7 days. The protocol
described here is a valuable tool to fast fruit screening attempting food control.

Key words MALDI-MS, Food control, Apple, Fungicide

1 Introduction

Food containing threatening microorganisms such as bacteria,
viruses, parasites, and chemical residues is causing hundreds of
diseases, including cancer. According to WHO, around 600 million,
10% of people worldwide have sick after eating contaminated food,
and approximately 420,000 die every year. In addition, US$
110 billion is wasted each year in productivity and medical expenses
resulting from unsafe food in low- and middle-income countries
[1]. Therefore, food control is vital to many aspects of human life,
including support to national economies, trade, and tourism.
Foodstuff chemical analysis related to examining authentica-
tion and detecting fraud is complicated due to the complexity and
diversity of matrices and the miscellaneous and unknown processes
[2]. Mass spectrometry (MS) plays an important role in the high-
throughput analysis aiming detection and quantification of organic
molecules [3]. Usually, food control has been performed by using
gas chromatography coupled to mass spectrometry (GC-MS) [4]
and liquid chromatography coupled to mass spectrometry
(LC-MS) [5]. Both techniques demonstrate excellent analytical
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performance, but sometimes need extensive sample preparation
protocols.

Matrix-assisted laser desorption ionization mass spectrometry
(MALDI) is a powerful MS tool that allows fast, reliable, and
accurate detection of food issues [3]. Among MS methods,
MALDI has exhibited a remarkable ability to scrutinize food sam-
ples looking forward to chemical fingerprints to ensure safety and
authentication, guaranteeing such a food control [6]. MALDI-MS
is a soft ionization technique producing monocharged ions with
low internal energy at low pressure (2210~® mbar) and the absence
of extensive fragmentation. To perform MALDI analysis, a sample
is embedded in the matrix in vast excess. The laser strikes the sample
mixed with the matrix and is absorbed mainly through the matrix,
thereby evaporating, bringing intact analyte molecules into the gas
phase. Through this procedure, ions (mainly [M + H]" and
[M + Na]*) are released by the matrix top emerging charged analyte
molecules.

Most of MALDI applications dedicated to food control have
concerned the analysis of milk and dairy products, oils, fish and
seafood, vegetables, fruit, meat, and, to a minor extent, a few other
categories [7]. Nearly all of the works have been dedicated to
evaluating food quality and detection of adulterations, while just a
few applications have been committed to researching the distribu-
tion of spatial localization of chemical pesticides on food. Here, we
describe a simple protocol using MALDI to examine fruits, exem-
plified here by apple, in an attempt to determine some prohibited
pesticide residue [3].

2 Materials and Protocols

2.1 Materials

1. Acetonitrile, HPLC grade from Thermo-Fisher (Waltham,
MA, US).

2. Fluoroacetic Acid (FA) from Thermo-Fisher (Waltham,
MA, US).

3. Trifluoroacetic Acid (TFA) from Thermo-Fisher (Waltham,
MA, US).

4. a-cyano-4-hydroxycinnamic acid (CHCA) from Sigma-Aldrich
(St. Louis, MO, USA).

5. Ultra-pure water produced in house.

6. Plain glass microscope slides from Thermo-Fisher (Waltham,

MA, US).

7. Indium tin oxide (ITO) microscope slides from Bruker Dal-
tonics (Bremen, Germany).



2.2 Sample
Preparation

2.3 MALDI-MS
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. Imazalil was purchased from MedChem Express (Monmouth

Junction, NJ, USA).

. Fuji apples were purchased from a local supermarket.
10.
11.

4 L Glass recipient.

Pipettes and proper tips for handling organic solvents.

. 12 apples were submerged for 2 min in a 4 L glass containing

2 L of a 1000 ppm aqueous solution of imazalil.

. The control group was not treated.

. The apples were stored at room temperature for 0, 1, 4, and

7 days [45, 46].

. On each day, 4 apples (3 containing imazalil and 1 control)

were removed and cut into 0.2 mm thick sections (one slice for
each apple) using a vibratome (Vibratome 1500, Ted Pella,
Redding, CA, USA) and mounted on ITO glass slides.

. The apple slices were dried under vacuum for 15 min before

sampling.

. The same approach was used for laser ablation experiments, but

plain glass slides were used without vacuum drying before
sampling.

. The apple slices were sampled 5 min after being cut.

. UltrafleXtreme (Bruker Daltonics, Bremen, Germany).
. A 10 mg/mL solution of CHCA in 1:1 H,O/ACN containing

0.1% TFA was used as matrix.

. The matrix was sprayed on the slides using a home-built pneu-

matic nebulizer (see Note 1).

. The matrix was sprayed at a distance of 8§ cm from the apple

section and 14 spray cycles of 20 s each were used. (see Note 2).

. MALDI mass spectra were recorded using a tandem time-of-

flight mass spectrometer (UltrafleXtreme, Bruker, Bremen,
Germany).

. The instrument is equipped with a 355 nm Nd:YAG laser

operating at a repetition rate of 1 kHz.

. The section surface was irradiated with 1000 laser shots and a

step size of 200 pm in the positive ion linear mode.

. The intensity of protonated imazalil (#/z 297) was used for

imaging (Fig. 1).

. After data acquisition, images were reconstructed using the

FlexImaging software (Bruker) (Fig. 2).
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Fig. 1 MALDI mass spectrum obtained from the application of 1 pL of a
1000 ppm imazalil (m/z 297.06 [M + H]*) solution on an apple slice. CHCA
peaks are labeled with red asterisks (with permission from [3])
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Fig. 2 Penetration analysis of imazalil (m/z297.04 [M + H]") in apples by MALDI imaging on Day 0, 1, 4, and
7 after dipping application of imazalil: (a) optical image of apple slices; (b) MALDI imaging of imazalil; (c)
merged optical and MALDI imaging image (with permission from [3])
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3 Notes

1. The flow rate of the solution was 100 pL/min, and the nitro-
gen gas pressure was 70 kPa (10 PSI).

2. The matrix was allowed to dry for 1 min between each spray

cycle.
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MALDI-TOF-Mass Spectrometry: Sample Preparation
Protocols for Meat and Milk Products

Jorg Rau, Martin Dyk, Olivera Wenninger, and Ekkehard Hiller

Abstract

Matrix-assisted laser desorption /ionization time-of-flight mass spectrometry (MALDI-TOFE-MS) is widely
used for species determination of microbes by analyzing their protein pattern. Additional applications for
species identification in food of animal origin, such as meat or milk products, have been developed recently.
For these purposes, standardized sample preparations are helpful to build compatible mass pattern contain-
ing databases. We compile sample preparation procedures here that have proven successful.

Key words MALDI-TOF-MS, Food fraud, Species identification

1 Introduction

The importance of mass spectrometry-based methodologies that
utilize the proteome of samples is increasing in food analysis.
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOE-MS) is used routinely in a number
of laboratories for species determination of microbes. However,
the technology also opens up a broad range of further applications,
especially in species identification of protein-rich food of animal and
plant origin.

The MALDI-TOEFE-MS workflow comprises several steps, con-
sisting of sampling to provide the protein-containing material of
interest, appropriate sample preparation to extract and clean the
protein-fraction, measurement in the MALDI-TOF-MS with suit-
able basic device setup, and comparison of the sample mass spec-
trum obtained with reference spectra stored in a database.

This last-mentioned appropriate database of reference spectra
of known species is the key for a reliable identification and con-
ducting a standardized sample preparation for the respective appli-
cation is the necessary basis. For microorganisms, manufacturers
already offer extensive database collections of reference spectra,

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
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which are usually based on sample extraction protocols and
which are similar across manufacturers. In contrast, the develop-
ment of own supplements for other topics is of increasing impor-
tance for many users. This applies especially for multidisciplinary
working groups in institutions with overlapping objectives, or in
institutions aspiring dual use of existing MALDI-TOE-MS systems
to increase the workload of existing equipment. In the area of food
analysis, the examination of pathogenic microorganisms or hygiene
parameters is extended by application of databases for combating
food fraud [1]. Examples include the differentiation of animal
species in fish, other seafood, insects, skeletal muscle meat, or
cheese [2-6].

One of the most challenging tasks when developing an identi-
fication method using MALDI-TOF-MS is the extraction of pro-
teins and peptides from the sample material. These methods should
be easy to use, rapid, and inexpensive.

Usually, the instrument manufacturers suggest several estab-
lished sample preparation procedures for analysis of microorgan-
isms, such as bacteria and filamentous fungi [7, 8]. Other
specialized protocols have been published, e.g., for highly patho-
genic bacteria or Mycobacteria [9, 10]. Beyond microbiology, suit-
able sample preparation procedures are necessary, which are also the
basis for the development of specific reference databases for food
analysis [11]. For analysis of food of animal origin, we provide
sample preparation methods for which most experience is available
from the development of MALDI-TOF-MS databases of skeletal
muscle meat and cheese, as well as from their application in the daily
routine of food control [5, 6]. The protocols are based on existing
procedures described in literature with modifications or enhance-
ments that have proven successful in daily practice. These and
further preparation protocols were collected in the form of short
protocols on the MALDI User Platform “MALDI-UP” (https://
maldi-up.ua-bw.de) [12]. A comprehensive collection of reference
spectra and single spectra generated by using these protocols is also
available for exchange on the MALDI-UP-homepage. This should
facilitate the exchange of similarly created spectra between
MALDI-users for mutual benefit [13].

2 Materials

All relevant regulations to ensure chemical safety in the workplace
must be obeyed. Follow all waste disposal regulations when dispos-
ing waste materials with care. Prepare all solutions using ultrapure
water (prepared by purifying deionized water) and analytical grade
reagents. Always use chemicals of the highest purity available, e.g.,
HPLC or LC-MS grade. Prepare and store all reagents at room
temperature (unless otherwise indicated).


https://maldi-up.ua-bw.de
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. 1.5 mL and 2.0 mL reaction tubes and tips.
Silica beads (e.g., 0.1 mm diameter).
Micro-pestle, fitted for the tubes used.
Spatula in different dimensions.

Small beaker.

o Ul S

Only for the separation of butter plasm:

(a) Special glass tube ca. 2.2 cm diameter, ca. 12 ¢cm length,
open on both sides, with one rubber and one cork
stopper.

(b) Refrigerator (10 °C).

(c) Heating chamber/drying chamber (for ca. 70 °C).
7. Benchtop centrifuge.
8. Centrifuge with centrifuge tubes and temperature control.
9. Heating block.

10. MALDI sample target, type is depending on the MALDI-
TOE-MS instrument (e.g., steel-plate).

11. Demineralized water.
12. Acetic acid (diluted to 50%).

13. OS solvent (acetonitrile 50%, water 47.5%, and trifluoroacetic
acid 2.5%) (see Note 1).

14. HCCA matrix solution: a-cyano-4-hydroxycinnamic acid solu-
tion saturated, dissolved in OS solvent (see Note 2).

3 Methods

3.1 Protocol for Meat
Products

3.1.1  Samples

This protocol for meat was based on the short description by Post
and Dikler (2010) and was further adapted [14, 15]. It was used to
create and validate a reference database for skeletal muscle meat [5].

Suitable not exclusively for the following types of samples: Muscle
meat of mammals, birds, and reptiles in natural form—raw, frozen,
or heated (cooked, grilled)—also applicable for oftal, such as liver
and kidney (see Note 3).

This protocol is not suitable for strongly ripened, autolyzed
meat samples, and not for ripened or cured products because the
maturation process causes significant changes in the protein pat-
tern. Similarly, highly processed meat products with mixed compo-
sition, such as sausages, are unsuitable for direct automated
pattern-based identification, even if mass spectra could be obtained
by this sample preparation.
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3.1.2  Extraction

3.1.3 Measurement

3.2 Protocol for Milk
Products

3.2.1 Samples

3.2.2 Separation of Fat
(for Milk) (see Note 10)

3.2.3 Separation of Fat
(for Butter Plasm)

. Add silica beads (about 5 mm high) to a 1.5 mL reaction tube.
. Add 100-200 pL OS.

. Add about 3 mm? muscle tissue (see Note 4).

. Homogenize /grind the sample using a micro-pestle.

. Mix thoroughly by vortexing for 10-20 s.

. Centrifuge at 12,000-14,000 x g (RCF) in a benchtop centri-
fuge for 2 min.

QN U W N~

. Pipet 1 pL supernatant onto a target sample spot (se¢ Note 5).

[CBN

. As soon as the sample spot has dried, overlay the sample with
1 pL HCCA matrix solution (to prevent oxidation reactions
leading to peak shifting).

9. Allow the sample spot to air-dry before analysis (see Note 6).

For measurement in the MALDI-TOF-mass spectrometer, the
same instrument settings and mass ranges (e.g., /2
2000-20,000 Dalton) can be used for common applications in
microbiology (sec Notes 7 and 8).

Suitable not exclusively for the following types of samples: milk,
milk products e.g., yogurt or cheese—raw, frozen, or heated
(cooked, baked) (see Note 9). For butter, the separation of fat
and the protein-containing aqueous fraction is preceded.

In milk products with mixed composition made from milk of
two animal species, good mass spectra can usually be obtained by
this sample preparation. Depending on the composition of the
database and the evaluation system (algorithm) used, it is possible
to identify the animal species that has the greatest protein propor-
tion in the milk product.

For butter, the water fraction is separated prior to further
precipitation.

For pure milk, it is necessary to precipitate the proteins (mostly
casein), start with step 3.2.2.

For yogurt or (fresh-) cheese (already “precipitated” casein),
start with step 3.3.4.

1. Add about 30 mL milk to a 50 mL centrifuge tube.
2. Centrifuge at 2,000 x 4 (RCF) and 8 °C for 12 min.

3. To carefully remove the fat, decant the liquid into a small
beaker; the fat should cling to the wall of the centrifuge tube
and is to be discarded.

1. Butter should be refrigerated (max. 15 °C).
2. Close the glass tube with one stopper.
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3.2.4 Precipitation
of Casein

3.2.5 Separation
of Casein and Whey

3.2.6 Washing

3.2.7 Organic Solvent
Extraction Procedure (with
Spatula)

3.

Press the open side of the glass tube into the butter until it is

ca. 75% full.

. Close the tube with the cork stopper.
. With the rubber stopper at the bottom, melt for 34 h at

ca. 70 °C (see Note 11)

. After melting the butter and settling the serum in the bottom

of the glass tube, place it in the refrigerator (ca. 10 °C; 3—4 h or
overnight).

. Butter plasm is collected by removing the rubber stopper on

the bottom and sampling of the aqueous phase.

Adapted from Norm DIN 10349:2004-2010 [16].

. Add a few drops of dilute acetic acid to the skimmed milk.
. Heat the liquid to 40—45 °C (e.g., in a heating block) for at

least 15 min until enough casein precipitates.

. Transfer the liquid with the precipitate to 1.5 mL reaction

tubes.

. Centrifuge at 12,000-14,000 x g (RCF) in a benchtop centri-

fuge for 2 min.

. Discard the supernatant (= whey) and merge the pellets (=

casein) (for mare milk: see Note 12).

. Add 1 mL aqua dest. and stir with a spatula.
. Centrifuge at 12,000-14,000 x g (RCF) in a benchtop centri-

fuge for 2 min.

. Discard the supernatant.

All further steps were used for precipitated milk, yogurt, butter,

or (fresh) cheese.

1.

[S2NN NG I S )

Transfer a small amount (about 3 mm?®) of the sample to a
1.5 mL tube.

. Add 200 pL OS.

. Homogenize by stirring with a spatula.

. Mix thoroughly by vortexing for 10-20 s.

. Centrifuge at 12,000-14,000 x 4 (RCF) in a benchtop centri-

fuge for 2 min.

. Pipet 1 pL supernatant onto a target sample spot (we recom-

mend spotting the supernatant in duplicate or triplicate).
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7. As soon as the sample spot has dried, overlay the sample with
1 pL HCCA matrix solution (to prevent oxidation reactions
leading to peak shifting).

8. Allow the sample spot to air-dry before analysis.

3.2.8 Measurement For measurement in the MALDI-TOF-mass spectrometer, the
same instrument settings and mass ranges (e.g., /2
2000-20,000 Dalton) can be used as for common applications in
microbiology.

4 Notes

1. OS can be stored at room temperature for a couple of weeks
without further issues. Fresh preparations are recommended to
avoid evaporation of the volatile components.

2. Either purchase from your MALDI system provider or prepare
according to the manufacturer’s recommendations. The stor-
age conditions are also usually specified from the manufacturer
of the MALDI system. If the suspension color changes, it must
be remade.

3. Measure or freeze the meat samples as soon as possible to
prevent protein oxidation or degradation that possibly results
in uncontrolled m,/z-signal shifting. Freezing at —20 °C pre-
vents or reduces the aging effects for years [5].

4. For the best results, use material from the inner part of the
tissue to avoid possible surface oxidation and contamination.
Fresh pieces of meat can be easily cut with a small pair of
scissors. Avoid layers of fat or visible connective tissue. Meat
samples from frozen material can be obtained using a wood-
drill (3.5 mm diameter) and a standard cordless screwdriver.

5. We recommend spotting the supernatant on two or three spot
positions to obtain duplicate or triplicate measurements.

6. Good crystallization is often indicated in the light by the for-
mation of a uniform spot surface.

7. In our experience, the instrument settings recommended by
the manufacturer for the identification of microorganisms are
also suitable for the recording of meat spectra.

8. It is absolutely necessary to follow the manufacturer’s calibra-
tion routines and instrument accuracy checks for the MALDI-
TOE-MS system. Poorly calibrated MS often result in insuffi-
cient match with the reference databases used.

9. Measure or freeze the milk product samples as soon as possible
to prevent protein oxidation or degradation that possibly
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results in uncontrolled m/z-signal shifting. Freezing at —20 °C
prevents or reduces the aging effects [6].

10.

This step can be skipped for milk with an especially low-fat

content, e.g., mare milk.

11.
12.

Place the tube in a beaker.

For mare milk you will need the content of about six tubes

(mare or donkey milk does not contain as much casein as other
milk types). Less tubes are required for other milk types.
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Comprehensive Identification of Plant Polyphenols
by LC-MS

Alvaro Fernandez-Ochoa, Maria de la Luz Cadiz-Gurrea,
and Antonio Segura Carretero

Abstract

The study of plant phenolic compounds has increased during the last decades due to their bioactive
properties as well as their structural variability. This advance has been possible thanks to the development
of advanced analytical techniques such as mass spectrometry, chromatographic techniques, and nuclear
magnetic resonance. In addition, the development of software and databases has played a fundamental role
in advancing the chemical characterization of these compounds. In this chapter, we present a protocol for
the comprehensive identification of phenolic compounds based on liquid chromatography (reverse-phase
mode) coupled to high-resolution mass spectrometry, which has been the most widely used technique to
study this type of compounds. Furthermore, a data processing methodology based on open software and
databases is detailed in this protocol.

Key words Polyphenols, Phenolic compounds, Mass spectrometry, Liquid chromatography, Charac-
terization, Identification, Bioactive compounds, Open-source software

1 Introduction

Phenolic compounds are a class of chemical compounds that have
attracted great interest in the scientific community in recent dec-
ades. This fact is due to their wide structural diversity ass well as the
multiple bioactive biological activities that have been described for
them [1-3].

Most phenolic compounds, also known as polyphenols, have a
common basic skeleton formed by an aromatic ring with one or
more hydroxyl substituents. These compounds make up one of the
most numerous and widely distributed groups of substances in the
plant kingdom, with more than 10,000 different structures cur-
rently known [4]. These are a group of compounds synthesized
from the secondary metabolism of plants through various pathways
such as shikimic acid, acetate, phenylpropanoid, and flavonoid
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Fig. 1 Main families of phenolic compounds

pathways [5]. Based on their chemical structure, phenolic com-
pounds can be classified into different families; the main ones are
shown in Fig. 1.

The analytical methodology for the analysis of phenolic com-
pounds has evolved over time, going from simple spectrophoto-
metric determinations, which determine the total content, to its
identification and quantification through the use of high-resolution
analytical techniques [2]. These techniques, such as nuclear mag-
netic resonance (NMR) and mass spectrometry (MS), which is
usually coupled to chromatographic techniques (liquid chromatog-
raphy (LC), gas chromatography (GC), and capillary electrophore-
sis (CE)), have played an important role in the phytochemical
characterization of phenolic compounds [6]. In addition, these
techniques are also currently applied to study other characteristics
of these compounds, such as their bioavailability or metabolism,
through metabolomic approaches and nutritional intervention
trials [6].

The recent development of analytical techniques is making it
possible to have instruments with greater sensitivity and resolution,
which allow the identification and quantification of phenolic com-
pounds present in low concentrations, with high accuracy and
precision [7, 8]. Among all the analytical techniques, LC-MS has
been the most widely used for the phytochemical characterization
of phenolic compounds [6]. Furthermore, tandem mass spectrom-
etry (MS/MS) [9], software development, and increase in open-
source MS/MS libraries (e.g., MassBank Europe [10], MoNA—
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MassBank of North America [11]), databases (e.g., FooDB [12],
HMDB [13], LIPID MAPS [14], PlantCyc [15]), and in silico
fragmentation tools (e.g., MS-FINDER [16], MetFrag [17])
have been of great importance for the comprehensive characteriza-
tion of polyphenols by LC-MS.

In this chapter, we present a qualitative characterization proto-
col for phenolic compounds based on LC-MS/MS [18]. In addi-
tion, we present a data-processing pipeline based on open-source
software and databases, so that it can be applied by users of different
LC-MS/MS instruments.

2 Materials

21

2.2

2.3

24

Chemicals

Mobile Phases

LC-MS Materials

Software

All chemicals and solvents used have to be of HPLC-MS analytical
grade. All processes and solutions can be carried out at room
temperature unless otherwise mentioned.

1. Methanol, LC-MS analytical grade.
2. Acetic acid (Sigma-Aldrich, Steinheim, Germany).

3. Ultrapure water purified by a Milli-Q system from Millipore
(Bedford, MA, USA).

4. Leucine Enkephalin (Waters reference material), or other mass
calibrants depending on the conditions of each LC-MS
instrument.

1. Mobile phase A is an aqueous acetic acid (0.5%) solution.
Mobile phase B is methanol. Both mobile phases must be
sonicated for 15 min before being used in the LC-MS. Purge
the LC system when you are going to start using the mobile
phases (see Note 1).

1. An ultrahigh-performance liquid chromatography (UHPLC)
system coupled to a high-resolution mass spectrometer
(HRMS) with electrospray ionization (ESI) (se¢e Note 2):
Chromatographic separation can be performed on a reversed-
phase C18 column (e.g., 1.8 pm, 4.6 x 150 mm, or similar).
Pre-columns of the same packing and /or prefilters should also

be used.

1. The LC-HRMS data processing can be carried out by the
different commercial software of the instrument’s own brand
(e.g., MassLynx (Waters), Qualitative Data Analysis (Agilent),
Data Analysis (Bruker Daltonics)). For MS* data collected by
Waters instruments, it is reccommended to use Symphony soft-
ware for data conversion. In order to make this protocol as
accessible as possible, the data-processing pipeline is based on
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open-source software such as msConvert [19], MZmine 2.0
[20], and SIRIUS [21]. These tools can be downloaded from
the following websites:

. msConvert: http://proteowizard.sourceforge.net/download.

html.

. MZmine 2.0: http: //mzmine.github.io/.
. SIRIUS: https: //bio.informatik.uni-jena.de /software /sirius/.

3 Methods

3.1 Extract Solution
Preparation

3.2 LC Method

3.3 MS Method

. A dry extract rich in phenolic compounds should be dissolved

in methanol to a concentration of 5 mg/L (se¢ Notes 3-5).

. The extract solution should be vortexed to achieve complete

dissolution (see Note 6).

. Next, the extract should be centrifuged at 14,800 rpm during

15 min.

. Take the supernatant and filter it through a 0.20 mm filter

before transferring it to the HPLC vials.

. Keep the prepared samples at —20 °C until the analytical stage.
6. A blank sample should be prepared in order to detect signals

that are not from the plant of interest. Ideally, this sample
should be prepared from the beginning of the extraction pro-
cess, using the same experimental conditions but without the
plant sample.

. Use an injection volume of 5 pL.

. The following gradient of these mobile phases can be used in

order to achieve an efficient separation: 0.0 min [A:B 100:0],
5.0 min [A:B 75:25],20.0 min [A:B 61:39], 30.0 min [A:B 40:
607, 38 min [A:B 0:100], and 46.0 min [A:B 100:0] (see Notes
7 and 8). The starting conditions should be kept at the end of
the method for at least 5 min.

. Set the mobile-phase flow at 0.4 mL /min.
4. Use a column temperature of 25 °C.

. Use a sequence consisting of multiple blanks at the beginning

and end of the analysis. Ideally, inject at least three replicates
per sample to ensure reproducibility of the analyses. If different
types of extracts are going to be analyzed, run blank samples
between them to avoid possible carryover peaks.

. Make sure that the equipment is correctly calibrated (according

to the manuals of each MS instrument) before starting its use.

. Use a negative ionization mode (se¢ Note 9).
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3.4 Data Conversion

3.5 Peak Detection
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Table 1
MS parameters

MS parameters

m/z range 50-1200 m/z
Mode Centroid

Cone voltage 30V

Capillary voltage —2.2kV
Desolvation temperature 500 °C
Desolvation gas flow 700 L/h

Cone gas flow 50 L/h

Source temperature 100 °C

Scan duration 0.1s
Resolution 20,000 FWHM

. Table 1 details the main MS parameters.

4. The MS" acquisition is based on using two parallel scan func-

tions by rapid switching, in which one scan is operated at low
collision energy in the gas cell (4 eV) and the other at an

elevated collision energy (MS* energy linear ramp: from 20 to
60 eV) (see Note 10).

. Leucine Enkephalin is injected continuously during the analysis

for mass calibration at a concentration of 300 ng/mL (see
Note 11).

. In order to be able to read the data in the open-source data-

processing software, it is necessary to transform the data format
into an adequate format (.mzML or .mzXML). For that pur-
pose, use msConvertGUI software [19] (see Notes 12 and 13).

. The signals from both MS' and MS? levels must be extracted.

Figure 2 shows schematically how to use this software in a
simple way.

. Use the Automated Data Analysis Pipeline (ADAP) for pre-

processing mass spectrometry data [22]. Table 2 details the
parameters for the data-processing pipeline, which are
described below.

. Import the . mzML or .mzXML data files from the blanks and

extract samples to the MZmine software (“Raw data methods”
— “Raw data import™).

. Detect masses from the mass spectra (“Raw data methods” —

“Feature detection” — “Mass detection”). Select MS'-level
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Table 2
MZmine parameters for peak detection
Mass detection MS level 1
Mass detector Centroid
Noise level 1.0 E3
MS level 2
Mass detector Centroid
Noise level 1.0 E2
ADAP chromatogram builder MS level 1
Min n° of scans 9
Group intensity threshold 1.0 E3
Min highest intensity 1.0 E4
m/z tolerance 10 ppm

Chromatogram deconvolution

Isotopic peak grouper

Alignment

Gap filling

Algorithm

S/N threshold

S/N estimator

Min feature height
Coefficient /area threshold
Peak duration range

RT wavelet range

m/z range for MS? scan pairing
RT range for MS? scan pairing

m/z tolerance

Retention time (RT) tolerance
Maximum charge
Representative isotope

Algorithm

m,/z tolerance
Weight for m/z
RT tolerance
Weight for RT

Intensity tolerance
m,/z tolerance
RT tolerance

Wavelets (ADAP)

50

Intensity window SN
5 E4

110

0.05-0.3

0-0.30

0.002 Da

0.05 min

10 ppm
0.02 min
2

Most intense

Join aligner
10 ppm

3

0.02 min

1

25%
10 ppm
0.02 min
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10.

11.

scans from all raw data files. Click on mass detector “centroid”
selecting a noise level of 1.0 E3. Repeat this step for the MS?-
level scans using a lower noise level (1.0 E2) (Fig. 3, see
Note 14).

. Run the ADAP chromatogram builder method using the para-

meters suggested in Table 2 (see Notes 15 and 16) (“Raw data
methods” — “Feature detection” — “ADAP chromatogram

builder”).

. Run the ADAP feature detection method using the parameters

suggested in Table 2 (see Note 15) (“Feature list methods” —
“Feature detection” — “Chromatogram deconvolution”).

. Group the signals corresponding to isotopes using the function

“Isotopic peak grouper” (“Feature list methods” — “Isotopes”
— “Isotopic peak grouper”).

. Use the alignment function to align the detected features

between different samples (“Feature list methods” — “Align-
ment” — “Join aligner”).

. We also recommend using the function “gap filling” especially

when using replicates or samples of similar plant extracts (“Fea-
ture list methods” — “Gap filling” — “Peak finder,
multithreaded”).

. Click on “aligned feature list” to see the results. These results

can be exported in a .csv file (“Feature list methods” —
“Export/import” — “Export to .csv file”).

Identify the signals from the blank and remove them from the
results matrix (see Note 17).

Predict the molecular formula of detected compounds using
the SIRIUS function in MZmine. Use a m/z tolerance of
10 ppm, and [M-H]™ as ionization type. Select 5 candidates
return (“Feature list methods” — “Identification” — “SIRIUS
structure prediction”). Although SIRIUS can be used within
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the MZmine environment, we recommend exporting the data
and using SIRIUS software independently, for a better perfor-
mance and visualization (see next Subheading 3.6). To export
the results for SIRIUS, export the MS? scans of the com-
pounds of interest in a .mgf format (“Select scans” — Right
click on “Export Scan”) or use the “Export to SIRIUS” func-
tion to export all scans together (“Feature list methods” —
“Export/import” — “Export to SIRIUS”).

3.6 Compound 1. Open SIRIUS and import the .mgf files exported in Subhead-

Identification ing 3.5, step 11 (click on “Import compound” for individual
spectra or on “Import” for multiple compounds). When the
MS? files are imported, verify that the precursor mass has been
assigned correctly or correct it manually.

2. Click on “Compute All” to run the molecular formula predic-
tion and structure elucidation steps (click on “SIRIUS” and
“CSI:FingerID,” selecting “All included DBs”).

3. In “Sirius overview” tab, the results will be displayed (Fig. 4).
Select the molecular formula with the highest “Sirius Score” as
the potential candidate whenever it makes biological sense. In
the mass spectrum, you will be able to see the MS fragments
that can be explained for the predicted formula (signals in
green). A hierarchical structure tree with all the fragments is
also shown on the display.
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. Click on the “CSI:FinderID Details” tab to see the structural

elucidation results. For phenolic compounds from plants, we
recommend selecting the candidates with a highest percentage
described in the libraries “Natural Products,” “PlantCyc,”
“HMDB,” “GNPS,” and “KEGG.”

. Although you can select the first highest ranked candidate as

potential compound, we recommend selecting the first ones
and comparing them with experimental MS/MS databases
(MassBank Europe [10], MoNA—MassBank of North Amer-
ica [11]) or bibliographic data (se¢ Notes 18 and 19).

. Another tool to aid identification that is currently increasing in

popularity is GNPS. You can export the data directly from
MZmine to import it into GNPS (“Feature list methods” —
“Export/import” — “Export to GNPS”). For more informa-
tion on the use of this platform, we recommend reading the
GNPS documentation [23].

4 Notes

. The volumes of mobile phases to prepare depend on the num-

ber of extract samples to be analyzed in each particular study.

. This protocol is based on an ACQUITY UPLC H-Class System

(Waters, Milford, MA, USA) coupled to a QTOF-MS
(SYNAPT G2, Waters Corp., Milford, MA, USA). This proto-
col can be easily adapted to other UHPLC systems. If using
HPLC equipment, consider the maximum pressure of the
instrument to select the column or modify the gradient
accordingly.

. Since the extract could be obtained by different extraction

techniques (e.g., solid maceration, supercritical fluid extrac-
tion, microwave-assisted extraction, ultrasound-assisted extrac-
tion) [24], the solvent to dissolve it can vary. We recommend
using the same solvent composition as that used in the extrac-
tion process (i.e., the solvent composition before the solvent
drying-down process).

. Given the photosensitivity of some phenolic compounds [25],

all extract solution preparation should be carried out with
protection from light. Tophaceous glass materials and HPLC
vials should be used, or use protection by aluminum foil.

. Depending on the composition and concentration of the orig-

inal extract, the starting concentration value of 5 mg/L can be
modified. We consider this value as a good starting point, and
depending on the preliminary results, it might be more appro-
priate to use an extract with a higher or lower concentration. It
is important not to use very high starting concentrations so as
not to saturate the MS detector signal.
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6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

In case the complete dissolution of the extract is not achieved,
use ultrasound for a few minutes to facilitate the dissolution
process.

. The gradient proposed in this protocol can be applied in both

HPLC and UHPLC instruments. However, for UHPLC
instruments, it could be cut to a duration of about 10-15 min-
utes maintaining the proportions.

. The gradient proposed in this protocol can be basic to make a

general phenolic profiling of a plant sample. If the sample to be
analyzed is enriched in a particular phenolic family, we suggest
that the gradient be optimized to improve the separation of
those specific compounds.

If there is possibility of resources, we also recommend analyz-
ing the samples using a positive ionization mode.

Although the parameters of an MS® method are detailed, the

rest of the protocol can be followed with another conventional
MS/MS method.

This information is from specific calibration method of the
QTOE/MS (SYNAPT G2, Waters Corp., Milford, MA,
USA) instrument. Use the calibration method established in
the manuals of each MS instrument.

For MS" data collected by Waters instruments, we recommend
to use Symphony software for data conversion.

Use a filter to remove noise signals, so the size of the files will
be smaller (Fig. 2).

The noise level can vary between instruments and also depend
on the experimental conditions. Click on “show preview” and
check several MS' scans to visually inspect the noise level
(Fig. 3).

The parameters presented in Table 2 should be optimized for
each particular instrument. You can use the “Show preview”
option to view the results of the parameters selected in each
stage.

A retention time filter can be used for the last region of the
chromatogram corresponding to the cleaning and equilibra-
tion of the LC system (e.g., last 5-10 min).

Use a fold change (area extract samples/area blanks) cutoff
of 10.

Even if the data are compared with the MS/MS databases or
bibliography, characterization at 100% efficiency cannot be
guaranteed until the data is compared with that of a chemical
standard. This point is very important in the case of isomers
that have similar MS/MS spectra (especially stereoisomers).
We recommend following the levels of identification proposed
by the Metabolomics Standard for this task [26].
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19. These identification tools are currently oriented to MS/MS
spectra acquired in data-dependent acquisition mode. For
independent data acquisition such as MS® spectra, the results
must be analyzed carefully. These tools may not be able to
correctly predict the molecular formula and/or structure of
the compound, especially when several compounds are
co-eluting. For these cases, it is necessary to use previously
data-independent MS/MS deconvolution strategies (for exam-
ple: MS-DIAL pipeline) [27].
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Quantitative Determination of Antioxidant Compounds
in Fruits Using Liquid Chromatography Tandem Mass
Spectrometry

Giovana Anceski Bataglion

Abstract

Quantification of antioxidant compounds in fruits is important in many studies of food chemistry, including
those regarding the investigation of biological activities and recovery of bioactive compounds from
by-products. In this chapter, we describe a protocol for quantitatively determining antioxidant compounds
in fruits using LC-MS/MS. Demonstration of the method is shown for different classes of compounds,
including phenolic acids (hydroxybenzoic and hydroxycinnamic acids) and flavonoids (flavonols, flava-
nones, flavan-3-ols, and flavones). The protocol details sample preparation, instrumental analysis, data
interpretation, and quantification. Sample preparation involves extraction that is assisted by ultrasound or
microwaves followed by a purification step using solid phase extraction. Analyses are carried out using
selected reaction monitoring with two transitions for each compound. Two methods of quantification are
described: internal standard method and standard addition method. They are both discussed based on the
availability of standards, sample number, and matrix effects.

Key words LC-MS/MS, Phenolic compounds, Phenolic acids, Flavonoids, Fruits

1 Introduction

Fruits are rich in various bioactive compounds and represent a
valuable component of a healthy diet [1-3]. They are consumed
in natura and used in ice-creams, candies, desserts, jams, marma-
lades, and other fruit preserves. In addition, there has been an
increased interest in using by-products from fruit processing as
natural additives to improve the quality of food products. In this
sense, their use as a functional food and as carriers for nutrients has
attracted the attention of food scientists [4]. This interest is due to
the biological activities that compounds in fruits have in the human
body, such as decreases in total cholesterol, high-density lipopro-
tein cholesterol, low-density lipoprotein cholesterol, tumor initia-
tion/promotion, platelet aggregation, and eicosanoid synthesis.

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_5,
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Antioxidant and antimutagenic activities are also related to the
bioactive compounds contained in fruits; although they occur in
small quantities and vary widely in chemical structure and function
[1-3, 5-8]. In fruits, phenolic molecules are reported as the main
bioactive compounds responsible for providing a number of health
benefits [3].

Phenolic compounds are characterized by the presence of at
least one aromatic ring with one or more hydroxyl functional
groups attached. As a result, they can vary from simple phenolic
acids to complex oligomers such as procyanidins and condensed
tannins. Phenolic compounds can be classified regarding their
water solubility or in two main groups, flavonoids and
non-flavonoids, which are then divided into subgroups. In the
group containing the non-flavonoids, phenolic acid is the most
important subgroup of phytochemicals in fruits. Phenolic acids
are essentially derivatives of benzoic and cinnamic acids. Flavonoids
can be classified into seven subgroups: flavonols, flavones, isofla-
vones, flavanones, anthocyanidins, flavanonols, and flavanol
[3, 9]. The phenolic composition in fruits varies considerably,
with a special contribution of flavonols, flavan-3-ols, anthocyanins,
and hydroxycinnamic and hydroxybenzoic acids [3]. Additionally,
phenolic compounds can exist in their glycosylated forms or ester-
ified with gallic acid, as epigallocatechin [3, 9]. The structural
diversity of phenolic compounds associated with their low concen-
trations and complexity of food matrices are reasons for requiring
sensitive and selective techniques for both qualitative and quantita-
tive analyses [10].

Most analytical methods for determining phenolic compounds
are based on liquid chromatography with detection based on spec-
trophotometric and/or mass spectrometric techniques. Several
configurations are reported for liquid chromatography coupled to
mass spectrometry, including the most recent developments in
both techniques [3, 10]. Regarding the separation technique,
the conventional high performance liquid chromatography (usually
with columns with particle size of 5 pm) has been enhanced to
become ultra-high performance liquid chromatography (columns
with particle size lower than 2 pm). Improved resolution, higher
peak efficiency, shorter retention times, narrower peaks, lower
detection/quantification limits, and reduced solvent consumption
are considered the main advantages of using sub-2 pm columns.
Regarding mass spectrometry, single low-resolution analyzers have
been replaced to tandem and/or high-resolution instruments. Tan-
dem mass spectrometry using a triple quadrupole is mostly used for
quantitative purposes. Improved selectivity and signal-to-noise
ratio, lower detection/quantification limits, and the variety of
experiments are considered the main advantages of triple quadru-
pole tandem mass spectrometry [10].



Quantitative Determination of Antioxidant Compounds in Fruits Using Liquid. .. 45

Methods for determining phenolic compounds in fruits usually
require steps such as lyophilization, extraction, purification, analy-
sis, and quantification. Usually, the freeze-dried powder is sub-
jected to solid-liquid extraction, which can be assisted by
ultrasound or microwaves [9, 11, 12]. The extraction of phenolic
compounds has been performed using different solvents, with a
mixture of ethanol: water (80:20, v/v) being considered a good
composition for obtaining phenolic acids and flavonoids. Depend-
ing on the matrix, a purification step is carried out via solid phase
extraction (SPE) using a variety of adsorbents and sizes [9, 13,
14]. In general, C18 adsorbents present good recoveries for flavo-
noids, whereas the polymeric ones give good results for both
flavonoids and phenolic acids. Chromatographic separation is pre-
dominantly carried out in reversed-phase mode (C18 columns)
using acidified water and organic solvent (methanol or acetonitrile)
as phases A and B, respectively [3, 10]. Electrospray ionization
(ESI) in the negative ion mode is the most common choice for
both flavonoids and phenolic acids. For quantitative purposes,
using triple quadrupole, selected reaction monitoring (SRM) is
preferable [10, 15]. Quantification of phenolic compounds in fruits
has been performed using different strategies. Like for other com-
plex matrices, standard addition and internal standard methods are
preferable to the external calibration method [10].

In this chapter, we describe a protocol for determining pheno-
lic compounds in fruits using LC-MS/MS. In detail, we present the
steps of sample preparation, optimization of spectrometric para-
meters, analysis and quantification.

2 Materials

2.1 Equipment

2.2 Supplies and
Chromatography
Accessories

. Analytical balance.

. Centrifuge.

. Lyophilizer.

. Vortex mixer.

. Water purification system.

. Ultrasonic bath or microwave system.

. Nitrogen gas evaporator (se¢ Note 1).

O NN O\ U W W N

. Liquid chromatograph coupled to a tandem mass spectrometer
with its own pump and gas supply (se¢ Note 2).

9. Single syringe infusion pump.

1. Glass centrifuge tube (see Note 3).
2. Glass syringe (see Note 3).

3. Glass vials (2.0 mL) with Teflon cap for chromatographic
analysis.
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4. Volumetric glass flasks (sec Note 3).

Solvents, and Gases

2.4 Standard 1.

. Glass Pasteur pipettes (see Note 3).
. Vacuum filtration system (47 mm, 300 mL funnel, 1000 mL

receiving flask).

. Vacuum manifold for SPE.

. Micropipettes and tips.

. Membrane filters of 0.2 pm (see Note 4).
10.
11.
12.

Syringe filters of 0.22 or 0.45 pm (see Note 4).
C18 column (see Note 5).
SPE cartridges (see Note 6).

Standards of antioxidant compounds, such as phenolic acids
(hydroxycinnamic and hydroxybenzoic acids) and flavonoids
(flavonols, flavanones, flavan-3-ols, and flavones) (see Table 1
and Note 7).

. Isotope-labeled internal standards, at least one for the phenolic

acids and another for the flavonoids (see Note 7).

. Acetonitrile (ACN, LC-MS grade), methanol (MeOH, LC-MS

grade), ethanol (EtOH, LC-MS grade), and formic acid (FA,
LC-MS grade).

4. Ultrapure water with resistivity of 18.2 MQ.cm.

Solutions and Mobile

Phase

. Nitrogen gas for drying extracts.

Individual stock solutions: Each standard (analytes and internal
standards) is individually dissolved in EtOH to prepare stock
solutions at 1.0 mg/mL (see Note 8).

. Individual intermediate solutions: Each stock solution is

diluted to yield an intermediate solution at 5.0 pg/mL (see
Note 9).

. Working solutions: Individual solutions of 0.5 pg/mL

(500 ng/mL) for optimization of instrumental parameters are
prepared from intermediate solutions by diluting them ten
times (see Note 10).

. Mixed solution A: Prepare one mixed solution at 5.0 pg/mL

from all individual analyte solutions (se¢ Note 9).

. Mixed solution B: Prepare one mixed solution at 5.0 pg/mL

from all individual isotope-labeled standard solutions (see
Note 9).

. Mixed solution C: Prepare one mixed solution at 0.5 pg/mL

from the mixed solution A by diluting it ten times (see
Note 11).

. Calibration curve using the internal standard method: Prepare

solutions of different concentrations of analytes and equal
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Table 1

Common antioxidant compounds and their retention times, precursor ions and product ions

Compound Retention time [M — H]™ Fragments Fragments for SRM
Pyrogallol 0.61 125 69,79,81,97 79,69
Quinic acid 0.72 191 85,93,111,127 85,93
Gallic acid 0.81 169 79,107,125 125,79
Homogentisic acid 0.91 167 108,123 123,108
Protocatechuic acid 1.37 153 81,91,93,109, 109,91
4-Hydroxybenzoic acid 2.52 137 93 93
2,5-Dihydroxybenzoic acid ~ 2.53 153 81,109 109,81
(+)-Catechin 4.42 289 245,203,123, 125,109 245,125
(—)-Epicatechin 4.59 289 109,123,125,245 125,109
Bergenin 4.64 327 192,207,234,249 192,207
(—)-Epigallocatechin 4.85 305 125,167,179,219 125,179
Caffeic acid 5.26 179 87,107,135 135,107
Vanillic acid 5.31 167 108,152 152,108
Chlorogenic acid 5.33 353 85,161,191 191,85
Syringic acid 6.02 197 121,123,138,153 121,153
(—)-Epigallocatechin gallate  6.63 457 125,169,305 169,305
Ethyl Gallate 6.57 197 78,97,124,169 124,169
Ellagic acid 6.79 301 145,185,201,229 185,145
p-Coumaric acid 6.96 163 93,119 119
Ferulic acid 7.45 193 117,134,149,178 117,134
(—)-Epicatechin gallate 7.52 441 125,169,271,289 169,289
Sinapinic acid 7.65 223 149,164,179,193 149,164
Propyl gallate 8.08 211 78,124,169 124,169
Myricetin 8.15 317 107,121,151,179 151,179
Isovitexin 8.24 431 269,283,311,341 311,341
Naringenin 8.24 579 271 271
Hesperidin 8.33 609 301 301
Rutin 8.47 609 301 301
Diosmin 8.65 607 301 301
Quercetin 8.89 301 107,121,151,179 121,151
Cinnamic acid 8.96 147 103 103
Hesperetin 9.53 301 164,174,199,215 164,215
Luteolin 9.61 285 93,133,151, 133,107

(continued)
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Table 1

(continued)
Compound Retention time [M — H]™ Fragments Fragments for SRM
Kaempferol 9.88 285 93,117,159,185, 93,185
Apigenin 9.97 269 117,149,151 117,151
Isorhamnetin 10.00 315 117,149,151 107,151

Table 2

Calibration curves based on internal standard method

Analyte concentration Aliquot of mixed Aliquot of internal Water
(ng/mL) solution (L) standard solution (pL) (pL)
10 20° 100° 880
25 50° 100° 850
50 100° 100° 800
75 150° 100° 750
100 200° 100° 700
250 50° 100° 850
500 100¢ 100° 800
750 150°¢ 100° 750
1000 200°¢ 100° 700

*Mixed solution C with analytes at 0.5 pg/mL

"Mixed solution B with internal standards at 5.0 pg/mL. The final concentration of internal standards is constant at
0.5 pg/mL

“Mixed solution A with analytes at 5.0 pg/mL

concentrations of internal standards. Suggested concentrations
for analytes: 10, 25, 50, 75, 100, 250, 500, 750, and 1000 ng/
mL. Suggested concentration for internal standards: 500 ng/
mL. Table 2 shows mixing volumes for calibration curve solu-
tions (see Note 12). Calibration curve using the standard addi-
tion method is discussed below.

8. Mobile phase A: Water acidified with FA (0.1%, v/v) (see Note
13).

9. Mobile phase B: MeOH.

10. Wash solvent: MeOH.

11. Seal wash solvent: MeOH.
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2.5 Samples 1. Fruits of interest may be purchased in supermarkets, open air
markets, from street vendors, or may be collected directly from
a tree that grows naturally or in orchards. This protocol can also
be applied to fruit juices though with slight modifications.

3 Methods

3.1 LC-MS/MS 1. Each individual solution at 500 ng/mL is injected into a mass

Analysis spectrometer using a syringe pump at a flow rate of 5.0 pL./min
(see Note 14).

2. First, identify the m/z value for the precursor ion [M — H]™ in

10.

the full scan spectrum obtained in the negative ion mode (see
Note 15). Table 1 lists such values for common antioxidant
compounds.

. Once the precursor ion has been visualized, change the opera-

tion mode to product ion scan experiment and identify the
major fragments for each compound (see Note 15). Table 1
lists the values for common antioxidant compounds.

. Change the operation mode to SRM (MRM, multiple reaction

monitoring, in some software), set at least two transitions
(precursor ion > product ion) for each compound and opti-
mize them regarding CE and other voltages (se¢ Note 16).
Table 1 lists two possible transitions for common antioxidant
compounds.

. Once the previous steps have been done for all compounds,

the transitions and their respective parameters are put together
in a single method file. Additionally, the syringe pump is dis-
connected from the mass spectrometer, and an LC system is
coupled to it.

. Set the ESI parameters as suggested by the user’s manual for

the flow rate used (se¢ Note 17).

. Connect a C18 column and use water acidified with FA (0.1%,

v/v) as mobile phase A and MeOH as mobile phase B (see Note
13).

. Set the LC gradient profile as follows: 0—1 min (5% B), 1-4 min

(5-60% B), 47 min (60-70% B), 7-10 min (70-100% B),
10-12 min (100% B), 12-13 min (100-5% B), 13-15 min
(5% B) (see Note 18).

. Other LC parameters, such as flow rate (0.45 mL/min) and

injection volume (5.0 pL), need to be set.

Put vials containing the blank and individual standard solutions
into the autosampler chamber, and run them to verify reten-
tion time, peak shape, and purity of compounds (see Note 19).
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3.2 Sample
Preparation

3.2.1

Extraction

11.

10.

11.

12.

13.

14.

Put vials containing the blank, mixed standard solutions and
samples into the autosampler chamber and run them to con-
struct calibration curves and quantify the analytes in the fruits.

. Wash fruits with water to eliminate contaminants and dust.

. Weigh the fruits before removing any parts or before
lyophilization.
. Seed and peel may be removed depending on the species and

the study objectives. Cut the fruits or use a food processor/
blender to obtain small pieces. Then, freeze the material in a
proper recipient to lyophilizing it at a later time.

. Lyophilize the pieces of fruits (whole or pulp) while protecting

them from light using aluminum foil.

. Weigh the freeze-dried fruits and calculate the percentage of

water.

. Macerate the freeze-dried powder in a pistil and mortar.

. Place about 1.0 g of freeze-dried fruit in a glass tube (se¢ Note

20).

. For quantification purposes using the internal standard

method, they are added into fruit samples before the extraction
procedure. Surrogate solution (mixed solution B with internal
standards at 5.0 pg/mL; 100 pL) is added to the freeze-dried
fruit before extraction. Alternatively, the analyst may choose
the method of standard addition for quantification purposes.
In this case, several extractions are done using fruit samples
spiked with different quantities of analytes, as shown in Table 3
(see Notes 7 and 21).

. Add 5.0 mL of an EtOH /water solution (80:20, v/v) to the

freeze-dried extract, and then the mixture is mixed in a vortexer
(see Note 22).

The mixture is subjected to extraction of the antioxidant com-
pounds, which may be assisted by microwaves or ultrasound
(see Note 23).

After releasing the phenolic compounds from the solid matrix,
the mixture is centrifuged at 2264 x g for 5 min.

Collect the supernatant with a glass Pasteur pipette and transfer
it to a glass tube. Repeat extraction following the procedure
previously described.

Supernatants are pooled and the solvent evaporated with a
gentle stream of nitrogen gas to eliminate EtOH, and then
lyophilized (see Note 24). Weigh the dried extract.

The raw extract without purification may be analyzed. In addi-
tion, a clean-up step using SPE cartridges (C18 or polymeric
adsorbents) may improve quantitative results (se¢e Note 25).
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Fig. 1 Total ion chromatogram (TIC) and extracted ion chromatogram (XIC) for bergenin

15. For instrumental analysis, redissolve the dried extract with
200 pL of MecOH, add 800 pL de water and, then filter it
through a 0.22 or 0.45 pm filter to remove particles before

injection.

16. Transfer the filtered sample solution to glass vials (2.0 mL) and
proceed to LC-MS/MS analysis. Occasionally, the concentra-
tions of some compounds in the extract solution may be too
high (outside of calibration curve range), thus dilution needs

to be carried out.

3.3 Dala Processing Figure 1 shows the total ion chromatogram (TIC) and the
extracted ion chromatogram (XIC) for an antioxidant compound

(bergenin).
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Fig. 3 Curve calibration for bergenin based on standard addition method

—

. For standard solutions, identify each analyte and internal stan-
dard by referring to the transitions and retention times of the
standards (see Fig. 1 and Table 1).

2. For samples, identify each analyte by comparing its retention
time and transitions to those of the standards (sec Note 26).

3. Follow instructions 4—-6 and 7-8 for internal standard and
standard addition methods, respectively.

4. Internal standard method: Integrate the peak for each analyte
and internal standard in the solutions with different concentra-

tions in order to construct calibration curve (see Fig. 2 and
Table 2).

5. Internal standard method: Construct the calibration curve by
plotting the ratio of the analyte signal to the internal standard
signal as a function of the analyte standard concentration. The
curve equation is used to calculate the analyte concentration in
unknown samples (see Note 27, see Fig. 2 and Table 2).

6. Internal standard method: Integrate the peak for each analyte
and internal standard in the sample solutions and calculate the
ratio of the analyte signal to the internal standard signal. This
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Table 3
Calibration curve based on internal addition method

Analyte concentration added (ng/mL)  Aliquot of mixed solution (uL)®

0 0
10 20
25 50
37.5 75
50 100
62.5 125
75 150
100 200
*Mixed solution C with analytes at 0.5 pg/mL

ratio is considered the y of the curve equation to find the
analyte concentration (see Fig. 2 and Table 2).

. Standard addition method: Integrate the peak for each analyte

in the solutions from extractions with different additions of
the standards (see Fig. 3 and Table 3).

. Standard addition method: Construct the calibration curve by

plotting the analyte signal as a function of the concentration
added to the sample. The x-intercept gives the concentration of
the analyte in the sample without spiking the standards (see
Note 28, see Fig. 3 and Table 3).

. Consider the appropriate calculations and/or dilutions to

express concentration of the analyte as I) mass/mass of extract,
IT) mass/mass of dried fruit, III) mass/mass of fresh fruit (see
Note 29).

4 Notes

. A nitrogen gas evaporator may be a homemade one made with

a glass Pasteur pipette coupled to a hose and a support to fix
tubes containing samples.

. Herein, demonstrations were based on results obtained using

an 1200 Series HPLC system with a quaternary pump (Agilent
Technologies, Santa Clara, USA) coupled to a 4000 Q-Trap
system (Applied Biosystems Sciex, Foster City, USA) with an
ESI source. Data acquisition and processing were executed
using Analyst 1.6.3 (Applied Biosystems Sciex, Foster City,
USA).
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3. Solvent may leach compounds out of ordinary plastic tubes,

thus contaminating samples and resulting in high noise base-
line. Therefore, glass tubes or plastic of high quality should
be used.

. Membrane and syringe filters of nylon, PTFE (hydrophobic

and hydrophilic) or PVDEF. For columns with a particle size
lower than 3 pm, 0.22 pm filters are preferable.

. Herein, a Kinetex C18 column (particle size of 2.6 pm, length

of 50 mm, and internal diameter of 2.1 mm) (Phenomenex,
Aschaftenburg, Germany) was used. If possible, choose a C18
end-capped column with particle size lower than 3 pm.

. SPE cartridges (C18 or polymeric adsorbents) may be used in a

clean-up step. Usually, C18 provides good recoveries for flavo-
noid aglycones, whereas adsorbents based on polystyrene-divi-
nylbenzene- N-vinylpyrrolidone  copolymers yield good
recoveries for both phenolic acids and flavonoids. Cartridges
of 200 mg are typically used.

. Other similar compounds (phenolic acids, flavonoids—agly-

cones, and glycosylated and esterified derivatives) may be
included in the method. Ideally, an isotope-labeled internal
standard should be used for each analyte, which is often impos-
sible. Instead, one isotope-labeled internal standard may be
used for each compound class for evaluating recovery. Another
possibility is using one of the available compounds as internal
standard. Its absence in the sample is indispensable. Thus, a
preliminary analysis of the sample without any addition is done.
The compounds that were not detected in that previous analy-
sis may be chosen as internal standards for the following ones.
In addition, the analyst may choose not to use any internal
standard and quantify compounds using the standard addition
method (see Note 21).

. For instance, a mass of 10 mg of the standard is weighed and

transferred to a 10 mL volumetric glass flask, which is then
completed with solvent up to the volumetric mark to obtain a
concentration of 1.0 mg/mL. For the isotope-labeled inter-
nal standards, a quantity of 1.0 mg is usually available for
purchase. Some flavonoid aglycone standards are difficult to
dissolve in EtOH. Therefore, a minimum amount of a less polar
solvent is required to dissolve the solid before the addition of
EtOH. Store all solutions at —20 °C to avoid photolysis, oxi-
dation, and solvent evaporation.

. Use the dilution equation (C,V; = G, 13), where C; is the

initial concentration, V is the initial volume, C, is the final
concentration, and V, is the final volume. For instance, an
aliquot of 25 pL of the stock solution is transferred to a
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10.

11.

12.

13.

14.

15.

5.0 mL volumetric flask, then it is completed with MeOH up to
the volumetric mark to yield a concentration of 5.0 pg/mL.

Use the dilution equation again. For instance, an aliquot of
100 pL of the intermediate solution is transferred to a 2.0 mL
glass vial. Add 900 pL of MeOH to yield a concentration of
0.5 pg/mL. This solution volume is usually enough to opti-
mize instrumental parameters. Depending on equipment sen-
sitivity and molecule ionization efficiency, a more diluted
solution may be required.

Transfer an aliquot of 500 pL of the mixed solution A to a
5.0 mL volumetric flask, and then complete it with MeOH up
to the volumetric mark to yield a concentration of 0.5 pg/mL.

Considering C; as the concentration of the mixed solution A or
Cand V, of 1.0 mL, use the dilution equation to calculate V;
which is the aliquot needed to prepare solutions with C, of
10,25,50,75,100,250,500, 750, and 1000 ng/mL. Table 2
shows the mixing volumes of the calibration curve solutions.
Such a wide range of concentration is due to the high variability
of the concentrations found for phenolic compounds in fruits.

Preparation of the mobile phase A: Measure out 999 mL of
ultrapure water and transfer it to a glass bottle. Add 1 mL of FA
to it. Prepare a fresh mobile phase before use. Filter it through
0.2 or 0.45 pm membrane filter using a vacuum system and,
then degas it in ultrasonic bath for 10 min. Use inline filters in
HPLC solvent bottles.

MS /MS optimization is individually carried out for each com-
pound from the working solution of 500 ng/mL. Depending
on equipment sensitivity and molecule ionization efficiency, a
more diluted solution may be required. Optimization from the
individual standard is reccommended because there are analytes
that have the same molecular mass. In addition, the fragmen-
tation of phenolic compounds is very similar, and this may
occur in the source, creating several possibilities of interfer-
ences. Before starting the optimization, make sure the mass
analyzers are calibrated.

Using a syringe pump with a flow rate of 5.0 pLL/min, source
parameters may be set as suggested by the equipment user
manual. Herein, the following ESI parameters were set in the
negative ion mode: ion spray voltage at 4.0 kV, nebulizer gas at
20 psi, and curtain gas at 10 psi. For full scan experiments, set a
scan range of mass at #,/2z 100 to 700 (or according to analyte
mass). For product ion scan experiments, set the m/z of the
precursor ion in the first mass analyzer and set a scan range of
mass in the third one—from m,/z 50 to a value that ensures that
you see [M — H] ™ in the spectrum. Additionally, vary collision
energy (CE) automatically or manually to ensure a proper



56

Giovana Anceski Bataglion

16.

17.

18.

19.

20.

spectrum—Iow intensity for the precursor ion and high inten-
sity for the product ions.

It is strongly recommended that more than one precur-
sor ion > product ion transition is monitored to demonstrate
the specificity of the quantitative analysis. If it is possible,
choose product ions that are not derived from common losses,
such as CO, and H,O. At the same time, choose the most
abundant product ions. If in doubt, set more than two transi-
tions in order to decide afterwards which one will be dis-
charged. Automatically or manually optimize the MS voltages
as CE, CXP, DP, and EP. The election of the quantifier and
qualifier transitions is based on their intensity. Usually, the
highest one is elected as the quantifier transition.

When the MS is connected to the LC, source parameters need
to be adjusted for the new flow rate. Because the optimum
values differ for each equipment, optimization of the source
parameters must be done. At first, preliminary analyses can be
done using values suggested in the equipment user manual.
Herein, the following MS parameters were set in the negative
ion mode: ion spray voltage at 4.0 kV, heater gas at 40 psi,
nebulizer gas at 45 psi, curtain gas at 12 psi, and ion spray
temperature at 550 °C.

Some adjustment in the elution gradient may be required
depending on the column used. The chromatographic method
should contain washing and equilibration steps to ensure
reproducibility of the next runs in the same sequence. When
working on the reversed-phase mode, the phenolic compounds
are eluted according to molecule polarity and size. Thus, phe-
nolic acids commonly elute before flavonoid aglycones. Table 1
shows the retention times of analytes under the chro-
matographic conditions described herein. It is not necessary
that all compounds be completely separated, except those with
the same precursor and product ions such as the protocate-
chuic/gentisic acids, (+)-catechin/(—)-epicatechin, kaemp-
terol /luteolin, and hesperidin/quercetin pairs.

Purge each device to ensure air bubbles have been removed
from the pipeline before analysis. Then, download the method
parameters and ensure the column is well equilibrated before
analysis of the standard solutions or samples. Run some blank
injections to ensure a stable baseline and reproducible reten-
tion times.

Ideally, the phenolic compounds should be immediately
extracted after lyophilization. Similarly, the chromatographic
analyses should be done immediately after extraction. If this is
not possible, the freeze-dried extract must be stored at —20 °C
to avoid photolysis and oxidation.
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26.

The choice between internal standard and standard addition
methods is based on the availability of isotope-labeled stan-
dards, sample matrix, and the number of samples. For studies
with one or few samples, the standard addition method is an
attractive option to correct matrix effects and for obtaining
proper quantification. If this quantification method is chosen,
extractions are done from fruit samples spiked with different
quantities of analytes. Furthermore, it is necessary to analyze
the non-spiked sample to determine the original concentra-
tions of analytes. Thus, 0, 20, 50, 75, 100, 125, 150, and
200 pL of mixed solution C with analytes at 0.5 pg/mL are
added to the freeze-dried fruit before extraction.

The analyst may choose other values for fruit mass and solvent
volume. Consider the proportion of 5 mL/g of freeze-dried
fruit.

For ultrasound-assisted extraction, use a frequency of
20—40 kHz at 40 °C for 15 min, protect the mixture from
the light with aluminum foil. For microwave-assisted extrac-
tion, use a power level of 100 W at 40 °C for 15 min.

Regulate the pressure of the gas cylinder to avoid losses of
compounds caused by solution splashing.

Similar concentrations of phenolic compounds are found for
raw and purified extracts in some fruits. However, raw extracts
for some fruits show a relevant matrix effect. In this case, a
clean-up using SPE cartridges may help to eliminate interfer-
ences. Usually, C18 provides good recoveries for flavonoid
aglycones, whereas polymeric adsorbents yield good recoveries
tor both phenolic acids and flavonoids. It is important to check
the general instructions provided by the supplier for the con-
ditioning and equilibration steps. Herein, we described a pro-
tocol for a clean-up using a 200 mg cartridge with a sorbent
based on polystyrene-divinylbenzene- N-vinylpyrrolidone
copolymers. The cartridge is first conditioned by rinsing it
with 3 mL of methanol and is equilibrated with 3 mL of
water acidified with FA (0.1%, v/v). The extract (redissolved
in a minimum amount of MeOH (~250 pL) and diluted in
5 mL of water acidified with FA) is loaded in the cartridge.
Then, it is washed with 3 mL of water acidified with FA to
remove sugars and other polar interferences. The retained
phenolic compounds are eluted with 5 mL of MeOH. The
extract is evaporated to dryness with a gentle stream of nitro-
gen gas until dry.

It is important to verify the ratio for the transitions monitored
for confirming the identity of phenolic compounds. Thus,
compare the peak area ratio between the transitions (Aguatifier
transition/ Aquantifier transition) found in sample with that observed
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one of the transitions.

The calibration curve based on the internal standard method
yields a model described by the following mathematical equa-
tion: y= a + bx, where yis the instrument response (peak area),
b represents the slope (sensitivity), # is the intercept (back-
ground), and x represents the corresponding concentration
(see Fig. 1).

The calibration curve based on standard addition method
yields a model described by the following mathematical equa-
tion: y = a + bx. The point at x = 0 is the reading of the sample
without the addition of standards (original concentration),
whereas the other points are the reading after spiking increas-
ing quantities of standards. Thus, the value on the x-axis at
which y = 0, x-intercept, is the concentration of analyte in the
sample without spiking (see Fig. 2).

The x-value found using the curve equation is the concentra-
tion of analyte in the vial (analyzed solution). If any dilution
was done, use the following equation: Ceoncentrated extract =
Cliluted extract X V7:> where volume ratio is the dilution factor
used. If no dilution was done, the concentration obtained
using calibration curve is equal to the concentration of extract
solution. For expressing concentration in analyte mass/extract
mass, use the following equation: Ciualyee/extract mass =

Cextract solution X Z;"i‘[‘::é‘ , where Mgy 1s the mass of extract
and Volution 18 the volume of solvent used for redissolving
it. For expressing the concentration in analyte mass/dried
fruit mass, use the following equation: Cinaiyce/dried fruit mass =

Mextaywhere Meyerace 1S the mass of extract
Mdried fruit -

obtained after extraction from a certain mass of dried fruit

(Myred fuir). FoOr expressing the concentration in analyte

mass/fresh  fruit mass, use the following equation:
. . — , ‘ Mdricd frui

Canalytc /fresh fruit mass — Canalytc /dried fruit mass X mfr::h :::: > where

Myried fruic 18 the mass of material obtained after lyophilization
of a certain mass of fresh fruit (Mgesh fruir)-

Canalytc Jextract mass X

1.

Heleno SA, Martins A, Queiroz MJRP, Fer-
reira ICFR (2015) Bioactivity of phenolic
acids: metabolites versus parent compounds: a
review. Food Chem 173:501-513. https://
doi.org/10.1016/j.foodchem.2014.10.057

. Sun C et al (2020) Anti-diabetic effects of nat-

ural antioxidants from fruits. Trends Food Sci

Technol. https://doi.org/10.1016/j.tifs.
2020.07.024

. Haminiuk CWI, Maciel GM, Plata-Oviedo

MBSV, Peralta RM (2012) Phenolic compounds
in fruits—an overview. Int J Food Sci Technol
47:2023-2044. https://doi.org/10.1111/j.
1365-2621.2012.03067.x


https://doi.org/10.1016/j.foodchem.2014.10.057
https://doi.org/10.1016/j.foodchem.2014.10.057
https://doi.org/10.1016/j.tifs.2020.07.024
https://doi.org/10.1016/j.tifs.2020.07.024
https://doi.org/10.1111/j.1365-2621.2012.03067.x
https://doi.org/10.1111/j.1365-2621.2012.03067.x

10.

Quantitative Determination of Antioxidant Compounds in Fruits Using Liquid. ..

. Majerska J, Michalska A, Figiel A (2019) A

review of new directions in managing fruit
and vegetable processing by-products. Trends
Food Sci Technol 88:207-219. https://doi.
org/10.1016/j.tifs.2019.03.021

. Kris-Etherton PM et al (2002) Bioactive com-

pounds in foods: their role in the prevention of
cardiovascular disease and cancer. Am J Med
113:71-88. https://doi.org/10.1016/
$0002-9343(01)00995-0

. Ahangarpour A, Sayahi M, Sayahi M (2019)

The antidiabetic and antioxidant properties of
some phenolic phytochemicals: a review study.
Diabetes Metab Syndr Clin Res Rev 13:
854-857. https://doi.org/10.1016/j.dsx.
2018.11.051

.Pap N et al (2021) Berry polyphenols and

human health: evidence of antioxidant, anti-
inflammatory, microbiota modulation, and
cell-protecting effects. Curr Opin Food Sci.
https: //doi.org,/10.1016/j.cofs.2021.06.003

. Roleira FMF et al (2015) Plant derived and

dietary phenolic antioxidants: anticancer prop-
erties. Food Chem 183:235-258. https://doi.
org,/10.1016/j.foodchem.2015.03.039

. Alara OR, Abdurahman NH, Ukaegbu CI

(2021) Extraction of phenolic compounds: a
review. Curr Res Food Sci 4:200-214. https: //
doi.org,/10.1016/j.crfs.2021.03.011

Motilva MJ, Serra A, Macia A (2013) Analysis
of food polyphenols by ultra high-performance
liquid chromatography coupled to mass

11.

12.

13.

14.

15.

59

spectrometry: an overview. J Chromatogr A
1292:66-82. https://doi.org,/10.1016/j.
chroma.2013.01.012

Kumar K, Srivastav S, Sharanagat VS (2021)
Ultrasound assisted extraction (UAE) of bioac-
tive compounds from fruit and vegetable pro-
cessing by-products: a review. Ultrason
Sonochem 70:105325. https://doi.org/10.
1016/j.ultsonch.2020.105325

Dzah CS et al (2020) The effects of ultrasound
assisted extraction on vyield, antioxidant, anti-
cancer and antimicrobial activity of polyphenol
extracts: a review. Food Biosci 35:100547.
https://doi.org/10.1016/j.tbio.2020.
100547

Antolovich M, Prenzler P, Robards K, Ryan D
(2000) Sample preparation in the determina-
tion of phenolic compounds in fruits. Analyst
125:989-1009. https://doi.org/10.1039/
B000080I

Ciri¢ A, Prosen H, Jeliki¢-Stankov M, Durevié
P (2012) Evaluation of matrix effect in deter-
mination of some bioflavonoids in food sam-
ples by LC-MS/MS method. Talanta 99:
780-790. https://doi.org,/10.1016/j.talanta.
2012.07.025

Bataglion GA, Da Silva FMA, Eberlin MN,
Koolen HHF (2015) Determination of the
phenolic composition from Brazilian tropical
fruits by UHPLC-MS/MS. Food Chem 180:
280-287. https://doi.org/10.1016/j.
toodchem.2015.02.059


https://doi.org/10.1016/j.tifs.2019.03.021
https://doi.org/10.1016/j.tifs.2019.03.021
https://doi.org/10.1016/S0002-9343(01)00995-0
https://doi.org/10.1016/S0002-9343(01)00995-0
https://doi.org/10.1016/j.dsx.2018.11.051
https://doi.org/10.1016/j.dsx.2018.11.051
https://doi.org/10.1016/j.cofs.2021.06.003
https://doi.org/10.1016/j.foodchem.2015.03.039
https://doi.org/10.1016/j.foodchem.2015.03.039
https://doi.org/10.1016/j.crfs.2021.03.011
https://doi.org/10.1016/j.crfs.2021.03.011
https://doi.org/10.1016/j.chroma.2013.01.012
https://doi.org/10.1016/j.chroma.2013.01.012
https://doi.org/10.1016/j.ultsonch.2020.105325
https://doi.org/10.1016/j.ultsonch.2020.105325
https://doi.org/10.1016/j.fbio.2020.100547
https://doi.org/10.1016/j.fbio.2020.100547
https://doi.org/10.1039/B000080I
https://doi.org/10.1039/B000080I
https://doi.org/10.1016/j.talanta.2012.07.025
https://doi.org/10.1016/j.talanta.2012.07.025
https://doi.org/10.1016/j.foodchem.2015.02.059
https://doi.org/10.1016/j.foodchem.2015.02.059

®

Check for
updates

Development of an Ultraperformance Liquid

Chapter 6

Chromatography-Mass Spectrometry Method to Determine

Sterols in Olive Oils

Maria Jesus Lerma-Garcia, Miriam Beneito-Cambra,

Ernesto Francisco Simo-Alfonso, and José Manuel Herrero-Martinez

Abstract

A protocol to determine sterols from olive oils by ultraperformance liquid chromatography (UPLC)
coupled to mass spectrometry (MS) detection has been described in this chapter. First, sterols were
extracted from olive oils by oil saponification, liquid-liquid extraction of non-saponifiable fraction using
diethyl ether, and separation of the sterol fraction by thin layer chromatography. Next, sterols were
separated by UPLC and identified by MS. The described UPLC-MS method was able to separate sterols
in less than 5 min, being possible to quantify them by linear regression. Therefore, the sterol contents
established by applying this methodology could be used for olive oil authentication.

Key words Sterol, Olive oil, Ultraperformance liquid chromatography, Mass spectrometry,

Authentication

1 Introduction

Olive oil is a highly appreciated product characterized by its high
nutritional value, excellent organoleptic properties, and health ben-
efits [1]. These characteristics are related to olive oil composition:
although it is mainly composed by triacylglycerols, the presence of
other compounds (such as phenolic compounds, tocopherols, and
sterols, among others) is very important from this point of view.
Sterols (also known as phytosterols) are bioactive compounds pres-
ent in the non-saponifiable fraction of vegetable oils and fats. In
addition to its demonstrated nutritional value, several health ben-
efits such as reduction of blood cholesterol contents and decrease of
cardiovascular risk of coronary heart disease [2, 3] have been also

associated with its ingestion.

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_6,
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Sterol profile is characteristic of each type of oil, but it is also
dependent of fruit or seed quality, environmental conditions (agro-
nomic and climatic), oil extraction method, refining practice,
genetic variety of the fruit, etc [4]. For this reason, the develop-
ment of rapid and reliable methods to determine sterols in oils
(which is extensible to other sterol-rich foods) is of great impor-
tance from the point of view of authentication and quality of the
product.

Different analytical techniques have been previously employed
to determine sterols present in vegetable oils. Among them, gas
chromatography (GC) with both flame ionization and mass
spectrometry (MS) detectors has been mainly used [5], jointly
high-performance liquid chromatography (HPLC)-MS. The main
disadvantage of GC methodologies is the need of using thermally
stable columns and the derivatization process needed to detect the
aforementioned analytes. To overcome these handicaps, HPLC-MS
could be alternatively used. However, the introduction of ultraper-
formance liquid chromatography (UPLC) with its advantages
needs to be explored since this latter technique reduces analysis
time, increases signal-to-noise ratios, and enhances peak resolution
when compared to conventional HPLC methods [6].

In this chapter, a method for the extraction and determination
of sterols from olive oils using ultraperformance liquid chromatog-
raphy coupled to mass spectrometry detection has been described.
The chromatographic method here described was able to separate
(in less than 5 min), identify different sterols present in the olive
samples (of which there are not standards available) and quantify
them as a fingerprint for olive oil authentication.

2 Materials

2.1 Olive Oil
Saponification

Prepare all solutions using ultrapure water and analytical-grade
reagents (unless indicated otherwise). Prepare and store all reagents
and solutions at room temperature (unless indicated otherwise).
Diligently follow all waste disposals regulations when disposing
waste materials.

1. Potassium hydroxide ethanolic solution ca. 2 M. Weigh 130 g
of potassium hydroxide (minimum titre 85%) in a glass beaker.
Add 200 mL of distilled water using a graduated cylinder to
dissolve the solid. Add ethanol to a volume of 1 L. Store at
room temperature in well-stoppered dark glass bottles (see
Note 1).
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2.2 Liquid-

Liquid Extraction of the
Non-saponifiable
Fraction

2.3 Separation of the
Sterol Fraction

2.4 Sterol Standard
Stocks

25 UPLC-MS
Analysis
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. Diethyl ether.
. Anhydrous sodium sulfate.

. Glass plates (20 x 20 cm) for thin layer chromatography

(TLC), coated with silica gel without fluorescent indicator
(0.25 mm plate thickness).

. Plate-developing chamber (20 x 20 cm).
. Potassium hydroxide ethanolic solution 0.2 M. Weigh 13 g of

potassium hydroxide (minimum titre 85%) in a glass beaker.
Add 20 mL of ultrapure water using a graduated cylinder. Add
ethanol to a volume of 1 L. Store at room temperature in well-
stoppered dark glass bottles (see Note 1).

. Chloroform.

. N-hexane (HPLC-grade).

. Diethyl ether (HPLC-grade).

. 2,7-dichlorofluorescein 0.2% (m/v) in ethanol. Weigh 0.2 g of

2,7-dichlorofluorescein in a glass beaker. Add 100 mL ethanol
and few drops of potassium hydroxide ethanolic solution
0.2 M. Introduce the resulting solution into a sprayer.

. Individual sterol standard solutions. Prepare a stock standard

solution of 500 pg mL ™' for each one of the following com-
mercially available sterols: p-sitosterol (mixture containing 75%
B-sitosterol and 10% campesterol), ergosterol, stigmasterol,
cholesterol, and lanosterol. For this purpose, weigh 5 mg of
the corresponding standard and dissolve it with 2-propanol up
to 10 mL using a 10 mL volumetric flask. Store at —20 °C
until use.

. Sterol test mixture (50 pg mL ™" each, except p-sitosterol and

campesterol which concentration is 38 and 5 pg mL ™", respec-
tively). Take 500 pL of the corresponding sterol standard
solution using a pipette, and transfer them into a 5 mL volu-
metric flask. Adjust volume up to 5 mL using 2-propanol. Store
at —20 °C until use.

. Mobile phase A (ACN containing 0.01% (v/v) acetic acid).

Take 100 pL of acetic acid using a pipette, and add them to
1 L of acetonitrile (LC-MS-grade). Degas mobile phase for
10 min using an ultrasonic bath.

. Mobile phase B (ultrapure water containing 0.01% (v/v) acetic

acid). Take 100 pL of acetic acid using a pipette, and add them
to 1 L of ultrapure water previously filtered using a nylon
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HPLC mobile phase filtration membrane. Degas mobile phase
for 10 min using an ultrasonic bath.

. AcQuity ultraperformance liquid chromatograph with a binary

pump system (Waters, Mildford, MA, USA).

. Mass spectrometer dotted with single quadrupole detector

(SQD) and atmospheric pressure chemical ionization (APCI)
source (Waters).

. AcQuity UPLC BEH CI18 column (50 x 2.1 mm, 1.7 pm,

Waters).

3 Methods

3.1 0il
Saponification

3.2 Liquid-Liquid
Extraction of the Non-
saponifiable Fraction

. Weigh 5 g oil (with a precision of 0.1 mg) directly into a

250 mL round bottom flask. Add 50 mL of 2 M ethanolic
potassium hydroxide solution, fit the reflux condenser, and
heat using a heating mantle to gentle boiling for 20 min (see
Note 2). Next, add 50 mL of ultrapure water from the top of
the condenser, take it off, and wait until the solution is cooled
to room temperature (see Note 3).

. Transfer the solution of the round bottom flask into a 500 mL

separating funnel. To transfer quantitatively all the solution,
wash the flask several times with ultrapure water portions up to
50 mL.

. Add 80 mL of diethyl ether to the separating funnel. Shake and

invert it vigorously for at least 30 s (sec Note 4). Wait until a
complete separation of the two phases is observed (see Note 5).

. Drain the bottom layer (aqueous phase) to another 500 mL

separating funnel, and perform two more extractions using
70 mL diethyl ether.

. Combine the three diethyl ether extracts in the same separating

funnel containing 50 mL ultrapure water. The diethyl ether
layer was continuously washed with water until neutral pH (see
Note 6).

. After washing water removal, dry the organic layer with anhy-

drous sodium sulfate (se¢e Note 7) and filter the remaining
solution into a 250 mL round bottom flask (se¢c Note 8),
washing the separating funnel and the filter with small amounts
of diethyl ether.

. Using a rotatory evaporator (30 °C), evaporate the solvent

until no more of 2 or 3 mL are left. Next, evaporated until
dryness using a nitrogen stream, finishing the drying step in an
oven at 100 °C for 15 min.
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Hydrocarbons

Triterpene alcohols
Methylsterols and aliphatic alcohols

Sterols

Sample

Fig. 1 Unsaponifiable fraction of an olive oil by TLC

3.3 Separation of the
Sterol Fraction

1.

Preparation of the basic TLC plates. Immerse the silica gel
plates in a tray containing 0.2 M potassium hydroxide ethanolic
solution (see Note 9) for 10 s. Let them dry in a fume cupboard
(ca. 2 h) and next place them in an oven at 100 °C for 1 h (see
Note 10).

. Place mobile phase (n-hexane:diethyl ether, 60:40 (v/v)) into

the plate-developing chamber with a height of ca. 1 cm (see
Note 11). Close the chamber with its cover and wait at least
30 min in order to achieve liquid-vapor equilibrium.

. Prepare a solution of the non-saponifiable fraction by solving

the residue previously obtained (in Subheading 3.2, step 6)
with 2 mL chloroform.

Draw a thin line across the plate on its lower end (2 cm from
the bottom of the plate) (see Note 12), and depose uniformly
0.3 mL of the non-saponifiable fraction solution above it using
a 100 pL microsyringe or a microcapillary.

. Place the prepared TLC plate in the plate-developing chamber,

cover the chamber, and leave it undisturbed on your bench top.
Let the mobile phase rise up the TLC plate until the solvent is
about 1 cm below the top of the plate. Remove the plate from
the chamber and allow it to dry under a fume cupboard.

Spray lightly and uniformly the TLC plate with a sprayer con-
taining the 0.2% ethanolic 2,7-dichlorofluorescein solution.
Leave it to dry. The different types of compounds separated
on the TLC plate are shown in Fig. 1.

Scrape off the silica gel band containing the sterol fraction
using a metal spatula (see Note 13).
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3.4 UPLC-MS
Analysis

10.

11.

. Suspend the scraped silica gel in 10 mL diethyl ether in a glass

vial. Filter the suspension under vacuum through a Whatman
no. 1 paper using a Biichner funnel. Wash the residue several
times with small amounts of diethyl ether. Evaporate the filtrate
until dryness using a rotatory evaporator at 30 °C.

. Dissolve the obtained residue in 500 pL of 2-propanol, and

store the solution at —20 °C in injection amber vials until use.

. Prepare a calibration series using the sterol test mixture (Sub-

heading 2.4, step 2) of 0.5, 1,5, 10,25, and 50 pg mL ™" (total
volume of 2 mL with 2-propanol) and transfer the resulting
solutions to injection vials after filtering with nylon syringe
filters of 0.22 pm (see Note 14).

. Insert the injection vials into the autosampler.

. Assemble the analytical column in the column oven and set the

oven temperature at 10 °C.

. Purge and prime the UPLC system with both mobile phase A

and B.

. Set the flow rate at 0.8 mL min~! and condition the column at

80% mobile phase A and 20% mobile phase B until stable
baseline (see Note 15).

. Program mobile phase gradient as follows: linear gradient from

80 to 100% A for 0.5 min, followed by an isocratic elution with
100% A for 4.5 more min. Next, return to initial conditions
with 80% mobile phase A for 2 min.

. Operate the MS spectrometer in APCI positive-ion mode.
. Acquire MS spectra in both total ion chromatogram (TIC, m/z

range 300-500) and in selected ion recording (SIR) modes.
The m/z values monitored for each sterol are indicated in
Table 1 (see Note 16).

. Set the ionization source parameters (see Note 17) as follows:

corona, 4 kV; source temperature, 120 °C; desolvation gas
temperature, 400 °C with a flow rate of 750 L/h; individual
cone voltage, 30 V.

Program and run the standards and samples list including
standard/sample name, vial position, injection volume
(15 pL), and UPLC-MS method name. An example of the
TIC and SIRs obtained for an extra virgin olive oil sample is
shown in Fig. 2.

Process data using MassLinx 4.1 software and generate a cali-
bration curve for each sterol standard by representing the
intensity of each analyte (y-axis) vs concentration (x-axis),
using linear regression.
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Table 1

lons observed in the APCI mass spectra of olive oil samples (adapted with permission from ref.
[6]. Copyright 2010 American Chemical Society)

Peak no. Analyte lon [M + H — H,0]" (m/2)
1 Erythrodiol 425.5
2 Uvaol 425.5
3 Ergosterol 379.5
4 Brassicasterol 381.5
5 AS-Avenasterol 395.5
6 Cholesterol 369.5
7 Campesterol 383.5
8 Campestanol 385.5
9 Stigmasterol 395.5
10 Clerosterol 395.5
11 A®?*_Stigmastadienol 395.5
12 B-Sitosterol 397.5
13 A”-Stigmastenol 397.5
14 Sitostanol 399.5
12. Calculate the concentration of sterols found in olive oil sample
extracts using the linear regression equation (se¢ Note 18).
13. Calculate the percentage of each sterol found in the total sterol
fraction of olive oils.
4 Notes

. Itis not advisable to keep it more than 2 days since this solution

reacts with atmospheric carbon dioxide.

. The 20 min counting starts when the solution starts to boil.

. It is possible to proceed with the protocol with a temperature

of ca. 30 °C.

. It is important to release the pressure generated in the funnel

by inverting it and opening the stopcock.

. In some cases, an emulsion is formed in the interface. It could

be eliminated by adding a few drops of ethanol. If there is not
an emulsion, but the separation is unclear, it is possible to
obtain a clear separation of both phases by performing a soft
rotatory shaken of the funnel.
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Fig. 2 TIC and SIRs of an extra virgin olive oil sample. Peak identification as
indicated in Table 1. (Reprinted with permission from ref. [6]. Copyright 2010
American Chemical Society)

6. pH could be measured using pH indicator paper or by adding
to the water layer a few drops of phenolphthalein indicator
solution (10 g/L in ethanol). In this latter, washing should
be stopped when the water layer was no longer pink.

7. Add anhydrous sodium sulfate until no more aggregation of
particles was observed. This proves that all the remaining water

is eliminated.

8. Use a conical funnel with filter paper.

9. It is important that the TLC plates are completely immersed
into the solution. Then, at least the solution contained in the
tray should be of 4 cm height.
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10.

11.

12.

13.

14.

15.
l6.

17.

18.

It is very important to control temperature. If it is higher than
100 °C, the silica gel becomes detached from the glass. Store
the basic TLC plates into a desiccator until use, but do not
store more than 15 days.

Be sure that the mobile phase level is below the starting line of
the TLC plate. Otherwise, the spotted sample will
dissolve away.

Draw the line using a pencil since the ink of a pen could
interfere in the separation. Take care not to press so hard
with the pencil and not to break the silica gel.

In order to also extract triterpene dialcohols (erythrodiol and
uvaol), it is necessary to scrape not only sterol band, but also all
the silica gel comprised between sample and sterol bands.

These calibration solutions are adequate for all sterols consid-
ered in the study except for p-sitosterol, which concentration in
olive oils is high. Then, additional calibration solutions should
be prepared, comprising the 50-250 pg mL ™' range. Prepare
100, 150, 200, and 250 pg mL ™! solutions and proceed in the

same way.
A conditioning of 15 min is usually required.

For each sterol, the m/z value corresponding to the
[M + H-H;O]" was selected since these peaks show higher
intensities than the respective [M + H|" peaks [6, 7]. A total of
9 SIR channels, according to Table 1, were monitored. A total
of 11 peaks, which corresponded to 14 possible sterols usually
present in olive oils, were observed.

The optimization of the source parameters for each available
sterol standard was automatically performed using Intellistar
software (Waters).

As there is no possibility to acquire standards for all sterols
found (they are not commercial), estimate the concentration of
these sterols as follows: use the calibration curve of lanosterol
to estimate the concentration of campestanol and sitostanol
(due to their similar sensitivity [8]) and to estimate erythro-
diol + uvaol content (due to their structural resemblance). Use
the calibration curve of B-sitosterol to estimate the concentra-
tion of the rest of compounds (brassicasterol, A’-avenasterol,
and A®**-stigmastadienol) [6].
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A Workflow for Lipid Annotation in Coffee Samples by Liquid
Chromatography-Mass Spectrometry

Ana Carolina R. Silva, Rafael Garrett, and Claudia M. Rezende

Abstract

Lipids in coffee are not only precursors for flavor and volatile compounds, but also considered essential for
brew taste and body. They account for around 7-15% of the dry bean weight in both Arabica and Robusta
green coffee beans and include different subclasses, such as triacylglycerols (TAG), phospholipids (PL), and
P N-alkanoyl-5-hydroxytryptamides. Due to this fraction relevance, our work provides a protocol to analyze
lipids in coffee samples by liquid chromatography-high resolution tandem mass spectrometry (LC-HRMS /
MS). An open-source metabolomics software is used for feature detection, data alignment, and lipid
annotation.

Key words Coftee, LC-MS, Lipidomics, Lipid extraction, MTBE

1 Introduction

Lipids are key constituents involved in numerous biological func-
tions in vegetables, such as cell growth, signaling, differentiation,
and energy storage [ 1, 2]. While the lipid fraction reported in green
Arabica coffee beans is between 15 and 17% of dry bean weight, in
Robusta coffees it is about 7-10% [3], including different sub-
classes: triacylglycerols (TAG) (around 75%), esterified diterpenes
(18%), free diterpenes and fatty acids (1.0%), sterols (4.7%), toco-
pherols (0.1%), phospholipids (PL) (0.4%), and PN-alkanoyl-5-
hydroxytryptamides (C-5HT) (0.8%). Whereas most of these lipids
are located in the endosperm region of green beans, the C-5HTs
are observed in the waxy layer that covers the beans [3].

The composition of coffee fatty acids has already been used to
discriminate post-harvesting processes, coffee bean variety, and
growing location [4-6]. Meanwhile, diterpenes have been asso-
ciated with higher quality coffees [7]. Phospholipids—phosphati-
dylcholine (PC), phosphatidylinositol (PI),
phosphatidylethanolamine (PE), and lysophosphatidylcholine
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(LPC)—have been identified not only in Arabica but also in
Robusta coffees [8-11]. A drop in PC and PE content when
humidity and temperature were increased during storage of Arabica
coffee beans has been described in the literature [8].

Lipids in coffee are precursors for flavor and volatile com-
pounds, which are considered essential for brew taste and body
[12, 13]. The milled beans used in coffee beverage preparation
might differ in terms of coftee species, grinding, and roast degree.
Therefore, depending on the brewing method, the amount of lipids
may change significantly [12-15]. For instance, filtered coffees
have a lower amount of lipids than non-filtered ones, and it is
because most of the lipids are retained by the filter paper
[12,15]. Thus, in non-filtered brews (e.g., espresso) lipids improve
texture perception. Yet, not only free and esterified diterpenes but
also phospholipids are present in higher concentrations in espresso
coftees than other brew types [12-16]. Also, C-5HTs are related to
stomach irritation caused by coffee beverage consumption in sensi-
tive people [17].

Due to the complexity of the coffee lipid fraction, it is crucial to
use comprehensive and powerful techniques to unveil and explore
its composition. Liquid chromatography coupled to high-
resolution mass spectrometry (LC-HRMS) is one of the most
suitable techniques for analyzing complex mixtures due to its
higher throughput, enhanced separation, and reliable detection of
a large number of lipids from distinct subclasses in the same extrac-
tion and analytical method [18, 19].

Some steps are vital when considering to profile the lipid frac-
tion in coffee comprehensively. It includes proper sample extrac-
tion, separation by liquid chromatography, ionization by
electrospray ionization, detection by high-resolution mass spec-
trometry, and data processing for lipid annotation. Liquid chroma-
tography separation enhances lipid discrimination and detection,
while tandem HRMS experiment allows confident lipid structure
annotation via precursor/fragment spectra [2, 19]. Because each
step may influence the outcomes, the workflow should be adapted
according to each sample type.

Here, we described a protocol for coffee samples analysis that
allows extensive lipid coverage using LC-HRMS/MS and open-
source software for feature detection, data alignment, and com-
pound annotation [20].

2 Materials

2.1 Equipments

1. Calibrated pipettes of 20-200 pL, 100-1000 pL.
2. Vortex mixer.

3. Centrifuge for 2.0 mL tubes.



2.2 Reagents

2.3 Coffee Samples

2.4 Supplies

2.5 LC and Sample
Solvents
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. Nitrogen evaporator.

. Ultrasonic bath.

. Digital weighing scale.

. UHPLC system coupled to a high-resolution mass spectrome-

ter using an electrospray ion source.

. Solvents for sample preparation: methanol LC-MS grade

(MeOH), methyl terz-butyl ether HPLC grade (MTBE), and
deionized water (H,O).

. Solvents for LC-HRMS analysis: deionized water, acetonitrile,

and isopropanol LC-MS grade.

. Mobile-phase modifiers: formic acid and ammonium formate

LC-MS grade.

. Mixture of deuterated lipid standards: Splash Lipidomix Mass

Spectrometry Standard from Avanti Polar Lipids: (15:0-18:1
(d7)PC 150.6 pg/mL; 15:0-18:1 (d7)PE 5.3 pg/mL; 15:0-
18:1 (d7)PS (Na Salt); 3.9 pg/mL; 15:0-18:1 (d7)PG
(Na Salt) 26.7 pg/mL; 15:0-18:1 (d7)PI (NH, Salt) 8.5 pg/
mL; 15:0-18:1 (d7)PA (NaSalt) 6.9 pg/mL; 18:1(d7) LysoPC
23.8 pg/mL; 18:1(d7) LysoPE 4.9 pg/mL; 18:1(d7)Chol
Ester 329 pg/mL; 18:1(d7)MAG 1.8 pg/mL; 15:0-18:1(d7)
DAG 8.8 pg/mL; 15:0-18:1(d7)-15:0TAG 52.8 pg/mL;
d18:1-18:1(d9)SM; Cholesterol (d7) 98.4 pg/mL) (see
Note 1).

. Green (raw) Arabica coffee beans.

. Green Arabica coffee beans must be ground using a mill and

passed over a 40-mesh sieve (0.5 mm pore size).

. Keep the milled coftee beans in an amber tube away from light

until analysis.

. 1.5 or 2.0 mL centrifuge tubes.

. Pipette tips for organic solvents, such as acetonitrile, methanol,

isopropanol, and methyl zerz-butyl ether.

. Glass vials (2.0 mL volume).
. Proper caps for vials, depending on the LC specification.
. Acquity UPLC CSH C;g column (150 mm x 2.1 mm; 2.5 pm)

(Waters, Milford, MA, USA).

. Acquity UPLC CSH C;g3 VanGuard pre-column

(5 mm x 2.1 mm; 2.5 pm) (Waters, Milford, MA, USA).

. Sample reconstitution solvent: isopropanol:acetonitrile:water

(2:1:1, v/v).

. Mobile phase A: acetonitrile:water (60:40, v/v) with 10 mM

ammonium formate and 0.1% formic acid (see Note 2).
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. Mobile phase B: isopropanol:acetonitrile (90:10 v/v) with

10 mM ammonium formate and 0.1% formic acid.

4. Column wash solvent C: acetonitrile 100%.

. Column wash solvent D: isopropanol:acetonitrile:water (60:

20:20 v/v).

3 Methods

3.1 Lipid Extraction

10.
11.

12.

13.

14.
15.

. The lipid extraction for coffee samples is based on the Matyash

method [21, 22]. At least triplicate extractions must be
performed.

. Weigh 15 mg of the milled coffee in a 2.0 mL centrifuge tube

using a digital weighing scale (see Note 3).

. A blank extraction sample must be performed in the same way

as the coffee sample but using 15 pL of H,O instead of a milled
coffee sample in a 2.0 mL centrifuge tube.

. Add 50 pL of Splash Lipidomix mixture into the centrifuge

tube containing 15 mg of milled coffee beans and into the
blank centrifuge tube.

. Add 100 pL of methanol into the centrifuge tube containing

the milled coffee beans and the Splash Lipidomix.

. Vortex the centrifuge tube for 30 s.
. Add 500 pL of MTBE into the centrifuge tube containing

milled coffee beans, splash Lipidomix, and methanol.

. Vortex the centrifuge tube for 30 s.
. Add 125 pL of deionized water into the centrifuge tube con-

taining milled coffee beans, splash Lipidomix, methanol,
and MTBE.

Place the centrifuge tube in an ultrasonic bath for 15 min.

Incubate the centrifuge tube containing milled coffee beans,
Splash Lipidomix, methanol, MTBE, and deionized water in a
refrigerator at 4 °C for 10 min.

After 10 min, remove the centrifuge tube from the refrigerator
and centrifuge the tube at 9000 x g for 15 min. After this,
there should be two layers: the inferior aqueous phase and the
superior organic phase. The lipids are in the superior organic
phase.

Collect 400 pL of the superior organic phase to another cen-
trifuge tube, using a calibrated pipette (see Note 4).

Dry the organic phase (lipids) under nitrogen flow.
Store the samples at —20 °C until analysis (se¢ Note 5).



3.2 LCG-HRMS/MS
Analysis
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1.

10.

Reconstitute the dried lipid extract with 500 pL of 2:1:1 iso-
propanol:acetonitrile:water. Transfer the lipid extract to an LC
vial and cap the vial.

. Prepare a pooled quality control (QC) sample by mixing a small

amount of each sample into the same LC vial and analyze it
throughout the sequence (see Note 6).

. Equilibrate the LC column at 45 °C with starting percentages

of mobile phases A and B (40% B). Wait until the pressure is
stable to start the analysis. Pressure should be within the range
of 400-500 bar at the beginning of each run.

. Create an instrument sequence following the order: solvent

blank, extraction blank, at least 5 pooled QCs for conditioning
the system, a pooled QC for data analysis, and a randomized
batch of coffee samples [23].

. LC solvent flow, injection volume, and temperature:

0.450 mL/min, 45 °C, and 5 pL.

. Apply the following LC gradient: 0-2.0 min 40% B;

2.0-2.1 min 43% B; 2.1-12.0 min 50% B; 12.0-12.1 min
54% B; 12.1-18.0 min 70% B; 18.0-18.1 min 99% B;
18.1-25.0 min 40% B [24, 25].

. The acquisition method for an Orbitrap mass spectrometer

(QExactive Plus model, Thermo Fisher Scientific) is described
here. The following parameters should be used in positive
ion mode: spray voltage at 3.9 kV, sheath gas and auxiliary
nitrogen pressure at 45 and 20 arbitrary units, respectively,
capillary and heater temperatures at 320 °C and 400 °C,
respectively. For negative-ESI mode, use the spray voltage of
3.6 kV.

. Full-scan MS conditions should be used with polarity switching

(if possible) following calibration of the instrument: S-lens RF
level at 70 eV, a resolution of 35.00 full width at half maximum
(FWHM) with automatic gain control (AGC) of 1 x 10° ions,
maximum injection time of 150 ms, and scanning range from
m/z 140 to 2000 Da. Data is acquired in profile mode.

. Fragmentation of ions should be obtained using data-

dependent acquisition (ddMS*-top3). Tons are isolated using
a 1.2 amu window, and isolation is triggered using an intensity
threshold of 1 x 10°, isotope exclusion on, and dynamic
exclusion of 10 s. Ions are fragmented by HCD using NCE
of 30 for ESI (—) and 35 for ESI (+) with a resolution of
17,500 FHWM with AGC of 1 x 10° jons and maximum
injection time of 50 ms (se¢ Note 7).

Run the sequence applying these LC-HRMS /MS conditions.
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3.3 LC-HRMS/MS
Data Analysis

3.3.1 Data Analysis of .
Raw Files on Xcalibur Qual
Browser

3.3.2 LC-HRMS/MS Data
Processing Using the MS-
DIAL Software

Conversion of .Raw Files to
an Analysis Base File (ABF)

Starting a Project in MS-
DIAL Software

. Open the .raw files on Xcalibur Qual Browser or other software

for data analysis.

. Total ion chromatograms for green Arabica coffee lipids should

have a similar profile to Fig. 1. The elution order is based on the
unsaturation degree and carbon-chain length of fatty acyl moi-
eties [18, 24].

. Inspect the files to see if all deuterated standards were extracted

correctly, keeping a constant retention time and peak area
across samples. Ensure they have a standard deviation below
20% for the peak areas and below 10% for retention time drift.
Figures 2 and 3 show the extracted ion chromatogram (EIC)
for each deuterated standard from Splash Lipidomix.

. Because MS-DIAL works with the Analysis Base File (ABF)

format, the first step is to download the freely available file
converter to the vendor’s format. The program accepts the
main LC-MS vendor formats [20].

. Using a web browser, go to https://www.reifycs.com/

AbfConverter/index.html and download the file converter
according to your operating system.

. Extract the files from the zip folder.

. To start a new conversion, double click “AnalysisBaseFileCon-

verter.exe”.

. Drag and drop the .raw files into the Analysis Base File Con-

verter. By default, the converted files will be saved in the same
folder as the original .raw files. To save into another folder, click
Browse and choose a location.

. To start the process, click “Convert”. The ABF files will be

used to process the data on MS-DIAL software.

. Using a web browser, go to http://prime.psc.riken.jp/

compms,/msdial /main.html and download the latest version
of MS-DIAL.

. Extract the files from the zip folder and double click on

“MSDIAL.exe” to start a project.

Starting a Project

3.
4.

Open the software, go to “File” and click on “New Project”.

To choose a project file path, click on “Browse”, which needs
to be the same folder containing ABF files.

. Go to ionization type and click on “soft ionization (LC/MS,

LC/MS/MS, or precursor-oriented GC/MS/MS)”.

. Go to Separation type and click on “Chromatography (GC,

LC, CE, SEC)”.


https://www.reifycs.com/AbfConverter/index.html
https://www.reifycs.com/AbfConverter/index.html
http://prime.psc.riken.jp/compms/msdial/main.html
http://prime.psc.riken.jp/compms/msdial/main.html
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Fig. 1 LC-HRMS total ion chromatogram (TIC) of lipids from green Arabica coffee beans using the CSH Cig
column. (a) positive electrospray ion mode and (b) negative electrospray ion mode. LPC lysophosphatidylcho-
line, PC phosphatidylcholine, C5-HT"N-alkanoyl-hydroxytryptamides, DG diacylglycerol, TG triacylglycerol, SL
sterol lipids, FA fatty acids, LP/ lysophosphatidylcholine, LPE lysophosphatidylethanolamines, PE phosphati-
dylethanolamine, Pl phosphatidylinositol, PA phosphatidic acid

7. Go to MS method type and click on “Conventional LC/MS or
data-dependent MS/MS” (see Note 8).

8. Go to Data type (MS1) and Data type (MS/MS) and click on
“Profile data” for both (se¢e Note 9).

9. You must create one project for each electrospray ion mode.
Go to Ion mode and click on “Positive ion mode” or “Negative
ion mode”.
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Fig. 2 Extracted ion chromatograms (EIC) of deuterated standards in the positive
ion mode from LC-HRMS analysis using a CSH C4g column. (1) 18:1(d7) Lyso PC;
(2) 18:1(d7) Chol Ester; (3) Cholesterol (d7); (4) 15:0-18:1(d7) PC; (5) 15:0-18:1
(d7) DAG; (6) 15:0-18:1(d7)-15:0 TAG

10. Go to Target omics and click on “Lipidomics”.

11. Click on “Next” to go to “New project window”.
Importing ABF Files

12. Click on “Browse” and select ABF files. Here, you can select
the type of sample (Sample, Standard, QC, and Blank).

13. The Class ID will be the different groups of samples that you
have. For instance, if you analyzed coftees from different
geographical regions, each region can be a Class ID.

14. The analyst can also include the batch information, analytical
order, and sample injection volumes in this step.

15. Once it is all filled, click “Next” to go to “Analysis parameter
setting”. Each tab is detailed below.
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Fig. 3 Extracted ion chromatograms (EIC) of deuterated standards in the negative
ion mode from LC-HRMS analysis using a CSH C,g column. (1) 18:1(d7) Lyso PE;
(2) 15:0-18:1(d7) PI (NH, Salt); (3) 15:0-18:1(d7) PG (Na Salt); (4) 15:0-18:1
(d7) PE

Analysis Parameter Setting
Data collection

1. Set 0.005 Da as MS1 tolerance and 0.025 Da as MS2
tolerance (see Note 10).

2. Set 0 min as Retention Time Begin and 25 min as Reten-
tion Time End from the LC method.

3. Set 140 as MS1 Mass range begin and 2000 Da as MS1
Mass range end.

4. Set 140 as MS/MS Mass range begin and 2000 Da as
MS/MS Mass range end.

5. Set 1 as the Maximum charged number.

6. If you are using a personal quadcore configuration com-
puter, use 2 as threads. Refer to the MS-DIAL tutorial for
more information.

Peak detection
1. Set 500,000 as Minimum peak height.

2. Set 0.1 Da as Mass slice width.

3. Apply Linear Weighted Moving Average as Smoothing
method.
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4. Set 3 and 5 as smoothing level and Minimum peak width,
respectively.

5. Peaks from column or solvent can be specified in the
“Exclusion list”.

MS2Dec

1. Set 0.4 as sigma window value and 10 as MS/MS abun-
dance cut-off.

2. Set true for “Exclude after precursor ion”.

3. Set 0.5 for “Keep the isotopic ions until” and Set true for
“Keep the isotopic ions w/0 MS2Dec.

Ldentification

1. In the MSP file, click “Select” to choose the solvent type
(HCOONH, for formate ammonium and HCCOONH,4
for acetate ammonium).

2. Select specific lipid classes for identification.

3. In “Retention time tolerance” set 100 or larger to ignore
the use of retention time comparison to the MSP
database.

4. Set 0.005 Da to “Accurate mass tolerance (MS1)” and
0.1 Da to “Accurate mass tolerance (MS2)”.

5. Set 80% to “Identification score cut oft” (see Note 11).

Adduct

1. In positive ion mode set true for [M + H]*, [M + Na]",
[M + NH4]%, [M + H — H,O]".

2. In negative ion mode set true for [M — HJ,
[M + HCOO],[M — H — H,O]".

Alignment

1. A result name will be automatically generated.

2. If the data has a quality control (QC), specity one QC file
in the “Reference file”.

3. Set 0.05 min as “Retention time tolerance” and 0.015 Da

as “MS1 tolerance”.

4. Keep 0.5 for both Retention time and MS1 factor.

. If the experiment has a blank, set true for “Remove based

on blank information”.

. Set 0 in the “Peak count filter” and in “N% detected in at

least one group”, set 50% to detect peaks in at least half of
the samples in the same group.

. Set true for “Keep ‘identified’ metabolite features”,

“Keep ‘annotated (without MS2)” metabolite features.

. Set false for “Gap filling by compulsion”.
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Data Processing Data Analysis and Interpretation

1. When data processing is finished, double click on the alignment
file in the Alignment navigator window.

2. In “Peak spot navigator” check Ref. matched to see the identi-
fied lipids using MS/MS spectra.

3. Go to alignment spot viewer and click on “show ion table”. A
summary table with identified lipids can be shown from this
button.

4. Eliminate the compounds with a mass error above 8 ppm.

Lipid Annotation in Positive  Check the fragmentation pattern for each class in positive ion mode
lon Mode from Table 1 and the similarity between experimental and theoreti-
cal representatives MS/MS spectra, as shown in Fig. 4. Briefly, two
types of adducts are observed for LPC and PC, [M + H]" and
[M + Na]*. The main product ions generated from the [M + H]*
precursors are loss of water ([M + H — H,O]") and protonated
phosphocholine (m/z 184.07) [26, 27]. Fragments from the fatty
acyl units are present in low abundance. Therefore, product ions
from [M + Na]" adducts are used to annotate PC and LPC. The
major fragments are loss of phosphocholine ([M + Na-183]") and
esterified fatty acyl group ([M + Na-RxCO,H]") [26, 27]. Acylgly-
cerols, such as DAG and TAG are neutral lipids and have no

Table 1
Characteristic fragments and fatty acyl identification fragments of the main lipid classes found in
coffee samples in LC-HRMS positive ion mode

Precursor
Lipid class ion Characteristic fragment Fattyl acyl identification fragments
TAG [M+ NH,|* - [M + NH; — (R;CO,H + 17)],
[M + NH4 - (R2C02H + 17)]+,
M + NH4 - (RgCOZH ar l7)]+
DAG [M+ NH,]* - [M + NHy — (R{CO,H + 17)]*,
[M + NH4 — (R2C02H ar 17)]+
LPC [M+H]" m/z 184.0739 protonated M+ H]*
phosphocoline
PC [M + Nal* m/z146.9817 sodiated [M + Na — RjCO,HT",
phosphate
[M + Na-183]" loss of [M + Na — R,CO,H]"
phosphocoline
C5-HT [M+H]" m/z160.0748 (serotonin), [M+H]"

m/z177.1021 (serotonin + NH3)

LPC lysophosphatidylcholine, PC phosphatidylcholine, DAG diacylglycerol, TAG triacylglycerol, C-5HT ® N-alkanoyl-
hydroxytryptamide, R; fatty acid chain, R fatty acid chain




LPC PC

M52 spectra Precursor: 496.34109 Measurement M52 spectra Precursor: 78256573 Measurement
| .07 | 146.9817 .
100 o [c’__’H___NDIP]. 100} [M+Na]*-C.H, ,NO,P(-183)
{ ’g | [Ma]*-59 5995043
] ta b= B | CooHsy05(256.4)
50 ‘o OV\T“ . IM+nia]-59. R a5
g | Af&n&s | CigHy.0,(282.4) || [M+Na]*
I [M+H-H,OT | “67.2472 |
2 ol J-J_ I e S L PR TN L
5 | E | s6.096a
{ 104,107 3| |
0] 496.3398 sof 146.9818 o
1 599.501
100-
G 184.0738 782,567
— N P e . o .
Reference

0
PC({16:0/18:1)

PC({16:0/0:0)
[M+NH, ]
DAG (C,eHo0 0,+NH,) TAG [M+NH, ]
| ; { CyaHs O +NH.)

M52 spectra Precursor: 632.52728 Meusurement M52 spectra Precursor: 958.88232 187132 2 2l Measurement

| s 337.2707 100, B10702 £
100 N i 661.6081

| [MHNH, I+ [M+NH, ]*-NH,-H.0 ; [MHRH, I*+{ CyoHay O 4+NH)

‘ { C1aH 0. #+NH,) 5974916 l [M+NH, *(C..H,, O +NH.)

ol 504 408.6923 N 759.8608
s | 1
(] e P T 0]
T | | .
£ ot i h“l i i " P T | 2y T

£ 958.87¢

: £
5 | z |
£ | 50

01 5974877 ]

| TS G S
oy 335.2582 o 100 200 300 400 500 600 700 800 900
""""""""""""""" mfz Reference

DAG (18:2/18:3) TAG(18:1/18:2/22:0)

M52 spectra Precursor: 471.39392 Measurement
| 160.0761
1004
504
§ :
Fo o | mam A%
s | 57.0704 | 338,342 454.3675
5 |
‘ 1
m.
1001 160.0755
50 100 150 200 250 300 350 400 450 500
L Reference
L] m/z2177.10204
v

. ¥ ]/\/\/\/\/\/\/\/\/\/
m/2160,07549

C20-5HT
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electrostatic charge in solution, so [M + Na]" and [M + NH4]*
adduct ions are observed. Generally, product ions from
[M + NH,]" are used to identify these compounds since ammo-
nium ions present in the mobile phase are sprayed at the ESI source.
Putative identification of these compounds is based on the high
accurate precursor m/z values and fragments from the fatty acyl
moiety [M + NH; — (RxCO,H + 17)]" [26].

Phospholipids as LPE, PI, and PE are identified as [M-H]™
adducts. The MS/MS spectra of these lipids show fragments from
the lipid head group (e.g., m/2241.01 from phosphatidylinositol)
and fragments of fatty acyl moiety ([R,CO,]"). PC and LPC can be
identified in negative ion mode as [M + HCOO] ions
[26, 27]. The fragmentation pattern for each class in negative ion
mode can be checked in Table 2. The similarity between experi-
mental and theoretical representatives MS/MS spectra for specific
classes in Fig. 5.

Characteristic fragments and fatty acyl identification fragments of main lipid classes found in coffee
samples in LC-HRMS negative ion mode

Lipid Precursor
class ion Characteristic fragment Fattyl acyl identification fragments
LPE [M — H]|™ m/2140.0118 deprotonated m/z Ry
phosphoetanolamine
m/z196.0375
glycerophosphoethanolamine
anion
LPI [M —H|™ m/2241.0119 deprotonated m/z Ry
inositol phosphate
PI [M —H|™ m/2241.0119 deprotonated [M — H - R;CH,CO,H] ",
inositol phospate [M — H — R,CH,CO,H] ", m/z Ry,
m/z Ry
PA [M —H| m/2152. 9953 (glycerol [M — H - R;CH,CO,H],
3-phosphate after loss of H,O) [M — H — R,CH,CO,H]|™
m/z Ry, m/z Ry
PE [M —H]|™ m/2140.0118, deprotonated [M — H - R;CH,CO,H] ™,
phosphoetanolamine [M — H - R,CH,CO,H] ", m/z Ry,

m/z Ry

m/z196.0375,
glycerophosphoethanolamine
anion

LPI lysophosphatidylinositol, LPE lysophosphatidylethanolamine, PA phosphatidic acid, PI phosphatidylinositol, PE
phosphatidylethanolamine, R fatty acid chain, R, fatty acid chain



LPE LPI

MS2 spactrs Precursor: 452'22-’:;9:325 Measurement MS2 spectra Precursor: 571.28931 Measurement
J . | 571.283
1% m/z 140.0118 [C1eH=20:] 1001
Ho*g‘o / ] [GeH0:L 5, o =
50 o 452.2786 50
" O “~"NH, » 3] e m’;ﬁﬁm
§ 679127\ 196.0375 380.2218 g | 789579 I /
2 o ST - 1 s o+ ——h ——— n
& 196.0376 .
3 452.2783
50 501 315.0486
e 255.2323 o o 2552 (P . 571.2889
50 100 150 200 250 300 350 400 450 2 300 200: i o0 o we.
e Reference m/z Reference
0 0
o o
NN NN NN P SR RAR R . ho-T 2o
=Fep B
oS 90 Oy, R T AN/
PE(16:0/0:0) PI{16:0/0:0)
MS2 spectra Precursor: 831.50275 Measurement IMSE spectra Precursor: 699.49664 Measurement
100 ol 1004 ¥X*° 283.2651 [CygHz0:]
L [CieHzz02] | v \J [€1eHz20:]
| )~ . 2552: | X N
so| <= o [€1eH2,0:] sod an 2529041 419.2597 699.4965
£ | N / § i
g l 391.2255 2 | I
g of o e B2 ] Pz I 2o R Lrioied how {
é | et e 553.2779 E 1 415.2251
so] & | 152.9958
] 50- 699.497
100 1
B $31.5029 2007 279.2323
o 100 200 300 400 500 GO0 700 800 2900 ", . _l(-I]- - -.ZI;I)- . "3&,' - -ﬂ{TKl- a '5"]) e ﬂ‘x}- "'ﬂ'x,' -
m/i
x Reference i Reference
o

o}
g 0 OH OH _P.
/\/\/\/\/\/\/\.)\O-’}f\qi—a’ad*\” el V\/\_/\_/\/\/\/\i;o\]g\% OH
W/‘v\/‘\g— )

PI(16:0/18:3) PA(18:0/18:2)

PE

M52 spectra Precursor: 714.50647 Measurement
o [ClEH;;O;}' 279.2349
g C,3H3,0
—
so | HOg ‘O“-/"‘NH; [C15H5,0,]
714.5067
140.011 452.2785
o e = — et
§ 196.038 434.2673
o
50
714.5079
s 255.2323
————— e e e e e e e gt
o 100 200 100 a00 (M) GO0 700
~vE Reference

° o
/\/\/\/\/\/\/\/low?f'*o N,
\/\/\_/\_/\/\/W
o

PE(16:0/18:2)

Fig. 5 Experimental (blue) and theoretical (red) representative MS/MS spectra in negative ESI mode for LPI,
LPE, PI, PA, and PE classes. LPI lysophosphatidylinositol, LPE lysophosphatidylethanolamine, PA phosphatidic
acid, P/ phosphatidylinositol, PE phosphatidylethanolamine
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4 Notes

10.

11.

. Equisplash Lipidomix can also be used as a mixture of the

deuterated internal standard instead of Splash Lipidomix. Fur-
thermore, other internal standards representing classes of com-
pounds also found in the coffee lipid fraction can be used.

. One liter of mobile phase requires 0.63 g of ammonium for-

mate and 1.0 mL of formic acid.

. The lipid extraction can be performed for coftee beverages as

well. In this case, 400 pL of it can be used. Do not add water
and follow the procedure described in Subheading 3.1.

. To increase the lipid yield, a re-extraction can be done using

200 pL of 10:3:2.5 (v/v/v) MTBE/McOH /H,O. Then, the
organic phases must be combined before being evaporated.

. The lipids are stable for two to four freeze-thaw cycles when

stored at —80 °C [2, 28].

. The combination of aliquots of all samples is called pooled

quality control (QC), and it is used to verify the system stability
and correct systematic measurement bias [25, 28].

. The acquisition method described is for a Q Exactive Plus mass

spectrometer (Thermo Fisher Scientific). Whether other sys-
tems are used, please check the best conditions in the literature.

. If Data-Independent Analysis (DIA) or All Ion Fragmentation

(AIF) are used instead of DDA (Data-Dependent Analysis),
click in one of the respective options in MS Method Type for
MS-DIAL data processing.

. When using other LC-MS systems or mzmL converted files,

check if the data type is in Centroid or profile mode.

Please refer to the MS-DIAL tutorial when other LC-MS
systems are used.

It is possible to create a table with the following information to
find the internal standards in data efficiently: Name, m/z (MZ),
retention time (RT), Adduct, InChiKey, Formula, Smiles, and
Ontology. An example for PC 15:0_18:1(d7) is showed below.
Save the table as .txt. Go to Advanced in the “Identification”
tab, and select this .txt file. Set 100 min to “Retention time
tolerance”, 0.01 Da as “Accurate mass tolerance”; and 80% to
“Identification score cut off”.

Name PC 15:0_18:1(d7)
RT 12.75

MZ 775.59531

Adduct [M + Na]*
InChiKey



86

Ana Carolina R. Silva et al.

ZEWLMKXMNQOCOQ-GCHPQBSENA-N
Formula C41H73D7NOS8P

Smiles

[C@](COP(=0)([O])OCCI[N+](C)(C)C)([H])

(OC(CCCCCCC/C=C\CCCCCC([2H])([2H])C
([2H])([2H]DC([2H])([2H])[2H])=0)COC( CCCC
CCCCCCCCCC)=0

Ontology PC
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A Novel HPLC-Based Method with LC-Electrospray MS
for Analysis of Polyethylene Glycol in Various Foods

Juhee Park and Chan Lee

Abstract

Various types of polymers, such as gums, chitosan, carrageenan, and polydextrose, are used as additives in
the food industry. Among these additives, polyethylene glycol (PEG), also called Macrogol, can be used to
wrap food and preserve the quality and stability of the foods. PEG is also used as an antifoaming agent,
thickener, emulsifier, glazing agent, and a carrier in various foods. PEG products used as food additives have
molecular weights between 200 and 9500 g/mol, and an analytical method that can simultaneously analyze
the levels of PEGs with a wide range of molecular weights is required to meet food regulations. Polymer
analysis is generally conducted using high-performance liquid chromatography (HPLC), infrared
(IR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), and pyroly-
sis gas chromatography-mass spectrometry (Py-GC/MS). Here, we present an advanced HPLC method to
analyze all PEG products utilized in diverse foods, with proper extraction methods for different food
matrices. In addition, PEG peaks obtained from HPLC analysis were further verified using liquid
chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) with the observed
m/z of PEG ions, which results in the formation of charge-neutral polymer adducts [M + »NH4]"" with
NH,", as well as protonated species [M + #H]"" (n: charge state). This new method generates reliable
results that can be easily employed in PEG analysis.

Key words Polyethylene glycol, High-performance liquid chromatography, Evaporative light scatter-
ing detector, Liquid chromatography tandem mass spectrometry, Polymer, Food additive, Antifoam-
ing agent, Carrier, Thickener, Emulsifier, Glazing agent

1 Introduction

Natural and synthetic polymers, such as gum, chitosan, carra-
geenan, polydextrose, polyethylene glycol (PEG), and polyvinyl
alcohol acetate, can be used as food additives. With respect to
chemical composition, they are characterized by the presence of
repeating units of monomers and a broad molecular weight distri-
bution [1]. Among these polymers, a PEG product called Macro-
gol, in the molecular weight range of 200-9500 g/mol, is used as
an antifoaming agent, emulsifier, glazing agent, carrier, and
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thickener in various types of foods [2]. PEGs present in foods
generally do not have detrimental effects on human health
[3]. Therefore, they can be safely used to maintain food quality
and stability and be used as protective materials for food preserva-
tion. PEG products are also widely used as medical, chemical, and
biological additives for other purposes. As various PEG products
have industrial applications, an appropriate method capable of ana-
lyzing PEGs is required in accordance with the regulations govern-
ing its use. Particularly, analysis of PEGs present in foods is essential
for maintaining food quality and controlling food safety.

To date, polymers have been analyzed using techniques, such as
chromatography, infrared spectroscopy, nuclear magnetic reso-
nance spectroscopy, ultraviolet visible spectroscopy, and mass spec-
trometry [4]. Recently, pyrolysis-GC/MS, a method in which a
pyrolysis device is connected to a mass spectrometer, has gained
attention as an analytical tool for polymers [5]. In this method, the
polymer is directly inserted into the pyrolysis source device, and the
pyrolyzed products are analyzed using GC/MS. Among the
reported methods, mass spectrometry with matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization
(ESI) are considered the most powerful tools for PEG analysis.
ESI is increasingly being recognized as a more appropriate method
for the analysis of PEGs than MALDI because it is easier to use for
CID MS/MS studies and can be easily coupled to liquid separation
methods [6]. Furthermore, the liquid separation method com-
bined with ESI can determine the number of functional groups in
a polyol and polyol mixture, including PEGs [7], even though ESI
is associated with complexities such as multiple charging and stric-
ter solvent requirements during separation than MALDI in general.
In addition, ESI in conjunction with tandem mass spectrometry
(MS/MS) can elucidate more detailed structural properties of poly-
mers [8]. A notable feature of ESI-MS analysis is the formation of
various ions with different charges. The mass-to-charge (m/z) ratio
of the ion envelope often overlaps fully or partially with the next
charged state. Another feature of note is the production of adducts
with cations, such as NH**, Na*, and K*, as well as the formation of
protonated species [M + #H|"* [9]. Therefore, EST mass spectrom-
etry requires a close examination of the ionized ions in the analysis.

Several mass spectrometric methods have been reported for the
analysis of PEGs. Electrospray droplet impact/secondary ion mass
spectrometry (EDI/SIMS) was developed as a new ionization
method to analyze polystyrene (PS) and PEG [10]. Desorption
electrospray ionization (DESI)-orbitrap mass spectrometry
(MS) was employed as a new tool for the characterization of various
synthetic polymers, including PEGs (range, 500 g/mol to
>20,000 g/mol) [11]. Even though these mass spectrometric
methods are able to analyze PEGs, none of these can simulta-
neously analyze all PEG products with molecular weights between
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200 and 9500 in food, except for our recently reported method
that uses high-performance liquid chromatography (HPLC) and
liquid chromatography (LC)-ESI-MS/MS [12]. However, this
new method has limitations with respect to analysis of foods
because it is optimized only for food supplement tablets [12], and
only MS data in the form of protonated species [M + Na*+H30,,.
1" ] (n: charged state of product ion) have been reported. Therefore,
we describe new pretreatment methods for HPLC analysis to verify
the peaks using LC-ESI-MS/MS to analyze PEGs in food supple-
ment tablets and other food categories, such as gums, candy, and
drinks. Furthermore, additional analytical MS data have been gen-
erated for wide applications, in which the m/z of PEG ions are
analyzed not only in the form of protonated species [M + nH]"" (n:
charge state), but also in the form of other adducts such as
[M + »NH4]"", which are often generated in MS analysis.

2 Materials

2.1 Chemicals

2.2 Supplies

1. The analytical standard for PEGs includes a wide range of
molecular weights (g/mol). PEG 300, 400, 600, 2000,
4000, 6000, and 8000 can be used for the simultaneous analy-
sis of PEGs (Table 1, see Note 1).

2. Organic reagents should be handled using nitrile gloves. All
reagents should be prepared using deionized water. Methanol
should be HPLC grade. Reagents should be stored at room
temperature.

3. HPLC instrumentation: 1100 or 1200 Series HPLC system
(Agilent, Santa Clara, CA) with a binary LC pump, well-plate
autosampler with temperature control, and column oven

(Table 2).

4. Organic reagents should be handled using nitrile gloves. All
mobile phases are HPLC grade and stored at room
temperature.

1. Amber (2.0 mL) and WrtOn vials with PTFE /RS screw caps
(Agilent Technologies, Santa Clara, CA, USA) for HPLC
analysis.

2. Amber (2.0 mL) and WrtOn vials with PTFE /SIL-bonded
septa pre-slit screw caps (Agilent Technologies, Santa Clara,
CA, USA) for LC-ESI-MS/MS analysis.

3. C8 column, YMC-Triart C8, 4.6 mm 1.D. x 150 mm, S-5,
12 nm, (YMC, Japan).

4. Syringe (1-cc; Korea Vaccine Co., Ltd., Seoul, Korea).

5. Syringe filter (0.2 pm pore size and 13-mm diameter; What-
man™_ Whatman International Ltd., Midstone, England).



92 Juhee Park and Chan Lee

Table 1
PEG suppliers

Analytical standard

Vendor

Polyethylene glycol 300
Polyethylene glycol 400
Polyethylene glycol 600
Polyethylene glycol 2000
Polyethylene glycol 4000
Polyethylene glycol 6000
Polyethylene glycol 8000

Tokyo Chemical Industry, Tokyo, Japan
Tokyo Chemical Industry, Tokyo, Japan
Tokyo Chemical Industry, Tokyo, Japan
Tokyo Chemical Industry, Tokyo, Japan
Tokyo Chemical Industry, Tokyo, Japan
USP, Rockville, MD, USA

USP, Rockville, MD, USA

Table 2
Applied mobile phases

Mobile phases

Components

Mobile phase 1
Mobile phase 2
Mobile phase 3
Mobile phase 4

Water (HPLC grade)

Acetonitrile (HPLC grade)

0.1% (v/v) formic acid (LC-MS grade) in water (HPLC grade)

0.1% (v/v) formic acid (LC-MS grade) in acetonitrile (HPLC grade)

2.3 Instruments

2.3.1 Analytical
Instrument

2.3.2 General Instrument

. HPLC and LC-ESI-MS/MS are used to detect PEGs. More

details related to the analytical instrument are provided in
Table 3.

. Several instruments are used to prepare the standard solutions

and extract PEG from foods. More details related to the ana-
lytical instrument are provided in Table 4.

3 Methods

3.1 Quantitative
Analysis of PEG
in Foods

3.1.1 Preparation
of Analytical Standards

. PEGs can be extracted and analyzed in foods as described in

steps 1-3. Solvent extraction is used to extract PEG in foods.
LC-ESI-MS/MS is used to estimate the size of the polymer in
this simultaneous analysis.

. Weigh 100 mg of PEG standard in glass tubes with screw caps.
. Pipette 2 mL of 50% methanol into each glass tube and tightly

seal with screw caps.
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Employed instrumentation

Instrument Component

Vendor

HPLC

series
Degasser
Binary pump
1260 Autosampler
Thermostatted column
compartment

Evaporative light scattering

detector

LC-ESI-
MS,/MS

Accela autosampler
Accela 600 pump

Accela PDA detector
LTQ Velos Pro

1200 series and 1260 infinity Agilent Technologies 1200 series and 1260 Infinity series

(San Jose, CA, USA)

Thermo Scientific (San Jose, CA, USA)
Thermo Fisher Scientific (San Jose, CA, USA)

Table 4

Other instruments utilized

Instrument

Part number

Vendor

Ultrasonic cleaner

Ultrapure water
system

Vortex mixer
Centrifuge

Water bath
Analytical balance

Balance

3510R-DTH

PURELAB Chorus
1 Complete

Vortex-Genie 2
VS-100B
SB-1000
EL204-1C
FX-2000i

Bransonic (Branson Ultrasonics Corporation,
Danbury, CT, USA)

ELGA (High Wycombe, UK)

Scientific Industries (New York, NY, USA)
Vision (Daejeon, Korea)

Eyela (Tokyo Rikakikai Co., Tokyo, Japan)
Mettler-Toledo (Columbus, OH, USA)
A&D Company (Tokyo, Japan)

3. Mix the liquid in each tube using a vortex mixer.

. Pipette 1 mL of PEG standard from each glass tube into a new

glass tube.

. Mix a solution containing 5 molecular weights of PEG using

the vortex mixer. This solution contains 10,000 pg/mL of the
standard solution.

. Prepare dilutions of the 10,000 pg/mL standard solution (i.e.,

200, 500, 1000, 1500, 2000, and 3000 pg/mL), as shown in
Table 5.

. Store the prepared solutions at 25 °C or transfer them to

2.0 mL amber vials for analysis.
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Table 5

PEG’s Calibration curve concentrations

Conc. (ng/mL) 10,000 j.g/mL solution 50% methanol
200 20 pL 980 pL
500 50 pL 950 pL
1000 100 pL 900 pL
1500 150 pL 850 uL
2000 200 pL 800 pL
3000 300 pL 700 pL

3.1.2  Extraction of PEG
from Food

Liquid Food

High-Fat Food

Other Food

3.1.3 Transfer the Extract

to the Sample Vial

. Seal the vial with a screw cap and slit the screw cap for analysis

using HPLC and LC-ESI-MS/MS.

. Pipette 3 mL of the liquid sample containing PEG into a 50 mL

conical tube.

. Add 9 mL of 50% methanol in the same tube and seal with a

SCrew cap.

. Mix the tube vigorously for 3 min.

4. Aspirate 1 mL of the solution using a 1-cc syringe.

. Place a piece of high-fat food sample containing PEG into a

50 mL conical tube.

. Add 5 mL of 75% methanol in the same tube and seal with a

screw cap (see Note 2).

. Mix the tube vigorously for 3 min.

. Aspirate 1 mL of the solution using a 1-cc syringe (see Note 3).

. Place a piece of coated food sample containing PEG into a

50 mL conical tube.

. Add 5 mL of 50% methanol in same tube and seal with a

SCrew cap.

. Mix the tube vigorously for 3 min.

4. Aspirate 1 mL of the solution using a 1-cc syringe (see Note 3).

. Label the sample vials for identification.

. Aspirate 1 mL of the extract using a 1-cc syringe. Using a

0.45 pm pore size PVDF syringe filter, filter the extract into a
2.0 mL amber vial.

. Seal the vial tightly with a screw cap.
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3.2 Qualitative
Analysis of PEG
in Foods

32.1 LC-ESI-MS/MS
Analysis
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This step was used to quantify PEG in foods using HPLC.

1.

2.

The standard solutions and samples prepared in steps 1-3 were
placed on the vial tray of the autosampler.

The HPLC consisted of a degasser, a binary pump, an auto-
sampler, a thermostatted column compartment, and an evapo-
rative light scattering detector. A YMC-Triart C8 column was
equipped with a thermostatted column compartment. Mobile
phase 1 and 2 were used as the mobile phase with gradient
elution conditions; 0 min, A 80%, B 20%; 7 min, A 55%, B 45%;
14 min, A 45%, B 55%; 15 min, A 80%, B 20%; 20 min, A 80%,
B 20%. The flow rate is 1 mL/min, and the sample injection
volume is 10 pL. The thermostatted column compartment was
set to 60 °C. ELSD analytical conditions were set as follows:
evaporator temperature, 50 °C; nebulizer temperature, 70 °C;
N, gas flow rate, 1.4 SLM. All settings were processed in the
software, which is Agilent ChemStation instrument 1 online.
Equilibration of the HPLC column lasted over 30 min with an
80:20 ratio (v/v) of mobile phases 1 and 2 (see Note 4).

. The software, Agilent ChemStation instrument 1 offline, was

used for peak integration. Peaks were identified manually, and
peak areas were automatically integrated (see Notes 5 and 6).
Where required, manual integration was employed to estimate
the peak area, and the peak areas were inputted into Excel. All
the data, including concentrations and peak areas were trans-
formed into logarithmic (base 10) values to verify the linearity
of the calibration curve, estimate the value of PEG in food
[13], and make it easier to calculate. The calibration curve
was plotted as a distributed graph with the logarithmic con-
centrations and peak areas of the PEG standards. The concen-
tration of PEG in food was estimated by inputting the
measured peak area in the equation of the trend line. The
obtained logarithmic value could be converted to an exponen-
tial value in order to simplify the calculation of the estimated
value (see Note 6). The HPLC chromatogram of the PEG is
shown in Fig. 1.

The following steps were used to identity the PEGs in food using
LC-ESI-MS/MS:

1.
2.

The prepared vials were placed in a vial tray of the autosampler.

The LC-ESI-MS/MS apparatus consisted of an Accela HPLC
system (quadruple pump, autosampler, and PDA) and LTQ
Velos Pro series. The autosampler was equipped with a
YMC-Triart C8 column. Mobile phase 3 and 4 were used as
mobile phases with gradient elution conditions described as
follows: 0 min, A 80%, B 20%; 7 min, A 55%, B 45%; 14 min,
A 45%, B 55%; 15 min, A 80%, B 20%; and 20 min, A 80%, B
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(a) ((b)
© | ()
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Fig. 1 HPLC chromatograms of PEG standards, PEG 300 (a), 400 (b), 600 (c), 2000 (d), 4000 (e), 6000 (f), 8000
(g), and mixture of PEG spiked in blank matrix (h)

20%. The flow rate was 1 mL/min, and the sample injection
volume was 10 pL. The column temperature was set at 60 °C.
The ESI source was set to positive ion mode, 5 kV of spray
voltage, 275 °C of capillary temperature, 35 L/h seath gas
flow, 5 L/h aux gas flow, and 35 V collision energy. All settings
were processed using the Xcalibur™ software. Equilibration of
the HPLC column lasted over 30 min with an 80:20 ratio (v/v)
of mobile phases 3 and 4 (se¢ Note 4). In addition, LC-E-
SI-MS/MS was operated in the positive ion mode, and the
signal was recorded in the profile mode to observe the char-
acteristics of the charge state (see Notes 7 and 8) (Fig. 2).

4 Notes

. PEG 600 is a colorless liquid that should be stored at 25 °C. It

casily solidifies when surrounded by cool air, such as from air
conditioners and winter air. If liquid PEG 600 gets solidified, it
should be incubated at 25 °C to enable its conversion into the
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Fig. 2 Total ion chromatograms of the PEG mixtures containing PEG 600, 2000, 4000, 6000, and 8000 in

ESI-LC-MS/MS analysis

liquid form. Solidification does not affect product quality or
stability.

. High-fat foods can interfere with the detection of PEG; there-

fore, 75% methanol is used to prevent such interference. Hex-
ane is generally used to remove fat, but it interferes with the
detection of PEG.

. If the mixed solutions are very chunky, then the solution is

centrifuged. The chunky solution is transferred into a 1.5 mL
Eppendorf tube and centrifuged at 10,000 x g for 15 s. The
supernatant is then collected using a 1-cc syringe.

. For column equilibrium, mobile phases are retained at an 80:

20 ratio (v/v) for at least 30 min. To analyze the PEG stably,
the column should be appropriately equilibrated prior to initi-
ation of analysis to detect the target compound. It is recom-
mended that after the analysis, the column should be washed
alternately with 5:95 and 95:5 ratios of water and acetonitrile
because the PEG elutes out of the column from low to high
organic solvent ratio over time.

. For PEG 600, it is recommended to select the largest peak to

calculate the value because of detection of a number of peaks
over 10. The peaks of PEG 2000 and 4000, as well as those of
PEG 6000 and 8000, are manually split because they partially
overlap between PEG 2000 and 4000, and PEG 6000
and 8000.
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6. Peaks of PEG with diverse molecular weights are detected in

order, and they overlap due to the concordance of molecular
weight of PEG products. Polymers such as PEGs are difficult to
manufacture with a uniform molecular weight; thus, PEG
products are sold with a wide range of molecular weights
centered around a single molecular weight marked on the
product label. This HPLC analysis method can be employed
to quantify PEG with diverse molecular weights in foods.
However, to quantify the amount of PEG in food, the molecu-
lar weights of PEG available for simultaneous analysis are lim-
ited to 600-8000 due to overlapping peaks of PEG 200-600.

. The monomer of PEG is ethylene glycol (molecular weight,

44.05 £ 0.5). This is observed in the analytical results using
LC-ESI-MS/MS, which make it possible to confirm the pres-
ence of PEG in the analyzed sample. As the molecular weight of
PEG increases, its charged state also increases, and these prop-
erties were confirmed in our previous study [ 12]. Unlike in our
previous study, other m/z patterns, such as [M + #H]"" and
[M + #NH4]|"" (n: charge state), were investigated in this study.
Charge state patterns of 1, 0.5, 0.33, and 0.25 apart in the
isotope cluster can be identified through the profile mode in
ESI-MS analysis. It is difficult to observe these patterns in the
+5 or more charge states due to limitations of the technology;
thus, the identification of PEG in the analyte can be estimated
by comparing the expected mass values and observed m/z
values. The formula used to calculate the expected mass values
is as follows:

(a) Expected mass values = (M + » NHy)/# (n: charge state).
(b) M =m(O-CH,-CH,)+2H + O =m x 44.05 +2 + 16
(m: number of ethylene glycol units).

(c) The charge states and MS fragments of the PEG standard
can be observed using LC-ESI-MS, and more details are
provided in Tables 6 and 7.

. To identify the mass data of PEG, the Xcalibur raw file is

opened in the Thermo Xcalibur Qual Browser software. Ranges
are selected by pressing and releasing the right mouse button in
the chromatogram view (TIC). The scan filter is set as [ITMS + p
ESI Full ms [50.00-2000.00], and the plot type is set as TIC.
An RT at the peak of PEG is chosen. The observed mass
fragments are compared with the values shown in Tables 6
and 7 Most of the observed data, including RT, mass fragmen-
tation pattern, and molecular weights, are similar, but can be
different from the data described in Tables 6 and 7. This may be
caused by the use of different instruments and columns to
identify the mass fragments of PEG. However, this limitation
in identifying PEGs can be overcome with the use of
LC-ESI-MS.
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Application of UHPLC-HRMS/MS for the Analysis
of Beta-Casomorphin 5 and 7 in Milk

Duc Doan Nguyen, Francesco Busetti, and Stuart Keith Johnson

Abstract

Ultra-high performance liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-
HRMS /MS) enables simultaneous identification and quantification of beta-casomorphine 5 (p-CM5) and
beta-casomorphin 7 (p-CM?7) at the level of ng/mL in milk. This analytical technique uses stable isotope-
labeled beta-casomorphin 5 (B-CM5-d;o) and beta-casomorphin 7 (B-CM7-d;o) to achieve accurate
quantitation of target peptides. In addition, solid-phase extraction (SPE) can be used for concentration
and purification of milk extracts to improve the limits of detection and quantitation of the method.

Key words Beta-casomorphin 5, Beta-casomorphin 7, Milk, UHPLC-HRMS

1 Introduction

Bovine beta-casomorphins (f-CMs) are opioid peptides released
from parent beta-casein variants after gastrointestinal enzymatic
digestion or during milk processing [1-7]. Among the p-CMs,
p-CM5 (Tyr®°-Pro®!-Phe®?-Pro®3-Gly®*), and B-CM7 (Tyr®’-
Pro®-Phe®?-Pro®3-Gly®*-Pro®®-11e®®) have strong opioid activity
and as such are a concern for human health. This concern has led to
many recent developments in techniques for their analysis.

The B-CM7 peptide has been previously quantified in milk
using the enzyme-linked immunosorbent assay (ELISA) [8]; how-
ever, this method can be inaccurate for quantitation of f-CM5 /7
due to cross-reactivity within the complex milk matrix [9]. More-
over, ELISA cannot be used for the simultaneous determination of
B-CM5/7. In recent years, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) has been used widely for the simulta-
neous identification and quantitation of f-CM5 /7 in milk [1, 10-
12]. While this technique is generally accurate, selective, and very
sensitive, it can suffer from false-positive detection of p-CM5/
7 [12].

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_9,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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In this chapter, the application of ultra-high performance liquid

chromatography coupled to high-resolution mass spectrometry
(UHPLC-HRMS/MS) for the simultaneous identification and
quantification p-CM5/7 in milk is presented. The inclusion of
stable isotope-labeled beta-casomorphin 5/7 (B-CM5 /7-d,¢) cor-
rects for matrix effects and analyte losses encountered during SPE
sample extraction and clean-up [1, 12].

2 Materials

2.1 Stock Standard
Solutions

2.2 Working
Standard Solutions

All stock standard solutions, working standard solutions [13] and
calibration solutions [1] are prepared as follows:

1.
1.

Beta-casomorphin 5 solution, ¢(B-CM5) = 1 mg/mL.

Accurately weigh out 5 mg of f-CM5 analytical standard in a
5 mL volumetric flask. Add ultra-pure water to the mark and
mix thoroughly. Store the solution at —80 °C (se¢ Note 1).

. Beta-casomorphin 7 solution, ¢(p-CM7) = 1 mg/mL.
. Accurately weigh out 5 mg of f-CM7 analytical standard in

ultra-pure water in a 5 mL volumetric flask. Add ultra-pure
water to the mark and mix thoroughly. Store the solution at
—80 °C (see Note 1).

. Stable isotope-labeled  beta-casomorphin 5  solution,

c(p-CM5-dyp) = 1 mg/mL.

. Accurately weigh out 5 mg of analytical standard f-CM5-d;q in

a 5 mL volumetric flask. Add ultra-pure water to the mark and
mix thoroughly. Store the solution at —80 °C (see Note 1).

. Stable  isotope-labeled  beta-casomorphin 7  solution,

¢(p-CM7-d1p) = 1 mg/mL.

. Dissolve 5 mg of analytical standard f-CM7-d;q in ultra-pure

water in a 5 mL volumetric flask. Add ultra-pure water to the
mark and mix thoroughly. Store the solution at —80 °C (see
Note 1).

. Beta-casomorphin 5 solution, ¢(p-CM5) = 1 ng/pL

Pipette 1 pL of 1 mg/mL B-CM5 (see Subheading 2.1, step
1)inal.5 mL Eppendorftube. Add 999 pL of ultra-pure water
to the Eppendorf tube and mix thoroughly. Store the solution
at —80 °C (see Note 1).

. Beta-casomorphin 5 solution, ¢(p-CM5) = 10 ng/pL

Pipette 10 pL of 1 mg/mL p-CM5 (see Subheading 2.1,
step 1)ina 1.5 mL Eppendorf tube. Add 990 pL of ultra-pure
water to the Eppendorf tube and mix thoroughly. Store the
solution at —80 °C (see Note 1).
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2.3 Calibration
Standard Solutions

3.

Beta-casomorphin 5 solution, ¢(-CM5) = 25 ng,/puL

Pipette 25 pl of 1 mg/mL B-CM5 (see Subheading 2.1,
step 1)ina 1.5 mL Eppendorf tube. Add 975 pL of ultra-pure
water to the Eppendorf tube and mix thoroughly. Store the
solution at —80 °C (see Note 1).

. Beta-casomorphin 7 solution, ¢(f-CM7) = 1 ng/pL.

Pipette 1 pL of 1 mg/mL B-CM7 (see Subheading 2.1, step
2)inal.5 mL Eppendorftube. Add 999 pL of ultra-pure water
to the Eppendorf tube and mix thoroughly. Store the solution
at —80 °C (see Note 1).

. Beta-casomorphin 7 solution, ¢(p-CM7) = 10 ng/pL

Pipette 10 pL of 1 mg/mL B-CM7 (see Subheading 2.1,
step 2)ina 1.5 mL Eppendorf tube. Add 990 pL of ultra-pure
water to the Eppendorf tube and mix thoroughly. Store the
solution at —80 °C (see Note 1).

. Beta-casomorphin 7 solution, ¢(p-CM7) = 25 ng/pL.

Pipette 25 pL of 1 mg/mL B-CM7 (see Subheading 2.1,
step 2)ina 1.5 mL Eppendorf tube. Add 975 pL of ultra-pure
water to the Eppendorf tube and mix thoroughly. Store the
solution at —80 °C (see Note 1).

. Stable isotope-labeled beta-casomorphin 5 solution, ¢(-

B-CM5-dyo) = 10 ng/pLl

Pipette 10 pL of 1 mg/mL B-CM5-d;o (see Subheading
2.1, step 3)ina 1.5 mL Eppendorf tube. Add 990 pL of ultra-
pure water to the Eppendorf tube and mix thoroughly. Store
the solution at —80 °C (se¢ Note 1).

. Stable isotope-labeled beta-casomorphin 7 (f-CM7-d;q) solu-

tion, ¢(p-CM7-d;¢) = 10 ng/pL.

Pipette 10 pL of 1 mg/mL B-CM7-d;o (see Subheading
2.1,step4)ina 1.5 mL Eppendorf tube. Add 990 pL of ultra-
pure water to the Eppendorf tube and mix thoroughly. Store
the solution at —80 °C (se¢ Note 1).

. Mixed standard beta-casomorphin 5/7, ¢(p-CM5/

7) = 10 ng/mL, and stable isotope-labeled beta-casomorphin
5/7 solution, ¢(B-CM5/7-dg) = 1000 ng/mL

Pipette 10 pL of 1 ng/pL solutions of f-CM5 and p-CM7
(see Subheading 2.2, step 1 and Subheading 2.2, step 4) in a
HPLC vial. Add 100 pL of 10 ng/pL solutions of f-CM5-d; ¢
and p-CM?7-d; (see Subheading 2.2, step 7 and Subheading
2.2, step 8). Add 780 pL of MeOH (see Subheading 2.4) to the
HPLC vial and mix thoroughly (se¢ Notes 2 and 3).

Mixed standard beta-casomorphin  5/7, c(p-CM5/
7) = 50 ng/mL, and stable isotope-labeled beta-casomorphin
5/7 solution, ¢(p-CM5 /7-d1¢) = 1000 ng/mL
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Pipette 5 pl. of 10 ng/pL solutions of f-CM5 and p-CM7
(see Subheading 2.2, step 2 and Subheading 2.2, step 5) in a
HPLC vial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-d;o and p—-CM7-d;o (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 790 pL. of MeOH (see Subhead-
ing 2.4) to the HPLC vial and mix thoroughly (see Notes 2 and
3).

. Mixed standard beta-casomorphin 5/7, ¢(B-CM5/

7) =100 ng/mL, and stable isotope-labeled beta-casomorphin
5/7 solution, ¢(p-CM5/7-do) = 1000 ng/mL

Pipette 10 pL of 10 ng/pL solutions of f-CM5 and f-CM7
(see Subheading 2.2, step 2 and Subheading 2.2, step 5) in a
HPLC vial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-d;¢ and B-CM7-dyg (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 780 pL of MeOH (see Subhead-
ing 2.4) to the HPLC vial and mix thoroughly (se¢ Notes 2 and
3).

. Mixed standard  beta-casomorphin 5/7, ¢(B-CM5/

7) =200 ng,/mL, and stable isotope-labeled beta-casomorphin
5/7 solution, ¢(p-CM5/7-d1g) = 1000 ng/mL

Pipette 20 pLL of 10 ng/pL solutions of f-CM5 and p-CM7
(see Subheading 2.2, step 2 and Subheading 2.2, step 5) in a
HPLC vial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-di¢ and B-CM7-d g (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 760 pL. of MeOH (see Subhead-
ing 2.4) to the HPLC vial and mix thoroughly (see Notes 2 and
3).

. Mixed standard beta-casomorphin 5/7, ¢(f-CM5/

7) =500 ng,/mL, and stable isotope-labeled beta-casomorphin
5/7 solution, ¢(p-CM5/7-d;o) = 1000 ng/mL

Pipette 20 pL of 25 ng /pL solutions of p-CM5 and p-CM7
(see Subheading 2.2, step 3 and Subheading 2.2, step 6) in a
HPLC vial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-diy and B-CM7-dyq (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 760 pL. of MeOH (see Subhead-
ing 2.4) to the HPLC vial and mix thoroughly (se¢ Notes 2 and
3).

. Mixed standard  beta-casomorphin 5/7, ¢(B-CM5/

7) = 1000 ng/mL, and stable isotope-labeled beta-casomor-
phin 5 /7 solution, ¢(p-CM5/7-d;o) = 1000 ng/mL

Pipette 40 pL of 25 ng/pL solutions of f-CM5 and f-CM7
(see Subheading 2.2, step 3 and Subheading 2.2, step 6) in a
HPLC wvial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-d;¢ and B-CM7-dyg (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 720 pL of MeOH (see
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2.4 Methanol
(MeOH), HPLC Grade

2.5 Methanol
Solution, ¢
(MeOH) = 10% (v/v)

2.6 Formic Acid,
Purity 99%

Subheading 2.4) to the HPLC vial and mix thoroughly (see
Notes 2 and 3).

. Mixed standard beta-casomorphin 5/7, ¢(f-CM5/

7) = 5000 ng/mL, and stable isotope-labeled beta-casomor-
phin 5/7 solution, ¢(B-CM5,/7-d o) = 1000 ng/mL

Pipette 200 pL of 25 ng/pL solutions of B-CM5 and
B-CM7 (see Subheading 2.2, step 3 and Subheading 2.2, step
6) in a HPLC vial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-d;o and p-CM7-d;g (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 400 pL of MeOH (see Subhead-
ing 2.4) to the HPLC vial and mix thoroughly (see Notes 2 and
3).

. Mixed standard  beta-casomorphin 5/7, ¢(f-CM5/

7) =10,000 ng/mlL, and stable isotope-labeled beta-casomor-
phin 5 /7 solution, ¢(p-CM5/7-d;o) = 1000 ng/mL

Pipette 10 pL of 1 mg/mL solutions of B-CM5 and p-CM7
(see Subheading 2.1, step 1 and Subheading 2.1, step 2) in a
HPLC vial. Pipette 100 pL of 10 ng/pL solutions of
B-CM5-d;¢ and B-CM7-dyq (see Subheading 2.2, step 7 and
Subheading 2.2, step 8). Add 780 pL of MeOH (see Subhead-
ing 2.4) to the HPLC vial and mix thoroughly (se¢ Notes 2 and
3).

. Mixed standard  beta-casomorphin 5/7, ¢(B-CM5/

7) = 25,000 ng/mL, and stable isotope-labeled beta-casomor-
phin 5 /7 solution, ¢(p-CM5 /7-d;o) = 1000 ng/mL

Pipette 25 pL. of 1 mg/mL each of p-CM5 and -CM7 (see
Subheading 2.1, step 1 and Subheading 2.1, step 2) in a
HPLC vial. Pipette 100 pL of 10 ng/pL each of p-CM5-d;q
and B-CM7-dyq (see Subheading 2.2, step 7 and Subheading
2.2, step 8). Add 750 pL of MeOH (see Subheading 2.4) to the
HPLC vial and mix thoroughly (see Notes 2 and 3).

. Dilute 25 mL of methanol (MeOH) (see Subheading 2.4) with

ultra-pure water to 250 mL in a volumetric flask and mix
thoroughly.
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2.7 Methanol
Containing 0.1%
Formic Acid (v/v)

2.8 Ultra-Pure Water

1. Pipette 1 mL of formic acid (see Subheading 2.6) into a

1000 mL volumetric flask. Add MeOH (see Subheading 2.4)
to the mark and mix thoroughly.

. Pipette 1 mL of formic acid (see Subheading 2.6) in a 1000 mL

Containing 0.1% volumetric flask. Add ultra-pure water to the mark and mix
Formic Acid (v/v) thoroughly.
3 Methods

3.1 Extraction of
Beta-Casomorphin 5/7

Preparation of samples [1] are carried out as follows:

1. Mix the milk sample thoroughly, then accurately weigh out

10 g (£0.0001 g) of the milk in a centrifuge tube. Add 20 pL
of 10 ng/pL solutions of p-CM5-d;¢ and B-CM7-d;o (see
Subheading 2.2, step 7 and Subheading 2.2, step 8) and mix
thoroughly.

. Adjust the pH of the mixture to 4.6 by slowly adding 1 M HCI.

Stand the mixture at room temperature for 10 min followed by
centrifuging at 3200 x g at 4 °C for 30 min. Decant the
supernatant and filter through a Whatman filter paper (see
Note 4) into a centrifuge tube.

. Condition an SPE cartridge (se¢ Note 5) with 4.5 mL of

MeOH (see Subheading 2.4) followed by 4.5 mL of ultra-
pure water. Dilute the sample filtrate with 50 mL of ultra-
pure water and then mix thoroughly (se¢e Note 6). Slowly
load (i.e., 5 mL/min) the diluted filtrate to the SPE cartridge.
Wash the SPE cartridge with 4.5 mL of 10% MeOH (see
Subheading 2.5) and place the cartridge under vacuum for
10 min to dry out the stationary phase. Elute analytes with
3 x 2.5 mL of MeOH (see Subheading 2.4) into a glass
test tube.

. Evaporate the eluate to dryness at 30 °C in block heater under a

gentle stream of nitrogen. Reconstitute the sample by adding
200 pL of MeOH (see Subheading 2.4). Transfer the reconsti-
tuted sample into a HPLC vial.

. For quality control samples (QCs), milk samples are spiked

with 100 ng and 500 ng of p-CM5 /7 as follows:

e Accurately weigh 10 g (£0.0001 g) of milk in a centrifuge
tube. Add 10 pL of 10 ng/pL solutions of B-CM5 /7 and
50 pL of 10 ng/pL solutions of B-CM5 /7 (see Subheading
2.2, step 2 and Subheading 2.2, step 5). Then add 20 pL of
10 ng/pL solutions of B-CM5-dg and B-CM7-dig (see
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3.2 Instrumental
Analysis of p-CM5/7

Subheading 2.2, step 7 and Subheading 2.2, step 8) and
mix thoroughly.

e Extraction is conducted as described in Subheading 3.1,
step 2 to Subheading 3.1, step 4.

1. Liquid chromatography system set-up

Chromatographic separation of p-CMS5 /7 can be achieved
using an Ultimate 3000 UHPLC system consisting of a solvent
degasser unit, a binary pump, and a 120 well-plate auto-sam-
pler. The p-CMs are separated with an Hypersil Gold C18
UHPLC  column  (Thermo-Fisher  Scientific =~ USA,
2.1 mm x 100 mm x 1.9 pm particle size) at a flow rate of
0.3 mL/min while the temperature is maintained at 40 °C
throughout the chromatographic run. Ultra-pure water (elu-
ent A) and methanol containing 0.1% formic acid (eluent B) are
used as the mobile phases. The chromatographic run begins at
30% eluent B for 0.5 min, followed by a 4.5 min linear gradient
to 95% B, held in isocratic conditions for 1 min. Afterwards,
eluent B is increased to 100% in 0.1 min, and the mobile phase
remains at 100% B for 3.9 min to wash the column. The initial
conditions are then re-established within 0.1 min and the
column is re-equilibrated for 4 min. The injection volume is
5 uL.

Before starting the analysis of a batch of samples, the
following operations need to be conducted:

¢ Open the purge valve on the UHPLC pump and purge the
UHPLC lines at 6 mL/min for 5 min with 50% eluent
B. Close the purge valve and start the UHPLC flow at
0.3 mL/min.

e Divert the Rheodyne valve into waste position and wash the
UHPLC column for 15 min with 100% eluent B and then
re-establish initial conditions and re-condition the UHPLC
column at 30% eluent B for 10 min.

e Turn on column oven and stabilize the column temperature
at 40 °C.

e Wash the fluidics thoroughly by priming the syringe
(10 cycles), washing buffer loop (300 pL) and washing the
injection needle externally (10 pL).

e Monitor the pressure in the UHPLC column and wait until
it stabilizes.

. Mass Spectrometry system set-up

The peptides B-CM5 /7 can be detected, identified, and
quantified using a high-resolution Q Exactive Focus Orbi-
trap™ mass spectrometer. Analyte ionization is achieved
using a heated electrospray ionization source operated in
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positive (+eV) mode with the following settings: source voltage
3.5 KV; capillary temperature 350 °C; heated gas temperature
350 °C; S-lense-RF 50 V. The sheath gas flow is set to 50 arbi-
trary units (Arb), while the auxiliary gas flow and sweep gas
flow are set to 10 and 1 Arb, respectively. The Q Exactive Focus
Orbitrap™ mass spectrometer is operated in ddMS2 mode
where a full-scan spectra from 450-850 m/z at 70,000
(FWHM) resolving power is recorded followed by a data-
dependent MS2 fragmentation of the Top3 intense peaks in
the high collision dissociation cell. The MS2 spectra is
measured in the Orbitrap™ mass analyzer at 17,500
(FWHM) resolving power. Fragmentation is achieved using a
rolling collision energy of 10, 35, 60 ¢V in the HCD cell.

Before starting the analysis of the batch of samples, the
following operations need to be conducted:

e Use a syringe pump to infuse the Pierce™ LTQ Velos ESI
Positive Ion Calibration Solution at 3 pLL/min into the mass
spectrometer.

¢ Set the source voltage to 3.5 KV; capillary temperature to
275 °C; heated gas temperature to 50 °C; S-lense-RF to
50 V. The sheath gas flow is set to 10 arbitrary units (Arb),
while auxiliary gas flow and sweep gas flow are set to 0 and
0 Arb, respectively.

e Set the Q Exactive Focus Orbitrap™ mass spectrometer to
full MS scan mode (150-2000 m/z) at 70,000 (FWHM)
resolving power.

e While the Pierce™ LTQ Velos ESI Positive Ion Calibration
Solution is infusing into the Q Exactive Focus Orbitrap™
mass spectrometer, tune the source conditions until a stable
spray of ions is obtained (i.e., Inject Time IT<0.3-0.4 ms;
Total Ion Current (TIC) > 7 E7; TIC relative standard
deviation (RSD%) < 5%).

e Perform routine calibration of mass positions and resolution
for the Orbitrap™.

e Disconnect the capillary from the syringe pump and connect
the UHPLC line Viper™ capillary.

o Set the source voltage to 3.5 KV; capillary temperature to
350 °C; heated gas temperature to 350 °C; S-lense-RF to
50 V; sheath gas flow to 50 arbitrary units (Arb); auxiliary
gas flow to 10 and sweep gas flow to 1 Arb. Divert the
Rheodyne valve in the ion source and check that a stable
spray of ions is present (i.e., Inject Time IT<0.3-0.4 ms;
Total Ion Current (TIC) > 7 E7; TIC relative standard
deviation (RSD%) < 5%).
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3. Sequence Set-up
The following order of injection of blanks, standards, QCs,
and samples is recommended when analyzing a batch of
samples:

e Run 2 column blanks to wash the UHPLC column.
e Run the calibration curve from 10 up to 25,000 ng/mL.

e Run 1 injector blank (i.e., injection of 5 pL of pure metha-
nol) to check for any carryover.

e Run laboratory blanks.
e Run QCs samples.

e Run 1 injector blank (i.e., injection of 5 pL of pure metha-
nol) to check for any carryover.

¢ Run the batch of samples with about 10% re-injections.

e Run 1 injector blank (i.e., injection of 5 pL of pure metha-
nol) to check for any carryover.

e Re-run the calibration curve from 10 up to 25,000 ng/pL.

¢ Run 2 columns blanks to wash the UHPLC column at the
end of the sequence.

Additional continuous calibration verification points can
be added to the sequence.

4. Screening and quantitation of f-CM5 /7

Screening and quantitation of f-CM5 /7 is achieved using
Tracefinder 4.1 software package (Thermo-Fisher Scientific).
Quantification is performed by calculating the ratio of the peak
area of the analytes to the peak area of the corresponding
deuterated standards and using the external calibration curve.

A set of criteria are applied for confirmation of the presence
of B-CM5 /7 in the sample extracts (1) chromatographic reten-
tion time (i.e., <0.05 min retention time shift allowed);
(2) deviation of the measured mass relative to the theoretical
mass for the parent compound and fragments (i.e., <2 ppm
relative error); (3) comparison of measured isotope patterns in
samples with that obtained from isotopic simulation of
B-CM5/7 eclemental compositions; (4) comparison of
measured MS2 spectra in the samples against calibration solu-
tions and/or local/online spectra libraries. A step-by-step
tutorial explaining how to set up a generic HRAM method
for screening and quantitation of analytes using Thermo-Fisher
Scientific Tracefinder software package can be found at www.
mytracefinder.com [14].

Once a batch of samples is submitted to Tracefinder 4.1 for
quantitation, the following steps are recommended when
reviewing the dataset:
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Check all deuterated standards are integrated correctly, and
analyte peaks integration are not missing.

Check all calibration standards are integrated correctly, and
analyte peak integrations are not missing.

Build calibration curves and check that the linearity ranges
and R? values are within acceptance criteria.

Check injection blanks and laboratory blanks are free from
carryover and /or contamination.

Check QCs are within acceptance criteria.

Verify analyte concentration of the samples is within the
established calibration ranges and adjust calibration curves
accordingly.

Confirm retention times of analytes and deuterated stan-
dards are within acceptance criteria (i.e., RT shift less than
0.05 min).

Confirm deviation of the measured mass relative to the
theoretical mass for parent compound and fragments is less
than <2 ppm relative error.

Match MSI isotopes pattern of detected analytes with iso-
tope pattern observed in standard solutions (i.e., check
relative intensities and peaks position).

Match MS2 fragmentation spectra of detected analytes with
MS2 fragmentation spectra observed in standard solutions
and/or local/online spectra libraries (i.e., check relative
intensities and peaks position).

4 Notes

1. Stock and working standard solutions can be stored at —80 °C
for prolonged periods.

2. Calibration solutions and QCs should be freshly prepared
before running a batch of samples.

3. To avoid possible degradation, store samples, blanks, QCs, and
calibration solutions at —18 °C unless immediately analyzed.

4. Oasis HLB cartridges (Waters) with similar specifications (i.e.,
500 mg stationary phase) can be used to extract and clean-up
sample extracts.

5. It is recommended to dilute sample filtrates with ultra-pure
water before processing them through SPE.
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Identification of Oligopeptides by Ultra-High-Pressure
Liquid Chromatography Coupled with Quadrupole-Orbitrap
Ultra-High-Resolution Mass Spectrometry

Mingjie Chen, Feng Zhao, and Naixing Ye

Abstract

Oligopeptides are widely present in almost all living species and show diverse activities. Though their
importance, the identification of oligopeptides is technically challenging, largely due to their structural and
compositional complexity. The recent advance in high mass accuracy of orbitrap technology and
bioinformatics-based software lend us new tools to solve these problems. Here, we described an experi-
mental procedure for the isolation, identification, and validation of oligopeptides from white tea matrix, the
described method also can be modified for other food matrix.

Key words Oligopeptide, UPLC-Quadrupole-Orbitrap-UHRMS, Protein degradation, Peaks soft-
ware, De novo sequencing

1 Introduction

Oligopeptide is an organic molecule consisting of a small number
of amino-acid residues linked by amide bonds [1]. The exact size
range is a matter of opinion, but oligopeptides described are typi-
cally comprised of about 2—40 amino-acid residues [2].

Peptides either are natural components of cells or protein
degradation products; there are huge variations in amino-acid
sequences and chain length. The natural peptides are produced by
non-ribosomal peptide synthases or ribosomal pathways [3]. Pro-
teins are essential macromolecules of living organisms, and every
cellular protein has its own half-life time and is continuously
degraded into their constituent amino acids. During proteolysis
endogenous or exogenous proteins are processed by
non-lysosomal proteases into intermediate-sized polypeptides [4],
the resulting protein fragments of various sizes are either readily
degraded into free amino acids, or captured by oligopeptidases
which bind these peptide precursors, to trim them into active
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form [5], or inactivate them [6], or protect the newly generated
bioactive peptides from further degradation [7]. Thus, proteolysis
also has the potential to generate large numbers of oligopeptides
[8]). Oligopeptides show various activities such as acting as inhibi-
tors of RNA polymerase, protease or kinase II, or serving as enzyme
cofactors, ligands, antioxidants, or toxins [9]. Some oligopeptides
function as signaling molecules or hormones, participate in the
surveillance against pathogens or show neurological activities. It
can be said that oligopeptides are involved in almost all essential
aspects of life, from physiological homeostasis to immunological
defense, to regulatory peptides displaying multiple action modes.

Oligopeptides also are widely present in various foods and
beverages. Some peptides have been demonstrated to have signifi-
cant contributions to food’s flavor quality [10]. By now, the
reported taste activities of oligopeptides include umami [11, 12],
sweet [13], bitterness [13, 14], astringent [15], etc.

The breakthrough in peptidomics technology greatly facilitate
the discovery of oligopeptides [ 16]. Recently, we applied ultra-high
pressure liquid chromatography coupled with quadrupole-orbitrap
ultra-high-resolution mass spectrometry (UPLC-Quadrupole-
Orbitrap-UHRMS) to identify oligopeptides from white tea sam-
ples, the LC-MS/MS data were processed through de novo
sequencing with the integration of database search, and near
200 oligopeptides were identified from white tea making processes
[8]. The reported workflow can be modified for oligopeptide iden-
tification from other species or food matrix.

2 Materials

1. Mobile A: Aliquot 2 mL of formic acid into 1000 mL of Milli-
Q water (see Note 1).

2. Mobile B: Aliquot 2 mL of formic acid into 1000 mL of
acetonitrile (see Note 2).

3. Store above solution at room temperature.

3 Methods

3.1 Oligopeptide
Isolation from Tea
Samples

Carry out all procedures at room temperature unless otherwise
specified.

1. Weigh ~1 g of tea sample into ceramic mortar, add liquid
nitrogen, use pestle to ground sample into fine powder (see
Note 3).



3.2 Generate
Analytical Method File

3.3 Sample Analysis

3.4 Oligopeptide
Identification
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2.

10.

3.

Allow nitrogen to evaporate completely. After sample return to
room temperature, pass tea powder through a 40-mesh sieve
(see Note 4).

. Weigh 0.1 g tea powder, transfer into a 15-mL centrifuge tube

(see Note 5).

. Blank sample was prepared as above by omitting tea powder (see

Note 6).

. Add 10 mL of prewarmed Milli-Q water (70 °C) into the tube,

vortex for 1 min to resuspend tea powder completely (see Note
7).

. Place the tubes in 70 °C water bath for 10 min, vortex once for

every 2 min.

. Centrifuge the tubes at 10,000 x g for 5 min in 4 °C.

. Transfer the supernatant into 2-mL syringe, filtrate through

0.22 pm membrane, collect filtrate into a fresh centrifuge tube
(see Note 8).

. Prior to sample injection, transfer above filtrate into an ultra-

filtration column with cellulose membrane and 3000 Da cutoff,
centrifuge at 10,000 x g4 for 5 min under 4 °C temperature,
collect flow-through which contain oligopeptides (sec Note 9).

Inject 10.0 pL sample for oligopeptide analysis (sec Note 10).

. Open Xcalibur 2.2 SP2 software by double clicking the icon on

the desktop, open “Method editor” (Fig. 1).

. Set UHPLC parameters as Table 1 (se¢ Note 11).
. Set MS parameters as Table 2 (see Note 12).

. Save the generated analytical method file in computer.

. Generate sample sequence file by input sample information,

method file, and data storage location in a batch injection
mode, save sample sequence file.

. Loading samples into autosampler according to sample

sequence file.

Click “Start” to analyze samples, save data as “.raw” data file.

Step 1: To create a new project

1.
2.

Open Peaks Studio 8.5 software (see Note 13).

Go to the top left corner, select “New project” button, this will
bring to “Project Wizard” page to create a new project
(Fig. 2a).
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HPLC parameter setting
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Method setting

Instrument model
Column

Column temperature
Flow rate

Mobile phase elution

Dionex Ultimate 3000 HPLC* Focused

Acquity UPLC CSH C18 (2.1 x 100 mm id, 1.7 pm particle size)
30°C

0.2 mL min~"

0-5 min isocratic 98% A/2% B; 5-30 min linear gradient from 98% A/2% B to

gradient 80% A/20% B; 30—60 min isocratic 80% A/ 20% B; 60-90 min linear gradient
from 80% A/20% B to 20% A/80% B;, 90-95 min linear gradient from 20%
A/80% B to 95% A/5% B; 95.1-105 min isocratic 95% A /5% B;
105.1-107 min 98% A/2% B for reconditioning
Table 2

Mass spectrometry parameter setting

MS setting

Instrument model

Q-Exactive high-resolution quadrupole-Orbitrap mass spectrometry

Software Xcalibur 2.2 SP2

Ion mode Positive

Scan mode Full-MS /top10 dd-ms?
MS resolution 70,000

MS/MS resolution 17,500

Spray voltage 3.50 kV

Capillary temperature 320°C

Aus gas heater temperature 411 °C

Aus gas flow rate N, 15Lh™?

Sheath gas flow rate N, 40 Lh™!

Step 2: Data refinement

1. In the “Data Refinement” interface, select parameter as shown
in Fig. 2b.

Step 3: To set identification parameter

1. Setidentification parameter as shown in Table 3 and Fig. 3a. To
configure tea proteome database, click “Window”, select
“Config wizard”, select “tea tree protein.fas” which was built
by Xia et al. (2017) [17], click “OK”. (see Notes 14 and 15).
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Table 3

Peptide sequence indexes for Peaks software

Search parameter setting

Protein database
Peptide mass tolerance
Fragment mass error tolerance

Enzyme

tea tree protein.fas (Xia et al., 2017)
15 ppm
0.02 Da

None

Average local confidence score (ALC) >90

-10lg p

=220 (p<0.01)

Step 4: Set “De novo Score > 907, then press “Apply” button

3.5 Oligopeptide 1.
Validation

and Quantification by
Triple-Quadrupole- 2
Mass Spectrometry

(Fig. 3b);

. Select instrument vendor “Thermo Scientific-L'TQ, orbitrap,

FT instrument”, click “Next”.

. Look at the “Summary” review. To filter the result, select

“FDR”, on the toolbar navigating along curve to find desire
percentage, then click “Apply filters”.

. Once finish validate the results, export the results in the right

tormat. To do so, click “Export”, select “DB search peptide-
spectrum matches (DB search psm.csv)”, choose the location,
then click “Export”.

. Click on the “Peptide view”, you can see a list of identified

peptides with the abundance from MS1 (Fig. 4).

To validate de novo sequencing results for selected oligopep-
tides, synthesize respective peptide sequence with certifica-
tions, the purity should be above 90% (see Note 16).

. Dissolve each synthesized peptide in 20% (v/v) acetonitrile

aqueous solution, make stock solution at 1.0 mg mL ™", then
dilute with mobile phase to make working solution at concen-
tration of 50.0 pg mL ™.

. Open “PeakView” software, set parameter as Table 4 (see Note

17).

. Make following oligopeptide standard gradient: 1.0, 5.0, 20.0,

30.0, and 50.0 pg L. To make working solution, dilute stock
solution with mobile phase. The oligopeptide standards were
analyzed by triple-quadrupole-mass spectrometry. To reduce
interference among samples, the lower gradient was analyzed
first, followed by higher gradient. Each gradient was repeated
three times.

. Get the peak area, then make calibration curves in Excel.
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Fig. 4 Oligopeptides were identified

6. During oligopeptide standard analysis, its chromatographic
retention time and three pairs of precursor/product ions are
obtained and used for peptide validation.

4 Notes

1. Using ultrapure water (prepared by purifying deionized water,
to attain a sensitivity of 18 MQ-cm at 25 °C).

2. Use chromatography grade acetonitrile.
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Analysis setting of UHPLG-MS for oligopeptide validation

Method setting

UHPLC
Column
Column temperature

Mobile phase elution
gradient

Mobile phase flow rate

Sample injection
volume

Mass spectrometry
Ton mode
Quantification mode
Ion source

Curtain gas
Collision gas

Ton spray voltage
Ion source gas 1

Ton source gas 2

Capillary temperature

Shimadzu LC-20A
Acquity UPLC HSS T3 (2.1 x 150 mm id, 1.7 pm particle size)
40 °C

0-1 min isocratic 90% C/10% D, 1-5 min linear gradient from 90% C/10% D
to 30% C/70% D, 5.0-5.5 min isocratic 30% C/70% D, 5.51-8.00 min
isocratic 90% C/10% D

0.3 mL min !

2.0 uL

Sciex Triple Quad 5500

Positive

Multiple reaction monitoring (MRM)
Turbo spray

30.0Lh™"

9.0Lh™!

5.5 kV

60.0 Lh™!

55.0 Lh™!

550 °C

3. Liquid nitrogen makes the sample brittle such that facilitate
grounding biological sample into powder; the low temperature
also protects samples from potential protein degradation.

4. When you extract oligopeptides from fresh tissues, make sure
to include proteinase inhibitor cocktail set IIT (Sigma-Aldrich)
and appropriate oligopeptidase inhibitors to reduce protein
and peptide degradation.

5. The sample amount used for oligopeptide extraction largely
depend on the oligopeptide contents in your interested sample,
you may need to conduct a test run to determine the optimal
sample amount. If you isolate oligopeptides from fresh tissues,
transfer the sample into centrifuge tube before sample melt to
avoid potential protein and oligopeptide degradation.

6. Blank sample is important to identify potential systemic con-
taminations and exclude them from quantification.
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7.

10.

11.

12.

13.

14.

15.

16.

17.

If you extract oligopeptides from other tissue type, you may
insert phase separation steps to separate water-soluble oligo-
peptides from other organic-soluble components.

. 0.22 pm membrane can remove small particles present in the

sample, thus reduce the chance to clog the column.

. A 3000 Da cellulose ultra-filtration column allows passthrough

ofall desired oligopeptides while retain larger molecular weight
polypeptides and proteins on the membrane.

Depend on oligopeptide concentration in your sample, you
may need to concentrate or dilute your sample before injection
into HPLC for sample analysis.

Octadecyl carbon chain (C18)-bonded silica is selected as sta-
tionary phase. Use slow flow rate (0.2 mL min '), isocratic and
linear gradient with relatively longer running time (105 min),
these procedures facilitate oligopeptide separation.

The de novo sequencing of oligopeptides requires high-
resolution, accurate mass (HRAM). We chose a hybrid system
that combines quadruple and Orbitrap to deliver exceptional
mass accuracy, spectral quality, and sensitivity.

Peaks studio software use LC-MS/MS data to construct pep-
tide information through machine learning, then the resulting
peptide sequences are used for database search, the integration
of de novo sequencing with database search can minimize the
error and extend in-depth analysis.

The tea tree genome has been sequenced, and we build a
custom tea proteome database for this search. If the genome
sequence for the species your oligopeptides derived from were
not available, but the genome from its close family is available,
you are suggested to use the proteome from its close family to
build the database, which deliver better result compared with
NCBI NPR database.

In this experiment, our samples were not digested by any
proteases, so for the “enzyme” we select “None”. If your
sample was digested by some protease for oligopeptide prepa-
ration, select the protease that you used.

To further validate the identified oligopeptides from your
samples, synthesized peptides should be used as standards.

Here, we use triple-quadrupole-mass analyzer for oligopeptide
validation and quantification. You also can use the original
hybrid quadrupole and orbitrap mass analyzer for this purpose.
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i Chapter 11

Database Construction Strategies for Proteome
Measurement of Novel Food Ingredients

Sophia Escobar-Correas, Utpal Bose, James A. Broadbent,
Angeéla Juhasz, and Michelle L. Colgrave

Abstract

Proteomics is employed routinely in the food industry to characterize food components through the
identification of proteins. However, the complexity and diversity of food products present challenges,
including low identification rates due to inappropriate or incomplete database construction and use. In this
chapter, we describe different database construction strategies to assist investigators in building custom
databases that will permit optimal peptide and protein identification rates. We provide example results to
demonstrate the effectiveness of different strategies using the emerging food ingredient cricket (Acheta
domesticus).

Key words Database search, Proteogenomic, Mass spectrometry, LC-MS/MS, Novel food, Non-
model organism

1 Introduction

Mass spectrometry (MS)-based proteomics is employed regularly
to assess and monitor food safety, contamination, authentication,
characterizing food components, and determining food adultera-
tion [1-3]. However, the analysis of ingredients and composition
of processed food can be challenging for ingredients originating
from atypical and novel sources due to the absence of pre-defined
protein sequence databases for protein identification. To identify
and characterize proteins through mass spectrometry (MS)-based
proteomics experiments, mass spectra must be searched using algo-
rithms. Chromatographic and mass spectrometric peak profiles are
built using the mass-to-charge ratio (m,/z) values for the detected
peptides. The mass spectra are queried against a database of theo-
retical spectra [3, 4]. Even with this well-established approach,
identification rates of proteins from processed samples can be low
because of either non-optimal sample processing or poor-quality

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_11,
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MS data. In addition, the use of an nonspecific or insufficient
sequence databases will contribute to limited outcomes. Foods
originating from non-model species that have limited genomics,
transcriptomics, and proteomics sequence resources are most sus-
ceptible to lower identification rates. This chapter describes the
implementation and influence of database search strategies to gain
insights into the proteome. To this end, a novel food protein
source, cricket (A. domesticus) was selected as an organism of choice
for the present work.

Crickets are a good source of protein and iron and have been
recently evaluated as an alternative source of food; however, pro-
teins present in the cricket samples may cause cross-reactive aller-
gies to a subset of people with existing allergy to shellfish [5]. Data
was acquired from different protein extraction protocols used on
three types of processed cricket products acquired by LC-MS using
data-dependent acquisition (DDA). The resultant data files were
searched against multiple custom-built databases to assess the
impact of database size and complexity on proteome identification
yields.

2 Materials

2.1 Bioinformatic
Analysis

1. Computer: Windows 10 operating system with 32 logical pro-
cessors and 32 GB RAM. Requires admin rights to download
and install software.

2. LC-MS/MS data collected from your own equipment or
downloaded from public repositories. In this case, we used
LC-MS/MS data acquired from cricket flour extracts that is
publicly available from https://doi.org,/10.25919 /rbl5-
eml8 [5].

3. Fasta files downloaded from UniProt-KB (http://www.
uniprot.org/) and NCBI (https: //www.ncbi.nlm.nih.gov /).

4. ProteinPilot software (SCIEX).

5. R and R studio (https://cran.r-project.org/, https://www.
rstudio.com/).

3 Methods

3.1 LC-MS/MS Data
Acquisition

1. LC-MS/MS raw data can be download from target publica-
tions and /or from mass spectral data repositories. Some exam-
ples of publicly available repositories are: ProteomeXchange
[6]; PeptideAtlas [7]; Global Proteome Machine Database
(GPMDB) [8]; Proteomics Identification Database (PRIDE)
[9]; and MassIVE [10]. In this case, A. domesticus (cricket) raw
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3.2 Database
Building

data was download from [5], https://doi.org/10.25919/
rbl5-eml18.

. Generally mass spectrometer vendors provide software that

convert raw spectra into #/z peak lists prior to database search-
ing. Some example of software are: Mascot (Matrix Science),
SEQUEST (University of Washington), PEAKS (Bioinformat-
ics Solutions Inc.), X!Tandem (The Global Proteome Machine
Organization), MaxQuant (Max-Planck-Institute of Biochem-
istry), etc. In this example, we use ProteinPilot (SCIEX) (see
Note 1).

. The search software commences database searching using

known protein sequences combined in a custom-built data-
base. The algorithm digests the protein sequences present in
the database iz silico to then segment the database into bins
based on theoretical m/z. Theoretical fragmentation spectra are
then generated and are compared to the empirical MS/MS
spectra for scoring based on matching criteria and probability.
Choosing a suitable database will influence the identifications
and accuracy of the analysis.

. Search for resources: Databases can be built using proteomic,

genomic, and transcriptomic resources for the target organism
or from sequences collected from closely related organisms.
Sequences can be downloaded from the below repositories:

Uniprot (https: //www.uniprot.org/),

NCBI (https: //www.ncbi.nlm.nih.gov/),

Ensembl (http://www.ensembl.org/), for plants (https://
plants.ensembl.org/), for bacteria (http://bacteria.

ensembl.org/), for fungi (http://fungi.ensembl.org/),
for protists (http://protists.ensembl.org/).

2. Download relevant fasta files.

. Download the common Repository of Adventitious Proteins

(cRAP) to include common protein contaminants like keratin.
The database is available in fasta format from the GPM FTP
site, using the URL https: //www.thegpm.org/crap/.

. Open fasta files in the computer using a text editor (Notepad,

Notepad++, WordPad, TextEdit, Vim, etc.).

. Clean the database to remove sequence duplicates, for example,

using  Seqkit  (https://bioinf.shenwei.me/seqkit/) [11].
Instructions on how to download and run the software can
be found on the website. To summarize, fasta files were copied
to the seqkit directory (in Windows Explorer) and then the
command prompt used to navigate to the seqkit directory:

>cd seqkit


https://doi.org/10.25919/rb15-em18
https://doi.org/10.25919/rb15-em18
https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/
https://plants.ensembl.org/
https://plants.ensembl.org/
http://bacteria.ensembl.org/
http://bacteria.ensembl.org/
http://fungi.ensembl.org/
http://protists.ensembl.org/
https://www.thegpm.org/crap/
https://bioinf.shenwei.me/seqkit/

136 Sophia Escobar-Correas et al.

3.3 UniProt
Knowledgebase
(UniProt-KB)
(https:/www.uniprot.
org/):

Seqkit was then operated in the command prompt to
remove redundancy from the fasta files:

seqlit>* fusta | seqkit rmdup -5 -o clean* fostn

1. Enter the UniProt Knowledgebase (UniProt-KB) website
using the above URL (see Note 2).

2. Insert the name of the species or taxonomic level of interest to
inspect. For a cleaner search: go to the advanced option and
choose taxonomy; add the name of the species of interest. In
this case, inspect the database at different taxonomy levels:

Species: Acheta domesticus (House cricket) [6997]
Genus: "Acheta [6996]"

Family: Gryllidae (crickets) [6995]

Order: Orthoptera [6993]"

3. Remove redundant proteins by clicking on option UniRef
100% on the left board (Fig. 1). This option clusters sequences
that are 100% identical and retains the longest sequence only.
This way only one accession will be available for each sequence.

4. Evaluate the number of accessions found for the species and
when thresholding using higher taxonomic levels (Table 1).

5. Download files in *.fasta format.

Your results in
sequence clusters
with identity of:
100%, 90% or 50%

Fig. 1 The UniRef 100% option appears on the left side of the UniProt website
results
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Table 1

The number of accessions found for different taxonomic levels when conducting a UniProt search and
after removing redundancy with the UniRef 100% option

Taxonomic threshold UniProt search (accessions) UniRef100 (accessions)
Acheta domesticus 159 119

Acheta 161 121

Gryllidne 3,078 2,011

Orthoptera 20,667 16,559

Literature Genes Proteins

Bookshelf [+ ] Gene 0 Conserved Domains 0
MeSH o GEO DataSets 0 Identical Protein Groups m
NLM Catalog @ GEO Profiles 0 Protein [ 266 ]
PubMed [ 443 ] HomoloGene 0 Protein Family Models [ 2]
PubMed Central [ 662 ] PopSet @ Structure @
Genomes Clinical PubChem

Assembly 1)) ClinicalTrials.gov 0 BioAssays 0
BioCollections o Clinvar 0 Compounds 0
BioProject @D dbGaP 0 Pathways 0
BioSample [ 42 ] dbSNP 0 Substances 0
Genome o dbvar ]

Nucleotide GTR 0

SRA [ 40 ] MedGen 0

Taxonomy o OMIM 0

Fig. 2 Results found for Acheta domesticus [Organism] at NCBI

3.4 National Center 1.
for Biotechnology
Information 5
Nonredundant
Database (NGBI)
(https:/www.ncbi.nim. 3
nih.gov/)

4

Add the name of your organism in the search bar, e.g.,

Acheta domesticus [Organism].

. Evaluate results options. Figure 2 shows a screenshot of NCBI

search.

. For the protein option, click on the number of proteins found

(236 in this case). Download the fasta file by clicking on:
Send to -> File -> Format = Fasta

. Nucleotide option. Click on the number of nucleotide results

found (1749 in this case). Download fasta by clicking on:
Send to -> File -> Format = Fasta

Translate nucleotide sequences to protein sequences using
Seqkit (https: //bioinf.shenwei.me/seqkit/) [11]. Instructions
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Acheta domesticus (house cricket)

Acheta domesticus overview

Lineage: Eukary

[1796]; Arthropoda[1647]; Hexapoda[1517]; Insecta[1481]; Pterygota[1480]; Neoptera[1473]; Polyneoptera[32];

Orthoptera[8]; Ensulera[&] Gryllldea[!i] Gryl[mdea[&] Gryllidae[5]; Gryllinae[3]; Acheta[1]; Acheta domesticus[1]

- Summary

Submitter:

Assembly level:

Assembly:
BioProjects:

Maresuan University

GCA_014858955.1 NU_Adom_1.1 scaffolds: 708,385 contigs: 709,385 N50: 1,566 L50: 177,245
PRJNAG12585

Whole Genome Shotgun (WGS): INSDC: JAAVVFOO0000000.1

Statistics:

«| Genome Assembly Annotation

Loc

master WGS

total length (Mb): 929.173

RefSeq INSDC Size (Mb) GC%
. JAAVVFO00000000.1 929.17 385

Fig. 3 Acheta domesticus (PRJNA612585) genome resources found through searching NCBI

on how to download and run the software can be found on the
website. To summarise, fasta files were copied to the seqkit
folder (using Windows Explorer) and the command prompt
was used to navigate to the seqkit directory:

>cd seqhit

Seqkit was then used to convert nucleotide sequences to
protein sequences using the following commands:

>seqhit transiate *.fasta -f 1 --clean -0 *.fasta

The -fargument specifies the reading frame for translation.
Changing this number to 2 or 3 and -1, -2, -3 will analyze
additional reading frames.

An annotated collection of all publicly available DNA
sequences can be found in GenBank (Benson et al., 2013)
https:/ /www.ncbi.nlm.nih.gov/genbank /.

. Downloading and translating genome resources for proteome

database preparation. Currently, one whole genome shotgun
sequence assembled as contigs (se¢e Note 3) is available for
A. domesticus (PRINA612585, Fig. 3). To download the
nucleotide sequences in fasta format, click on the INSDC
code. A new tab will appear. Then click at the bottom in
WGS code. The new tab will have an option to download as a
fasta formatted file.

Some genome projects upload the identified coding sequences

and their polypeptide translations to the NCBI. However, the
translated resources for A. domesticus used in the present work
were not available in NCBI. As a result, the downloaded nucleotide
contig sequences are required to translate into protein sequences
prior to using them for proteomic database searches (see Note 4).
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For translating genome data, it is necessary to have coding
sequence annotations (CDS) usually provided as .gtf. This docu-
ment will specify which genomic regions are expressed. If the CDS
is available, download and translate this file into protein sequences.

In the case of A. domesticus, CDS were not available. A possible
option is to download the contigs fasta files and translate into all six
frame translations. This can be performed with Seqkit (https://
bioinf.shenwei.me/seqkit/) using the command prompt as fol-
lows, from the seqkit directory:

>seqhkit transiate *.fasta -f 6 -0 * fasta

Other resources available within NCBI:

BioProject: A collection of biological data related to a single
initiative, originating from a single organization or from a consor-
tium. A BioProject record provides users with a single place to find
links to the diverse data types generated for that project
[12]. https: //www.ncbi.nlm.nih.gov/bioproject/

BioSample: Descriptions of biological source materials used in
experimental assays [13].

Transcriptome Shotgun Assembly (TSA) Database: Assem-
bled transcript sequences from primary data such as ESTs and Next
Generation Sequencing Technologies. https: //www.ncbi.nlm.nih.
gov/genbank /tsa/

Expressed Sequence Tags (EST) database: A division of
GenBank that contains short sequencings from cDNA libraries,
expressed mRNA sequences [14]. https://www.ncbi.nlm.nih.
gov/genbank /dbest/

Recommendations:

1. Performing genome assembly and annotation or de novo tran-
scriptome analysis will impact the proteome output. However,
these processes are time consuming and require specific skill. As
such, it is recommended to search for the abovementioned
resources before acquiring large-scale genome or
transcriptome-based data sets that require substantial
processing.

2. If species-specific genomic resources are unavailable or insuffi-
cient, sequences can be used from higher taxonomic groups for
a greater number of accessions to capture related sequence
variance.

3. It is critical to always note the date when the search was
performed and the fasta file was downloaded. Databases are
constantly being updated and this might affect the accession
numbers. Always report the version of the database used in the
study.


https://bioinf.shenwei.me/seqkit/
https://bioinf.shenwei.me/seqkit/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/genbank/tsa/
https://www.ncbi.nlm.nih.gov/genbank/tsa/
https://www.ncbi.nlm.nih.gov/genbank/dbest/
https://www.ncbi.nlm.nih.gov/genbank/dbest/
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4 Protein/Peptide Identification

1.

Protein and peptide identification is undertaken by peptide-
spectrum matching algorithms usually incorporated in the ven-
dor software or freeware. In this case, ProteinPilot v5.0.2
software (SCIEX) which uses the Paragon algorithm [15] was
employed. All data was searched together against each custom
database.

. When database searching is finished, a list of identified proteins

and peptides will be reported. In some cases, it will be prudent
to refine search results to remove reverse proteins, remove
unusual modifications, miscleaved peptides, and threshold pro-
tein and peptide identifications at a 1% false discovery rate
(FDR). Herein, an R-based script was used to carry out these
tasks [16].

. Interpretation and validation of the results. The below plots

show the results when different taxonomic level resources and
database platforms were used (Figs. 4, 5, and 6).

5 Notes

. Several software packages are available. ProteinPilot is available

from SCIEX as a licensed product.

. Within UniProt-KB some protein sequences are manually

annotated and reviewed (Swiss-Prot) while other are automati-
cally annotated and are not yet reviewed (TrEMBL).

. Genome raw reads and assembled data (regardless of the

method used) are usually available.

. For translating the genome contigs, there are different tools

that can be used like seqkit ( https://bioinf.shenwei.me/
seqkit/), getorf (https://www.bioinformatics.nl/cgi-bin/
emboss/help/getort). However, working with a genome
involves complex tasks like defining open reading frames
(ORFs) and coding DNA sequences (CDS).


https://bioinf.shenwei.me/seqkit/
https://bioinf.shenwei.me/seqkit/
https://www.bioinformatics.nl/cgi-bin/emboss/help/getorf
https://www.bioinformatics.nl/cgi-bin/emboss/help/getorf
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Fig. 4 Protein and peptide identification yields depend on the taxonomic level and repository selected for
database construction. The number of identifications increases with a higher taxonomic level database for
both database sources: (a) UniProt-KB; and (b) NCBI

NCBI DB UniProt DB

Fig. 5 A Venn chart showing the comparison of peptides discovered with the
Orthoptera database using NCBI and UniProt
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Fig. 6 Protein and peptide identification yield with a custom database con-
structed from both NCBI protein sequences of the order Orthoptera and trans-
lated nucleotide sequences from Acheta domesticus. The number of
identifications increases with inclusion of protein and nucleotide databases
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i Chapter 12

Lipidomics Study of Fishes Using Hydrophilic Interaction
Chromatography and Mass Spectrometry

Qing Shen, Xina Yu, Pei Luo, Pingya Wang, Qiaoling Zhao, Jie Liao,
and Xiaofang Zhu

Abstract

Lipids are closely related to biological mechanisms with their critical role in membrane structures, energy
storage, and signaling. Therefore, lipidomics studies have become an essential tool in a biological system
applied in new drug research and the discovery of disease-related metabolic markers. Nevertheless, the
physicochemical and structural diversity of lipids poses a great challenge to lipidomics research. With
modern technology development, hydrophilic interaction chromatography coupled to mass spectrometry
has proven to be an excellent tool to separate and identify lipids according to their fatty acyl chains and
various classes. The analysis of long-chain polyunsaturated fatty acids (PUFAs) in fish oil has been a hot
topic in marine biology research. Moreover, n-3 PUFA bound to phospholipids possess higher bioavail-
ability and bioactivity as reported, which can prevent and alleviate some diseases. In this chapter, we mainly
introduce the HPLC-MS method utilized in PLs research of fish samples and how to profile phospholipids
from different molecular classes.

Key words Lipidomics, Fish samples, Hydrophilic interaction chromatography, Mass spectrometry,
Phospholipids, Lipid profile

1 Introduction

Lipidomics, a new field of metabolomics, is focused on the studies
of cellular lipids based on emerging advances and analytical chem-
istry principles [1]. Although lipidomics developed later than the
allied field (e.g., proteomics), lipids appear unique advantages and
challenges in the study of their structural and biological diversity
with developing mass spectrometry (MS) [2]. With excellent accu-
racy and sensitivity, MS can be employed to address the difficulties
in the characterization and quantification of high and low abun-
dance lipids in complex food matrices [3].

Lipids are defined as amphiphilic molecules that are partially
soluble or insoluble in water. Although lipids can be classified into

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_12,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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several groups in different ways, two categories have been created
according to the polarity: polar lipids (glycolipids, phospholipids,
sphingolipids) and nonpolar lipids (cholesterol, cholesteryl esters,
triacylglycerol, etc.) [4]. Lipids are natural molecules with essential
roles in cellular membrane structures, energy storage, and signal-
ing. Meanwhile, cellular lipids are continuously switching to physi-
ological, pathological, and environmental conditions [5]. Lipids
defects are responsible for the deterioration of some devastating
diseases. Therefore, the functional diversity and prevalence of lipids
demonstrate their potential as special biomarkers and as necessary
food nutrients [6].

Over the latest years, considerable interest has been laid on
marine lipids with a high content of n-3 long-chain polyunsatu-
rated fatty acids (PUFAs). Fish is the primary dietary source of
PUFAs, especially cold-water oily fish. Among ditferent fish, up to
one-third of the eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) may present in the form of phospholipids (PLs)
[7]. Compared with n-3 PUFA bound to triacylglycerides (TAG)
or ethyl esters, n-3 PUFA bound to PL possibly possesses higher
bioavailability and bioactivity according to some studies of animal
models [8]. It was also reported that DHA-PL and EPA-PL in fish
oil could be applied in the amelioration of atherosclerosis, allevia-
tion of rheumatoid arthritis, and prevention of cardiovascular [9-
11].

The complex physicochemical properties and structural diver-
sity of lipids pose analytical challenges in their identification and
quantitation. Consequently, hydrophilic interaction chromatogra-
phy and mass spectrometry (HILIC-MS) stand out with high
throughput and sensitivity. This technique can reduce ion suppres-
sion and separate and analyze strong hydrophobic lipids with
higher accuracy than single mass spectrometry.

Here, we will mainly describe lipidomics methods utilized in
our laboratory for profiling PLs of varied fish samples. We present
in detail a versatile analytical method that can be employed for
different experimental needs and detect phospholipids derived
from diverse sources.

2 Materials

2.1 Equipment

. Analytical balance.
. Centrifuge.

. Homogenizer.

. Vortex.

. Nitrogen dryer.

QN UL W N~

. Milli-Q water system.
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7.
8.

11.

HPLC solvent filtering system.

Model VCX-130 ultrasonic device (Sonics & Materials Inc.,
Newton, USA).

. Cosmosil HILIC column (4.6 x 250 mm, 3 pm particle size).
10.

Agilent series 1100 HPLC instrument (with a quaternary
pump, an autosampler, and a vacuum degasser) coupled to a
4000 Q-Trap system (Applied Biosystems Sciex, Foster City,
USA) with electrospray ionization (ESI) interface. Instrument
control and data acquisition were executed on Analyst 1.6.3
(AB Sciex, USA).

Gas: high-purity N, (for drying extracts and ionizing under
atmospheric pressure).

2.2 Reagents 1. Trichloromethane.
2. Methanol (LC-MS grade) (Merck, Darmstadt, Germany).
3. Acetonitrile (LC-MS grade) (Merck, Darmstadt, Germany).
4. Ammonium formate (Merck, Darmstadt, Germany).
5. Formic acid (Merck, Darmstadt, Germany).
6. PC (14:0/14:0) (Avanti Polar Lipids Inc., Alabaster,
AL, USA).
7. PE (15:0/15:0) (Avanti Polar Lipids Inc., Alabaster,
AL, USA).
8. PI(16:0/16:0) (Avanti Polar Lipids Inc., Alabaster, AL, USA).
9. PS (14:0/14:0) (Avanti Polar Lipids Inc., Alabaster, AL, USA).
10. Ultrapure water was obtained from the Milli-Q water system
(Millipore, Bedford, MA, USA).
2.3 Supplies 1. 1-mL and 2-mL centrifuge tube.
2. 1-mL syringes.
3. 2-mL glass vials with Teflon cap.
4. Sealing film.
5. Organic syringe filter (0.22 pm).
6. 20-mL measuring cylinders.
3 Methods
1. The extraction process should be kept at 4 °C to lower the risk

of lipid hydrolysis and oxidation. Avoid prolonged exposure of
the extracts to room temperature.

Different methods of extracting phospholipids have been reported
in previous literature, such as Bligh and Dyer, MTBE, and Folch
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3.1 Sample
Extraction

3.2 HPLC Solvents

method. Chloroform-methanol extraction, also known as the B&D
method, is the golden standard for lipid extraction. Here, we
described a modified B & D extraction method in detail (se¢ Note
1). Before extraction, fish samples should be frozen in the refriger-
ator at —20 °C to prevent lipase activity. The plasticizers released
from common plastic centrifuge tubes will contaminate samples
and MS, resulting in more noise peaks on the spectrum. Therefore,
only Eppendorf tubes or glass tubes should be selected (se¢ Note

2).
1.

10.

w

Weigh the fish tissue (0.15 g) and transfer it into Eppendorf
tubes (see Notes 3 and 4).

. Add 1.2 mL of chloroform and methanol (2:1, v/v) mixture

solvent into homogenate and vortex for 20 s (see Notes 5 and
6).

. Ultrasound-assisted extract the mixture at 4 °C to fully release

the lipids from the solid matrix.

. Add 0.5 mL of ultrapure water and centrifuge the sample at

5000 x g for 15 min to separate the organic and aqueous layer
with a protein interface (see Note 7). The lower phase (organic
layer) incorporates most of the lipids, while the upper aqueous
phase mainly contains polar metabolites (sec Note 8).

. Transfer the organic layer to an individual Eppendorf tube with

syringes to reduce the risk of contaminating the protein inter-
face (see Note 9).

. Re-extracted the upper phase by adding 1 mL chloroform,

vibrating, and centrifuging at 5000 x g for 5 min.

. Evaporate the collected organic phase to dryness with a nitro-

gen gas evaporator (see¢ Note 10).

. Seal the tubes by sealing film before storing them in the —20 °C

refrigerator. Analysis samples within 5 days (see Note 11).

. Resolve the dried lipid extract with methanol and filtered it

through an organic filter (0.22 pm) to remove impurities
before injection (see Note 12).

Transfer lipid solution to a 2-mL LC glass vial and proceed to
HPLC-MS analysis.

. Preparation: 500 mL acetonitrile, 750 mL of ultrapure water,

0.95 g ammonium formate, 3 mL formic acid, 80 mL metha-
nol. Degas all solvents with ultrasonic for 10 min before run-
ning samples (sec Note 13).

. Weak wash: methanol and ultrapure water (7:3, v/v).
. Strong wash: methanol and ultrapure water (1:9, v/v).

. Mobile phase A: Measure out 750 mL ultrapure water and

transfer it into a volumetric flask. Add 0.95 g ammonium
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3.3 HPLC-MS Data
Acquisition

3.4 Date Analysis
and Interpretation

5.

formate and 1.8 mL formic acid into a flask. Vacuum filter and
pour it into Duran bottle before degassing.

Mobile phase B: Add 1.8 mL formic acid into 500 mL acetoni-
trile and repeat step 4 (sec Note 14).

Lipid separation is challenging due to its various physicochemical
properties. Dilute lipid standards in methanol to the expected
concentration (see Note 15). Each lipid standard should be ana-
lyzed separately before running samples to acquire the proper
chromatograms and spectra (se¢ Note 16).

1.

Run mobile phase A and mobile phase B (1:1, v/v) at the flow
rate of 0.2 pL/min for 30 min and two blanks (methanol)
injections to obtain a smoother baseline (see Note 17).

2. Put sample vials into the autosampler chamber in order.

. Set HPLC gradient profile described in Table 1 (se¢ Note 18).

Wash the column and adjust the ratio of mobile phase A and
mobile phase B to the initial condition after the lipid separation
(see Note 19). Flow rate: 0.6 mL/min; Injection volume: 2 pL;
Total run time was 30 min (se¢ Note 20).

. The following MS parameters were set in negative ion mode:

ion spray voltage at 4.5 kV, drying gas at 24 psi, nebulizer gas at
30 psi, curtain gas 25 psi, ion spray temperature at 500 °C,
collision energy (CE) at 40 V, declustering potential (DP) at
75 V. Set scan range of MS at m,/z 600 to 1000 at a scan rate of
1 s per spectrum (see Note 21).

. Edit a sequence that contains extraction blanks and methanol

to equilibrate column and technique (see Note 22).

. Equilibrate the Cosmosil HILIC column with the initial con-

dition of mobile phase A and B at 30 °C.

. Run every phospholipid standard individually for the identifi-

cation of fish phospholipids (se¢ Note 23).

. Run fish lipid sequence using the above HPLC and MS method

(see Note 24).

. Wash the column with acetonitrile and water at the rate of

0.2 mL/min for 30 min, followed by a wash at 0.4 mL/min
for 1 h. Unload the column from the instrument at the end of
the wash.

Examples of total ion chromatogram of phospholipids extracted
from salmon tissue and analyzed on Agilent series 1100 HPLC
instrument coupled to a 4000 Q-Trap system in negative ion
mode is shown in Fig. 1 (sec Note 25).

1.

Identify phospholipid molecular species by referring to the
retention time of phospholipid standards. Because the polar
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Table 1
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HPLC gradient profile for separation of lipid samples

Time (min) Mobile phase A (%) Mobile phase B (%)
0 5 95
10 30 70
15 50 50
20 50 50
21 5 95
30 5 95
[WDC of-Q1: from Sample 8 (acid) of yen.wiff (Purbo Specify) Max 1.8e8 cps
11.
1.8e8 i
1.6e8
1.4e8
1.2e8
9 ~11.91
o 1.0e8
=
g 8.0e7
2
£ 6.0e7
~13.26
s 24 13.94
0.19 3.95 16.26
2.0e7 { 455 \ u 23.10 25.63
0 0'- fid J***WWMM
' 5 10 25 30
Tlme, min

Fig. 1 Total ion chromatogram of phospholipids elution profile for extracted salmon tissue in negative ion
mode using a Cosmosil HILIC column

head of phospholipids decides retention behavior, and single
molecular species of the same phospholipid class possess the
same retention time. PC 14:0,/14:0 (11.1 min) was first eluted,
followed by PE 15:0,/15:0 (11.9 min), PI 16:0,/16:0, and PS
14:0,/14:0 (16.3 min).

2. PC molecular species are ionized as [M + HCOO]™, whereas
PE, PI, and PS are deprotonated as [M — H] ™.

3. MS spectra of PC, PE, and PS & PI of salmon tissues are shown
in Fig. 2. Each peak in MS spectra corresponding to different
phospholipid molecular species.
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Fig. 2 MS spectra of (a) PC, (b) PE, and (c) PS & PI of salmon tissues
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. The variation of different fatty acyl chains on the glycerol

backbone produces different phospholipid molecular species,
which can be identified by LIPID MAPS® Structure Database
(LMSD) and previous literature. The number of carbon atoms
and double bonds could be interpreted using this software.

. For quantification purposes, the internal standards are added

into samples before the extraction procedure. Compare the
peak area of every phospholipid standard and internal stan-
dards. Use the concentration of phospholipid standards as the
abscissa and the peak area ratio as the ordinate to plot. Calcu-
late the calibration curves with the least square regression
method to obtain reliable quantitation data of all phospholipid
molecular species.

. The data acquired by the above steps can be transferred as a .csv

file for the following data analysis.

. Further process data with a univariate or multivariate statistical

analysis, such as the FC/T test and (O) PLS-DA method (see
Note 26).

4 Notes

. More attention should be paid to lipid extraction reprocess

with its vital role in the subsequent sample analysis.

. Chloroform will leach plasticizers out of ordinary plastic tubes,

so selecting some plastic supplies such as centrifuge tubes is
essential for this experiment.

. Only a little lipid extract can be obtained during the process of

lipid extraction. Therefore, at least a few milligrams of the fish
tissue sample are required to ensure an adequate instrument
signal.

. Fish tissues should be cut and weighed under freezing, as

thawing at room temperature changes the lipid composition.
If it is difficult to handle frozen samples, do not thaw the
samples in a water bath, you can heat them with your palm,
but keep the sample temperature below 0 °C.

. Fish tissues should be fully homogenized to avoid the differ-

ence in extraction efficiency of each sample. This homogeniza-
tion step is better performed after the addition of chloroform
and methanol.

. Chloroform is a potential carcinogen that quickly decomposes

when exposed to light. Furthermore, chloroform mainly influ-
ences the central nervous system and may cause damage to the
heart, liver, and kidneys. Therefore, the lipid extraction
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

experiment must be processed in a chemical fume-hood to
avoid the risk of skin contact and inhalation.

. A centrifuge that can match 2-mL tubes is in demand for the

lipid extraction of fish tissues.

. Remain the same ratio of chloroform, methanol, and water,

adjust the volume of the added solution according to the
amount and type of samples.

. The last drops of the organic layer can be left in vials to avoid

recovering the upper phase together.

To prevent inaccurate sample concentration caused by solution
splashing during nitrogen blowing, adjust the pressure of the
gas cylinder to make slight ripples appear on the surface of the
solution. As the solvent evaporates, the flow rated needs to be
adjusted periodically.

Configured reagents and lipid extracts should be stored at
amber vials at low temperatures to avoid photolysis and
oxidation.

Open the refrigerated reagent at room temperature to avoid
condensation of water vapor in the bottle.

HPLC solvents should be vacuum filter and degas before lipid
analysis, which helps obtain better chromatograms and mass
spectrums.

Compared with organic solutions, aqueous solutions are prone
to mold growth, so mobile phase A is replaced every 2 days,
while mobile phase B can be changed once a week.

Phospholipid standards should be stored at low temperatures
because they are unstable and are easily degraded after dissolu-
tion. Standard solutions are best used immediately after con-
figuration. The content of phospholipid standards should be
added according to the amount of endogenous lipids in
weighed samples. Otherwise, standards are difficult to be iden-
tified in the spectrum.

Phospholipid standards can be divided into several equal parts
to avoid the ineffectiveness of the standards caused by repeated
freezing and thawing.

Run two blank (methanol) injections before running the
sequence to ensure a stable baseline and retention time.

The HPLC method should contain wash and equilibration
steps to better prepare the next sample injection in the same
sequence.

Ensure the HILIC column is well equilibrated, the HPLC

pump is purged, and the air bubbles have been removed from
the pipeline before sample detection.



154 Qing Shen et al.

20.

21.

22.

23.

24.

25.

26.

Adjust the injection volume according to the concentration
and types of samples, and the highest injection volume is
10 pL. Otherwise, the retention time will be inaccurate.

PC and PE can be detected in both negative and positive ion
mode, while PI in fish samples only responds in negative ion
mode. The signal intensity in positive ion mode will be inter-
fered with impurities because of the protonating competition.
Besides, all phospholipid classes can be simultaneously
detected in a single run under negative ion mode, which
increases the sample throughput and decreases the running
time [12].

Run a solvent blank every 5-6 injections to prevent sample
contamination.

The suitable concentration of injection sample and phospho-
lipid standards is critical for peak intensity.

Do not run samples separately. Lipid extracts should be stored
at —20 °C before analysis. If samples cannot be detected in
time, the volume of the methanol added should be recorded
because the organic solvent will volatilize even at low
temperatures.

This experiment incorporated an Agilent series 1100 HPLC
instrument coupled to a 4000 Q-Trap system (Applied Biosys-
tems Sciex, Foster City, USA). The described HPLC-MS
method combines high chromatographic separation with MS
sensitive detection so that it can be applied in the detection of
low concentration lipid. In contrast, the shotgun analysis
injects the lipid extracts into the MS detector directly, resulting
from ionization suppression and equipment contamination.

MetaboAnalyst 4.0. can be employed to process lipidomics
data with a univariate or multivariate statistical analysis. The
former includes fold change analysis, T-tests, volcano plot,
one-way analysis of variance (ANOVA), correlation Heatmaps,
etc. Multivariate statistical analysis used in this online software
mainly includes principal component analysis (PCA) and par-
tial least squares—discriminant analysis (PLS-DA). Cluster
analysis comprises dendrogram, heatmaps, k-means, and self-
organizing maps (SOM). Therefore, differential metabolites
between two or more groups can be screened using the above
analytical methods.
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= Chapter 13

Detection of Aroma Compounds in Food by Gas
Chromatography-Mass Spectrometry/Olfactometry

Nina Buck, Bianca Lok, and Philipp Denk

Abstract

The analytical detection of aroma constituents in food samples presents a challenge. Combining instru-
mental methods with the human sense of smell represents a state-of-the-art approach for elucidating single
aroma-active compounds that contribute to the overall odor of a sample. The complementary use of human
olfaction is a necessity since its sensitivity in perceiving odors is in many cases far superior to the detection
limits of current instrumental systems. The characterization of odor-active compounds in a sample proceeds
via an extraction and subsequent analysis. The volatile compounds, both odor-active and odorless, are
typically extracted from a sample using solvent extraction followed by distillation (solvent-assisted flavor
evaporation, SAFE). The resulting distillate is then analyzed by gas chromatography combined with
olfactometry and mass spectrometry (GC-O and GC-MS/O). Using this tool, aroma-active compounds
are detected based on their retention time (or index) and the odor impression perceived by the assessor as
they individually elute from the column during chromatographic separation. Structural identification of
aroma compounds at a molecular level can be elucidated via their simultaneous analysis by mass spectrome-
try. This protocol offers step-by-step guidelines for sample preparation and extraction, and subsequent
analysis by GC-O and/or GC-MS/O.

Key words Aroma extract dilution analysis (AEDA), Gas chromatography-mass spectrometry,/olfac-
tometry, Instrumental analysis, Odor, Olfactometry, Smell, Solvent-assisted flavor evaporation (SAFE)

1 Introduction

Food aroma research and particularly the elucidation of aroma-
active compounds that are responsible for the aroma of food
remains a challenge, to date. Despite the existence of highly sophis-
ticated instrumentation for the analysis and detection of volatile
aroma-active compounds, the human sense of smell plays an impor-
tant and largely irreplaceable role in this undertaking [ 1, 2]. Specifi-
cally, the detection of aroma-active compounds via olfaction, i.e.,
olfactometry, is combined with analytical instruments equipped
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with highly sensitive detectors. This represents the most frequently
used tool in the field of aroma research.

The challenge in aroma analytics begins with the suitable
extraction of aroma-active compounds from the sample food
matrix. The conventional approach is a solvent-based extraction
of volatiles from the food sample, followed by distillation. The
high volatility of most aroma compounds and their susceptibility
to degradation impose limitations on how they can be extracted;
accordingly, a specific isolation method has been developed for
food chemistry applications, namely the solvent-assisted flavor
evaporation (SAFE) technique [3]. A SAFE apparatus operates
under high vacuum and at very low temperatures, thereby enabling
the direct and gentle isolation of volatiles, including aroma-active
compounds with higher boiling points than the extraction solvent
used. The analysis of the obtained sample distillate usually first
involves screening for aroma-active compounds using gas
chromatography-olfactometry (GC-O) [4]. This technique com-
bines conventional GC, equipped with a flame ionization detector
(FID) and an odor detection port (ODP), whereby the carrier gas
exiting the GC column is split into two equal parts between the two
detectors, and an assessor continuously sniffs the gas at the latter,
allowing aroma-active compounds to be perceived and distin-
guished from odorless volatiles as single aroma impressions. A
comparison of the perceived odor quality (i.e., how the compound
smells) and the retention time—or its calculated linear retention
index (RI) [5]—with odorant databases provides a first indication
of the identity of the odorant. The olfactory component not only
offers additional qualitative information, but sometimes potent
odorants with very low odor thresholds that are present in sample
distillates at concentrations below the instrumental detection limit
are nevertheless clearly perceivable by the human nose and are
thereby detected at the ODP. An unequivocal identification of
individual compounds requires further information, namely its
retention index on at least another column of different polarity, as
well as its mass spectrum after ionization, requiring a mass spec-
trometer detector, as is employed in gas chromatography-mass
spectrometry/olfactometry (GC-MS/O) [6]. Subsequently, these
parameters are compared with reference values through the com-
plementary analysis of representative reference standards. This
approach provides structural information on a molecular level,
with the perceived odor quality offering additional clues to deter-
mine the identity of the individual odorant. Frequently, the
co-elution of volatiles leads to overlap and prevents the generation
of characteristic mass spectra; the use of comprehensive
(two-dimensional) GC-MS/O can overcome this problem, but
this approach is not covered further in this protocol [7].

Besides elucidating the structural identification of an odorant,
determining its contribution to the overall aroma of a sample is an
important parameter. Aroma extract dilution analysis (AEDA) is a
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commonly applied dilution-to-threshold technique to examine the
relative odor intensities of single odorous substances within a sam-
ple [8]. The method involves successively diluting the original
distillate of the sample and then analyzing these dilutions by
GC-O. The number of perceivable aroma compounds will diminish
with each dilution, with the flavor dilution (FD) factor providing a
measure of the maximum dilution at which a compound can still be
perceived [8]. Accordingly, the FD factors highlight the impor-
tance of single aroma-active substances for the overall smell of a
sample by indicating their relative odor potency. Exact quantifica-
tion requires further steps (not discussed in this protocol) and is
typically performed via stable isotope dilution assays (SIDA)
[9]. With the concentration of the aroma compounds and their
respective odor threshold in the specific matrix, odor activity values
(OAVs) can be calculated to verify the importance of the individual
odorants [10].

2 Materials

2.1 Basic Laboratory
Equipment,
Gonsumables,

and Chemicals

2.2 Instruments

for Gas
Chromatography-
Olfactometry (GC-0)
and Gas
Chromatography-
Mass Spectrometry/
Olfactometry (GC-MS/
0)

It is a prerequisite that all materials used, as well as the systems
themselves, are free of odor (e.g., by baking them out).

1. Laboratory equipment: scales, spatula, Erlenmeyer flasks with
plastic plugs, measuring cylinder, magnetic stirrer with PTFE-
coated magnetic stir-bar, glass funnel, SAFE apparatus (Fig. 1)
with high vacuum turbo molecular pump (TMP) and mem-
brane roughing pump, and water bath [ 3], Dewar vessels, glass
funnel, round-bottom flasks, Vigreux column (e.g.,
50 cm x 1 c¢m i.d.), and micro-Vigreux column with micro-
flasks [11], micro-syringes (100 pL, 10 pL), two lab jacks, a
tripod and clamps.

2. Chemicals and consumables: freshly distilled solvent for extrac-
tion (see Note 1), freshly distilled ethanol, acetone, liquid N5,
anhydrous sodium sulfate, filter paper, baked-out cotton wool,
GC vials with inserts and caps, Pasteur pipettes, cork rings,
Teflon sealing rings.

1. Instruments:

GC-O: gas chromatograph with a flame ionization detector
(FID), an odor detection port (ODP) and an on-column injec-
tor (Fig. 2). Capillary setting (coating details of capillary col-
umns: see Note 2): 5 m uncoated pre-column (i.d. depending
on the type of injector) starting in the on-column injector
connected to 30 m main capillary column (0.32 mm i.d.),
followed by 1 m uncoated capillary (0.32 mm i.d.) connected
to a Y-type splitter leading to two uncoated capillaries of 1 m
each (0.2 mm i.d.) ending in the FID and ODP detector,
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Fig. 1 Schematic drawing of the glass apparatus specifically designed for performing the solvent-assisted
flavor evaporation (SAFE) as adopted by Engel et al. [3]. Explanation of the numbers is given in the text (see
Subheading 3.1.2)
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Fig. 2 Left side: schematic illustration of a GC-0 system including (1) on-column injector, (2) pre-column,
(3) main capillary column, (4) Y-type splitter, (5) FID detector, (6) ODP detector, and right side: schematic
principle of AEDA with an exemplary stepwise dilution of 1 + 1 (v/v) (see Note 19)

respectively (see Note 2). Capillary columns are connected with
inert (press-fit glass) connectors. Additionally, a data recording
program or a simple chart recorder printer is needed.
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GC-MS/O: gas chromatograph with an on-column injector
(see Note 3) coupled to a mass spectrometer (MS) and an ODP.
Capillary settings are the same as described for GC-O with the
sole exception of the capillaries ending in the MS and ODP
detector (see Note 2).

2. Consumables and chemicals:
Capillary columns: e.g., DB-FFAP and DB-5 (e.g., both
30 m x 0.32 mm or 0.25 mm i.d., film thickness 0.25 pm, see
Note 4); uncoated deactivated fused silica capillaries (0.2 mm,
0.32 mm, and 0.53 mm i.d.), inert Y-splitter, mixture of
alkanes (Cg—Cy¢) in pentane (0.005%, see Note 5), helium as
carrier gas, hydrogen for the FID.

3 Methods

3.1 Sample
Preparation

3.1.1 Solvent Extraction

3.1.2 Solvent-Assisted
Flavor Evaporation

In a first step, the sample material is subject to a solvent-based
extraction, e.g., using dichloromethane or diethyl ether. Optional
sample pre-treatment (se¢ Note 6) and details of the extraction such
as time or type of solvent strongly depend on the food matrix to be
analyzed (see Note 7).

1. Use the laboratory scale to weigh the sample into an Erlen-
meyer flask (se¢e Note 8), add a magnetic stir-bar and the
measured amount of solvent (see Note 7).

2. Close the Erlenmeyer flask with a plastic plug and place it on
the magnetic stirrer. The extraction is conducted by stirring
vigorously (200-500 rpm) for a specified time, e.g., 30 min at
room temperature (se¢e Note 9). To ensure complete extrac-
tion, repeat the step several times until the residual sample is
almost odorless.

3. After extraction, filter the sample using a glass funnel with
rinsed filter paper and collect the solvent extracts in a clean
flask (see Note 10).

The isolation of volatiles, including aroma compounds, from the
solvent extract (see Subheading 3.1.1) is achieved through SAFE
distillation—the most commonly used method for the gentle and
direct extraction of odorants from food matrices [3]. For samples
with a high fat content, the following procedure can also be applied
more than once [12].

1. Heat the water bath to a temperature just above the boiling
point of the solvent (e.g., 50 °C for DCM) and start the
magnetic stirrer (situated on top of a lab jack).

2. For preparing the SAFE apparatus, first insert and tighten the
Teflon tap (1, Fig. 1). Then, mount the Teflon sealing rings on
the joint of both branches of the glass apparatus (2 and 3),
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10.

11.

12.

13.

making sure that the rings are not twisted. On the left side (2),
attach a 250 mL round-bottom flask with a bracket and a
500 mL round-bottom flask on the right branch (3) (see
Note 11), equipped with a small magnetic stir-bar.

. Affix the SAFE apparatus to a tripod using clamps, ensuring a

firm fit. Connect the vacuum tube of the high vacaum TMP to
the SAFE apparatus (4). Next, connect the tubes of the circu-
lation thermostat to both water connections (5) of the SAFE
apparatus (see Note 12) and switch on the circulating thermo-
stat, setting the water temperature to 55 °C (for DCM) (see
Note 13).

. Switch on the TMP and roughing pump system and wait until a

pressure of less than 10™3 mbar is achieved (sez Note 14).

. Caretully fill the cold trap (6) of the SAFE apparatus with liquid

N,. Refill during the distillation procedure if necessary.

. Position the right-hand side round-bottom flask in the pre-

heated water bath by extending the lab jack upwards—the
water level should be slightly lower than the joint. Make sure
that the small magnetic stir-bar inside the round-bottom flask is
rotating.

. Use a second lab jack to place the Dewar filled with liquid N,

under the left round-bottom flask. Keep the level of liquid N,
atabout 1 cm below the joint throughout the whole distillation
procedure.

Fill the sample extract into the reservoir (7) using a glass funnel
and leave the glass funnel in this position until the end of the
distillation to reduce loss by solvent evaporation.

. Start the SAFE distillation procedure by slowly opening the

Teflon tap very gently. Use caution during this step and feed
the extract drop by drop into the apparatus to prevent venting
the high vacuum system. Add the sample extract in this manner
until only about 0.5 cm of the neck of the reservoir is filled
with extract.

Switch off the vacuum pump and wait for the TMP to come to
a complete halt.

Open the Teflon tap slightly and slowly feed the remaining
extract into the system. Then, open the Teflon tap completely
to vent the apparatus. Remove the water bath, the tube to the
vacuum pump and the Dewar. Next, remove both round-
bottom flasks.

Switch off the circulation thermostat and remove the lower
tube of the circulation thermostat from the SAFE apparatus.
Wait for the water to pass through the upper tube before
removing the SAFE apparatus from the tripod.

Clean the SAFE apparatus thoroughly before reuse (see Note
15).
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3.1.3 Distillation
and Micro-Distillation

1.

10.

If the sample extract obtained by SAFE distillation was placed
in frozen storage immediately after extraction, wait for it to
defrost before drying over anhydrous sodium sulfate.

. Meanwhile, turn on the water bath of the Vigreux distillation

apparatus (50 °C for DCM), as well as the cooling water. Rinse
the whole distillation setting thoroughly with the same solvent
used for the sample extraction to eliminate any contamination
of the system with aroma-active substances.

. Filter the dried extract with a rinsed filter paper (see Note 16)

into a 250 mL round-bottom flask and add 2-3 boiling stones.

. Connect the flask containing the distillate to the Vigreux distil-

lation apparatus, place the flask in the preheated water bath,
and distill the sample until only the boiling stones are covered
with the extract (about 3 mL).

. Another commonly applied step (e.g., for samples with high

acid concentration, such as chocolate [12]) is the separation of
the organic phase into a neutral-basic and an acidic phase,
which is not further described at this point.

. Transfer the concentrated sample distillate to a micro-flask

using a Pasteur pipette and rinse with the chosen solvent to
ensure complete transfer of the distillate. Add two small boiling
stones (see Note 17), attach the micro-flask to the micro-
Vigreux column and start the micro-distillation [11].

. Observe the micro-distillation carefully and stop the distillation

as soon as only about three-quarter of the tip of the micro-flask
is filled with distillate (e.g., 150 pL).

. Transfer the obtained concentrated distillate (about 150 pL in

total) into a GC vial with a 200 pL insert (see Note 18) and use
for subsequent analyses.

If AEDA is performed (see Subheading 3.2), the original distil-
late (corresponding to FD 1) is diluted stepwise with the
solvent used for extraction (Fig. 2). For this, place the chosen
amount of solvent (e.g., 20 pL, see Note 19) in a GC vial with
insert using a micro-syringe, add the corresponding aliquot of
the original distillate (e.g., an additional 20 pL) and mix thor-
oughly by extending and retracting the syringe several times in
succession. Repeat the procedure using the latest pipetted
dilution until reaching the dilution corresponding to the final
ED.

For quality control (see Note 20), a blank sample should be
analyzed analog to above described procedure by using the
same amount of solvent and chemicals, but without any sample
material. By this manner, possible contamination of the system
or the solvent itself with aroma-active compounds can be
detected and considered during the evaluation of the actual
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32 Gas
Chromatography-
Olfactometry (GC-0)
and Aroma Extract
Dilution Analysis
(AEDA)

sample. Furthermore, the extraction and the following instru-
mental analyses should be performed in duplicate to ensure the
validity of the results.

Gas chromatography-olfactometry (GC-O; see Subheading 2.2 for
details of the instrumental settings) enables the elucidation of single
aroma-active regions in a sample distillate. Performing aroma
extract dilution analysis (AEDA, [8]) gives additional insights into
relative odor intensities of individual aroma-active regions (se¢ Note
21).

1.

Before commencing the analysis, visually inspect the
pre-column for impurities that might be present from previous
analyses and cut and remove the contaminated section of the
pre-column, if necessary (see Note 22).

. Program the GC by setting the initial oven temperature at

40 °C (2 min), then raise the temperature at 8 °C/min to
235 °C (for a DB-FFAP capillary column; 250 °C for a
DB-5) and hold the final temperature for 5 min. Note that
the temperatures and temperature ramps can be adjusted to suit
the nature of the column, the sample matrix, and the targeted
compounds (se¢ Note 23).

. Set the helium carrier gas to the optimum flow rate for the

system, which is calculated by the van Deemter equation
[13]. Set the temperatures of both the ODP and the FID
detector according to the manufacturer’s specification (e.g.,
250 °C). Finally, ignite the FID detector and prepare the data
acquisition program (or the chart recorder printer).

. Check the whole system for leaks using a carrier gas-sensitive

leak detector (see Note 24).

. Start a GC analysis of 1 pL of the #z-alkanes mixture (see Sub-

heading 2.2; alternatively apply a quality assurance test solution
prior to that, to verity proper functioning of the GC system)
with a 10 pL micro-syringe directly into the on-column injec-
tor (see Note 25). Simultaneously, start the GC program and
data acquisition.

. When it comes to analyzing the sample, inject 2-5 pL (depend-

ing on the length of the pre-column) of the undiluted sample
distillate into the column via the on-column injector (analog to
the alkane mixture); sniffing at the ODP detector should com-
mence only after the solvent has eluted completely. Note the
perceived odor qualities together with the corresponding
retention time of the GC run or simply note the perceived
odors onto the chart recorder printer (see Notes 26 and 27).

. Proceed with analyzing each dilution step of the sample distil-

late (AEDA) until none or only a few aroma-active compounds
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3.3 Gas
Chromatography-
Mass Spectrometry/
Olfactometry
(GC-MS/0)

3.4 Evaluation

are perceivable at the ODP during the GC run. Analyze the
blank sample in the same way.

1. Apply the same procedure for GC-MS /O analyses as described

for GC-O (see Subheading 3.2); the main difference is the use
of'an MS detector instead of the FID at the end of the capillary
column (see Subheading 2.2 for details of the instrumental
setting). Perform GC-MS/O analyses of a sample distillate
suitable for a good separation performance and mass spectra
acquisition, as these analyses are primarily intended to obtain a
mass spectrum for the unequivocal identification of aroma-
active compounds. Generate mass spectra in the electron ioni-
zation (EI) mode (70 ¢V) over a typical m,/z range of 35-400.

1. A tentative identification of single aroma-active substances is

made using the calculated linear retention indices (RIs) of the
substances on two capillary columns of different polarity (e.g.,
DB-FFAP and DB-5) in combination with the odor quality on
each column perceived at the ODP. Calculate the RI of each
perceived aroma-active substance with the help of a homolo-
gous series of n-alkanes (C4—Csy4 for DB-FFAP) that was ana-
lyzed prior to the sample [5]. Compare the calculated RIs with
the perceived odor quality with in-house or public odorant
databases for a first structural suggestion.

. The acquisition of a mass spectrum of an odorant of interest

enables further unequivocal structural elucidation at a molecu-
lar level (see Note 28). Here, it is important to ensure a simul-
taneous mass spectral acquisition and odor quality detection at
the ODP, further making sure that this matches with the
odorant previously detected in the initial GC-O analyses.

. A comparison of the RI, mass spectrum, and odor quality to

those of a reference compound mark the final step in reliably
identifying the odorant.

. Further assignment of the flavor dilution step in which an

odorant was last perceived during AEDA indicate additional
information about the importance /odor potency of detected
single odorants for the overall smell.

4 Notes

. The use of freshly distilled solvent is important to ensure higher

purity and avoid contamination of the solvent itself with
aroma-active substances. Dichloromethane is most often used
for the extraction of odorants from food matrices, but can be
replaced by other solvents (se¢ Note 7).



166

Nina Buck et al.

2. For GC-O, the uncoated capillaries leading from the Y-type

splitter to the FID and ODP detector must have the same
length to ensure a 1:1 split ratio and therefore a simultaneous
detection of FID signal and odor impression at the ODP. In the
GC-MS /O system, the MS operates under high vacuum while
the ODP is set at atmospheric pressure, which influences the
split ratio of the GC effluent. Therefore, the length and inner
diameter of these two capillary columns must be adjusted
accordingly to achieve an optimal split ratio and thereby obtain
an appropriate and simultaneous signal at both detectors.

. The type of injector system commonly used for the analyses of

odorants is the on-column injector, which prevents additional
thermal load or any losses of highly volatile and/or easily
degradable odorants [14]. Other types of injection methods
used in the field of aroma analyses are, amongst other, dynamic
or static headspace, or thermal desorption techniques, which
are primarily applied to sampling highly volatile aroma-active
compounds. These techniques are not discussed in this
protocol.

. The DB-FFAP and DB-5 capillary columns are two of the most

commonly used capillary columns in the field of instrumental
aroma analyses. Other capillary columns, such as DB-1701,
DB-Heavy Wax, or chiral columns, are used for special applica-
tion areas, depending on the polarity of the analytes of
interest [15].

. An easier assignment of the z-alkanes and their corresponding

peaks can be achieved by varying the concentration of a single
alkane within the mixture (e.g., Cy7).

. Optional sample pre-treatment: grinding, crushing, or similar

steps to reduce the size of the sample material may be necessary
to achieve sufficient homogenization and extraction of the
matrix. Use caution especially during intense, high temperature
or excessive shear force steps since odorants are often very
sensitive to thermal or enzymatic degradation or even the
formation of new odorants may occur. This is a general precau-
tion, which must be applied during all sample preparation and
extraction steps and may be considered as one of the most
critical sources of errors in sample preparation for aroma ana-
lyses. Cooling the sample material during crushing is often
needed. For example, in case of some types of fruit or vegeta-
bles, freezing with liquid N, or addition of CaCl, may be
necessary for easier sample comminution or to deactivate
enzymes, respectively [16, 17].

. Details of the extraction of the sample strongly depend on the

properties of the sample material. Since there is a multitude of
food matrices, it is recommended that details described in
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10.

11.

12.

13.

14.

appropriate literature on the type of samples to be analyzed are
adhered to. Nevertheless, some general notes are summarized
in the following;:

The common solvent used for sample extraction is dichloro-
methane because of its beneficial polarity (other solvents
include diethyl ether, pentane, methanol, or mixtures of
those solvents [18]). The ratio of sample material to sol-
vent usually ranges from 2+1 to 1+10 (v+v) [19, 20]. Rule
of thumb: use as much solvent as needed to cover the
sample material completely, but as little as possible to
avoid emulsification, especially for sample materials with a
high fat content. In the case of liquid samples, a simple
liquid-liquid extraction followed by phase separation via a
separating funnel may be adequate.

. The required amount of sample material depends on the odor

intensity of the sample. Common amounts typically used for
extraction range between 1 g (for high odor intensity samples,
[21,22]) and 300 g (for low odor intensity samples, [19, 23]).

. The time for appropriate extraction is an important factor that

strongly depends on the food matrix. Extraction times of up to
30 min are commonly applied [19, 23, 24]. To ensure an
exhaustive extraction, also higher extraction times can be
applied [20].

For sample material with high fat content or for emulsions,
adding baked-out cotton wool on top of the filter paper can be
helpful to shorten the time of filtration since (fat) particles
adhere to the cotton wool first instead of clogging the filter
paper. In extreme cases, filtration can be carried out with
cotton wool only or by using a Biichner funnel.

The volume of the flask on the distillate side should be at least
twice as large as the extract volume to be distilled.

For connecting the tubes of the circulation thermostat, do not
use clamps—danger of breakage—and connect the tube feed-
ing the water from the thermostat in the upper position, with
the outlet tube being positioned lower. Wrap the tubes tightly
around the Teflon tap feeding the extract into the SAFE appa-
ratus to make sure that the extract does not freeze.

The water temperature of the circulating thermostat should be
5 °C higher than the temperature of the water bath on the
distillation side.

If a high vacuum of less than 10~ mbar cannot be achieved, try
to gently twist the two round-bottom flasks. If this is unsuc-
cessful, replace the Teflon sealing rings with new ones, as these
rings tend to get thin after multiple use and thereby no longer
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15.

16.

17.

18.

19.

20.

21.

provide an effective seal. Further, a tiny glass breakage at any
part of the apparatus or flasks can result in a poor vacuum.

Thorough cleaning of all parts of the SAFE apparatus is essen-
tial to avoid cross contamination of different sample extracts
with aroma-active compounds. Start with cleaning all tiny
openings with tube cleaners dipped into a detergent solution.
Then, fix two round-bottom flasks to the branches—also filled
with detergent solution—and rinse the SAFE apparatus with
hot water via the connection for the vacuum tube for
15-30 min until no detergent foam is left. Remove the flasks,
clean the SAFE apparatus with dichloromethane and/or ace-
tone and purge the system with dry air or N, to dry it. Check
sufficient cleaning by smelling at both branches to make sure
that there is no odor left. Remove the cap at the dome and dry
the SAFE apparatus in the drying oven (105 °C) for several
hours.

Rinsing the filter paper with solvent ensures the removal of
odorous contaminants likely to be present in the filter paper
itself.

Micro-distillation is often hindered by inefficient use of the
boiling stones in the micro-flask. To prevent this, reduce the
size of the boiling stones by crushing them in a mortar, add
two small boiling stones to the micro-flask, attach it to the
micro-Vigreux column and immediately (!) start the micro-
distillation.

The concentrated distillate of the sample is best stored in a
capped GC vial additionally sealed with Parafilm and stored at
—20 °C. By this means, the distillate can be stored for
subsequent analyses. To ensure the quality of the sample and
to notice possible degradation processes, regular inspection of
the odor of the distillate is recommended.

The dilution of the original distillate is carried out in a stepwise
procedure with the solvent used for the extraction. The dilu-
tion steps depend on the odor intensity of the sample and the
favored accuracy of the analysis; usually 1+1 (v/v) or 1+2 (v/v)
are performed [7]).

Before starting instrumental analyses, it is important to verify a
successful and complete extraction and distillation. This can be
checked easily by dripping a tiny drop of the distillate onto a
filter paper and comparing the odor of the distillate with the
odor of the input sample material.

Aroma extract dilution analysis (AEDA) is a useful and efficient
approach for indicating the importance of single aroma-active
substances in a sample distillate. Variations in FD factors using
a comparative approach of two different sample materials can
indicate quantitative differences of single odorants.
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23.

24.

25.

26.

27.

28.

The optimum length of the GC pre-column depends on its
inner diameter, the injection volume and the expansion volume
of the solvent (e.g., 3-5 m for the settings described in this
protocol).

Switch to a lower temperature increased rate (6 °C/min) in the
case of many co-eluting odorants or acidic/alkaline separation,
if proper detection at the ODP becomes difficult if the rate is
too high. Besides, the hold time of the final temperature can be
extended (e.g., to 10 min) if (matrix) volatiles are still eluting at
the end of the GC run.

The capillary column connections (glass press-fit connectors,
Y-type splitter) are especially prone to leaking. As such, check
those connections thoroughly before starting a GC run. Heat-
ing a glass press-fit connection with a naked flame (e.g., of a
cigarette lighter) may tighten the connector and eliminate
the leak.

Application of sample aliquots into the on-column injector
with a micro-syringe should be done as fast as possible to

avoid problems such as peak tailing or double peaks at the
FID and ODP.

GC-O analyses of the original sample distillate should be made
by at least three trained panelists to ensure that no relevant
odorants have been missed, for example, because of partial
anosmia or lower odor sensitivities of an individual panelist to
a specific substance. Likewise, samples can be analyzed repeat-
edly on different days to take into account daily variations in
olfactory acuity of individual panelists. Further, panelists
performing GC-O should be trained on a repeated basis to be
able to detect and describe all aroma-active compounds fast
and with defined odor descriptors.

A problem during GC-O analyses may be peak tailings (notice-
able by the perception of aroma-active regions over several
seconds up to minutes) or the complete absence of less volatile
(and therefore later eluting) substances. Common sources of
error of these phenomena can be a capillary column fracture
inside the ODP or a cold spot at the very end of the capillary
column, leading to the condensation of volatiles. Furthermore,
peak tailings are common for the separation of highly polar
substances on nonpolar columns (e.g., acids on a DB-5 capil-
lary column). For further GC troubleshooting, consider the
manufacturer’s website or additional literature [25].

A mass spectrum of potent odorants is not often easily obtain-
able, either because the substance is present at a concentration
below the limit of detection (but still perceivable for the human
nose), or because other odorless matrix compounds overlap
and therefore overlay the mass spectrum of the odorant of
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interest. In these cases, programs such as the automated mass
spectral deconvolution and identification system software
(AMDIS) can help obtaining a mass spectrum anyway
[26]. Sometimes, a co-elution can only be circumvented by
previous separation by other chromatographic separation tech-
niques or performing multi-dimensional GC-MS/O.
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i Chapter 14

Solid-Phase Microextraction and Comprehensive
Two-Dimensional Gas Chromatography for Food Analysis

Andre Cunha Paiva, Juliana Crucello, Victor Hugo Cavalcanti Ferreira,
and Leandro Wang Hantao

Abstract

In this research protocol, we present helpful guidellines that could be adopted during food analysis,
specifically during the development of headspace solid-phase microextraction (HS-SPME) methods.
HS-SPME is a useful technique to volatile and semi-volatile profiling of food matrices, but its experimental
parameters should be carefully optimized by means of multivariate approaches, such as design of experi-
ments (DoE), for a successful analysis. In addition, guidelines for comprehensive two-dimensional gas
chromatography (GCxGC) method development are also provided, especially when the technique is
hyphenated with mass spectrometry (GCx GC-MS). To illustrate these good practices, commercial coffee
capsules and brewing hops are presented as the model food samples.

Key words Beer, Comprehensive two-dimensional gas chromatography, Design of experiments,
Espresso coffee, Foodomics, Solid-phase microextraction

1 Introduction

First introduced by Pawliszyn and co-workers [1], fiber-based
solid-phase microextraction (SPME) has gained increased attention
in analytical sciences with new methods being reported in many
fields for targeted and untargeted analysis, including food, environ-
mental, forensics, and bioanalytical applications [2]. As a solvent-
free technique with a reusable and immobilized extraction phase,
SPME-based methods represent a concrete step towards green
chemistry, especially when performed in the headspace (HS)
mode. Another advantage of HS extraction is a larger sorbent life-
span in comparison with direct immersion (DI) mode since it
prevents the irreversible sorption of non-volatile contaminants,
such as macromolecules (e.g., proteins) and humic materials.
Such unwanted compounds may jeopardize method’s precision
and accuracy. However, a significant drawback in HS-based
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techniques is the limited extraction of low volatility analytes com-
pared to highly volatile ones. The interested reader is referred
elsewhere to a review on strategies to overcome such
shortcomings [2].

The experiments performed in this protocol employ fiber-
based SPME, which is commercially available as a rod-shaped flexi-
ble or rigid fused silica core coated with a thin layer (typically less
than 100 pm) of sorbent material. Typical fiber length is up to 2 cm,
and it is housed inside a protecting needle in a syringe like device
[2]. Headspace SPME (HS-SPME) is generally performed in three
consecutive steps (Fig. 1):

1. Pre-equilibrium step, which aims to promote analyte transfer
from the sample matrix to the HS—typically an endothermic
process. In this step, the sample is normally conditioned at the
extraction temperature for a preset period of time. It should be
stated that such procedure is not always mandatory.

(A) (B) ©)

T NR=
A A A A A
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= = ==
1. Pre-equilibrium step 2. Extraction 3. Thermal desorption

Fig. 1 Three consecutive steps involved in headspace solid-phase microextraction (HS-SPME). (a)
Pre-equilibrium step promoting analyte transfer from sample matrix to headspace. (b) Analyte extraction
from headspace by the sorbent phase (e.g., fiber). (¢) analytes are thermally desorbed into the heated GC
injection port [12]
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2. The sorbent phase is exposed to sample’s HS for a time interval
set by the user (the extraction time).

3. The sorbent phase is withdrawn from the headspace and
exposed into the heated GC injection port, where the analytes
are thermally desorbed and separated in the analytical column.

During HS-SPME method development, it is important to
evaluate and optimize the main experimental factors that affect
the kinetics and thermodynamics of the experiment. Such factors
include HS and sample volumes, extraction time, extraction tem-
perature, and agitation speed. It is worth-mentioning that the
extraction time plays a central role during HS-SPME method
development. For aqueous matrices, the ionic strength (or salting
out effect) and pH of the medium may also play a major role, the
latter being especially important for analytes with acidic or basic
sites [3].

In this scenario, a univariate SPME optimization will likely fail
to evaluate the synergistic and antagonistic interactions between
the extraction factors. Therefore, a multivariate approach with a
design of experiments (DoE) should be explored to select the most
important parameters, and to estimate their optimum values for the
method. The use of DoE benefits HS-SPME methods due to its
ability to evaluate each variable individually and the interactions
between them. Several methods are available for DoE and the
central composite design (CCD) is the most popular so far
[2]. Thus, CCD was selected as an example for this protocol.

HS-SPME is an ideal companion for gas chromatography-
based (GC) methods, especially when dealing with the analysis of
volatile and semi-volatile organic compounds from food matrices.
However, complex samples that exhibit hundreds to thousands of
compounds may overcome the average peak capacity of conven-
tional GC (1D-GC) methods, resulting in overlapped peaks [4]. In
this scenario, comprehensive two-dimensional gas chromatography
(GCxGC) explores the use of complementary separation stages,
which is embodied by two columns and an interface. The combina-
tion of columns with different solvation properties enables the user
to explore complementary separation mechanisms to harness the
peak capacities of the individual dimensions, resulting in increased
resolving power [5].

The GCxGC instrument relies on the modulator, an interface
that preserves the chemical information of each individual dimen-
sion by means of multiplexing [6-8]. To preserve the separation
attained in each dimension, the secondary separation is optimized
to be typically a few seconds to avoid the mixing of the bands
already separated in the primary column. The 'D separation is
designed to exhibit roughly the same duration as in conventional
1D-GC. The separation window of the D is defined by the modu-
lation period (MP). Its optimization is a fundamental step in
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GC x GC experiments. For instance, if a peak exhibits a retention
time in the secondary column that is longer than MP, this peak will
be out of phase and may coelute with the compounds introduced in
the subsequent modulation cycle. Peaks that exhibit this behavior
are unwanted and it can benefit from longer MP values or chro-
matographic conditions that reduce the retention factor in the 2D
[9]. Many principles are available for modulation such as thermal
gradients or direct mechanic actuation, but indirect flow-based
interfaces are interesting alternatives for GCxGC [10]. Thus,
GCxGC is an interesting solution for food analysis, especially
when hyphenated with mass spectrometry (GCxGC-MS) to pro-
vide a detailed characterization of constitutional isomers and
diastereomers.

The development of a successful HS-SPME-GCxGC-MS
method relies on the fine tuning of the extraction and separation
parameters, and a clear understanding about the analytical scope. In
this protocol, we highlight and exemplify helpful guides for
method development in food analysis, which can be easily adapted
according to different matrices and analytical necessities (e.g., sen-
sitivity and /or selectivity). Coffee and brewing hops were carefully
selected as representative food samples to illustrate good practices
that could be adopted by HS-SPME and GCx GC-MS methods.

2 Materials

1. Commercial coffee capsules and brewing hops were used as
samples. Coffee samples were kept in the capsule and stored
at ambient temperature until analysis. The brewing hops were
kept under refrigeration at 4 °C until analysis.

2. 10 mL of ultrapure water and 10 mL of aqueous NaCl (30%
w/w) were used in the solution and salting out experiments,
respectively. An aliquot of 8 pL. of'a Cg-C, #n-alkanes standard
was used to determine the linear temperature programming
retention index (LTPRI) of the peaks. Such standard was kept
under refrigeration until analysis.

3. SPME fibers including the 50/30 pm divinylbenzene/car-
boxen/polydimethylsiloxane (DVB/CAR/PDMS), 85 pm
polyacrylate (PA), and 65 pm DVB/PDMS were evaluated
for the extraction of volatile organic compounds (VOCs). All
fibers were pre-conditioned at the temperature and time con-
ditions specified by the manufacturer before usage.

4. The GCxGC-QMS analysis were performed on a
TRACE1310 gas chromatograph coupled to an ISQ LT mass
spectrometer (Thermo Scientific—Waltham, MA, USA) and
equipped with a TriPlus RSH Autosampler (Thermo Scien-
tific—Waltham, MA, USA). An SPME-GCxGC-QMS analysis
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Fig. 2 Schematic diagram of an SPME-GC x GC-QMS analysis. Analytes are thermally desorbed from the SPME
fiber into the heated GC injection port, then carrier gas sweeps them to the primary column. After 'D
separation, a differential flow modulator continuously collects all the effluent from 'D and periodically
transfers it to the secondary column as sharp bands for additional separation. 2D effluent is then transferred
to the hyphenated QMS equipment where a collimated beam of electrons interacts with analyte molecules to
produce ions into the ionization source. Produced ions are repelled from the ionization chamber towards the
transmission quadrupole mass analyzer, which mass filter the ions. The ions with stable trajectories are
transmitted through the quadrupole filter to the detector, an electron multiplier, which amplifies the signal
through a “cascading effect” until data system collects it

is shown diagrammatically in Fig. 2. A splitless liner with
internal diameter of 0.75 pm was used in the GC injector
port. An INSIGHT flow modulator (SepSolve Analytical—
Waterloo, CA) performed the differential flow modulation in
reverse fill /flush configuration. Helium was used as carrier and
auxiliary gas. A 20 m x 0.18 mm-i.d. (d¢ 0.25 pm) poly
(dimethylsiloxane) column was wused as 'D, and a
5 m x 025 mm-id. (d¢f 0.25 pm) poly(dimethyl-
diphenylsiloxane) with 50% diphenylsiloxane monomer incor-
poration column was used as “D. Both columns were
pre-conditioned according to the manufacturer’s instructions
before analysis. A 2.5 m x 0.10 mm-i.d. deactivated fused silica
capillary tubing was used as restrictor for the modulator. Elec-
tron ionization (70 eV) was used as the ionization method in all
experiments.

. GC Image software (Zoex Corporation, Houston, TX, USA)

was used for peak integration. NIST14 library was used for the
putative identification of compounds.

3 Methods

3.1 HS-SPME
Procedure for Goffee
Analysis

. Open the coffee capsule and immediately weigh 1.5 g ofitin a

20 mL vial. Close sample vial with a proper magnetic cap
containing a septum, which will be pierced by the SPME
needle. Avoid overtightening the cap to prevent damaging
the SPME needle and fiber during septum piercing. Notes 1
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3.2 HS-SPME
Procedure for Hop
Analysis

and 2 should be consulted for general considerations about
sample amount, vial size, and closure.

. If using an automatic sampler such as Triplus RSH, place the

sample vials at the corresponding positions in sampler trail
according to GC sequence and start the sequence. If manually
performing the HS-SPME procedure, perform the next steps.

. Place sample vial in a heated block held at 60 °C under agita-

tion at 250 rpm for 5 min to perform pre-equilibration.

4. Pierce through the septum with the SPME needle.
. Fasten the SPME holder in a proper support, placing the

SPME needle as close possible to the top of the vial. The
benefits of correct positioning of fiber in vial may be found in
Note 3.

. Expose the DVB/CAR/PDMS fiber to the sample’s HS for

40 min. Note that sample vial must be kept at the same condi-
tions of pre-equilibration, i.e., 60 °C and 250 rpm. Some
general considerations about coating, agitation speed, time,
and temperature selection are present in Notes 4-6. Addition-
ally, Notes 7-9 present matrix-related orientations for method
development.

. Retract the fiber to the needle, remove the SPME device from

the vial, and immediately introduce it into the GC port.

. Expose the fiber inside the GC inlet and start the GC method.

. Leave the fiber exposed in the injector during 5 min for sam-

pling and conditioning, then retrieve it to its needle. Remove
the SPME device. Note 10 exposes some considerations about
fiber conditioning between runs.

. Grind hop samples, some considerations are found in Notes 7

and 8.

. Weigh 300 mg of hop in a 20 mL vial. Close sample vial with a

proper cap containing a septum, which the SPME needle will
pierce.

. Place sample vial in a heated block held at 51 °C under agita-

tion at 250 rpm for 5 min to perform pre-equilibration. Extrac-
tion temperature was optimized through design of experiment
(DoE).

4. Pierce through the cap septum with the SPME needle.
. Fasten the SPME holder in a proper support, placing the

SPME needle as close as possible to the top of the vial. The
benefits of correct positioning of fiber in vial may be found in
Note 3.

. Expose the DVB/CAR/PDMS fiber in sample’s HS for

31 min. Note that sample vial must be kept at the same
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3.3 GC x GC-QMS
Method

3.4 Data Processing

3.5 DokE: Central
Composite Design

conditions of pre-equilibration, i.e., 51 °C and 250 rpm.
Extraction time was optimized through DoE.

. Retract the fiber to the needle, remove the SPME device, and

immediately introduce it into the GC port.

. Expose the fiber inside the GC inlet and start the GC method.

. Leave the fiber exposed in the injector during 5 min for sam-

pling and conditioning, then retrieve it to its needle. Remove
SPME device. Note 6 exposes some considerations about fiber
conditioning between runs.

. Install a 20 m x 0.18 mm-i.d. (d¢ 0.18 pm) poly(dimethylsi-

loxane) column as 'D column, and a 5 m x 0.25 mm-i.d. (d¢
0.25 pm) poly(dimethyl-diphenylsiloxane) with 50% diphenyl
monomer incorporation column as the 2D column. Make sure
both columns were conditioned and check for gas leaks (injec-
tor, modulator, transfer line nut) before analysis.

. It must be noted that in these studies, an automatic sampler

was used (Table 1). Since the automatic sampler has a proper
module for fiber conditioning, see Note 10 for adjustment of
carrier gas conditions, if such step will be performed at GC
injection port. Set the FM-GCxGC-QMS parameters accord-
ing to Table 2. Considerations for GCxGC-QMS method
optimization may be found in Notes 11-18.

. Set the sequence table at the GC software according to the

order of sample analysis.

. After assuring all sample vials are in the correct order in the

sampler tray, start the FM-GCxGC-QMS sequence.

. Perform automatic peak integration at the GC Image software

in the chromatograms setting the detection parameters accord-
ing to Table 3. See Note 19 for peak integration considerations.

. Generate a peak table with all relevant information of each

peak, such as retention times and indices, as well as peak
volume.

. Identity the analytes of interest based on mass spectra similarity

match with database libraries such as NIST and similarity
indices. The Wiley library is very interesting for food analysis.
Figure 3 showcases a GCxGC chromatogram obtained from
hop analysis with 25 analytes chosen to be identified. Table 4
presents the putative identification of such analytes. Note 20
lists some considerations on analyte identification.

. Consider the factors that need to be optimized, e.g., extraction

temperature and time for hop analysis.
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Table 1
HS-SPME conditions performed by Triplus RSH Autosampler
Pre-equilibration Time/min 5
Temperature /°C 60 (C); 51 (H)
Equilibration Time/min 40 (C); 31 (H)
Temperature /°C 60 (C); 51 (H)
Agitation Mode ON (10s)/OFF (10s)
Speed /rpm 250
Sampling/desorption Time/min 3
Temperature /°C 240 (GC inlet)
Fiber conditioning Time/min 3
Temperature/°C 200

(C) must be used for coffee analysis
(H) must be used for hop analysis

Table 2
GC < GC-QMS parameters optimized for coffee and hop samples

GCxGC Injector Mode Splitless
parameters Temperature /°C 240
Carrier gas Type Helium 5.0
Flow,/mL min " 0.4 (constant flow)
Auxiliary gas Type Helium 5.0
Flow programming 9.2 mL min~" (1 min) then

increase to 11.5 mL min~*

at 10 mL min?

Modulation Total /s 6
period Flush,/ms 400
Oven Temperature 35 °C (3 min) then increase
programming to 208 (C)/228 (H) °C at
4 °C min®
QMS parameters  Transfer line Temperature/°C 240
Ion source Type EI
Tonization energy/eV 70
Temperature /°C 220
Quadrupole Mode Full MS
Mass range/m/z 50-322

Acquisition rate/Hz 40

(C) must be used for coffee analysis
(H) must be used for hop analysis

2. Set the range of each factor. For instance, extraction tempera-
ture ranging from 35 to 60 °C and extraction time from 15 to
45 min. Remarks are found in Notes 21 and 22.

3. Prepare at least 11 samples to test combinations of extraction
temperature and time. Table 5 presents the conditions in which
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Peak integration parameters used in the GC Image software

Smoothing

Peak filter

First column 0.2
Second column 2.5
Minimum area 100
Minimum value 100
Minimum peak 100

Minimum peak reference Relative

ume/s

X
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Fig. 3 GCx GC obtained from the extraction of hop volatiles in optimized conditions. 25 peaks along different
parts of the chromatogram were selected to be putatively identified

each of the 11 hop samples were analyzed. It is statistical good
practice to randomize the experiments, as shown in Table 5.

. Generate a peak table for each sample and determine the total

number of peaks and the sum of all peak volumes for each
sample. These properties will be used as responses to the design
of experiment and to calculate a desirability function. Note 23
further explains the reason for using these parameters.

. Use a proper fitting to model the response surface, such as the

quadratic fitting used for hop analysis shown in Fig. 4. Ascer-
tain that the model is statistically consistent using ANOVA.

. Determine the maximum region in the surface to obtain the

optimized conditions for the experiments. If the maximum
region is not clear, it might be necessary to augment the
model. An explanation on how to augment a CCD model is
found in Note 24.

4 Notes

. Vial size will influence the HS volume, which affects method

robustness and reproducibility. Make sure to select an adequate
vial size to perform your HS-SPME procedure. It must have
enough space between the SPME fiber and the sample, avoid-
ing problems such as splashing liquids (or solids) onto the fiber.
A general recommendation is to leave one third of the vial
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Table 4
Putative identification of 25 peaks in the optimized HS-SPME-GC x GC-QMS method

LTPRI LTPRI
# Analyte identity M.F. Similarity exp. lit. CAS
1  3-methyl-1-butene-3-ol CsH;00 908 639 614 115-18-4
2 Ethylbenzene CgHio 940 851 855 100-41-4
3 p-xylene CgHjo 939 864 865 106-42-3
4 o-xylene CsHjo 954 882 887  95-47-6
5  2-methylpropyl isobutyrate CgH160, 894 902 910  97-85-8
6 (R)-a-pinene CioHie 939 937 929  7785-70-
8
7  Camphene CioHi6 944 951 952 79-92-5
B-Myrcene C10His 955 993 991 123-35-3
9  B-Pinene Ci1oHi6 915 979 979 127-91-3
10 2-methylbutyl isobutyrate CoH; 50, 928 1010 1016 2445-69-
4
11 Methyl 4-methylenchexanoate CgH140, 797 1015 - 73,805-
48-8
12 p-cymene CioHi4 951 1022 - 99-87-6
13 Limonene CioHis 951 1032 1030 138-86-3
14 Pentyl 3-methylbutyrate Ci0H,00, 924 1100 1110 25415-
62-7
15 Cyclohexane, 2-ethenyl-1,1-dimethyl-3- Cy1His 783 1095 - 95,452-
methylene 08-7
16 4H-cyclopenta[c]furan, hexahydro-1,1- C10H160 879 1095 - 344.294-
dimethyl-4-methylene 72-0
17 (3S,4R,5R,6R)-4,5-bis(hydroxymethyl)-3,6- C;oH;50, 784 1105 - -
dimethylcyclohexene
18 Cis-3,7-dimethyl-2,6-octadienal CioH;60 814 1180 1194 -
19 Methyl 4-decenoate C11H,00, 919 1292 1289 1191-02-
2
20 Methyl geranoate C11H15805, 949 1312 1324 1189-09-
9
21 Caryophyllene CysHoy 950 1438 1419 87-44-5
22 Humulene Ci1s5Hoy 931 1472 1454 6753-98-
6
23 (1S)-(—)-B-pinene Ci1oHis 896 1497 - 18,172-
67-3
24 Cadinene Ci1sHay 936 1525 1524 16,729-
01-4
25 (1S)-cis-calamenene Cis5Hys 914 1528 1531 483-77-2
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Table 5
Experimental conditions and their coded values for GCD in a randomized order of experiments

Experiment Extraction time Extraction temperature Coded time Coded temperature

1 9 48 -2 0

2 51 48 +/2 0

3 45 60 +1 +1
4 30 48 0 0

5 15 35 -1 -1
6 30 65 0 +/2
7 30 48 0 0

8 45 35 +1 -1
9 30 48 0 0

10 30 30 0 -2
11 15 60 -1 +1

Number of penis

B: Temperature (*C)

» A: Time {min) i A: Time {min i A Tima jmin)

Fig. 4 Quadratic surface areas obtained from CCD model for desirability function, total number of peaks, and
sum of peak volumes. Red circles represent experimental data above surface and pink circles the experimen-
tal data below the surface. Optimized conditions are flagged with the optimized value shown for each of the
surfaces

volume for the HS. Use high-quality glass vials to prevent
unwanted analyte adsorption to the inner surfaces.

2. Sample volume or weight must be optimized since it directly
affects method’s sensitivity. Avoid using large amounts of sam-
ple to leave enough space between sample and SPME fiber.
Lower sample volume may also be beneficial to prevent column
overloading leading to the occurrence of broad and unsymmet-
rical peaks. For instance, using more than 300 mg of hop
resulted in broad peaks in the chromatograms, hindering
good GC x GC resolution.
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Fig. 5 Comparison of VOCs extraction profile obtained with DVB/CAR/PDMS fiber (a), DVB/PDMS fiber (b), and
PA fiber (c). Note that the chromatogram obtained by the DVB/CAR/PDMS fiber has more detected peaks than
the others

3. Making sure the fiber is close to the top of the vial ensures its
exposition in a colder region. Such procedure avoids the
decrease in the distribution constant of the analytes between
the HS and the fiber, which affects the extraction capacity.

4. Fiber selection is one of the most important parameters affect-
ing extraction, thus coating evaluation must be performed. For
instance, for untargeted methods, mixed-phases such as the
DVB/CAR/PDMS are indicated because of the wide range
of compounds that may be extracted. Indeed, Fig. 5 shows the
chromatograms obtained for the extraction of VOCs from
coffee with different SPME fibers. The DVB/CAR/PDMS
phase allowed the detection of a higher number of compounds
when compared with PDMS/DVB and PA.

5. Sample agitation ensures a higher mass transfer of the analytes
to the headspace; thus, it must be assured that agitation is kept
constant during all experiments to achieve adequate repeatabil-
ity. Avoid using fast velocities to prevent sample splashing in
the vial walls and in the SPME fiber. Additionally, the agitation
performed by vortexing the entire vial is preferred in compari-
son to magnetic stirring since it allows a simultaneous motion
of both the liquid and HS phases within the vial, leading to a

superior performance.

6. Time and temperature have important roles in HS experiments,
and both must be optimized. Higher temperatures ensure
higher extraction kinetics of most analytes. However, it must



Solid-Phase Microextraction and Comprehensive Two-Dimensional Gas. . . 185

(=

time /s

==

time /s

0

0

time / min. 52

Fig. 6 Comparison of VOCs extraction profile obtained by the analysis of 1.5 g of pure coffee sample (a), and a
solution containing 1.5 g of coffee sample in 10 mL of salinized water (NaCl, 30% w/w) (b)

be noted that elevated temperatures also decrease fiber’s extrac-
tion capacity. Using mild temperatures may help to avoid such
problem. Lower temperatures may require longer extraction
times to reach adequate method sensitivity.

7. For solid samples such as hops, fruits, cheese, and others, a
homogenization procedure such as griding may be performed
previously to extraction. It increases the superficial area of the
sample, assisting with the overall mass transfer.

8. Sample matrix also has to be considered during method devel-
opment. For instance, solid samples may be directly analyzed
by HS-SPME or they can also be previously homogenized with
water. If a homogenization step is desired and performed in
sample vial, make sure to carefully increase the agitation speed
to avoid splashing sample in the vessel walls and cap septum.
Such procedure avoids fiber contamination during septum
piercing. However, it must be noted that water homogeniza-
tion step is not always beneficial for analysis. For instance, the
VOC:s profile obtained with pure coffee (Fig. 6a) has a higher
number of compounds than the sample homogenized with
salinized water (Fig. 6b).

9. To increase ionic strength, salt may be added to an aqueous
sample as a solution or as a solid. The salt added must be fully
solubilized and well homogenized for better efficiency. Salt
addition improves method’s sensitivity in most applications.
For instance, we can see an enhancement in the VOCs extrac-
tion profile for a coffee sample when 10 mL of aqueous NaCl
(30% w/w) is added to the sample (Fig. 7), in comparison to
the addition of 10 mL of distilled water. Also, the peak volume
of ten selected VOCs is shown in Fig. 8 for a coftee aqueous
solution with and without salt addition. The peak volume
achieved for most compounds were higher with salt addition.
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Fig. 7 The salting out effect may be seen on the VOCs profile obtained when comparing a coffee
(1.5 g) + 10 mL water solution (@), and a coffee (1.5 g) + 10 mL of aqueous NaCl (30% w/w) solution (b).
Observe the gain in peak intensity for almost all detected peaks
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Fig. 8 Selected analytes used for comparison of salting out effect (a) and resulting peak volumes obtained for
an aqueous solution of coffee with and without salt addition (b)

10.

However, this step must be carefully evaluated and optimized
during method development. For instance, even with salt addi-
tion, the analysis of pure coffee exhibits higher extraction
efficiency for most compounds than the coftee solution analysis
as seen in Fig. 6.

Fiber conditioning between analytical runs is a good practice to
avoid carry-over effects. In many automatic samplers, such as
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11.

12.

13.

14.

Triplus, a conditioning module is integrated to the system to
perform such step. Table 1 exhibits such conditions for the
automatic sampler. Alternatively, if there is no available mod-
ule, the GC injection port may be used for fiber conditioning
after adjusting carrier gas flow and mode. For such, set GC’s
splitless time for the sampling period (2 min) and set a split
ratio of 100:1. Leave the fiber at the injection port for 3 min
after sampling period.

It is also important to optimize the GCxGC separation in
order to achieve the best chromatographic resolution. For
instance, the temperatures used in the method were deter-
mined after a few initial test runs. Initially, the GC oven pro-
gram would start at 40 °C for 3 min and heated to 280 °C at
6 °C min~'. The lower initial temperature allowed for peak
focusing. It was also noticed that there were no peaks detected
after 208 and 228 °C for coffee and hops samples, respectively.
So, the final oven temperatures were lowered accordingly to
reduce analysis time. Finally, the heating rate was changed from
6 to 4 °C min ! to increase peak resolution in 'D column.

Constant flow rates in the auxiliary gas are in general successtul
to obtain good GCxGC chromatograms, but they can be
improved with minor changes. For instance, flow program-
ming used here guarantees a constant flow throughout most
of the chromatographic run. Only the first few seconds have a
higher primary flow rate. Even though it is brief, this short
ramp allowed for a more efficient analyte desorption from the
fiber. With a lower flow rate in the auxiliary gas in the begin-
ning of the chromatographic run, the 'D carrier gas flows at a
higher linear velocity and efficiently sweeps the desorbed ana-
lytes from injection port to the column. For this tip, the final
auxiliary gas flow rate should not be increased by more than
40% of its initial flow rate, or else there could be a loss in the
efficiency of 'D separation.

Modulation period (MP) also need to be optimized before-
hand. For both coffee and hop samples, it was found that MPs
of 6 s were preferred over 4 s. With two or three tests runs it
should be possible to notice which MP conditions will be
better suited for sample analysis. If there is noticeable wrapping
around, MPs should be increased. However, if there are large
areas in the upper side of the chromatograms devoid of peaks,
the MP may probably be decreased.

Column combination may also be optimized to achieve better
resolution. Different column selectivity can be explored, but
always assure to employ columns with distinct separation
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15.

16.

17.

18.

19.

20.

mechanisms in 'D and *D. The classic column combination
used in GCx GC analysis employs a non-polar x semipolar set.
Recommended column geometries for the primary and
secondary columns are 20 m x 0.18 mm-id and
5 m x 0.25 mm-id, respectively. A minimum phase ratio (f)
of 250 is recommended for general purposes.

Transfer line to MS must be held at temperatures equal to the
final GC oven temperature to avoid band broadening in the
MS transfer line. Higher temperatures are unnecessary and may
lead to high baseline due to column bleed.

The ionization energy of 70 ¢V is conventionally used in
qualitative analysis, which enables the use of mass spectral
databases, such as NIST, FFNSC, and Wiley.

Acquisition rate is an important parameter that must assure
that a sufficient number of points are acquired for each chro-
matographic peak. An average of 15-20 points per peak is
recommended, thus the average peak width must be consid-
ered to adjust the proper acquisition rate. The average peak
width for 1D-GC is 6 s, thus acquisition rates of 5 Hz are
enough. For GCxGC, modulated peaks have average width of
400 ms, thus high acquisition rates (e.g., >25 Hz) are
necessary.

Make sure to select a proper mass range based on analytes
present in sample. An adequate mass range should include an
interval that assures the detection of all VOCs extracted. When
using the QMS, do not use excessively large mass intervals to
avoid jeopardizing method’s sensitivity.

Peak integration parameters must be optimized tentatively
according to the chromatograms obtained, assuring that all
peaks were integrated and that no undesired regions such as
baseline or column bleed were considered as responses. Alter-
natively, such step may be manually performed, but make sure
to try to use the same integration parameters in all
chromatograms.

To improve analyte identification in GC-MS and GCxGC-MS
analysis, the use of linear temperature-programmed retention
index (LTPRI, Eq. 1) is highly recommended whenever possi-
ble. For an SPME method, this could be obtained adding 8 pL.
of Cg-C,¢ n-alkane standard solution in a 20 mL vial and
performing an SPME extraction with the same procedure
used for the samples. The LTPRI considers the retention
time of the analyte, as well as the retention times of the closest
n-alkane that comes after and also before the analyte. So far, the
LTPRI value is calculated only for the retention in the 'D. In
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21.

22.

23.

FM-GCxGC, LTPRI filtering has a higher tolerance window
than 1D-GC.

LTPRI = 1007 + 100 <—t“ — R ) (1)
PRu+tl — R
where n is the number of carbons in the closest alkane standard
before the analyte, tg_, the retention time of the analyte, tg_,
the retention time of the closest n-alkane before the analyte,
and tg_, . 1 the retention time of the closest n-alkane after the
analyte.

The range used for a factor in a DoE should be carefully
thought out. The lower and higher values should not be too
close to exhibit a real difference, but it should not be too far
apart from each other. For instance, in terms of temperature, it
may not be useful to test a lower value of 50 °C and a higher
value of 55 °C, as both would probably have chromatograms
that are too similar to each other. Also, chemical reactions
(e.g., Maillard reactions) might occur at temperatures higher
than 60 °C and, as such, the identified analytes may be a
by-product of these reactions, rather than actually being an
analyte found in the sample [11]. Regarding the extraction
time, one should consider the equilibrium between the
SPME fiber and the headspace just as well as the total time
needed for the analysis. Considering that the chromatograms
are usually the slowest process in an analysis, the extraction
time should try to be faster than that, so it does not become the
bottleneck of the method.

Design of experiments’ factors are coded in a useful pattern to
standardize them. In a 2 factor central composite design
(CCD), the low value is coded as —1 and the high value as
+1, midrange (center) value is coded as 0. For hop analysis, an
extraction temperature of 35 °C was coded as low and 60 °C
was coded as high. In relation to extraction time, 15 min was
coded as low and 45 min as high. Four experiments use all the
coded different combinations. The error is estimated by the
central point at 48 °C and 30 min, in which three replicates are
performed. The last four experiments are performed applying
the central condition in one factor and an axial value in the
other factor. High axial value is coded as /2, while low axial
value is —+/2. Table 5 exhibits all the levels investigated.

For an untargeted approach, the total number of peaks in a
chromatogram can attest to a wider range of compounds
attained in an extraction though many of them might be at
trace levels with signal-to-noise ratio that makes it difficult to
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24.

identify them. At the same time, increasing the sum of all peak
volumes in a chromatogram is an interesting way to favor
broader peaks, which are easier to identify later on. However,
this approach may favor the extraction of major constituents
instead, decreasing the overall number of peaks detected by the
HS-SPME method. The best approach is to combine both
concepts using a desirability function, which creates a 0 to
1 scale in which the highest value relates to a higher number
of peaks and a higher sum of peak volumes at the same time.

As the aim of CCD is to find the maximum region for a given
response, sometimes higher response value may not be found
in the central point. However, there is no guarantee that a
non-central region with a higher response is in fact the maxi-
mum region, it might just be nearer to it than the rest of the
experiments performed. In such cases, it is recommended to
augment the CCD and perform a set of new experiments in
which the previous best response would be the center to a new
CCD. The experiments already performed is carried over to the
new model, which decreases the number of new experiments
needed. Upon doing the new experiments, a new surface is
modeled to find out if the conditions tested are already in the
optimal region or if there is a need to further augment the
DoE. Usually, the need for augmenting the CCD is related to
the initial factors’ values used. Thus, working with familiar
matrices can help in choosing better initial values, whereas it
is common to need to augment the model with unfamiliar
samples.
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Identification of Lactic Acid Bacteria in Food Matrices
by High-Resolution Nano-LC-ESI MS/MS

Mariangela Valletta, Angela Chambery, and Rosita Russo

Abstract

Over the past decades, a dietary supplement with probiotic foods represents a growing trend among
consumers for their benefits on human health. Fermented dairy products have been extensively studied
as functional foods given their enrichment with probiotic bacteria. Among these, lactic acid bacteria (LAB)
significantly contribute to the flavor, texture, nutritional value, and microbial safety of fermented foods and
are widely employed in the food industry. Efficient identification methods are needed for monitoring and
controlling lactic acid bacteria in food production. Recently, due to the high sensitivity and specificity,
MS-based approaches proved to be an attractive alternative to traditional techniques for bacteria detection/
identification. This chapter describes a straightforward protocol based on high-resolution (HR) nano-LC-
ESI MS/MS for the reliable, sensitive, and selective identification of LAB species in food matrices. Crucial
issues related to bacteria culture conditions, sample preparation, and mass spectrometry analysis are
discussed. Furthermore, an overview of computational tools for data analysis is also presented.

Key words High-resolution mass spectrometry, Lactic acid bacteria, Peptide marker, Ribosomal
proteins, Food

1 Introduction

In recent years, international organizations such as Food and Agri-
culture Organization (FAO) and World Health Organization
(WHO) are increasingly promoting functional foods containing
probiotic microorganisms for their health and nutritional benefits
such as improved nutritional value and contribution to the overall
flavor and texture of foods [1]. Lactic acid bacteria (LAB) are
among the most important probiotic microorganisms endowed
with strain-dependent probiotic features on the immune system
and gastrointestinal tract such as the control of intestinal infections
and the improved digestion of lactose [2]. Probiotic LAB are
usually employed in the food industry and as starter cultures in
the production of fermented dairy products such as cheese and
yogurts [3, 4]. Despite the knowledge of LAB composition is of
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high relevance for several industrial and biotechnological applica-
tions, the comprehensive identification of LAB species in food
matrices can be technically challenging. DNA-based molecular
methodologies targeting the 16S ribosomal RNA (rRNA) are com-
plementary to those relying on classical morphological and pheno-
typic characterization of bacterial species. Indeed, 16S rRNA genes
have become the gold standard for bacteria phylogenetic typing or
identification since they contain both conserved and variable
sequence regions that can be used as molecular signatures of species
[5, 6]. Several PCR-based DNA fingerprinting methods have been
extensively applied for the identification of LAB isolated from
different food matrices [7].

More recently, the availability of more sensitive and specific MS
technologies allowed the development of protein-based approaches
for bacteria detection/identification with potential application in
diverse research fields [8—10]. A large body of literature reports the
application of gas chromatography-mass spectrometry (GC-MS) to
the characterization of the bioactive compounds and the volatile
profiles of fermented foods containing probiotic LAB [11-
20]. Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) has also emerged as a reli-
able technology to analyze complex mixtures of proteins isolated
from microorganisms or even intact bacteria cells. Moreover,
MALDI-TOEF-based strategies provide advantages related to sam-
ple preparation, rapid acquisition times, accuracy, and reproducibil-
ity. Thus, this technology has been widely used for bacteria protein
profiling, allowing the detection of microorganisms and their clas-
sification at the genus, species and, sometimes, at the subspecies
level. Many MALDI-TOF MS-based approaches have been devel-
oped for the rapid classification and identification of lactic acid
bacteria within complex food matrices (Table 1). Moreover, the
unparalleled sensitivity and resolving power of high-resolution
mass spectrometers also allowed the development of tandem MS
methodologies for the characterization of microorganisms [21-
26], including applications for the identification of LAB proteins
and peptides within fermented food matrices (Table 1). Although
LC-ESI MS/MS bacterial profiling has been mainly proposed for
clinical applications finalized to identify common pathogenic bac-
teria [27, 28], a tandem MS methodology for the characterization
and the molecular profiling of LAB species has also been
reported [29].

This chapter describes an experimental workflow for LAB iden-
tification by high-resolution tandem MS analysis of tryptic peptides
from the enriched ribosomal proteins fraction. Critical issues
related to bacteria culture conditions, ribosomal protein extraction,
and nano-LC-MS-based analysis are discussed. Finally, an overview
of the bioinformatics tools for data analysis is also presented.
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Studies published in the last 10 years reporting applications of MALDI-TOF and LC-ESI-based mass
spectrometry to lactic acid bacteria identification within food matrices

Target of
MS Aim of the the
technique Food matrix analysis analysis  Software/DB LAB genus Reference
MALDI- Cheese LAB Extracted BioNumerics Lactobacillus, [30]
TOF identification proteins Lactococcus,
Leuconostoc,
Pediococcus,
Enterococcus
MALDI- Fermented LAB Isolated  Flexcontrol, Enterococcus, [31]
TOF seafood identification colonies  MALDI Tetragenococcus,
Biotyper Pediococcus,
Lactobacillus,
Staphylococcus,
Leuconostoc
MALDI- Fermentation LAB Isolated  Flexcontrol, Lactobacillus, [32]
TOF starter identification colonies ~ MALDI Pediococcus
Biotyper
MALDI- Milk LAB Isolated MALDI Lactobacillus, [33]
TOF identification colonies  Biotyper Pediococcus
MALDI- Cheese LAB Isolated MALDI Lactobacillus, [34]
TOF identification colonies  Biotyper Enterococcus,
Leuconostoc
MALDI- Fermented LAB Isolated = MALDI Pediococcus [35]
TOF foods identification colonies  Biotyper
MALDI- Fermented Weisella Isolated MALDI Weisella [36]
TOF foods identification colonies  Biotyper,
in house
database
MALDI- Yogurt LAB Isolated = MALDI Enterococcus, [37]
TOF identification colonies  Biotyper Lactobacillus
MALDI- Dairy foods LAB Isolated MALDI Lactobacillus, [38]
TOF identification colonies  Biotyper, Enterococcus,
in house Lactococcus,
database Leuconostoc,
Streptococcus
MALDI- Fruit pulp LAB Extracted MALDI Lactobacillus [39]
TOF identification proteins  Biotyper
MALDI- Fermented LAB Ribosomal BioNumerics Lactobacillus. [40]
TOF foods identification proteins
LC-MS/ Dairy Identification of Extracted Mascot Lactobacillus, [41]
MS products antibacterial proteins Pediococcus
proteins

(continued)
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Table 1
(continued)
Target of
MS Aim of the the
technique Food matrix analysis analysis  Software/DB LAB genus Reference
LC-MS Sour cream  Identification of Extracted Compass Lactobacillus [42]
antifungal proteins  Data
peptides Analysis,
MatLab
LC-MS/ Wine Identification of Extracted Proteome  Enterococcus [43]
MS bacteriocins proteins  Discoverer
LC-MS/ Probiotic Quantitative Extracted Proteome  Lactobacillus [44]
MS preparations  analysis of proteins  Discoverer
bacteriocins
LC-MS/ Fermented Proteomic Extracted Mascot Lactobacillus [45]
MS foods characterization  proteins
LC-MS/ Cheese Quantitative Secreted  Mascot Streptococcus, [46]
MS analysis of proteins Lactobacillus
bacterial
enzymes

2 Materials

2.1 Bacterial Gell
Cultures

2.2 Protein
Extraction,
Precipitation,

and Quantification

Prepare all solutions by using ultrapure water and analytical grade
reagents. Fresh liquid media or autoclaved liquid media can be
stored at room temperature until use (several weeks).

1.

S

920N NS I S R

De Man, Rogosa, and Sharpe (MRS) medium suitable for
microbiology (Condalab, Cat. #1555).

. ESTY medium suitable for microbiology (Condalab, Cat.

#1043).

. Incubator maintained at 30 °C or 37 °C.

. Sterile culture flasks.

. Formic acid (FA) for LC-MS.

. 70% FA in water.

. Acetonitrile (CH3CN) for LC-MS.

. Ethanol (—20 °C).

. 50 mM NH4HCO; pH 7.8 (394 mg of NH;HCO3 in 100 mL

of H,0).

. Bio-Rad Protein Assay Dye Reagent (Cat. #5000006) or

Pierce’ BCA Protein Assay Kit (Cat. #23225).
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2.3 Reduction,
Alkylation, and Tryptic
Digestion

24 LC-MS/MS
Analysis

2.5 Data Analysis

7. 250 mL polypropylene centrifuge tubes.
8. Vortex.

9. SpeedVac concentrator.

1. 100 mM 1,4-Dithio-pi-threitol (DTT, 15.4 mg of DTT in
1 mL of H,O).

2. Water bath incubator maintained at 55 °C or 37 °C.
3. 300 mM Iodoacetamide (IAM, 55.5 mg of IAM in 1 mL of
H,O; light sensitive).

4. Trypsin TPCK-treated from bovine pancreas (Sigma-Aldrich,
Cat. #T1420).

1. Thermo Fisher Scientific Q-Exactive Orbitrap mass
spectrometer.

2. Thermo Fisher Scientific Dionex UltiMate 3000RSLC
nanosystem.

3. Thermo Fisher Scientific PepMap™ 100 pCartridge column
C18 (300 pm x 0.5 cm, 5 pm, 100 A).

4. Thermo Fisher Scientific EASY-Spray analytical column
(15 cm x 75 pm ID PepMap RSLC C18, 3 um, 100 A).

. Solvent A: 0.1% formic acid, 99.9% water.

. Solvent B: 0.1% formic acid, 99.9% CH3;CN.

. Trifluoroacetic Acid (TFA), sequencing grade.

. 2% TFA in water.

. Thermo Fisher Scientific Xcalibur software v 3.1.

O 0 NN O U

P

. Thermo Fisher Scientific Proteome Discoverer software v 2.4.
2. SEQUEST database search engine.

3 Methods

3.1 Bacterial Cell
Culture

A pipeline of the workflow for the high-resolution nano-LC-ESI
MS /MS analysis of lactic acid bacteria is reported in Fig. 1.

For proteins extraction, bacterial pellets can be obtained from
direct centrifugation of food matrices or from bacteria cell cultures
on suitable media (se¢ Note 1). These preliminary steps are of
utmost importance for a reliable analysis of lactic acid bacteria,
whose growth is strongly influenced by culture media (se¢ Note
2). The following procedure has been tested on exemplary strains
of common genera of probiotic bacteria (i.e., Streptococcus
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Fig. 1 Experimental workflow for the identification of lactic acid bacteria by high-resolution nano-LC-MS/MS.
The procedure starts with the extraction of a protein fraction, highly enriched of ribosomal proteins, from
bacterial pellets that can be obtained from direct centrifugation of food matrices or from pure colonies
previously isolated from foods. Following sample preparation (i.e., reduction, alkylation, and tryptic digestion)
and LC-MS analysis, a reliable profiling of LAB proteins is obtained by data processing. Finally, a further
characterization of LAB at the genus, species, and subspecies levels can be performed by selecting and
monitoring the presence of species-specific peptide markers of ribosomal proteins highly diagnostic for LAB
species of interest

thermophilus, Lactococcus lactis subsp. lactis, Lactococcus lactis
subsp. cremoris, and Lactobacillus hbelveticus and Lactobacillus
plantarum).

1. From the agar plate, pick up one colony (in triplicate) of
L. plantarum and L. helveticus and inoculate in 40 mL of
MRS medium (see Note 3) at 30 °C and 37 °C, respectively,
without shaking. Incubate for 12-24 h, until the stationary
phase is reached.

2. From the agar plate, pick up one colony (in triplicate) of
L. lactis subspp and S. thermophilus and inoculate, without
shaking, in ESTY medium (see Note 4) containing 1% lactose
at 30 °C and 37 °C, respectively. Incubate for 12-24 h, until
the stationary phase is reached.

3. Collect bacterial cells by centrifugation at 3500 x gat 4 °C for
10 min.

4. Wash twice with 40 mL of Milli-Q water and store at —20 °C
until protein extraction.
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3.2 Extraction
of Proteins from
Bacterial Cells

3.3 Disulfide
Reduction/Alkylation
and Tryptic Digestion

1.

Resuspend bacterial pellets in 200 pL of 70% formic acid
(in water) by vortex-mixing.

2. Add 200 pL of pure acetonitrile and mix carefully by vortexing.

11.
12.

13.

. Centrifuge the samples at 10,000 x g for 2 min and collect the

supernatants in new Eppendorf tubes (see Note 5).

. Pool the supernatants from the three replicates and dry under

vacuum in a Savant SpeedVac concentrator.

. Wash the protein pellet three times with 200 pL of Milli-Q

water (see Note 6).

. Reconstitute the protein pellet in 50 pL of Milli-Q water by

vortex-mixing.

. Precipitate the proteins with cold ethanol (1:9, v/v) for 30 min

at —20 °C.

. Centrifuge samples at 10,000 x g for 5 min and discard the

supernatant.

. Wash the protein pellet with 200 pL of cold ethanol.
10.

Centrifuge samples at 10,000 x g for 5 min and discard the
supernatant.

Air-dry the protein pellets (see Note 7).

Reconstitute the protein pellet in 50 pL of 50 mM NH,HCO;
pH 7.8 (see Note 8).

Measure the protein concentration of each sample by Bradford
or bicinchoninic acid (BCA) assays (see Note 9).

. For disulfide bridges reduction, add DTT 10 mM (final con-

centration in 50 mM NH,HCO; pH 7.8) to aliquots (50pg) of
extracted proteins (see Note 10).

2. Vortex samples and incubate the mixture for 1 h at 55 °C.

. For thiol alkylation (se¢ Note 11), add 7.5 mM IAM (final

concentration).

. Vortex samples and incubate for 30 min at room temperature in

the dark.

. For trypsin digestion (se¢ Note 12), add TPCK-treated trypsin

to a final enzyme:substrate ratio of 1:50 (w/w) and incubate
samples at 37 °C overnight (see Note 13).

. Following the incubation, centrifuge the samples at 15,000 x g4

for 15 min and transfer the supernatants containing the tryptic
peptides into new tubes (see Note 14).

. For LC-MS/MS analysis, properly dilute samples in Solvent A

or 2% TFA (see Note 15). Typically, 2 pg of the tryptic digest is
a suitable amount that can be analyzed on a Q-Exactive
instrument.
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Table 2

Settings for the Ultimate 3000 UHPLC nanosystem (A) and the Q-Exactive Orbitrap mass spectrometer
(B) for LC tandem mass spectrometry analysis of tryptic peptides derived from the LAB-enriched
ribosomal protein fraction

A: LC conditions

Flow rate (Trap column) 10 pL/min

Column temperature 35°C

Flow rate (Analytical column) 300 nL/min

Mobile phase A = 0.1% formic acid in water

B = 0.1% formic acid in acetonitrile

Gradient Time, mins
%B

0.0
4

53.0
22

63.0
35

68.0
90

73.0
90

88.0
4

Stop time 90.0 min

B: MS parameters

Polarity positive

Nano-spray source

Spray voltage 1.9 kV
Capillary temperature 280 °C

Full MS

Resolution 70,000

AGC target 3*10°

Scan range 375-500 m/z
Maximum IT 100 ms

Top N 5

Spectrum data type Profile

(continued)
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Table 2
(continued)

B: MS parameters

MS2

Resolution 17,500

AGC target 1*10°
Maximum injection time 50 ms

Scan range 200-2000 m/ =z
Fragmentation method HCD

Isolation width 2 m/z
Normalized collisional energy (NCE) 27

Spectrum data type Centroid
Dynamic exclusion 15s

3.4 High-Resolution
Nano-LC-Tandem
Mass Spectrometry
Analysis

3.5 Data Processing

Any tandem mass spectrometry platform may be used for the
analysis of tryptic peptides obtained by the above procedures.
Below, a data-dependent scheme for peptide identification opti-
mized for the LC-MS/MS analysis on a Q-Exactive Orbitrap
instrument equipped with an Ultimate 3000 UHPLC nanosystem
from Thermo is described (see Note 16). A detailed description of
the LC and MS parameters is reported in Table 2a and b, respec-
tively (see Note 17).

Several software packages are available to process MS data for
protein identification. Here, we describe in detail a workflow
using Proteome Discoverer 2.4 software.

1. Open Proteome Discoverer 2.4 application and select “New
Study/Analysis” on the start page.

2. Choose a name for the study and a root directory. Click “OK”.

3. Click “Add Files” and select the mass spectrometry raw files.
Proteome Discoverer accepts .raw, .mgf, .mzData, .mzXML,
and .mzML file formats as input files.

4. Open “New Analysis”, select and drag the input file from the
“Input file” page to the “Analysis” window.

5. Select the “Workflows” tab to create workflows to use for the
“Processing” and “Consensus” steps.

6. Create a Processing Workflow by dragging and connecting the
following nodes into the tree window: “Spectrum Files”,
“Sequest HT”, “Fixed Value PSM Validator” or “Target
Decoy PSM Validator” nodes (Fig. 2a).
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Fig. 2 Proteome Discoverer 2.4 settings. (a) Processing Workflow nodes. (b) Sequest HT parameters. (c)

Consensus Workflow nodes

7. Set the parameters for the “Sequest HT” node (Fig. 2b).

8. Upload the appropriate database by choosing the “Maintain
Fasta file” option from the “Administration” menu on the
software start page. Click “Add” and select the appropriate
location for indexing the file and adding it to the list of the
available databases. For the analysis of the ribosomal protein-
enriched fraction, both the UniprotKB_SwissProt Bacteria
database or the whole UniprotKB_SwissProt database can

be used.

9. Select trypsin as digestion enzyme with a maximum of two
missed cleavages and a minimum peptide length of six residues.

10. Set precursor mass tolerance to £10 ppm and fragment mass

tolerance to +0.02 Da.
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3.6 Proteotypic
Markers Selection
for LAB
Characterization
in Food Matrices

11. Set up carbamidomethylation (+57.021 Da) of cysteine resi-
dues and oxidation of methionines (+15.995 Da) as static and
dynamic modifications, respectively.

12. Create a Consensus Workflow Tree (default settings): “MSF
(Magellan Storage File) Files”, “PSM (Peptide Spectrum
Match) Grouper”, “Peptide Validator”, “Peptide and Protein
filter”, “Protein Scorer”, “Protein Grouping”, “Protein anno-
tation”, “Protein FDR Validator”. Include post-processing
nodes (Fig. 2¢).

13. Calculate and filter false discovery rates (FDRs) for peptide
spectral matches (PSMs) using the Target Decoy PSM Valida-
tor Node with the following settings: maximum Delta Cn:
0.05; strict target FDR: 0.01; relaxed target FDR: 0.05.

14. Validate protein identifications based on g-values. Identified
proteins with a g-value <0.01 are classified as high-confidence
identifications; proteins with 0.01 < g-value < 0.05 are classi-
fied as medium confidence identifications. Low confidence
identifications (g-value > 0.05), displayed within the protein
list highlighted in red, should be filtered out and not further
considered.

15. Typically, the output protein list may be further filtered by
considering only proteins identified with more than one pep-
tide and in at least two out of three replicate injections. Also,
the optional removal of common contaminant proteins from
the protein list (e.g., keratin and tryptic peptides) is usually
performed.

Most of the bacterial proteins identified by the protocol shown here
are of ribosomal origin. Despite the high similarity of their primary
structures, minor sequence variations exist within bacteria subspe-
cies and strains. Due to their diverse phylogenetic evolution rates,
several fingerprinting methods, at both DNA and protein levels,
rely on ribosomal sequences for phylogenetic detection and classi-
fication of bacteria. Besides LAB identification, the LC-ESI
MS/MS bacterial profiling described above may also allow further
characterization of LAB at the genus, species, and subspecies levels
by selecting sequence regions of ribosomal proteins (e.g., S16
ribosomal protein) highly diagnostic for LAB species of interest
(Fig. 3). To identify suitable proteotypic peptide markers of ribo-
somal proteins the following general procedure can be applied:

1. Perform an in silico multiple sequence alignment of ribosomal
proteins identified by LC-ESI MS/MS (see Subheadings 3.4
and 3.5) or selected within the UniprotKB_SwissProt database
by using the Clustal Omega algorithm freely available at
https: //www.ebi.ac.uk /Tools/msa/clustalo/ (see Note 18).
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Fig. 3 Representative MS/MS fragmentation spectra of ions corresponding to the preoteotypic peptides from
the S16 ribosomal protein of L. delbrueckii bulgaricus (a and ¢) and S. thermophilus (b and d), detected in
buffalo (a and b) and bovine (¢ and d) whey starter cultures. (@) MS/MS fragmentation spectrum of the ion at
m/z 885.947, corresponding to the doubly charged ion of the region 33—-47 of the S16 ribosomal protein from
L. delbrueckii bulgaricus (AC: Q049R6, 33- FIEEVGYYNPVSQPK-47, theoretical monoisotopic [M+H]* mass
1769.878 Da, A = 1.77 ppm) detected in buffalo whey starter culture. (b) MS/MS fragmentation spectrum of
the ion at m/z1148.101, corresponding to the doubly charged ion of the region 33-52 of the S16 ribosomal
protein from S. thermophilus (AC: Q5LYM4, 33-FIETVGTYNPLVEENQVTLK-52, theoretical monoisotopic [M+H]*
mass 2294.191 Da, A = 0.00 ppm). () MS/MS fragmentation spectrum of the ion at m/z 885.942,
corresponding to the doubly charged ion of the region 33-47 of the S16 ribosomal protein from
L. delbrueckii bulgaricus (AC: Q049R6, 33-FIEEVGYYNPVSQPK-47, theoretical monoisotopic [M+H]* mass
1769.878 Da, A = 1.91 ppm) detected in bovine whey starter culture. (d) MS/MS fragmentation spectrum of
the ion at m/z1148.101, corresponding to the doubly charged ion of the region 33-52 of the S16 ribosomal
protein from S. thermophilus (AC: Q5LYM4, 33-FIETVGTYNPLVEENQVTLK-52, theoretical monoisotopic [M+H]*
mass 2294.190 Da, A = 0.74 ppm)

2. Analyze the amino acid sequence identity/similarity at the
taxonomic level and select theoretical tryptic peptides contain-
ing amino acid differences within bacteria genus, species, and
subspecies.

3. Validate the presence of candidate species-specific peptide mar-
kers by evaluating their ionization efficiency within LC-MS
base peak chromatograms of samples and verifying their speci-
ficity for the discrimination of LAB species within food matri-
ces of interest (sec Note 19).

4 Notes

1. The extraction of a basic protein fraction, highly enriched of
ribosomal proteins, has been adapted from the protocol
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reported by Freiwald and Sauer for MALDI-TOF MS detec-
tion of Enterobacteriacene [47]. The procedure can be applied
on both selected food matrices or pure colonies previously
isolated from foods. Bacterial strains used for this protocol
were previously isolated from fermented dairy products. Bacte-
rial pellets may also be obtained from direct centrifugation of
food matrices that are rich in probiotic lactic acid bacteria. For
example, centrifugation for 15 min at 10,000 x g of aliquots
(200 mL) of bovine and buffalo natural whey starter cultures
provide an adequate amount of proteins for subsequent ana-
lyses [29]. In this instance, following centrifugation, super-
natants were discarded and the pellets are processed as
described for isolated colonies.

2. The growth of lactic acid bacteria cultures significantly depends
on the complexity of the food matrix and cultivation media
[48]. In this workflow, cultivation media that are suitable and
commonly used for Lactobacillales growth have been reported.
In particular, MRS is a widely used selective medium for lactic
acid bacteria cultivation. However, MRS is considered to be an
expensive medium due to its nitrogen source (meat and yeast
extract) and does not support the growth of all LAB
[48]. Therefore, ESTY medium (M17) is also commonly
used for culturing LAB such as lactic streptococci or yogurt
bacteria [49]. Since no universal selective medium exists for the
cultivation of all lactic acid bacteria, LAB media may be appro-
priately modified by changing the supplement composition,
the pH, incubation times, and culture temperature. Cultivation
media for LAB used in dairy products are extensively reviewed
in [48].

3. Prepare De Man, Rogosa, and Sharpe (MRS) medium: weigh
52 g of the MRS medium powder, put 1 L of water and mix
thoroughly. Autoclave at 121 °C for 15 min prior to use.

4. Prepare ESTY medium: weigh 48.25 g of the ESTY medium
powder, put 900 mL of water, mix thoroughly, and heat it to
completely dissolve the powder. Autoclave at 121 °C for
15 min, cool to 50 °C, and add 100 mL of sterile 10% lactose
solution.

5. Following the centrifugation step, supernatants should be col-
lected without contaminations. Tubes must be slowly removed
from the centrifuge to carefully aspirate supernatants with the
pipette by avoiding mixing with cell debris.

6. A yellow pellet is typically clearly visible at the bottom of the
Eppendort tube. A careful pellet washing is necessary for
removing trace amounts of residual formic acid. During
washes, place tubes inside the centrifuge so that the hinges
face outward to consistently position the pellet.
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7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Protein pellets should not be overdried as this will make them
more difficult to resuspend. Do not use the SpeedVac at
this step.

. Typically, a 50 pL volume of buffer results in a good capacity

for dissolving the protein pellet. If there is too much protein in
the pellet, the volume of the buffer may be increased up to
100 pL. Larger volumes may cause an excessive sample dilu-
tion. The pH of the ammonium bicarbonate solution increases
up to 8.5 upon storage for a few weeks. Use freshly prepared
solutions and check the pH before use (pH ~7.8).

The enrichment of ribosomal proteins can be evaluated by
analyzing aliquots (15 pg) of resuspended pellets by
SDS-PAGE. A pattern of low molecular weight bands is
expected mainly in the range of 10-20 kDa.

DTT is susceptible to oxidation and should be freshly
prepared.

IAM is sensitive to light and should be freshly prepared and
kept in the dark.

Dissolve lyophilized trypsin in 50 mM NH,HCO3;, pH 7.8.
The addition of freshly prepared trypsin to protein pellet in
three subsequent steps with enzyme to substrate ratios (w/w)
of 1:200 for 4 h, 1:100 for 3 h, and 1:50 for 16 h is suggested
to increase the efficiency of the enzymatic hydrolysis.

If needed, the protocol can be stopped after digestion and
samples stored at —20 °C.

To prevent plugging of the nano-LC system, an additional
centrifugation step at 15,000 x g for 15 min can be performed

To monitor potential memory effects (carry-over), it is sug-
gested to perform blank injections between LC runs of
samples.

Before LC runs of samples, it is strongly suggested to perform a
preliminary analysis of 100 fmol of a BSA Protein Digest
Standard (Thermo Fisher Scientific, Cat. #88341) to test the
chromatographic system and MS performance.

Prepare all solutions for sample preparation for LC-MS analysis
by using LC-MS-grade reagents. Avoid contamination by
external protein sources (e.g., keratin originating from dust,
hairs, and finger skin). It is recommended to work in a clean
and dust-free space and to wear a lab coat, gloves, and possibly
a hair net.

The Clustal Omega default settings usually fulfill the needs of
most users. Several options are available to optimize the align-
ment (e.g., gaps removal, iteration parameters) and to change
the output format for generated multiple sequence alignment.
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19. Fermented dairy products are a convenient source for applying

the proposed workflow. As we have shown recently [29], using
the preparation and mass spectrometry protocol described
herein, we detected signature species-specific peptide markers
corresponding to regions 33-52 and 72-82 of the S16 ribo-
somal that proved to be useful for the accurate classification
and identification of about 30 LAB at the genus, species, and
subspecies level in complex matrices such as whey starter cul-
tures used for the production of cheese and fermented foods.
Depending on the food matrix properties, the limitation of the
protocol may consist of the need for LAB cell culturing to
harvest sufficient amounts of bacterial cells suitable for the
analysis. The strength of the protocol is the reliability of iden-
tifications given the high mass accuracy (1-5 ppm) and resolu-

tion (~150,000) of the Orbitrap mass analyzer.
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Acetyicholinesterase (ACHE) and o-Glucosidase Inhibitory
Assay hy Effect-Directed Analysis on High Performance
Thin-Layer Chromatography Coupled to Mass Spectrometry

Mario Aranda, Jonathan Carrasco, and Karem Henriquez

Abstract

The traditional study of natural sources bioactivity is based on the evaluation of diverse biological activities
like antioxidant or enzymes inhibition. For that, conventional methods involve the preparation of different
polarities extracts, which are submitted to a various chemical and biological assays. If any extract shows
some bioactivity, a large and time-consuming process begins. First, the extract composition is defined
applying different types of chromatographic systems such as high-performance liquid chromatography
(HPLC), high performance thin-layer chromatography (HPTLC), and gas chromatography (GC). Then,
fractioning and purification processes are required to isolate as many compounds as possible employing
special techniques like semi-preparative chromatography. All isolated groups or compounds are individually
reevaluated in order to find which compound or family possess the biological activity. To shorten this
process, some hyphenation methods that coupled analytical separation and bioassays have been developed,
for example, HPTLC-bioassay coupled to mass spectrometry (MS).

Key words a-Glucosidase, Thin-layer chromatography, Online assays, Phenolic compounds

1 Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is a relevant enzyme at
central nervous system; its inhibition could be helpful to treat
several diseases such as Alzheimer [ 1], Parkinson’s disease dementia
[2], schizophrenia [ 3], and autism [4]. Therefore, the discovery of
new inhibitors is highly relevant for human health. a-glucosidase
(EC 3.2.1.20) inhibitors delay the enzyme activity avoiding the
poly- and oligosaccharides hydrolysis. Its inhibition is clearly bene-
ficial for patients with altered glucose metabolism like type 2 diabe-
tes mellitus because retard carbohydrates absorption in the small
intestine, which produces a lowering effect on postprandial blood
glucose and insulin levels [5]. The screening of this kind of mole-
cules in nature resulted in the discovery of acarbose and
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1-deoxynojirimycin, which lead to the synthesis of miglitol; both
drugs are currently used as therapeutics [6].

Effect-directed analysis (EDA) is a study strategy that combines
chemical analysis with biological effects. EDA has increasingly
attracted attention in the field of food science to evaluate functional
foods, food safety, foodborne diseases, and health care [7, 8]. EDA
consists of two principal steps; first, the separation of molecules
from food matrix is necessary, and then the obtained fractions are
evaluated for biological activity (effect)[7, 9]. HPTLC is an excel-
lent tool to carry out EDA, after molecules separation from food
matrix (chromatography), the effect (biological assay) is directly
determined on the plate (in situ) without any incompatibility with
mobile phase because all solvents are fully evaporated before carry-
ing out the bioassay. The hyphenation of HPTLC and EDA is well
known in both domains, autography coupled with chemical analysis
(e.g., DPPH) and bioautography (bioassay) coupled with
biological system or biological evaluation (e.g., enzymatic inhibi-
tion)[10, 11].

Thus, applying reliable EDA-HPTLC-MS method it is possible
to discover new acetylcholinesterase and a-glucosidase inhibitors as
first step for nutraceutical and /or active pharmaceutical ingredients
development.

2 Materials

Prepare all solutions using ultra-pure water (18.2 MQ c¢m) and
analytical grade reagents. Store all solutions at 4 °C and enzyme
at —24 °C.
1. HPTLC or HPTLC-MS plates: 10 cm x 10 cm coated with
200 pm layer of silica gel 60 Fas4.
. Semi- or automatic TLC sampler.
. TLC chambers: flat bottom or twin trough.
. TLC plate heater.
. TLC sprayer.
. Photo-documentation system.
. TLC-MS interface.

. Mass spectrometer.

O 0 N QN Ul W

. Acarbose or caffeic acid (positive control for a-glucosidase
enzyme assay): 300 mg,/L in methanol.

—
=

. Donepezil (positive control for the AChE enzyme assay):
300 mg/L in methanol.
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11.

12.

13.

14.

15.

16.

Phosphate buffer 100 mM, pH 7.4: dissolve 0.91 g KH,PO4
and 0.57 g K,HPO4 in 95 mL of water. Adjust pH with NaOH
2 M and filled up to 100 mL with water. Store at 4 °C.

2-naphthyl-p-glucopyranoside (substrate for the a-glucosidase
enzyme assay): 1 mg/mL in methanol.

1-naphthyl acetate (substrate for the AChE enzyme assay):
1.5 mg/mL in methanol.

a-glucosidase  enzyme from  Saccharomyces  cevevisine
(E.C. number 3.2.1.20): 1.25 U/mL in 100 mM phosphate
buffer, pH 7.4. Divide into 100 pL aliquots and store at
—24°C.

AChHE enzyme from Electrophorus electricus (electric eel) (E.C
number 3.1.17): 0.75 U/mLin 50 mM Tris—HCI bufter at pH
7.8. Divide into 100 pL aliquots and store at —24 °C.

Fast Blue B salt solution: 1.5 mg/mL in water.

3 Method

Carry out all procedures at room temperature unless otherwise
specified. Each enzyme assay must be separately performed.

1.

Wash the plates with proper solvent mixture (e.g., methanol:
acetonitrile 1:1 v/v) and dry on plate heater for 20 min at
120 °C.

. Apply an adequate amount of sample (1-20 pL) and positive

control (2-3 pL) on the HPTLC plate by means of semi- or
automatic TLC sampler. It is suggested the following settings:
band length 6-8 mm, track distance 10.0 mm, dosage velocity
120 nL /s, and first application x-axis and y-axis at 10.0 mm.

. Apply the samples in triplicate on each HPTLC plate and then

divide, using plate cutter, into three sections: the first section is
used for bioassay, the second section for chemical derivatization
(optional) and the third for MS analysis.

. Carry out the chromatographic separation in 10 cm x 10 cm

twin trough chamber up to a migration distance of 50-70 mm
using a proper mobile phase.

. Dry the HPTLC plate on the plate heater for 30 min at

60-100 °C to remove the mobile phase. If compounds under
study are thermolabile, it is recommended to dry at tempera-
tures not higher than 60 °C. Otherwise, dry at 85 °C.

. Detect a-glucosidase inhibitors spraying 3 mL of 2-naphthyl-

D-glucopyranoside solution on the HPTLC plate, and for
ACHhE inhibitors, 3 mL of 1-naphthyl acetate solution.
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Fig. 1 a-glucosidase inhibitory assay (a). AChE inhibitory assay (b). Plant
extracts showing inhibitory bands/compounds (1, 4) and the corresponding
positive controls (2, 3)

7.

For both assays, dry the plate at 60 °C for 10 min on the TLC
plate heater, cool down to room temperature and spray 3 mL of
the respective enzyme solution.

. Place the HPTLC plate in a pre-warmed humidified plastic

container at 37 °C for 10 min, avoiding direct contact between
the water and the plate.

9. After the incubation process, spray the HPTLC plate with

10.

3 mL of freshly prepared Fast Blue B salt solution. After
2—4 min, the presence of inhibitory compounds is observed
under visible light as colorless bands on purple background
(Fig. 1).

Using a soft pencil mark the inhibitory bands on the third
section of HPTLC plate based on migration distance (hRF)
visualized under plate cabinet (254 and 366 nm). Identify the
inhibitors applying two complementary steps using for both
the TLC-MS interface (Fig. 2): (i) elute the bands of interest to
MS (Fig. 3); and (ii) extract the inhibitory bands from HPTLC
plate to 1.5 mL micro-vial to be analyzed by HPLC-DAD-
MS/MS. It is recommended to assemble the TLC-MS inter-
face with oval elution head (4.0 x 2.0 mm); elute the bands
with proper solvent at a flow rate of 0.2 mL/min for 2 min.
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Fig. 3 Example of HPTLC-bioassay-ESIMS assay to detect AChE inhibitors present in plant extracts. HPTLC
plates are observed under UV (254, 366 nm) and Vis light (C). Plant extracts (A) and positive control (B)

Extract at least two plate blanks to obtain the MS background
spectrum. MS analysis is performed in mass spectrometer with
electrospray ionization (ESI) or atmospheric pressure chemical
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ionization (APCI) sources operated in standard or appropriate
conditions according to the analytes, e.g., capillary voltage
4.0 kV, nebulizing gas (N,) 3 L/min, drying gas (N, ) 15 L/
min, desolvation line temperature 250 °C, and block tempera-
ture 400 °C. To acquire the MS spectra in full scan mode
between m/z values of 50 and 2000. Plate background signals
should be subtracted for each analysis. HPLC-DAD-MS/MS
is performed as a complementary method to obtain compara-
tive data for compound identification such as retention time,
UV-Vis spectrum, MS and MS/MS spectra.
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Application of Paper Spray lonization for Preliminary
Amazonian Berry Fruits Components Identification
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Abstract

Berry fruits, especially non-conventional berries, represent a significant source of bioactive compounds,
including natural antioxidants with health promotion potential. However, their phytochemical content is
almost unexplored in the Amazon region, mainly due the time-consuming, laborious, and expensive
procedures. Thus, in this chapter, we describe how to access the preliminary chemical data, such as
polyphenols, organic acids, and sugars, from Amazonian berries through the paper spray (PS) ionization,
a simple and low-cost ambient ionization technique.

Key words Ambient ionization, Mass spectrometry, Non-conventional berries, Polyphenols, Organic
acids

1 Introduction

The Amazon fruits, including berry fruits, represent a very impor-
tant economic resource and a significant source of bioactive com-
pounds [1l, 2]. Regarding berry fruits, such as agai and
non-conventional berries, several studies have pointed out these
matrices as rich sources of natural antioxidants, thus supporting
that their consumption results in health benefits, reduces the risk of
various chronic diseases, including cardiovascular diseases, diabetes
mellitus, cancer, and other diseases [3-5].

Although berries are rich sources of natural antioxidants such as
flavonoids, tannins, and phenolic acids, other natural compounds
such as organic acids and sugars are also recurrent in these matrices
[3, 4, 6]. On the other hand, although several berries, especially
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non-conventional berries, can be of special interest to the agroin-
dustry due to their supposed nutritional value, their phytochemical
content are almost unexplored, especially in the Amazon region
[2, 7]. An example is the bluish or black-colored berries from
Clidemin genus (Melastomataceae), known in Brazil as “buchu-
chu,” “buxuxu,” or “buxixu” whose few published studies high-
light these species as good source for dietary fibers, minerals,
polyphenols, organic acids, and sugars [7, 8].

Mass spectrometry-based approaches, including hyphenated
(e.g., LC-MS) and non-hyphenated (e.g., direct infusion)
approaches, have proved to be useful in the detection, quantifica-
tion, and characterization of polyphenols, organic acids, and other
compounds from berries extracts [9-11]. More recently, ambient
ionization techniques, such as paper spray, also have been proved to
be useful to the qualitative and quantitative chemical analysis of
berries extracts [12]. This approach is characterized as a rapid and
low-cost sampling method for preliminary analysis of complex
mixtures, minimizing or eliminating sample preparation proce-
dures [13, 14].

Here, we will describe a simple and low-cost method based on
the paper spray ionization in negative and positive ion mode for
preliminary chemical components identification of Amazonian
berries samples, including polyphenols, organic acids, and sugars.

2 Materials

2.1 Equipment

2.2 Reagents

2.3 Supplies

1. Triple quadrupole mass spectrometer, model TSQ Quantum
Access (Thermo Scientific, San Jose, CA, USA) equipped with
a paper spray (PS) ionization source (see Note 1). Instrument
control and data acquisition were executed on Xcalibur 2.07
(Thermo Scientific, San Jose, CA, USA).

2. Gas: high-purity argon (for collision-induced dissociation).
3. Milli-Q system (Millipore, Bedford, MA, USA).

1. Methanol (HPLC grade) (Merck, Darmstadt, Germany).
2. Ultrapure water was obtained from the Milli-Q system.

1. Mortar and pestle.
2. Syringes or pipettes with proper tips for handling solvents.

3. Filter paper (Whatman International Ltd., Maidstone, Eng-
land). (chromatography paper can be used).
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3 Methods

3.1 Sample
Preparation

3.2 Paper Spray (PS)
Analysis

3.3 Data Processing
and Interpretation

After collection or purchase, the berry fruits should be washed with
distillated water and kept at —5 °C shielded from ambient light
until analysis to avoid oxidation and other degradative processes.

1.

Transfer a portion (approximately 200 mg) of the berries to a
mortar.

. Use the pestle to crush the berries until a paste is formed.

. Cut the paper filter into a triangular shape, 10 mm long and

5 mm wide at the base.

. Put the triangular filter paper in contact with the berries paste

until the paper is completely drenched.

. Place the drenched triangular filter paper into the metal clip.

. Position the triangular filter paper approximately 10 mm from

the MS inlet (Fig. 1).

. Turn on the mass analyzer and enable the continuous acquisi-

tion mode (positive or negative ion mode) (don’t apply high
voltage yet).

. Transfer, with a syringe or pipette, 20-30 pL of a methanol/

water solution (1:1, v:v) to the triangular filter paper.

. Apply high voltage (3.5-5 kV) and adjust the position and

distance between the sample and MS inlet until the signal
stabilizes (see Notes 2 and 3).

. Acquire at least 20 spectra from both, negative and positive ion

modes (sec Note 4).

. Perform the fragmentation (MS/MS analysis) of the ions of

interest (see Notes 5 and 6).

An example of paper spray mass spectra of Amazonian berries
(Clidemin sp) in negative and positive ion mode is shown in
Fig. 2. Also, the MS/MS spectra of some polyphenols and organic
acids present in this species is shown in Fig. 3.

1.

2.

Open the raw file with Xcalibur software: Qual
Browser > File > Open (se¢ Note 7).

With the TIC window enabled, right-click > ranges > scan
filter > select the desired filter (a region in TIC will be
highlighted).

Enable the mass spectrum window and process at least 10 spec-

tra from the TIC for full scan (negative and positive ion modes)
and MS/MS data (sec Note 8).

. Compare the MS/MS spectra with previously published data

(see Note 9).
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Fig. 1 Home-built paper spray interface with a DB15 connector prepared to promote ESI source recognition
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Fig. 2 Paper spray mass spectra of Clidemia sp. in negative (a) and positive (b) ion modes with * denoting the
compounds tentatively identified by manual interpretation of MS/MS spectra and comparison with
literature data
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Fig. 3 MS/MS spectra of the ions at m/z 305 (a), 353 (b), and 359 (c)

4 Notes

. For Thermo Scientific mass spectrometers such as the models

TSQ Quantum Access and the LCQ Fleet, the substitution of
the housing for a DB15 male connector promote the LS-MS
interface. For this, a jumper must be created between sockets
9 and 10, and a 2k Ohm resistor must be attached directly
between sockets 7 and 8 (Fig. 1).

. Take care, high voltage applied combined with a distance

between the sample and the MS inlet less than 5 mm can
promote an electric arc and collapse the instrument.

. If the triangular filter paper dries and signal loss occurs, more of

the methanol /water solution (1:1, v:v) should be added.

. The cone needs to be cleaned after 10 samples to avoid ion

suppression.

. It is recommended to fragment the ions with the relative

abundance above 20%. On the other hand, a brief survey of
the literature of related species can assist in the selection of
minority ions.

. In triple quadrupole mass spectrometers, the fragmentation of

adduct ions, such as [M+Na]*, [M+K]*, [M—Cl]™ cannot
occur, or occurs with great difficulty.

. This protocol can be used with Xcalibur version 2.07 or higher.

. Due to their acidic character, the ionization of polyphenols and

organic acids had occurred mainly in the negative mode. On
the other hand, for in matura samples, sugars are mainly
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observed as adduct ions (e.g., [M+Na]*, [M+K]", [M—CI]")

(Fig. 2).

9. The MS/MS data for a large amount of organic acids and
polyphenol compounds, previously reported in berry fruits,
can be found in food journals and related, mainly in LC-MS/

MS-based works.

References

1.

Bataglion GA, da Silva FM, Eberlin MN, Koo-
len HH (2015) Determination of the phenolic
composition from Brazilian tropical fruits by
UHPLC-MS/MS. Food Chem 180:
280-287. https://doi.org/10.1016/j.
foodchem.2015.02.059

. Gordon A, Jungfer E, da Silva BA, Maia JGS,

Marx F (2011) Phenolic constituents and anti-
oxidant capacity of four underutilized fruits
from the Amazon region. J Agric Food Chem
59:7688-7699. https://doi.org/10.1021/
j£201039r

. Schreckinger ME, Lotton J, Lila MA, de Mejia

EG (2010) Berries from South America: a
comprehensive review on chemistry, health
potential, and commercialization. ] Med Food
13:233-246. https://doi.org/10.1089 /jmf.
2009.0233

. Szajdek A, Borowska EJ (2008) Bioactive com-

pounds and health-promoting properties of
berry fruits: a review. Plant Foods Hum Nutr
63:147-156. https://doi.org/10.1007/
s11130-008-0097-5

. Paredes-Lopez O, Cervantes-Ceja ML, Vigna-

Pérez M, Hernandez-Pérez T (2010) Berries:
improving human health and healthy aging,
and promoting quality life—a review. Plant
Foods Hum Nutr 65:299-308. https://doi.
org/10.1007/s11130-010-0177-1

. Mikulic-Petkovsek M, Schmitzer V, Slatnar A,

Stampar F, Veberic R (2012) Composition of
sugars, organic acids, and total phenolics in
25 wild or cultivated berry species. J Food Sci
77:C1064-C1070. https://doi.org/10.
1111/j.1750-3841.2012.02896.x

. Gordon A, Schadow B, Quijano CE, Marx F

(2011) Chemical characterization and antioxi-
dant capacity of berries from Clidemia rubra
(Aubl.) Mart. (Melastomataceae). Food Res
Int 44:2120-2127. https://doi.org/10.
1016/j.foodres.2011.01.015

10.

11.

12.

13.

14.

. Serna DMO, Martinez JHI (2015) Phenolics

and polyphenolics from Melastomataceae spe-
cies. Molecules 20:17818-17847. https: //doi.
org,/10.3390 /molecules201017818

. Tian Y, Liimatainen J, Alanne AL, Lindstedt A,

Liu P, Sinkkonen J, Kallio H, Yang B (2017)
Phenolic compounds extracted by acidic aque-
ous ethanol from berries and leaves of different
berry plants. Food Chem 220:266-281.
https://doi.org,/10.1016/j.foodchem.2016.
09.145

Pietrzak W, Nowak R, Gawlik-Dziki U,
Lemieszek MK, Rzeski W (2017) LC-E-
SI-MS/MS identification of biologically active
phenolic compounds in mistletoe berry
extracts from different host trees. Molecules
22:624. https://doi.org/10.3390/
molecules22040624

McDougall G, Martinussen I, Stewart D
(2008) Towards fruitful metabolomics: high
throughput analyses of polyphenol composi-
tion in berries using direct infusion mass spec-
trometry. J Chromatogr B 871:362-369.
https: //doi.org,/10.1016/j.jchromb.2008.
06.032

Cody RB, Tamura J, Downard KM (2018)
Quantitation of anthocyanins in elderberry
fruit extracts and nutraceutical formulations
with paper spray ionization mass spectrometry.
J Mass Spectrom 53:58—64. https://doi.org/
10.1002/jms.4033

Liu J, Wang H, Manicke NE, Lin JM, Cooks
RG, Ouyang Z (2010) Development, charac-
terization, and application of paper spray ioni-
zation. Anal Chem 82:2463-2471. https://
doi.org,/10.1021/ac902854¢g

Wang H, Manicke NE, Yang Q, Zheng L,
Shi R, Cooks RG, Ouyang Z (2011) Direct
analysis of biological tissue by paper spray
mass  spectrometry.  Anal  Chem  83:
1197-1201. https://doi.org/10.1021/
ac103150a


https://doi.org/10.1016/j.foodchem.2015.02.059
https://doi.org/10.1016/j.foodchem.2015.02.059
https://doi.org/10.1021/jf201039r
https://doi.org/10.1021/jf201039r
https://doi.org/10.1089/jmf.2009.0233
https://doi.org/10.1089/jmf.2009.0233
https://doi.org/10.1007/s11130-008-0097-5
https://doi.org/10.1007/s11130-008-0097-5
https://doi.org/10.1007/s11130-010-0177-1
https://doi.org/10.1007/s11130-010-0177-1
https://doi.org/10.1111/j.1750-3841.2012.02896.x
https://doi.org/10.1111/j.1750-3841.2012.02896.x
https://doi.org/10.1016/j.foodres.2011.01.015
https://doi.org/10.1016/j.foodres.2011.01.015
https://doi.org/10.3390/molecules201017818
https://doi.org/10.3390/molecules201017818
https://doi.org/10.1016/j.foodchem.2016.09.145
https://doi.org/10.1016/j.foodchem.2016.09.145
https://doi.org/10.3390/molecules22040624
https://doi.org/10.3390/molecules22040624
https://doi.org/10.1016/j.jchromb.2008.06.032
https://doi.org/10.1016/j.jchromb.2008.06.032
https://doi.org/10.1002/jms.4033
https://doi.org/10.1002/jms.4033
https://doi.org/10.1021/ac902854g
https://doi.org/10.1021/ac902854g
https://doi.org/10.1021/ac103150a
https://doi.org/10.1021/ac103150a

Check for
updates

Analysis of Food Components by MALDI Imaging Mass
Spectrometry: Sample Preparation for Identification
of Peptides in Dry-Cured Ham

Dina Resetar Maslov

Abstract

Matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry (IMS) is a modern
analytical tool that in parallel enables identification of analytes and visualization of their spatial distribution
through sample (cryo-)section. Although primarily ex vivo tissue samples in biological and clinical research
are analyzed by MALDI IMS, this analytical method is slowly introduced also into food analysis and
foodomics. Here, we present and discuss important sample preparation steps and good practice in sample
handling prior to MALDI IMS identification of peptides on/in dry-cured ham cryo-sections. Optimized
sample preparation analytical workflow is composed of the following procedures: (1) embedding and
cryostat cutting of dry-cured ham sample, (2) mounting of cryo-section on a glass slide, (3) washing of
mounted cryo-section, and (4) MALDI matrix sublimation and recrystallization. Systematic sample prepa-
ration enabled preservation of sample morphology and thoroughly removed high salt and lipid content
present in samples due to dry-curing production.

Key words MALDI imaging MS, Mass spectrometry, Food, Dry-cured ham, Peptides

1 Introduction

Mass spectrometry (MS) in combination with chemometrics has
matured into a vital analytical technique with an array of modern
applications in food research and, especially, foodomics [1]. The
systematic sample preparation and optimization /validation of ana-
lytical method along with the development of advanced analytical
instrumental platforms composed of hyphenated separation tech-
niques contributed to the latter. Such instrumental platforms are,
for example, liquid/gas chromatography (LC or GC) or capillary
electrophoresis (CE) coupled with high-resolution mass spectrom-
etry (HRMS) instruments [2—4 ]. In general, the improved and /or
novel analytical approaches facilitate and accelerate food analysis
and enable deep characterization of in food present analyte

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_18,
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molecules, both food compounds and contaminants [5]. The ana-
lytical workflows composed of MS-based hyphenated methods fre-
quently ask for food homogenization, followed by extraction or
isolation of analyte(s) prior to their separation, detection, and
identification /quantification [6, 7]. The latter analytical workflow
makes it difficult to study the physical position or spatial distribu-
tion of analyte(s) molecules in the analyzed sample.

On the contrary, the matrix-assisted laser desorption/ioniza-
tion (MALDI) imaging mass spectrometry (IMS) is a “soft” ioni-
zation technique predominately used for screening of analyte
molecules on ex vivo tissue (histology) biological samples
[8]. Since recently, the MALDI IMS has been more frequently
applied in food research and foodomics, both in analysis of food
of animal and plant origin [9-13]. Based on acquired m/z values,
the MALDI IMS enables precise structural characterization and
label-free identification of multiple analytes, such as lipids, proteins,
peptides, or small molecules. When compared to previously men-
tioned MS-hyphenated methods, the MALDI IMS is advanced as
allows for generation of spatially resolved analytical information. In
other words, the MALDI IMS enables visualization of spatial
arrangement of detected and, subsequently, identified analyte
molecules that are present on thin sample (cryo-)section, frequently
fixed on classic microscopic glass slide (Fig. 1). In contrast to
traditional microscopy-based histological techniques, the MALDI
IMS provides simultaneous identification of multiple molecules
without prior application of labels or antibodies, that is, in a label-
free approach. Accordingly, the dedicated image-processing algo-
rithms for MALDI IMS data usually enable (1) visualization of
spatial distribution for detected analytes, (2) investigation of
molecular heterogeneity of samples, (3) region-specific mapping
and regionally specific classification based on molecular differences,
and (4) statistical analysis of hundreds to thousands of molecular
ions detected in a single MS experiment.

The quality of MALDI IMS data highly depends, next to
sample preparation treatments, on configuration of applied mass
spectrometer, particularly the characteristics of MALDI laser and
mass analyzer. To achieve high mass accuracy and resolving power,
the usage of HRMS mass spectrometers is highly recommended,
for example, mass spectrometers with quadrupole time-of-flight
(QTOF), Fourier transform ion cyclotron resonance (FTICR),
and orbitrap mass analyzers. Furthermore, instruments with smal-
ler MALDI laser beam diameter (30-50 pm for non-imaging dedi-
cated MALDI MS instruments, let us say regular MALDI MS
instrument) and smaller raster steps (for instance, below
20 x 20 pm for non-imaging dedicated MALDI MS instruments)
contribute to higher lateral resolution. More recently, dedicated
(scanning) MALDI IMS instruments were introduced by different
instrument vendors. Such scanning MALDI MS instruments are
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equipped with specific optical set-up for focusing the laser beam,
and mechanical systems that accelerate scanning of the sample area.

As shown in Fig. 1a, in the MALDI IMS method the laser scans
step-by-step through tissue cryo-section mounted on a glass slide
such as clinical tissue or food (cryo-)section. After exposure to
MALDI laser beam, the analyte molecules present on sample
(cryo-)section, firstly desorb /ionize and enter the mass spectrome-
ter, secondly, are separated by their mass-to-charge ratio (m/z
value) in mass analyzer and finally, are detected on mass detector.
In described process, the analyte molecules that are present either
on or near the surface of analyzed tissue sections and within the
laser focus, ionize and transfer into the gas phase. After separation
by their m/z value, analyte molecules will be represented within
MALDI IMS mass spectrum as singly charged ions. During the
MALDI IMS experiment, for every scanning position in raster
(marked with blue dots that form rectangle in Fig. la) one mass
spectrum is created. In other words, a library of location-specific
mass spectra is generated during one MALDI IMS experiment,
with pre-defined lateral resolution (set prior MALDI IMS experi-
ment start with selection of instrumental settings) and lateral
assignment for each mass spectrum. Therefore, during one
MALDI IMS experiment hundreds to thousands of location-
specific mass spectra can be acquired. The total number of mass
spectra depends on the scanning (raster) size. The intensity of mass
signals that represent detected analyte molecules in a spectrum is
transferred into a greyscale value (or rainbow color code) and
prescribed to a matching position in a raster (pixel) map.

In addition, per every analyzed tissue sample a MALDI IMS
average mass spectrum is generated (Fig. 1b), which represents the
profile of all detected molecular ions for scanned sample, in
pre-defined instrumental detection settings, such as mass detection
range. When an ion is selected from MALDI IMS average spec-
trum, an image-processing algorithm creates the spatial and inten-
sity distribution map, with as many pixels as the number of acquired
single mass spectra (Fig. 1c¢). Distribution maps can be created for
all molecular ions or just few selected ions present in an average
mass spectrum. The latter depends on the experimental question
and set research goals.

Many image-processing algorithms enable image overlap of
sample (cryo-)section image obtained by light microscope and
MALDI IMS data (Fig. 1lc). The latter visualization facilitates
interpretation of MALDI IMS data. Furthermore, to increase the
identification rate of detected molecular ions, the MALDI tandem
mass spectrometry (MS/MS), fragmentation mode of measure-
ment, may be optimized and applied. In such a way, generated
fragmentation mass spectra facilitate identification of detected ana-
lyte molecules even on/in complex food samples. For example,
peptides generated during production of dry-cured hams may be



Analysis of Food Components by MALDI Imaging Mass Spectrometry. .. 229

1.1 Sample
Preparation Analytical
Workflow Prior to
MALDI IMS Experiment

identified after selective and optimized removal of lipid fraction and
salts, that is, during sample treatment prior to MALDI IMS
experiment.

Here, we demonstrate that MALDI IMS with comprehensively
optimized sample preparation is excellent analytical toll for visuali-
zation of spatial distribution of peptides generated during dry-
cured ham production. With application of optimized analytical
workflow and instrumental settings, we were able to detect and
identify peptides present on/in dry-cured ham sections with intra-
muscular fat content ranging from 3.6 to 4.7 (%) and salt (NaCl)
content from 5 to 6.5 %.

The set of sample preparation steps applied prior to MALDI IMS
experiment is highly dependent on the complexity and character-
istics of sample tissue and the physical-chemical properties of target
analyte(s). Therefore, a specific and optimized sample preparation
protocol is an essential requirement for MALDI IMS detection of
exact molecular profiles [14, 15], for example, peptides in dry-
cured ham. Comprehensive sample preparation optimization is
frequently employed for every sample type and application and
may include optimization of several equally important steps one
after another or in parallel (Fig. 2). The latter contributes to
(1) preservation of sample morphology, (2) removal of interfering
compounds, that is, reduction of ion interference and/or ion sup-
pression, and detection of exact molecular profiles, (3) improve-
ment of signal quality, intensity, and increased lateral image
resolution. All handling of sample must be conducted without
causing loss of sample morphology and without significant lateral
transfer of target analyte molecules. If available, the automation of
all or majority of sample preparation steps if highly wanted as this
may increase data reproducibility and method robustness and
reduce human errors and processing time per sample.

In general, the optimized sample preparation workflow and
instrumental settings allow for MALDI IMS to be used either for
(1) fingerprinting of molecules with similar chemical characteristics
in pre-defined m/z (mass-to-charge) detection range or in (2) tar-
geted approaches for profiling of great variety of biomolecules.
During development and optimization of new MALDI IMS appli-
cations, the assessment of protocol, method robustness and
MALDI IMS data reproducibility is essential. Therefore, the com-
parison of MALDI IMS data obtained for technical replicates is
important part of sample preparation, both during optimization
and during real experiments. Finally, sample preparation workflows
and data acquisition settings must be regularly updated with devel-
opment of new or improved sample preparation methods, proto-
cols, and devices as well as with introduction of novel MALDI IMS
instruments.
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Fig. 2 Sample preparation prior to MALDI IMS analysis of peptides on/in dry-cured ham cryo-sections
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1.1.1  Preservation of
Tissue Morphology: Tissue
Embedding and Cutting
Steps Followed by
Mounting of Cryo-Section
on Glass Slide

To preserve morphological features of sample, the whole or a piece
of sample may be embedded into non-polymer soft materials, such
as (1) gelatine and agarose for embedding of soft tissues or (2) car-
boxymethyl cellulose (CMC) for embedding of larger and stiffer
specimens [16-18]. Embedding media mixtures, with different
adhering properties to sample tissue surface are also taken into
consideration. The role of embedding material is to provide firm
support during sample (cryo-)sectioning, which contributes to
preservation of sample integrity, that is, tissue section morphology.
The embedding material must be stable at cutting and storage
(=80 °C) temperatures and through washing procedures. No
cross-contamination, that is, transfer of embedding medium mole-
cules on tissue surface should occur at any time of sample prepara-
tion or MALDI IMS analysis.

The evaluation of sample morphology by light microscopy is
highly recommended during sample sectioning and other steps
during sample preparation. The sample handling during (cryo-)
sectioning may similarly contribute to loss of sample morphology
if this is poorly performed. Therefore, comprehensive optimization
is crucial to achieve high quality (cryo-)sections. Several cutting
parameters should be taken into considerations, namely, (1) the
optimal cutting temperature, (2) the section thickness, (3) the
temperature of sectioning, (4) the orientation of the cryostat
blade relative to sample, and (5) the glass slide mounting
conditions.

If analyte molecules and /or sample are temperature sensitive,
the cryo-slicing is a better option than cutting at a room tempera-
ture. For example, when working with animal tissues, the reported
thickness of cryo-sections is in the range from eight to 20 pm, while
the mostly used temperature range of cryo-sectioning chamber is
from —40 °C to —20 °C. Thicker sections may also be cut, but one
should bear in mind that thicker sections need longer to dry, and
the inspection of section morphology with light microscopy is less
teasible. Additionally, when thicker sections are fixed on conductive
glass slide, such as optically transparent indium-tin oxide (ITO)-
coated glass slides, the insufficient effect between section and glass
slide may result in poor MALDI IMS data. Therefore, cutting
sample into the lowest possible cutting thickness proves to be
optimal for majority of sample types for MALDI IMS. The selec-
tion of optimal sectioning temperature depends on sample charac-
teristics, such as fat content and density. For instance, the low
sectioning temperatures are recommended for samples with high
fat content, while many suggest sectioning at warmer temperatures
for denser tissues [14]. However, the best practice is to conduct
comprehensive sample preparation optimization for every sample
type and application.

The cryo-sections may be mounted on a microscopic glass:
(1) slide adapted to cryostat chamber temperature using the
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1.1.2  Removal of
Interfering Compounds:
Washing of Mounted Tissue
Cryo-Section

thaw-mounting method, or (2) kept at a room temperature, while
section transfer is conducted by gently pressing the glass slide
against section on a cryostat. Moreover, any tissue section transfer-
ring method is acceptable if this results with a well-fixed section,
with even surface and without or with minimal tears and bumps
that do not affect subsequent MALDI IMS analysis. However, the
transfer of molecules between different regions of cryo-section or
from other surfaces on the cryo-section through direct or indirect
contact should be avoided or minimized if washing of slides is not
performed subsequently. Immediately after mountig of cryo-
section, the on glass-mounted cryo-section should be dried using
a vacuum desiccator to mitigate sample instability before further
sample preparation or storage.

The next equality delicate MALDI IMS sample preparation step is
washing. Specific washing procedures are optimized based on the
analytical characteristics of target analyte and sample type
[14, 15]. Washing protocols are composed of several consecutive
steps of submerging the glass-mounted cryo-section into contain-
ers with washing (organic/inorganic) solvents for a defined time.
Sometimes, also gentle swirling is performed, however, this should
be done with caution as swirling may increase transfer of molecules
from different section regions and/or facilitate detachment of
cryo-section from glass slide. In general, the washing workflow
should enable selective removal of molecules present on mounted
tissue cryo-sections. More specifically, washing procedures contrib-
ute to complete or partial removal of interfering compounds pres-
ent in food matrix. As liquids are used during washing step, the
substantial lateral delocalization of analyte over the sample (cryo-)
section or analyte degradation may be the result of poor solvent or
washing program selection. The latter, may have a negative effect
on analytical resolution. Preferably, the target compound should
not be affected at all by washing.

For instance, the lipids that easily desorb/ionize, suppress
other molecular ions present in lower abundance or those that
desorb/ionize less easily. Consequently, lipids are the dominant
ion fraction in most MALDI IMS spectra if not removed during
washing procedures with organic solvents of different polarity
(Table 1). If present in higher abundance, lipids might reduce
ionization of target analyte(s), such as peptides. Next to lipids,
salts are also present in high amount in dry-cured ham. If not
removed by washing with water-based solvent, the presence of salt
on/in tissue samples can negatively affect MALDI ionization
and/or increase formation of salt adducts with proteins and pep-
tides, consequently hampering the identification of molecular ions.
Finally, the presence of interfering compounds on cryo-sections
may negatively affect the sample preparation procedures that follow
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Table 1

Organic solvents commonly used in washing procedures prior to MALDI IMS experiments

Solvent name Formula Relative polarity®
Cyclohexane CeHiz 0.006
Pentane CsHy» 0.009
Hexane CeHy4 0.009
Heptane C;Hy6 0.012
Toluene C,Hg 0.099
Benzene CsHg 0.111
Ether C4H;00 0.117
Methyl t-butyl ether CsH;,0 0.124
Chlorobenzene CeH;5Cl 0.188
Acetone C3HsO 0.355
Acetonitrile C,H;zN 0.460
2-propanol C;HzO 0.546
Acetic acid C,H,0, 0.648
Ethanol C,HsO 0.654
Methanol CH,O 0.762
Water H,O 1

*Relative polarity value were extracted from “Solvents and Solvent Effects in Organic Chemistry,” Christian Reichardt,
https: //onlinelibrary.wiley.com /doi/book /10.1002 /9783527632220

1.1.3  Application of
MALDI Matrix

later on, for example, the MALDI matrix application. In more
detail, if present on cryo-sections in higher abundance, the inter-
fering compounds such as lipids may cause MALDI matrix crystal-
lization problems or induce the formation of heterogeneous
MALDI matrix coverage, the so-called sweet spots of MALDI
matrix [15]. The latter are localized higher concentrations of
MALDI matrix crystals that result in poor MALDI IMS results.
Although the washing procedures may increase the signal quality
and intensity in the MALDI IMS spectrum, washing must be
conducted with extreme care and patience. The inadequate sample
handling and selection of solvents can dramatically change the
quantity and spatial distribution of target analyte within a sample.

In MALDI IMS, the application of MALDI matrix is equally
important step as washing. The MALDI matrices are chemically
synthetized or natural compounds that easily evaporate and have
strong optical absorption in either the ultraviolet or the infrared
range. Moreover, the MALDI matrix crystallizes fast when
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Fig. 3 MALDI matrix recrystallization in Petri dish, real experiment (a) and scheme (b)

deposited along with sample solution on MALDI target plate.
Analyte molecules should co-crystallize with MALDI matrix; there-
fore, the homogeneous application and formation of small MALDI
matrix crystals is crucial when aiming at high lateral resolution in
MALDI IMS. In MALDI MS, the matrix acts as a buffer between
analyte molecules on/in sample surface and MALDI laser and
protects bio(-molecules) from direct exposure to a powerful
MALDI laser. Moreover, the MALDI matrix provides proton
donor or acceptor needed for ionization of molecules (Fig. 3).
There are different MALDI matrices available as a first choice
for different class of analytes and analytical questions, and only a
small selection is shown in Table 2. For instance, the a-cyano-4-
hydroxycinnamic acid (HCCA) is used in majority of proteomics
MALDI MS experiments, such as peptide-mass-fingerprints and
fragmentation (MS/MS) experiments. The size and shape of
MALDI matrix crystals is particularly important in MALDI IMS
experiments. In addition, the selection of right MALDI matrix and
dissolution solvents should be optimized for each application and
for MALDI instrument available because the MALDI laser type
also influences on quality of MALDI IMS results. A mixture of
MALDI matrices or dissolution solvents in different ratios may also
be under investigation with the aim of fine-tuning protocols.
When peptides are targeted by MALDI MS, the two types of
MALDI matrices are more frequently used than others, these are
namely, «-cyano-4-hydroxycinnamic acid (HCCA) and
2,5-dihydroxybenzoic acid (DHB). These MALDI matrices have
low molecular weight and, in positive ionization mode, they mostly
produce ions below m/z 500, which is useful in MALDI MS
analysis of analyte molecules with MW > 500. Furthermore, they
both easily evaporate, which makes them suitable in analysis of
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Table 2

Commonly used MALDI matrices and their applications. The two MALDI matrices marked in bold are
frequently used in MALDI MS analysis of peptides

Frequently
used
MALDI matrix abbreviation Application
1,5-diaminonapthalene 1,5-DAN MALDI IMS of lipids, detection possible in positive
and negative ionzation modes
3,5-dimethoxy-4- SA MALDI IMS and MS of high-weight molecules, such
hydroxycinnaminc acid as proteins (MW > 5000 Da), mostly in positive
(Sinapinic acid) ionization mode
«®-cyano-4- HCCA MALDI IMS, MS, and MS/MS of middle-weight

hydroxycinnamic acid

2,5-dihydroxybenzoic acid 2,5-DHB

9-aminoacridine

molecules, such as proteins and peptides
(MW <20000 Da), mostly in positive ionization
mode

MALDI IMS and MS of lower-weight molecules,
such as peptides, oligosaccharides, nucleotides,
and synthetic polymers, mostly in positive
ionization mode

MALDI IMS and MS of lower-weight molecules such
as lipids and metabolites, mostly in negative
ionization mode

(A)

(B)

1 mm

Fig. 4 Comparison of crystals size and shape for two MALDI matrices, namely (a) «-cyano-4-hydroxycinnamic
acid (HCCA) and (b) 2,5-dihydroxybenzoic acid (DHB)

lower- and middle-weight molecules. However, due to crystal’s
micro-size and shape (Fig. 4), the HCCA is better suited for
MALDI IMS applications in which higher spatial resolution is

targeted.
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In MALDI IMS approach, the sublimation of MALDI matrix
under vacuum is favored compared to other MALDI matrix depo-
sition techniques, such as spraying and spotting of MALDI matrix
solution on (cryo-)sections. During vacuum sublimation, the
MALDI matrix is deposited on top of sample (cryo-)section as a
homogeneous, thin layer of smaller and equally shaped MALDI
matrix crystals. The latter advantage is particularly important if
analytical sensitivity and spatial resolution of target molecules
should be conserved. For molecular classes that ionize less easily,
such as peptides, the interaction between MALDI matrix and ana-
lyte molecules must be further induced in order to achieve optimal
ion formation [19]. Therefore, resolubilization or recrystallization
step is performed to induce axial diffusion either of analyte mole-
cules into the MALDI matrix layer or vice versa. The recrystalliza-
tion of MALDI matrix and its deeper penetration in sample tissue is
induced by solvent evaporation, such as acetic acid, which is at the
same time good proton donor and facilitates analyte ionization.
The recrystallization step should be performed with care, without
causing any (or with minimal) lateral analyte migration.

2 Materials

2.1 Embedding of
Dry-Cured Ham

2.2 Cryostat
Sectioning and ITO
Glass Slide Mounting

In preparation, use solvents of analytical or mass spectrometry
grade and ultrapure water (Qm < 18 S/cm at 22 °C) prepared by
purifying deionized water. If possible, use only laboratory glassware
and other containers made of glass.

1. Embedding media: 20% (w/v) gelatin plus 7% (w/v) carbox-
ymethyl cellulose. Weigh 20 g of gelatine and 7 g of CMC.
Transfer both into a glass beaker and gradually add ultrapure
water until total of 100 mL is reached. Mix all with a glass rod
and gradually warm up to 50 °C in a water bath. Constantly
mix solution during heating until you have homogenous vis-
cous solution (se¢ Note 1).

2. One 24-well sterile culture plate with flat bottom comprised of
clear nontreated polystyrene (se¢ Note 2).

3. At least one sample cube (1 cm?) dry-cured ham (see Note 3).
4. Refrigerator (—20 °C).

1. Cryostat and cryostat blades (see Note 4).

2. Optically transparent indium-tin oxide (ITO)-coated glass
slides and glass slide rack (see Note 5).
3. Embedded dry-cured ham (sample).

4. Prepare 5 mL of ultrapure water for freeze mount of embedded
sample on the cryostat.



2.3 Washing of
Mounted Cryo-
Sections

2.4 MALDI Matrix
Application and
Recrystallization

2.5 MALDI IMS
Measurement
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5.

Refrigerator (—80 °C).

6. Vacuum desiccator.

. Nine glass containers for solvents (se¢ Note 6).

. Prepare 50 mL of each washing solvent per sample: 100%

isopropanol (in three containers), 70% isopropanol (in three
containers), Carnoy’s solution, modified Carnoy’s solution,
and ultrapure water (for the last three solvents one container
for each). For Carnoy’s solution, mix 60% (v/v) ethanol, 30%
(v/v) chloroform, and 10% (v/v) glacial acetic acid. For mod-
ified Carnoy’s solution, mix 60% (v/v) ethanol, 30% (v/v)
methyl-tert-butyl ether, 10% (v/v) glacial acetic acid (see
Note 7).

. Vacuum desiccator.

. MALDI matrix solution: weigh 25 mg of a-cyano-4-hydroxy-

cinnamic acid (HCCA) and dissolve it in 3 mL of acetone/
acetonitrile solution (7 /3, v/v) (see Note 8).

. Prepare MALDI matrix sublimation apparatus according to

vendor provided protocol. Here, we used an in-house method
and apparatus.

. For recrystallization step prepare (needed material per one

glass slide):
(a) Prepare 3 mL of 5 % (v/v) acetic acid solution. For dilu-
tion of acetic acid, use ultrapure water.

(b) Prepare one Petri dish made of glass, four magnets
(0.5-1 cm in diameter), five layers of filter paper (should
be at least the same size as glass slide, not smaller).

(¢c) Laboratory oven (85 °C).

. Prepare MALDI MS instrument, MALDI glass slide holder

and software for MALDI IMS data processing and visualiza-
tion. In the preparation of the latter, please follow the instru-
ment vendor provided guidelines. Here, we used the MALDI-
TOF/RTOF MS (UltrafleXtreme, Bruker Daltonics) equipped
with smartbeam-II laser (10 pm laser beam size) and vendor
provided software (FlexControl and FlexImaging, Bruker
Daltonics)

. Prepare standard mixture (calibrant) for external five-point

calibration of MALDI MS instrument. Perform calibration of
MS instrument before each MALDI IMS experiment. For this
step, peptide standard mixture was used composed of the
following peptides: bradykinin fragment 1-5 ([M+H]|" m/z
573.3150), angiotensin II  human ([M+H]" m/z
1046.5424), neurotensin ([M+H]" m/z 1672.9176), ACTH
clip 18-39 ([M+H]|" m/z 1465.1989), and insulin bovine
B-chain oxidized ([M+H]" m/z 3494.6514) (see Note 9).
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3 Methods

All protocols were conducted at room temperature and atmo-
spheric pressure unless otherwise specified.

3.1 Embedding of 1. Place dry-cured ham cube in the center of a well of 24-well
Dry-Cured Ham plate.

2. Slowly pour the embedding solution around and on top of dry-
cured ham cube (see Note 10).

3. To provide good polymerization conditions, hold a 24-well
plate with embedded dry-cured ham sample at —20 °C for at
least 5 h before cryo-sectioning step.

3.2 Cryostat 1. Adjust the cryostat chamber and cutting temperature to

Sectioning and ITO —40 °C. Mount the cryostat blade. Remove embedded dry-

Glass Slide Mounting cured ham from the well and put it in the cryostat chamber (see
Note 11).

2. Use approximately 1 mL of ultrapure water to freeze mount
embedded sample on a chuck in the cryostat. Let it freeze at
least 30 min before cutting.

3. Start cutting embedded sample using bigger cutting steps (e.g.,
100 pm), until you reach sample tissue and nice even sample
surface is formed. Then, adjust sectioning thickness to 12 pm
and start cutting sample cryo-sections (sec Note 12).

4. Mount a cryo-section on ITO glass slide that was kept at room
temperature by gently pressing the slide against the tissue
section and cryostat. You can also collect the cryo-section
from the anti-roll plate of the cryostat (see Note 13).

5. Vacuum dry (<8 mbar) mounted cryo-section at least 1 h at
room temperature (see Note 14).

3.3 Washing of 1. Submerge the mounted cryo-section into series of solvents for

Mounted Cryo- defined period, following the protocol in Table 3. Do not swirl

Sections or mix solution in the containers, while glass slide with
mounted sample is inside (se¢ Note 15).

2. Vacuum dry (<8 mbar) mounted cryo-section at least 1 h at
room temperature before the next step (see Note 16).

3.4 MALDI Matrix 1. Pour the CHCA solution in the sublimation chamber and

Application and perform the vacuum sublimation procedure at 185 °C and

Recrystallization 35 mTorr or by following the vendor provided guidelines (see
Note 17).
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Washing procedure protocol

Solvent name

Volume (mL) Washing duration (min)

100% isopropanol
70% isopropanol
Carnoy’s solution®
70% isopropanol

Modified Carnoy’s solution®

100% isopropanol
Ultrapure water
70% isopropanol
100% isopropanol

50

o R =N = N

*Carnoy’s solution (C.s.) = 60% (v/v) ethanol, 30% (v/v) chloroform, 10% (v/v) glacial acetic acid
*Modified C.s. = 60% (v/v) ethanol, 30% (v/v) methyl-tert-butyl ether, 10% (v/v) glacial acetic acid

3.5 MALDI IMS
Measurement

2.

After vacuum sublimation, perform recrystallization step. For
this step, slide on the inner side of Petri dish cover using
magnets. Place Petri dish in pre-heated oven at 85 °C for 2 min.

. Take Petri dish out of oven, quickly place filter paper soaked in

3 mL of 5% acetic acid in Petri dish below glass slide that was
fixed in previous step. Close Petri dish and place it in
pre-heated oven (85 °C) for 4 min (see Note 18).

4. After 4 min take the Petri dish out of oven and open it.

. The tissue cryo-section is ready for MALDI IMS experiment

(see Note 19).

. Adjust the MALDI instrumental parameters following the

instructions in Table 4. These parameters are optimal for the
MALDI-TOF/RTOEF MS (UltrafleXtreme,

2. Bruker Daltonics).

. Calibrate the MALDI MS instrument according to vendor

guidelines.

. Perform MALDI IMS experiment (see Note 20).

4 Notes

. Prepare embedding material fresh prior to the embedding of

sample. To remove air bubbles from embedding solution (prior
embedding your sample), use sonication option in water bath
until all bubbles come out of solution.

. Instead of well plate, you can use silicone mold for making

pralines. Once the polymerization of embedding media is fin-
ished, you will be able to remove embedded samples more
easily from silicone mold.
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Table 4

MALDI IMS instrumental settings

Data acquisition mode

Detection mass range

Linear positive ion mode on MALDI-TOE/
RTOF MS

Between m/z 700 and 4000

The number of laser shots accumulated at one raster 500

position
The raster step size
Laser attenuator offset
Laser frequency
Pulsed ion extraction

Sampling rate

100 pm

60% (constant laser power)
2 kHz

120 ns

2.00 GS/s

3.

4.

5.

Wash scalpel between cuts with fresh ethanol. Dry scalpel
before further cutting.

Clean cryostat blade between samples with ethanol. Dry
cleaned blade before mounting on cryostat. New cryostat
knife may also be used for each sample to speed up the
sectioning step.

Always wash glass slides prior the usage. Even when glass slides
are new, a certain amount of dust and other contamination
particles are present on them. Clean glass slide will increase
quality of sample mounting and effect between sample and
glass for I'TO slides. For washing glass slides: place the slides
on a rack and submerge all in a series of freshly prepared
solvents in beakers following the line: (1) acetone, (2) metha-
nol, (3) ultrapure water, and (4) methanol. Wash glass slides in
first three solvents for 10 min each and just rinse with methanol
as the fourth solvent. Placing the beakers with solvents into
ultrasonic bath will improve the washing procedure.

. Use glass containers rather than plastic. Plastic containers

might release polymers that can deposit on your sample cryo-
section and result in irreversible contamination of your sample.
The newly purchased glass-staining jars with lids, as used in
microscopy, are suitable.

7. Change washing solvents with fresh batch after each glass slide.

. Use ultrasonic bath to speedup dissolution until all MALDI

matrix crystals are dissolved completely.

. The selected peptide mixture was chosen based on the pre-

ferred measurement mass range. For this experiment, peptides
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10.

11.

12.

13.

14.

15.

16.

17.

were measured between m/z 700 and 4000. For example, if
peptides with m/z value above 3494.6514 are targeted, addi-
tional peptide standard with higher mass must be added into
standard mixture and calibrant list.

For slowly pouring the embedding medium around your sam-
ple, use pipette with a sterile 5 mL tip or a syringe. Avoid
formation of air bubbles. If these do form, you can sonicate
your well plate for a few seconds until bubbles come out.

Close cryostat chamber and leave all at least half an hour before
the next step. In this way, all parts of the cryostat chamber and
embedded sample will adjust to cutting temperature; they will
equilibrate well before cutting.

The perpendicular cryostat blade orientation is favorable dur-
ing cryo-sectioning of muscle sample, that is, tissue made of
fibers, as fibers tend to curl when parallel orientation of blade
is used.

While mounting the cryo-section on a glass slide, make sure
that sample morphology is preserved and that a flat surface is
achieved. To observe the latter, you can inspect the quality of
cryo-sections mounted on glass slide by visual inspection and
with more detail by light microscopy. Mounting of several
sections on one glass slide is definitely a plus for increased
method robustness, but repeated mounting may lead to the
structure collapse of previously mounted sections.

After vacuum drying, you can proceed with the following
sample preparation step (washing) or mounted cryo-section
can be stored at —80 °C in airtight container (e.g., 50 mL
plastic tube) for at least couple of month. However, cryo-
sections are hygroscopic and one should prevent accumulation
of humidity in storage container, which can happen while
opening the refrigerator door and container cap.

If the cryo-section was held at —80 °C before washing step,
perform vacuum drying (<8 mbar) at least 1 h at room tem-
perature before starting the washing procedure. A “no wash”
control, cryo-section that was not subjected to washing, can be
used in the evaluation of effectiveness of applied washing pro-
cedure and signal intensities may be used as quality indicators.
Precisely, peptide-ion signals are observed above m/z 1000
and lipid ion signals below #2/z 1000. Reduction or complete
removal of lipid ion signals is considered as an improvement.

Washed cryo-section can be held in the vacuum drying cham-
ber over night to prevent accumulation of humidity until the
next sample preparation procedure.

As additional quality control step, the weight of the I'TO glass
slide with mounted cryo-section before and after sublimation
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can be measured. Subsequently, the average amount of matrix
per cm? can be calculated as the ration of MALDI matrix on
glass slide (mg) and total area of glass slide (cm?).

18. The filter paper soaked in 5% acetic acid must be directly below
glass slide. Do not change their positions as the 5% acetic acid
solution should evaporate and cause MALDI matrix recrystal-
lization. Therefore, it is important that glass slide is fixed on
Petri dish cover. The maneuverer during which soaked filter
paper is put in Petri dish must be completed in a fast (15 s) and
precise manner. Therefore, practicing in advance is strongly
suggested.

19. After MALDI matrix vacuum sublimation and recrystallization
do not store the cryo-section for later. The MALDI IMS
experiment should be performed within one day. Until
MALDI IMS analysis, to prevent accumulation of humidity
and possible analyte molecule relocation, keep glass slide in
vacuum desiccator.

20. After MALDI IMS experiment, tissue sections mounted on
glass slide may be used in the following tissue staining proto-
cols, such as hematoxylin and eosin (H & E) staining.
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Modern Tools in Food Chemical Characterization Using
Mass Spectrometry Data and Molecular Networking:
Revisiting the Study Case of Solanaceae Family

Celio Fernando Figueiredo Angolini and Ana Paula Aparecida Pereira

Abstract

Untargeted chemical characterization approaches can be performed via many different mass spectrometry
(MS) experiments and frequently generate hundreds of data. Interpreting such type of information can be
trick, once many molecules can be detected on both MS modes and lot of isomers can be found. Herein, we
will show some bioinformatic tools using GNPS online platform and their applicability in food analysis,
using as examples chemical characterization of two Solanum fruits: fruta-do-lobo (Solanum lycocarpum
St. Hill) and the jua-agu (Solanum oocarpum Sendtn). Using molecular networking, we were able to detect
15 spermidine derivatives (kukoamine analogs) and 8 steroidal glycosides (saponins), which could be
further improved to 19 spermidine derivatives and 31 steroidal glycosides using feature-based molecular
networking.

Key words Molecular network, Dereplication, Fragmentation patterns, Global Natural Products
Social Molecular Networking

1 Introduction

When working with unknown or poorly characterized samples, the
first approach to follow is using the most comprehensive character-
ization as possible (untargeted methodologies), especially with
crude samples, when an overview of sample constituents can
bring better insights about the study. Mass spectrometry (MS) is a
great analytical technique for such tasks; however, dozens of difter-
ent experiments can be made and also hundreds of data can be
generated and its interpretation can become overwhelmed. To start
with, if no idea of the constituents of samples are known, we
strongly suggest to perform positive and negative MS analysis,
and if possible, using some chromatographic separations (LC, CE,
or even GC depends on the studied molecules). Further, together
with the biological studied phenomenon, more detailed and
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targeted analysis can be made. Also, interpret such type of data can
be tricky, once many molecules can be detected on both MS modes
and lot of isomers can be found.

A great tool in chemical characterizations which can help avoid
most of those concerns is Global Natural Products Social Molecular
Networking (GNPS). GNPS aimed to be a web-based mass spec-
trometry open-access tool for wide organization and sharing of raw,
processed, or identified tandem mass spectrometry data (MS/MS).
Different approaches can be used with GNPS for resolving different
issues in food chemical characterization, such as classical Molecular
Networking (MN), Merge Network, Feature-Based Molecular
Network (FBMN), MolNetEnhancer, and others [1]. Herein, we
will show some GNPS applicability in food analysis, using as exam-
ples chemical characterization of two Solanum fruits.

The Solanaceae family has approximately 98 genera being
around 1500 species belong only to the genus Solanum. Only in
Brazil about 500 native species are found and many of them are
recognized due to their effects as antioxidant, antiproliferative,
anti-leishmania, and growth promoters of probiotic bacteria [2—
6]. Considering the potential of this fruit, many studies have been
conducted to identify the main compounds present in these plants.
Alkaloids and phenolic compounds are the most abundant, and
they can be found in fruta-do-lobo (Solanum lycocarpum St. Hill)
and the jua-agu (Solanum oocarpum Sendtn) [7]; in this protocol,
we will show how the dereplication of crude fraction of both fruits
can be easily achieved.

2 Materials

All solutions need to be prepared with ultrapure water and at least
LC grade solvents. For LC solvent additives, use ultrapure reagents
preferably >98% of purity. Despite your chosen chemical character-
ization approach, the sample preparation step is one of the most
important. The first concern is about solvents and additives choices
for sample extraction, they need to be compatible with the further
used analytical techniques. The solvent should have the correct
polarity to extract your compounds of interest, and additives
(acids, bases, salts) must be compatible with MS. Give preference
for organic and volatile additives such as formic or acetic acid and
ammonium salts. Some of them are compatible but tend to enhance
adduct formation during MS ionization, such as TFA, so use them
only if necessary. Also, the sample preparation needs to be designed
according to the objective of the experiment. In our example, we
are studying two different fruits from same tamily, which are known
in folk medicine for their antidiabetic properties. In our scenario,
we decided to explore the crude sample characterization before any
biological experiment, once the fruits were poorly studied and
fewer information were known about their compositions.
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2.1 Sample
Preparation: Crude
Extracts

2.2 Acquiring Mass
Spectra, File

B N

. Workbench freeze-dryer Liotop L101, Liobras (Brazil).

. Blender Colombo AR 2L (Brazil).

. Ultra-Turrax T-25 Digital Homogenizer (Germany).

. Shaking water bath C76 New Brunswick Scientific Classic

Series (EUA).

. Benchtop Centrifuge Rotanta 460R, Hettich Zentrifugen,

(Germany).

. Rotavapor® Essencial coupled to Regulated Vacuum Pump and

to Recirculating Chiller, Buchi (Switzerland).

. PVDE/L filters 0.22 pm.

. A Q-ToF iFunnel 6550 mass spectrometer (Agilent Technolo-

gies) was used with an electrospray ionization (ESI) source.

Preparation, and 2. A Poroshell 120 SB-Aq 2.7 pm column (2.1 x 100 mm,
Analysis Agilent).
3. MassHunter Qualitative Analysis software (Agilent).[8]
4. Open-source software: Proteowizard (msconvert) [9], GNPS
online platform (https://gnps.ucsd.edu/) [10], Mzmine
2 [11], and Cytoscape [12].
3 Methods
3.1 Sample 1. Select the fruits according to the desired ripening stage. The

Preparation: Crude
Extracts

11.

fruits must be standardized as to ripening stage, size/weight,
and to presenting structural integrity (absence of injuries).

. Wash the fruits under running water to remove dirt.

. Carefully separate the pulp and skin with a sharp knife. And

separate the pulp from the seeds (see Note 1).

. Lyophilize the fractions separately for 48 h or until complete

removal of moisture (see Notes 2 and 3).

. To improve the extraction process, grind the samples in a

processor or blender.

. Homogenize each lyophilized fraction with ethanolic solution

(ethanol: water; 70: 30 /v: v) in a homogenizer (Ultra-Turrax)
for 2 min at a concentration of 100 mg/mL (sec Note 4).

. Then, homogenize the solution with constant stirring for 2 h in

a shaking water bath (200 rpm) at room temperature.

. Centrifuge the extract (5 °C, 15 min, 10,000 rpm) and remove

the supernatant.

. Concentrate the extract under vacuum until complete drying.
10.

Resuspend the extract in deionized water to the initial concen-
tration (100 mg/mL).

Filter the extract through PVDE/L filters to avoid column
clogging.
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3.2 Acquiring Mass
Spectra and MS Data
File Preparation

Before any mass spectrometric data collections, you need to deter-
mine which methodology will be used to data treatment. Once it
could have great impact on the format the data need to be col-
lected. Here, we used the GNPS platform, specifically, MN and
FBMN;, both followed with MolNetEnhancer. Both approaches
give different results and also need different types of data (see
Note 5). To perform an MN analysis, it is necessary to acquire
MS/MS data, and it would be better if it is in an untargeted way to
achieve a comprehensive chemical characterization, with minimal
or none bias inf featured selection. Therefore, the most suitable MS
experiment is the data-dependent mass spectrometry analysis
(DDA) with Top N feature selection.

1. Program a suitable HPLC and mass spectrometry untargeted
method using the mass spectrometer control software, see Note
6. We use: Mobile phase A: milli-Q water with 0.1% of formic
acid (FA); and mobile phase B: ACN with 0.1% of FA. The
linear gradient: 0-1 min, 5% B; 1-10 min, 5% B to 18% B;
10-13 min 18% B to 70% B; 13-15 min, 70% B to 100% B
(clean up) and 3 min of post time at 5% B, at a flow rate of
0.45 mL/min. The mass spectrometer voltages and tempera-
tures were set as: VCap 3000 V; fragmentor voltage at 150 V;
OCT 1RF Vpp at 750 V; Gas Temperature at 290 °C; Sheath
Gas Temperature at 350 °C; Drying Gas at 12 L/min and the
fragmentations were performed using normalized collision
energy (NCE) of 30. Mass spectra were acquired in profile
and positive or negative ion mode and the acquisition range
was 100-1200 m/z using DDA with top 4 peak selection and
high resolution for MS and MS/MS spectra were used, result-
ing in a cycle time 1.2 s and approximately 6 points per
chromatographic peak.

2. Dilute sample for a 1 mg/mL solution and run samples analy-
sis. More dilutions could be needed for less complex extracts.

3. Convert mass spectra files to *.mzXML format, most vendor
format conversion could be performed using MSConvert from
Proteowizard. For better details and conversion parameters,
see  GNPS documentations (https://ccms-ucsd.github.io/
GNPSDocumentation /fileconversion /).

4. After creating an account at GNPS platform, upload the con-
verted LC-MS/MS files into GNPS database. Two options are
available, using a File Transfer Protocol or direct at Browser
through the online platform. For more details, see https://
ccms-ucsd.github.io/GNPSDocumentation /fileupload /.
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3.3 Classical
Molecular
Networking (MN)

For classical MN, no retention time information were used/
needed, so it is possible to perform even direct infusion MS analysis
(without chromatography). Nonetheless, we also intend to per-
form FBMN, so to save MS time we choose to perform LC-MS/
MS analysis and use it for both approaches. This was necessary
because FBMN takes into consideration compound retention
time, once it enables the method to detect and identify different
isobars, even with similar fragmentation spectra, but with different
elution time. Those similar compounds are clustering together in
classical MN and therefore analyzed as one feature (see Note 7).

1. Login in GNPS and select the option “Create Molecular Net-
work”. Add a job title.

2. Basic options. Select the mzXML files to perform the molecular
network. They can be organized in up to six groups. Also select
the libraries for the dereplication routine (se¢ Note 8).

3. Select the precursor ion mass tolerance and fragment ion mass
tolerance, 0.05 and 0.5 Da, respectively (see Note 9).

4. Advanced Network Options. For beginners, leave those para-
meters as default values. If you want to change advanced para-
meters, read the GNPS documentation first (https://ccms-
ucsd.github.io/GNPSDocumentation /).

5. Choose an e-mail for receiving an alert when the work is done
and submit the job (Fig. 1). The complete job can be accessed
here (https://gnps.ucsd.edu/ProteoSAFe /status.jsp:task=90
57807¢4¢d940d8bf036c1cbd45be56).

4 FBMN Analysis

For FBMN; a more curate data pre-treatment was needed. Several
options are possible and the steps will depend on your MS spec-
trometer, we will report here the steps for Agilent (*.D) data files,
but for other mass spectrometer see https: //ccms-ucsd.github.io/
GNPSDocumentation /featurebasedmolecularnetworking /.

1. Open LC-MS files on MassHunter Qualitative analysis. Export
all files in *.mzdata extension.

2. Open Mzmine2 and upload the mzdata files and follow the
instructions from GNPS tutorial (https: //www.youtube.com/
watch?v=>5jjMllbwD-U&t=171s). Some modifications were
done as shown above.

3. Perform both levels of mass detections. (MSI1 noise level—
5E02, MS2 noise level—1EO1).

4. Use “ADAP chromatogram builder” instead of “chromato-
gram builder”. (Min group size—4, Group int. 5E01, Min
High. 1E02, m/z tolerance—10 ppm) (se¢ Note 10). This
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Fig. 1 A molecular network was created from both fruit analysis, red nodes were classified as phenols, but
belong to the class of kukoamines, dark blue nodes were classified as steroidal glycosides (solasonine and
solamargine analogs), light blue has no automated classification via MolNetEnhancer. The data was filtered by
removing all MS/MS fragment ions within +/— 17 Da of the precursor m/z. MS/MS spectra were window
filtered by choosing only the top 6 fragment ions in the +/— 50 Da window throughout the spectrum. The
precursor ion mass tolerance was set to 0.05 Da and an MS/MS fragment ion tolerance of 0.5 Da. A network
was then created where edges were filtered to have a cosine score above 0.65 and more than 5 matched
peaks. Further, edges between two nodes were kept in the network if and only if each of the nodes appeared
in each other’s respective top 10 most similar nodes. Finally, the maximum size of a molecular family was set
to 100, and the lowest scoring edges were removed from molecular families until the molecular family size
was below this threshold. The spectra in the network were then searched against GNPS spectral libraries. The
library spectra were filtered in the same manner as the input data. All matches kept between network spectra
and library spectra were required to have a score above 0.7 and at least 6 matched peaks. To enhance
chemical structural information within the molecular network, information from in silico structure annotations
from GNPS Library Search were incorporated into the network using the GNPS MolNetEnhancer workflow
(https:/ccms-ucsd.github.io/GNPSDocumentation/molnetenhancer). Chemical class annotations were per-
formed using the ClassyFire chemical ontology
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10.

task will create an extract ion chromatogram (XIC) for each
feature detected.

. Now for separate isobars as different features, perform the

“chromatogram deconvolution”. Different algorithms are
available to use Wavelets (ADAP) (m/z range—0.02, RT
range 0.4). Also perform deisotope peak grouper to avoid
feature redundancy.

. Align and filter your samples (Join aligner and Filter list rows,

min peak = 3, min peak isotope = 3) see Note 11.

. Gap filling could improve your sample coverage, but should be

performed with care. In our data, we observed some isobars,
with very close RT, being clustering together, so we did not
use it.

. Export the *.csv file containing table list information and *.

mgf files containing MS2 information.

. Go to GNPS platform and perform the FBMN, upload *.mgf

and *.csv files. The complete result can be accessed here:
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?
task=c8756dd7dat34c07977098373504bd10

After finishing the job, download the FBMN cytoscape data
and open it on Cytoscape for change color and visualizations
attributes (Fig. 2).

5 MolNetEnhancer Analysis

In order to pre-classify features according to their class family, it is
possible to perform the MolNetEnhancer analysis, which can com-
bine several other identification tools find in GNPS platform to
provide a more comprehensive chemical overview of metabolites. It
not only excludes manual data curation, but also helps on that task.

1.

2.

After performing MN or FBMN;, go to “Experimental tools
box”. Analyze and choose MolNetEnhancer.

Insert a job title and insert ID number of your MN or FBMN
analysis. Submit the job.

. Before finishing, open the web browser view or download the

file and open it on Cytoscape®, for visualization adjustments.

. After MolNetEnhancer analysis, we detect 15 spermidine deri-

vatives (kukoamine analogs) and 8 steroidal glycosides (sapo-
nins) using MN and could improve it to 19 spermidine
derivatives and 31 steroidal glycosides using FBMN. Some of
them were automatic dereplicated (tentatively identified) by
their MS/MS pattern. And now a manual data curation is
needed to identify the other possible new isomers.
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Fig. 2 A molecular network was created with the Feature-Based Molecular Networking (FBMN) workflow on
GNPS. Red border nodes were classified as phenols, but belong to the class of kukoamines, dark blue border
nodes were classified as steroidal glycosides (solasonine and solamargine analogs), light blue has no
automated classification. Pie chart are related to the feature abundance of chromatogram analysis being
dark orange and light orange Jua-acu peel and pulp, respectively, dark green and light green fruta-do-lobo
peel and pulp, respectively. The mass spectrometry data were first processed with MZMINE2 and the results
were exported to GNPS for FBMN analysis. The data was filtered by removing all MS/MS fragment ions within
+/— 17 Da of the precursor m/z. MS/MS spectra were window filtered by choosing only the top 6 fragment
ions in the +/— 50 Da window throughout the spectrum. The precursor ion mass tolerance was set to 0.05 Da
and the MS/MS fragment ion tolerance to 0.05 Da. A molecular network was then created where edges were
filtered to have a cosine score above 0.6 and more than 5 matched peaks. Further, edges between two nodes
were kept in the network if and only if each of the nodes appeared in each other’s respective top 10 most
similar nodes. Finally, the maximum size of a molecular family was set to 100, and the lowest scoring edges
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6 GNPS Clusters Annotations

1.

For cluster annotation, start with clusters that contain library
hits (see Note 12).

. Elucidate the fragmentation mechanism route, it will help to

tentatively identify the other compounds from the cluster
(Fig. 3).

. Initiate tentatively identification for the closest nodes and

expand to all nodes in the cluster. In this cluster, only one
node has a library hit, but 13 compounds could be tentatively
identified after manual annotation (se¢ Note 13, Fig. 4).

7 Notes

A
Y

. If the fruits are fully ripe, the seeds can be removed, together

with the jelly portion, with the aid of a spoon. If the fruits are
totally unripe, the seeds must be separated with the sharp knife.

. To facilitate the process of removing moisture, cut each frac-

tion into small pieces.

. Lyophilized samples can be stored for later use, if they are

packaged in suitable conditions. It is recommended that they
be vacuum packed in low density polyethylene bags and frozen
at —18 °C until grinding.

. This solution was selected due to the polarity of the com-

pounds of interest (glycoalkaloids).

. See more in GNPS documentations https: //ccms-ucsd.github.

io/GNPSDocumentation /fileconversion,/

. Both high- and low-resolution mass spectrometer are possible

to be used, but it is mandatory to have MS/MS experiments
with scanning fragmentation spectra (SRM, MRM, and other
similar fragmentation experiments won’t work). Make sure
your MS acquisition method give the most quantity possible
of MS/MS spectra with good quality for achieved a compre-
hensible MN. Generally for good MS/MS spectra not more
than 4-6 precursor ion selections in each scan were needed in
DDA. However, it will depend on your MS analyzer and their
scan time. Generally, lower MS cycle time is needed in order to

Fig. 2 (continued) were removed from molecular families until the molecular family size was below this
threshold. The spectra in the network were then searched against GNPS spectral libraries The library spectra
were filtered in the same manner as the input data. All matches kept between network spectra and library
spectra were required to have a score above 0.7 and at least 6 matched peaks. The molecular networks were
visualized using Cytoscape software
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Fig. 4 FBMN Kukoamine cluster annotations from Fig. 2

tulfill MS experiments between 15 and 20 full cycles during a
chromatographic peak elution (FHMW /Cycle time = 15-20)
if you also perform a quantification and need good peak shape.
If possible, you can lower the resolution in MS /MS spectra for
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10.

11.

12.

13.

achieving such velocity, once the higher resolution is more
important in full scan (MS spectra). For characterization
and/or relative quantification, lower points could be used
(FHMW /Cycle time = 5-10), it will generate better MS/MS
spectra, but at the expense of peak shape.

. MN use MSCluster [13], which merges the similar MS/MS

spectra into a single consensus MS/MS spectrum, and once
elution time is not taken into consideration this process can
merge very similar isobars, detecting less features /compounds.
To avoid such bias, FBMN should be used.

. Choosing libraries is possible also to perform sample dereplica-

tion[ 1, 14], besides networking constructions. This step could
help avoid time-consuming data analysis of already known
compounds. Also, the groups did not interfere in molecular
network construction; this information will be used only in the
graphical representation.

. The selected mass tolerances depend on the resolution and

accuracy of the used mass spectrometer.

These parameters will depend on your chromatogram proper-
ties, maybe adjustments will be needed.

The number of features in a row will depend on how many
replicates do you have of each sample, here we perform three
biological replicates.

Even with a library hit, a manual MS/MS spectra curation were
needed, compare the data with literature or standards if
possible.

Linked node has higher cosine, which means they have similar
structure. In our case, we observe different levels of instaura-
tion on hydroxycinnamic acids portions and spermine or sper-
midine backbone structure. These information, together with
mechanism fragmentation elucidation, become easy for the
identification of other analogs based on MS/MS spectra anno-
tations. Advanced users can try some automated in silico tools
at GNPS(Table 1).
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Table 1

Celio Fernando Figueiredo Angolini and Ana Paula Aparecida Pereira

Mass spectral data and tentative identification of compounds in extract of Jua-agu (Solanum
oocarpum Sendtn) from kukoamine cluster

Extract Tentatively identification ml/z RT MS/MS
Jui-agu 1  N-caffeoylspermidine 310.2133 0.7 222/165/123
2 N-caffeoylputrescine 251.1400 1.8 163/145/135/117,/108
3 N, N"*-bis(dihydrocaffeoyl)spermine 531.3191 2.4 293/222/123
(kukoamine A)
4 Glu-N*,N**-bis(dihydrocaffeoyl) 636.3144 4.5 474/384,/222/165
spermidine (Lycibarbarspermidines)
5  N', N'-bis(dihydrocaffeoyl)spermidine 4742605 4.7 293/236,/222/165/123
6 N, N'°-bis(dihydrocaffeoyl)spermidine 4742608 4.8 310/236/222/165/123
(isomer)
7 N'-caffeoyl, N*’-dihydrocaffeoyl 4722441 6.6 455/383,/222/165
spermidine
8 Unknown 502.2932 8.4 307,/236/179/137
9 Solasonine 884.5002 11.8 414/396,/253/147,/129
10 Robeneoside B 868.5070 11.9 725/379,/253,/212/129
11 N'-acetyl, N*°-dihydrocaffeoyl spermidine  352.2233 1.77 222/165/123
12 N'-caffeoyl, N**-(dihydrocaffeoyl)spermine 529.3025 6.38 367,/293,/222/163,/129
13 N'-caffeoyl, N'°-(dihydrocaffeoyl)spermine 529.3023 2.38 458,/293,/222/165/129
14 N',N'°, N'*-tris(dihydrocaffeoyl)spermine  695.3654 9.2 531,/293,/222/165/123
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Traveling Wave lon Mobhility-Mass Spectrometry to Address
Chemical Food Safety Issues

Maykel Hernandez-Mesa, Gaud Dervilly, and Bruno Le Bizec

Abstract

There is growing interest in ion mobility spectrometry in the field of food analysis as a consequence of its
hyphenation with mass spectrometry and increased commercialization of ion mobility-mass spectrometry
instruments. In this regard, ion mobility spectrometry brings several advantages to traditional liquid
chromatography-mass spectrometry workflows, including information on the collision cross section of
the detected ions. This parameter provides more confidence for the identification and confirmation of
compounds, which is of great value for analytical methods applied in chemical food safety as it carries legal
consequences. This protocol describes the steps to follow for the implementation of traveling wave ion
mobility-mass spectrometry in food safety applications, and for which the analysis of steroid metabolites has
been selected as an illustrative example.

Key words Ion mobility-mass spectrometry, LC-IM-MS methods, Collision cross section, Food
safety, Steroids

1 Introduction

The successful integration of ion mobility spectrometry (IMS) into
traditional liquid chromatography (LC)-mass spectrometry
(MS) workflows is currently attracting the attention of researchers
in many fields [1]. Furthermore, interest in this separation tech-
nique has increased exponentially in recent years due to the com-
mercialization of hyphenated ion mobility-mass spectrometry
(IM-MS) instruments, which is contributing to the development
of IMS-based applications in numerous fields such as food analysis
[2,3].

IMS is an electrophoretic technique in which ionized molecules
are separated based on their mobility (K) in a cell filled with a
neutral gas, usually N,, He, or CO,, and under an electric field.
The mobility of the ions depends on their charge, size, and shape

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_20,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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and refers to the time required for the ions () to pass through the
entire length of the mobility cell (/), as indicated in Eq. 1:

Vi )
K = T (1)
where v, refers to the velocity of the ions in the mobility cell and
Eto the applied electric field. Furthermore, the mobility of the ions
is also affected by temperature and pressure as well as the physico-
chemical properties of the buffer gas in the mobility cell [4].

IMS can be integrated as an additional separation dimension
between chromatographic separation (seconds up to minutes
range) and MS analysis (microseconds range) due to its fast separa-
tion speed on the milliseconds time scale. In this context, IMS
brings several advantages to traditional LC-MS methods: (1) iso-
baric molecules and isomers, which can co-elute in the LC dimen-
sion and cannot be distinguished in the MS dimension, can
potentially separate in the IMS dimension when showing different
geometric conformation in gas phase; (2) the analytes of interest are
separated from the chemical background improving the detection
sensitivity, as well as cleaner mass spectra are obtained; (3) IMS
provides additional information to retention indexes (e.g., reten-
tion time) and mass spectra, the so-called collision cross section
(CCS), increasing confidence in molecular identification or
confirmation [5].

Nowadays, there are different IMS technologies hyphenated to
MS that are commercially available. Each of these technologies
comes with its advantages and disadvantages over the others [6],
so the choice of IMS technology to use depends on the analytical
question raised. In the field of chemical food safety, there are
currently high expectations about the potential of CCS to be
implemented as an identification parameter in the analysis of chem-
ical residues and contaminants in food [3]. The implementation of
analytical methods for the determination of chemical residues and
contaminants in food products may have legal consequences; there-
fore, the CCS parameter provides additional evidence to confirm
the identity of a compound and increases confidence in the results
of analyzes. In this sense, it should be noted that not all IMS
technologies allow CCS measurements, with drift-tube ion mobil-
ity (DTIM)-MS and traveling wave ion mobility (TWIM)-MS
being the most frequently applied technologies for this purpose
[2]. The more recent commercialization of trapped ion mobility
(TIM)-MS instruments has expanded the options available in the
market to implement IM-MS technology in routine analysis and
generalize CCS measurements [7].

The CCS represents the averaged momentum transfer impact
area of the ion and depends on analyte—buffer gas interactions. It is
not strictly an intrinsic molecular property of each compound
because it depends on the experimental conditions (i.e., gas nature,
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temperature, electric field), but it is a characteristic that provides
specific information about the compounds analyzed [8]. This is the
reason why the development of CCS databases has recently been
encouraged to generate information for using this parameter for
identification purposes. Within this framework, a wide range of
CCS databases have been published for use in the analysis of
pesticides [9], mycotoxins [10], veterinary drugs [11], among
others [12]. High reproducibility of CCS measurements performed
on different IM-MS instruments working under the same or similar
experimental conditions has been observed [13, 14]. Thus, CCS
databases can be relied upon for more confident confirmation of
the presence or absence of chemical residues and contaminants in
food products analyzed by LC-IM-MS. In this sense, it is important
to be careful when reporting and using CCS databases since the
acquisition conditions must be clearly indicated to be able to com-
pare CCS values [4, 8]. In addition, it is necessary to take into
account that the comparison of CCS values obtained by different
IMS technologies is not possible or straightforward based on the
first studies carried out in this regard [15].

The drift time (previously referred as z;) is the parameter
related to the ion mobility dimension generally measured by
IM-MS instruments. However, for example, drift time (or ion
mobility) can be directly related to CCS according to Mason-
Schamp equation (Eq. 2) in DTIM systems operating under low
electric field conditions. The reader is advised to consult specialized
literature for more details on the fundamentals of IMS [16].

3 (21 \” z

where z and ¢ represent the absolute charge of the ion and
the elementary charge, respectively; u indicates the reduced mass
of the ion—neutral drift gas pair (i.e., y = mM/(m + M); m and
M are the ion and gas-particle masses, respectively); and kg is the
Boltzmann constant. K represents the mobility of the ions
(as indicated in Eq. 1) while N refers to the gas number density.

In general, primary methods using mainly DTIM-MS systems
allow direct CCS measurements under specific working conditions
[13]. However, not all DTIM-MS methods are primary methods,
so CCS values must be obtained through an instrumental calibra-
tion function. For example, data acquisition by primary methods
involves long acquisition times and is not compatible with chro-
matographic separation methods, so CCS values are generally
obtained from CCS calibration curves when using LC-DTIM-MS
methods [ 3]. Calibration curves are built from data of calibrant ions
with known CCS values and provide a faster manner to perform
CCS measurements. In general, the application of CCS calibration
curves is also the normal operating mode of TWIM-MS and
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TIM-MS instruments for CCS measurements [4]. Since CCS mea-
surements are typically carried out by secondary methods that
require CCS calibration, CCS calibration has become an important
step in any laboratory protocol intended to use IMS technology for
CCS measurements.

This protocol describes the analytical workflow, including
(1) sample preparation, (2) data acquisition, and (3) data analysis,
implemented in our research group for the analysis of phase II
steroid metabolites in urine samples in a public health context
related to chemical food safety. Steroid analysis represents just one
of multiple challenges facing chemical food safety and has been
chosen as an example to illustrate the implementation of TWIM-
MS technology, including CCS measurements, in this field. The
administration of steroids to animals intended for human consump-
tion and, more specifically, the application of substances with hor-
monal actions as growth promoters (e.g., anabolic steroids) has
been prohibited in the countries of the European Union
(EU) since 1988 [17]. The control of steroid levels in biological
matrices of food-producing animals, including metabolites, there-
fore makes it possible to detect any alteration in the steroid profiles
associated with the abuse of hormones to promote growth [18]. In
this context, LC-TWIM-MS has recently been applied to the anal-
ysis of steroid metabolites in urine samples [19], and large CCS
databases for steroids are currently available in the literature
[14, 20].

Execution of this protocol involves the specific use of TWIM-
MS technology, and more specifically, a Synapt G2-S HDMS
instrument from Waters Corporation. In addition, it focuses on
the experimental workflow to be followed for CCS measurements,
highlighting important technical aspects such as CCS calibration.
Data analysis (i.e., generation of CCS values) following this proto-
col implies the use of Driftscope software, which is also commer-
cially available from Waters Corporation. We suggest consulting the
recent book edited by Paglia and Astarita [21] that contains other
protocols involving the application of IM-MS systems and alterna-
tive software to those used in the protocol described here. Finally,
this protocol can be applied to numerous applications in the field of
food safety if the same TWIM-MS instrumentation is used. For
obvious reasons, sample preparation must be tailored to the food
matrix (or related matrix), analytes of interest and associated con-
centration levels.

2 Materials

2.1 Reagents

1. Acetonitrile (LC-MS Chromasolv® grade, Sigma Aldrich).
2. Propan-2-ol (LC-MS Chromasolv® grade, Sigma Aldrich).
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2.2 Samples

2.3 Labware

10.

1.

2.
3.

. Ethanol (for HPLC, Promochem®, LGC Standards).
. Sodium formate (0.5 mM in 90/10 (%, v/v) propan-2-ol/

water) prepared from sodium hydroxide (1 M; Fisher Chemi-
cal™, Fisher Scientific) and formic acid (Promochem®, LGC
Standards).

. Formic acid (eluent additive for LC-MS, LGC

Standards GmbH).

. Sodium hydroxide (Puriss. grade, 98-100.5%, pellets, Sigma

Aldrich).

. Major Mix IMS /Calibration Kit (cat. no. 186008113, Waters

Corporation).

. Leucine-enkephalin ~ (cat. no. 186006013,  Waters

Corporation).

. Estriol 3-sulfate (cat. no. E2734-000, Steraloids), etiochola-

nolone glucuronide (cat. no. A3625-000, Steraloids), estradiol
diglucuronide (cat. no. E1010-000, Steraloids), estrone
3-sulfate (cat. no. E2335-000, Steraloids), and testosterone
glucuronide (cat. no. A6913-000, Steraloids) standard solu-
tions in ethanol (1 mg/mL) were stored in dark at —20 °C.

Standard Quality Control (QC) mix containing the following
compounds: estriol 3-sulfate, etiocholanolone glucuronide,
estradiol diglucuronide, estrone 3-sulfate, and testosterone
glucuronide. Prepare an intermediate standard solution in eth-
anol (100 pg/mL) containing all five steroids from the stock
standard solution of each steroid (1 mg/mL). The intermedi-
ate standard solution should be stored in dark at —20 °C. Take
an aliquot of the intermediate standard solution, transfer it to
an HPLC vial and dry it with a stream of nitrogen. Reconsti-
tute with 95 /5 (v/v) water /acetonitrile containing 0.1% (v/v)
formic acid to obtain a Standard QC mix with a concentration
of 1 pg mL! for each steroid. The Standard QC mix should be
prepared each day before running sample analysis.

Bovine urine samples kept at LABERCA biobank were used for
preparing this protocol. These samples were collected with the
authorization for the use of animals for scientific purposes
n°02323.01, in accordance with the provisions of article
R. 214-124 and R. 214-125 of the French Rural Code.

1.5-mL HPLC vials, including caps with polytetrafluoroethy-
lene (PTFE) liner.

HPLC vials with inserts (200 pL).

VWR® centrifugal tubes (polyethersulfone (PES) membrane,
10 kDa, 500 pL ; cat. no. 82031-350).
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2.4 Equipment

2.5 Data Generation
and Processing

4. 4-mL and 40-mL amber vials (for storage of standard
solutions).

5. Eppendorf pipettes tips.
6. 20-mL volumetric flasks.
7. Volumetric pipettes (1 £ 0.008 mL; 0.5 & 0.005 mL).

1. TWIM-MS system: Synapt G2-S HDMS equipped with an ESI
source (Waters Corporation).

2. LC system: Acquity UPLC® System (Waters Corporation).

3. LC column: Acquity UPLC® BEH C18, 2.1 x 100 mm,
1.7 pm (Waters Corporation).

. ™ .
4. Corning® LSE™ vortex mixer.

5. Thermo Scientific’  Sorvall” Legend  MicroCL 17R
microcentrifuge.

6. Eppendort Research plus single channel pipettes (2-20 pL;
10-100 pL; 20-200 pL; 100-1000 pL).

1. MassLynx (version 4.2, Waters®) software, used for data
acquisition.

2. Driftscope (version 2.8, Waters™) software, used for data pro-
cessing and interpretation (i.e., CCS values).

3 Methods

3.1 Sample
Preparation

This protocol addresses the UPLC-TWIM-MS workflow applied to
the analysis of phase II steroid metabolites in urine samples. This
approach is intended to detect the illegal use of steroids in food-
producing animals. A similar strategy to that proposed in this
protocol can be applied to the targeted or semi-targeted analysis
of chemical residues and contaminants in food products and related
matrices. In this sense, sample preparation must be adapted to both
the matrix to be analyzed and the physicochemical properties and
concentration levels of the analytes to be characterized, while data
acquisition settings must be optimized for the compounds of inter-
est. On the contrary, general settings must be established in the case
of non-targeted analysis, so in this case, for example, LC-TWIM-
MS protocols used in metabolomics studies can be applied [22].

1. Store urine samples at —20 °C and thaw at room temperature
before sample preparation (see Note 1).

2. Filter the urine samples by centrifugation at 10,000 x 4 and
15 °C for 10 min using centrifugal filters with a molecular
weight cut-off of 10 kDa.
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3.2 TWIM-MS
Parameters: Tuning
and Calibration

3.

4.

Recover the filtered urine sample and transfer 10 pL to a
chromatographic vial with insert (sec Note 2).

Dilute the sample 10 times with 0.1% (v/v) aqueous formic
acid containing internal standards (if necessary for quality
assurance (QA) purposes) (sec Note 3).

. Homogenize the sample by vortex agitation for a few seconds

(~10 s) (see Note 4).

. Submit the samples for UPLC-TWIM-MS analysis.

. Prepare the sodium formate calibration solution (0.5 mM in

90,/10 (%, v/v) propan-2-ol /water) (se¢ Note 5). To do this,
first prepare a 5 mM sodium formate solution in 90,/10 (v/v)
propan-2-ol/water from a 0.1 mM sodium hydroxide solution
in water and formic acid. Then, add 2 mL of 5 mM sodium
formate solution to a 20-mL volumetric flask using a 1-mL
pipette. Make up to 20 mL with 90/10 (v/v) propan-2-ol/
water. Finally, sonicate the solution for 5 min for
homogenization.

. Prepare the leucine-enkephalin “lock mass” solution (2 pg/mL

in 50,/50 (%, v/v) water /acetonitrile solution with 0.1% (v/v)
formic acid). To do this, first prepare 400 pg/mL of leucine-
enkephalin in water. Then, transfer 100 pL of the 400 pg/mL
leucine-enkephalin solution to a 20-mL volumetric flask using
a 200-pL. Eppendorf pipette. Make up to 20 mL with 50,/50
(v/v) acetonitrile /water containing 0.1% formic acid. Finally,
sonicate the solution for 5 min to homogenize it.

. Startup the instrument according to the supplier’s instructions

and set the “TOF” and “High Resolution” modes (see
Note 6).

. Set the ionization source conditions as indicated in Table 1 and

keep “default conditions” for other instrument parameters.

. Infuse the sodium formate calibration solution and the leucine-

enkephalin “lock mass” solution directly into the TWIM-MS
system at 10 pL/min using the sample and “lock mass™ capil-
laries, respectively.

. As part of the QA protocol, acquire the leucine-enkephalin

mass spectrum twice for 2 min each with a scan time of
0.5 min (see Note 7). Reference values (i.e., mass-to-charge
ratio (m/z) and CCS) for the use of the leucine-enkephalin as
“lock mass”: m/z556.2771 and 229.8 A% (ESI+ conditions);
m/z554.2615 and 225.3 A? (ESI-conditions).

. As part of the QA protocol, verity that the mass spectrum of the

sodium formate calibration solution corresponds to the mass
spectra commonly observed when performing mass calibration
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Table 1

Electrospray ionization (ESI) conditions

Parameter

Set at. ..

Capillary voltage (sample capillary)

Capillary voltage (‘lock mass’ capillary)

Sampling cone

Source offset

Source temperature
Desolvation temperature
Desolvation gas flow
Cone gas flow

Nebulizer gas flow

+3.0 kV for ESI+, —2.5 kV for ESI—
+2.5 kV for ESI+, —2.5 kV for ESI—
40V

50V

150 °C

450 °C

650 L/h

50 L/h

6 bar

10.

11.

(i.e., m/z of detected ions, signal intensity, signal ratio between
ions), as well as ensure the stability of the ion beam.

. Perform the mass calibration in both ionization modes within

the m/zrange of 50-1200, applying the automated calibration
mode and with the instrument conditions indicated in the
point 4 (Table 1) as tuning setup (see Note 8). Signal attenua-
tion for calibration and root-mean-square (RMS) residual mass
are the parameters to be checked as part of the mass calibration
quality control. A threshold of 1.0 ppm for RMS residual mass
is set to accept the mass calibration carried out. Also, the entire
set of ions included in mass calibration reference file must be
found when performing mass calibration to accept it.

. Switch the instrument from the “TOF” mode to the “Mobil-

ity-TOF” mode (also referred to as HDMS mode) and replace
the sodium formate calibration solution with the CCS Major
Mix (see Note 9). The ion mobility-mass spectrometry system
must remain in “Operate” mode for at least 1 h prior to CCS
calibration (or CCS measurements) to ensure system stability.

Configure the TWIM-MS settings as indicated in Table 2 for
CCS calibration (see Notes 10-12). The “default” values are
kept for other instrument parameters, such as those related to
“Step Wave” conditions.

As part of the QA protocol, verify that the mass spectrum of the
CCS Major Mix solution corresponds to the mass spectra
typically observed when performing the CCS calibration (i.e.,
m/z of detected ions, signal intensity, signal ratio between
ions) under the established TWIM-MS settings, as well as
ensure the stability of the ion beam. Table 3 indicates the
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Table 2
TWIM-MS setup for steroid analysis when including LG separation

ESI+ ESI-
Conditions of the ionization ~ Capillary voltage (sample capillary) +3.0 kV —2.5kV
source Capillary voltage (‘lock mass’ capillary) +2.5 kV —2.5kV
Sampling cone 31V
Source offset 40V
Source temperature 150 °C
Desolvation temperature 350 °C
Desolvation gas flow 1000 L/h
Cone gas flow 50 L/h
Nebulizer gas flow 6 bar
Gas flow rates Helium gas 180 mL/min
IMS gas 90 mL/min 100 mL/min
Trap gas 2.0 mL/min 0.4 mL/min
Triwave DC Trap DC Entrance 3.0
Bias 47.0
Trap DC 0.0
Exit 0.0
IMS DC Entrance 20.0
Helium cell DC 50.0
Helium exit -20.0
Bias 3 2
Exit 0.0
Transfer DC  Entrance 5.0
Exit 3.0
Triwave Trap Wave velocity 311 m/s
Wave height 4.0V
IMS Wave velocity 1000 m/s 550 m/s
Wave height 40.0V
Transfer Wave velocity 219 m/s
Wave height 4.0V

composition of CCS Major Mix; therefore, the ions to moni-
tor. Mass spectra of CCS Major Mix recorded under ESI+ and
ESI- conditions are included in Fig. 1.

12. Perform the CCS calibration within the m/zrange of 50-1200
applying the automated calibration mode and selecting the
instrument conditions indicated in the point 10 (Table 2) (see
Note 13). CCS calibration can be performed for both ioniza-
tion modes. Signal attenuation should be noted and monitored
as part of the CCS calibration quality control.

13. CCS calibration must be accepted by the user (Fig. 2). Since
TWIM-MS settings are generally optimized for the analytes to
be further analyzed and not for the CCS calibration mix (see
Note 14), it is important to verify that the proposed calibration
curve includes enough calibration points (se¢ Note 15).
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Table 3

Composition of GGS Major Mix, as well as m/z and CCS of protonated and deprotonated ions observed
within the m/z range between 50 and 1200

[M+H]* [M—H]
(ESI+ conditions) (ESI— conditions)

Composition of CCS Major Mix miz CCS (A?) miz CCS (A?)
Acetaminophen 152.0712 130.4 150.0555 131.5
Caffeine 195.0882 138.2

Sulfaguanidine 215.0603 146.8 213.0446 145.2
Sulfadimethoxine 311.0814 168.4 309.0658 170.1
L-Valyl-L-tyrosyl-L-valine 380.2185 191.7 378.2029 192.5
Verapamil 455.2910 208.8

Terfenadine 472.3216 228.7

Polyalanine (oligomer; number 516.2782 211.0 514.2631 209.0

of repeating units (#) = 7)

Leucine-enkephalin 556.2771 229.8 554.2615 225.3
Polyalanine (z = 8) 587.3153 228.0 585.3002 223.0
Reserpine 609.2812 252.3 607.2656 265.2
Polyalanine (z = 9) 658.3524 243.0 656.3368 242.1
Polyalanine (7 = 10) 729.3895 256.0 727.3739 255.9
Polyalanine (z = 11) 800.4266 271.0 798.4110 268.5
Polyalanine (z = 12) 871.4637 282.0 869.4481 280.2
Polyalanine (z = 13) 942.5008 294.0 940.4852 294.6
Polyalanine (7 = 14) 1013.5379 306.0 1011.5223 308.8

14.

3.3 LG System Setup 1.

The TWIM-MS instrument is now ready for data acquisition.
It is important to verify that both the loaded mass and CCS
calibration profiles correspond to the calibrations performed
previously (Fig. 3). As part of the QA protocol, it is necessary
to note the mass and CCS calibration profiles that are used in
data acquisition.

Prepare mobile phases A and B as follows: add 1 mL of formic
acid into a bottle containing 999 mL of water (phase A: 0.1%
(v/v) aqueous formic acid) and add 1 mL of formic acid into a
bottle containing 999 mL of acetonitrile (phase B: acetonitrile
containing 0.1% (v/v) formic acid) (se¢ Note 16).
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Fig. 1 Mass spectra of CCS Major Mix acquired under ESI+ (a) and ESI— (b) conditions

2. Cap and shake the mobile phase bottles vigorously to homog-
enize the mobile phase solutions.

3. Install the mobile phase bottles in the LC system and purge
mobile phase tubes to remove air bubbles from the system.

4. Insert the column into the column compartment. An Acquity
UPLC® BEH Cl18 column (2.1 x 100 mm, particle size
1.7 pm) is proposed for the analysis of phase II steroid
metabolites.

5. Adjust the column temperature to 50 °C and gradually increase
the flow rate of the mobile phase to 0.6 mL/min.
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Fig. 2 Screenshot of the report generated after CCS calibration under ESI+ conditions, and which must be
accepted by the user before continuing to work with the instrument. This provides information on the detected
peaks compared to a set of reference ions, as well as information on the calibration curve created (corrected
drift time (¢,/) vs normalized cross section (€2'); the calibration curve is a power trend line [23], y = Ax). A 1%
threshold has been set for RMS, as well as a determination coefficient (R?) > 0.99, to accept the calibration
curve

A B

Operate | Mass calibration: CalNaF-FM2-15.cal ] CCS cahibration: CCS Major Mix-22.cal

Fig. 3 Partial screenshot of the tuning instrument page showing the mass (a) and CCS (b) calibration profiles
loaded into the system after performing both calibrations and before performing sample acquisition

6. Set the injection volume to 5 pL and the autosampler tempera-
ture to 10 °C.

7. Set the elution gradient program as indicated in Table 4.

3.4 Data Acquisition 1. Set ESI-conditions, as negative ionization mode is recom-
mended for analysis of phase II steroid metabolites [24].

2. Prepare the HDMS method (i.e., the acquisition method for
TWIM-MS analysis). Set the m/z acquisition range to
50-1200 and the scan time to 0.5 s. Make sure the “add drift
time function” and “maintain mobility separation” options are
checked in the “Mobility” window. In the “Options” window,
indicate that the “lock mass” solution must be refilled at the
beginning of each run, and set the “lock mass” acquisition to
an average of 3 scans (scan time, 0.2 s) every 15 s. Do not select
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3.5 Data Processing

Table 4
Proposed elution gradient program for analysis of phase Il steroid
metabolites by LC-TWIM-MS

Time (min) Mobile phase (%B)
0 5

0.3 5

9.6 43

10.5 100

12.5 100

13 5

16.5 5

“automatic application of ‘lock mass’ correction” as it will be
applied during post-acquisition data processing.

Set data acquisition to “continuous” or “profile” mode and not
to “centroid” mode.

Create the acquisition sequence indicating TWIM-MS settings
and the LC and HDMS methods to be used in data acquisition,
as indicated in Table 2, Subheading 3.3, and step 2 of this
section, respectively. Important: TWIM-MS settings must be
the same as those set for CCS calibration (Table 2) to ensure
that CCS measurements are carried out correctly (see Note 17).

. It is recommended to include two blank samples at the begin-

ning of the acquisition sequence to ensure that the LC-TWIM-
MS system is equilibrated when the sample analysis is per-
formed. Also, run the analysis of the standard QC mix first to
evaluate the performance of the LC-TWIM-MS workflow.

Run the samples. It is recommended to analyze the samples in
triplicate when performing CCS measurements to check the
repeatability of the measurement.

. Import the CCS calibration data file into the Driftscope soft-

ware (see Note 18).

Perform peak detection by selecting “non-chromatographic
mode.” The “Minimum Intensity Threshold” parameter must
be adjusted to detect ions related to the calibration solution
and avoid detection of peaks associated with the background
noise.

. In the “peak detection” window, select “calibrate peaks” and

“new calibration.”



272 Maykel Hernandez-Mesa et al.

4. Open the reference file that contains the information for the
ions in the calibration solution (i.e., m/z and CCS).

5. In the “peaks” window, select the “auto select...” option to
compare “reference” and “measured” peaks (/2 tolerance,
0.1 Da; intensity threshold, 5%).

6. Save the calibration profile if the determination coefficient
(R*) > 0.99 in accordance with the results observed in Sub-
heading 3.2, step 13. If not, check that the peak selection has
been carried out correctly since unsatisfactory calibration
curves are often the result of incorrect peak selection.

7. Import the LC-TWIM-MS data into the Driftscope software.

8. Perform peak detection by selecting “chromatographic mode”
and applying “Lock Mass” correction (m/2556.2771 tor ESI+
conditions, and m/z 554.2615 for ESI- conditions) (see
Note 19).

9. Visualize the detected peaks on the 2D plot (m/z vs drift time)
provided by the Driftscope software (Fig. 4).

10. In the “peak detection” window, select “apply calibration” to
apply the previously created CCS calibration curve (point 6 of
this section) (see Note 20).

11. ‘Export peak list’ to an Excel file.

12. Search the detected peaks in the published CCS databases for
steroids [ 14, 20].

Signal intensity

0% 50% 100%

600

m/z

400

1 2 3 4 5 6 7 8 9 10
Drif time (milli secs)

Fig. 4 Representation of m/z vs drift time for a bovine urine sample analyzed according to the proposed
protocol. The red dots indicate the peaks detected in a retention time range between 3.0 and 9.0 min and a
m/z range between 350 and 625. The peak detection ranges have been established according to previous
knowledge of LC-MS for phase Il steroid metabolites [19]
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13.

14.

15.

In addition, select a region of interest from the mobility spectra
(drift time range) on the 2D plot to verify the presence and
separation of isomers and isobaric compounds.

Export the data to the MassLynx software for better visualiza-
tion (Fig. 5) (see Note 21). Separation in the ion mobility
dimension indicates differences in the CCS of the related ions
(see Note 22). In TWIM-MS instruments, more compact ions
(with smaller CCS) reach the exit of the mobility cell earlier
than elongated ions (with greater CCS).

Plan fragmentation experiments using LC-TWIM-MS work-
flows to generate additional information on the analytes of
interest and gain more confidence in the identification or con-
firmation of compounds (se¢ Note 23). As a starting point,
perform HDMS" experiments by setting 5 ¢V in the trap cell.
Set the transfer cell to 5 eV for low energy fragmentations and a
ramp between 20 and 40 eV for high energy fragmentations.

4 Notes

. Samples must be stored under adequate conditions (—20 °C)

to ensure their biological stability over time.

. Itis recommended to use vials with inserts to reduce the sample

volume required for analysis. This is especially relevant for
those matrices with limited quantities.

. Itis recommended to add isotope-labeled internal standards to

samples as a part of the QA protocol, especially for quantifica-
tion purposes. For phase II steroid metabolites, at least two
internal standards representing both steroid sulfates and glu-
curonides can be added (e.g., epitestosterone glucuronide-d3
and epitestosterone sulfate-d3 at 0.5 pg/mL each one).

. It is important to check that there are no air bubbles at the

bottom of the insert after homogenizing the sample. Air bub-
bles can prevent proper sample injection into the UPLC-

[WIM-MS system.

. Avoid any contact of the sodium formate calibration solution

with the cap of the vial or other non-glass material as it has been
observed to increase background noise and decrease signal
sensitivity of sodium formate clusters (Fig. 6). Sodium formate
solutions expire in 1 week.

. The “High Resolution” mode is the most appropriate to be

used in order to obtain more accurate measurements of the
m/z. However, the signal sensitivity that can be reached using
this mode can be limited and may compromise the detection of
residues and contaminants present at low concentration levels
in food matrices. In targeted analysis, where the analytical
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m/z 451.233 + 0.100 Ds
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19-noretiocholanolone glucuronide " 19-norandrosterone glucuronide

%
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19-noretiocholanolone glucuronide 19-norandrosterone
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Fig. 5 Separation of two steroid isomers (m/z 451.2326) in the ion mobility dimension (a) and in the LC

dimension (b) resulted from the analysis of a spiked (2 ug/mL) bovine urine sample by LC-TWIM-MS. Total ion
chromatogram (TIC) observed for the analyzed sample (c)

A U S ) 1‘ | I Y MMM&L
Fig. 6 Mass spectra of the sodium formate calibration solution observed under optimal acquisition conditions
(a) and negatively affected by improper handling of the calibration solution (b)
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10.

11.

12.

information on potentially detectable compounds is known, it
is reccommended to evaluate the performance of the “Sensitiv-
ity” working mode to improve sensitivity of the signal to the
detriment of mass accuracy.

. It is recommended to monitor the leucine-enkephalin signal

before and after mass and CCS calibration, as well as before
running a sample sequence, as part of the QA protocol for
IM-MS measurements. This allows the performance of the
instrument to be evaluated and recorded over time in terms
of signal sensitivity, mass accuracy, and CCS precision.

. As indicated by the Vendor, the same value for “Transfer DC

Exit voltage” must be set for MS and HDMS modes; other-
wise, a separate mass calibration is required.

. The sample capillary should be rinsed with acetonitrile /water

(50,/50;%, v/v) solution before and after injecting any calibra-
tion solution (or other solution or sample) into the instrument
using the direct infusion set in order to avoid cross-
contamination and obtain correct mass spectra of the infused
solution.

TWIM-MS settings must be the same for CCS calibration and
CCS measurements on samples. These parameters must be
optimized for the analytes of interest or generic parameters
can be set in the case of non-targeted analysis [22]. The
TWIM-MS settings must allow all ions within the m/z acqui-
sition range fit into the TWIM separation window (Fig. 7b).
For example, too low wave velocities in the TWIM cell lead to
poor mobility separation (Fig. 7a), whereas too high wave
velocities cause a “wrapping effect” whereby the slow ions
stay for too long in the TWIM cell (more than a 200 bins
experiment) and are observed at the beginning of the
subsequent mobility separation (Fig. 7c). For a suitable
TWIM-MS method (e.g., to avoid “wrapping effects”), it is
recommended to ensure that the arrival time distributions of
analyte ions are observed within a drift time interval of 20 and
180 bins.

TWIM-MS settings can be optimized by direct infusion of a
mixture of the analytes of interest (e.g., at 1 pg/mL) in both
positive and negative ionization modes [25]. As indicated by
the Vendor, it is reccommended to set the IMS wave height at
40 V. In the event of unwanted fragmentation of the target
analytes, “Trap DC bias” should be adjusted.

Parameters such as source temperature, desolvation tempera-
ture, and desolvation gas flow rate depend on the flow rate of
the mobile phase or infused solution. Check the Vendor’s
recommendations to establish satisfactory values for these
parameters.
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Fig. 7 Mobility spectra of the CCS Major Mix obtained using a wave velocity in the TWIM cell of 250 (a), 1000

(b) and 1750 m/s (c), respectively

13.

14.

15.

Mass and CCS calibration are performed sequentially as part of
this protocol. Instrument calibration is required to be done
weekly. Mass accuracy is the limiting factor that indicates the
need to calibrate the system. A mass accuracy deviation of up to
10 ppm can be accepted when working in “High
Resolution” mode.

It is recommended to use CCS calibration mixtures with phys-
icochemical properties similar to those of the analytes of inter-
est. This ensures that TWIM-MS settings are optimal for the
detection and analysis of the molecules either in the calibration
mix or in the sample. Furthermore, calibrants with different
physicochemical properties compared to the analytes of inter-
est have been found to be unsuitable and can introduce a high
bias between the measured CCS and the reference or expected
CCS values for these molecules [26].

Automated calibration is based on the accumulation of total
peak intensity, which can be detrimental to the detection of low
intensity peaks if ions with a signal intensity several times
higher are present. Therefore, calibrant ions with low intensity
(e.g., m/z 1013.5379 in Fig. 2) are not detected with suffi-
cient signal intensity to be used as calibration points in CCS
calibration. In this context, it is recommended to perform a
manual CCS calibration of the instrument rather than an auto-
matic calibration. For manual calibration, infuse the CCS
Major Mix at a flow rate of 10 pL. min™* and acquire the signal
for at least 2 min (m/z range, 50-1200; scan time, 0.5 s). The
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16.

17.

18.

19.

20.

21.

22.

23.

acquired data file must be loaded later in the “Calibration
Reference Compound & Raw Data” option in the “Edit Man-
ual Calibration” window when editing the calibration profile.

Use glassware and avoid the use of plastic receipts and materials
when preparing formic acid solutions. Plasticizers are suscepti-
ble to cause unnecessary contamination of solutions and lead
to complex mass spectra with unwanted /z signals.

It is recommended to use the same “Tune Page” or “TWIM-
MS tuning conditions file” for CCS calibration and CCS mea-
surements to ensure that both processes are performed under
the same TWIM-MS conditions.

A CCS calibration curve must be created in Driftscope to apply
to the sample acquisition files and obtain the CCS values for
analytes of interest.

Peak detection is time-consuming and computationally inten-
sive, so it is suggested to select retention time and /2 ranges
of interest to shorten this automated process.

Calibration curves can also be applied directly by replacing the
“mob_cal.csv” file in the “samples”.7aw data file with the one
generated in the “CCS calibration”.7aw data file after creating
a CCS calibration curve in Driftscope. This is a faster way to
apply the CCS calibration curve to a wide range of sample data
files.

Other commercial software such as UNIFI [25] or freely avail-
able software such as Skyline [27] can be used for the visuali-
zation of TWIM-MS data, as well as for quantification
purposes.

Separation can be improved by changing the gas in the mobility
cell. However, CCS values are highly dependent on the bufter
gas used in the mobility cell, so CCS measurements carried out
on different neutral gases cannot be directly compared. In
addition, it is worth noting the correlation that exists between
m/z and CCS parameters (Fig. 8). Despite the correlation
between both parameters, CCS has been shown to increase
confidence in the determination of residues and contaminants
in food products [28].

The Synapt G2-S HDMS instrument includes two fragmenta-
tion cells: the trap cell placed before the IMS cell and the
transfer cell placed after it. Fragmentation in the transfer cell
allows alignment during post-acquisition data processing of
those ions that show the same drift time, indicating that they
are likely related to the same parent ion.
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Fig. 8 Graphical representation of CCS vs m/z for protonated steroid ions. Data extracted from [14]. The
differences that exist in the CCS of isomers of phase Il steroid metabolites, such as testosterone glucuronide
(m'z 465.2383; ™CCSN, = 2186 A?% (a) and epitestosterone glucuronide (m/z 465.2383;
™WCCSN, = 203.8 A2) (b), show how the CCS parameter provides additional information to m/z and retention
indexes for identification
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Determination Method of Acrylamide in Beverages
and Foods by Supercritical Fluid Chromatography/Tandem
Mass Spectrometry

Toshiaki Yoshioka, Yoshihiro Izumi, and Takeshi Bamba

Abstract

Acrylamide (AA) is important with regard to food safety, as it is a harmful chemical produced during the
heating of food. Strategies for the reduction of AA in food are being sought after globally. AA is usually
analyzed by gas chromatography/mass spectrometer and liquid chromatography,/tandem mass spectrom-
eter. However, rapid and accurate analysis of low-concentration AA is difficult. Therefore, we have
developed a rapid and highly sensitive method using supercritical fluid chromatography/tandem mass
spectrometer (SFC/MS/MS) for the determination of AA in beverages, grains, and confectioneries. By
combining SFC/MS/MS and a pretreatment method that simplifies the QUEChERS method, trace
amounts of AA (0.5 ng/g) can be quantified in beverages, and 60 samples can be analyzed in ~12 h. We
expect this analytical method to be effective for food survey and quality control of AA in various beverages
and foods.

Key words Supercritical fluid chromatography, Mass spectrometry, SFC/MS/MS, QuEChERS,
High-throughput, High-sensitive, Coffee, Confectionery, Grain

1 Introduction

Acrylamide (AA) is a genotoxic carcinogen as well as a neurotoxin
[1-3]. The presence of AA in various cooked foods has emerged as
a global concern [4]. The mechanism of AA production in foods
was studied, and it was suggested that AA was a by-product of the
Maillard reaction generated by heating foods containing free aspar-
agine and reducing sugars such as glucose above 120 °C [5-
8]. JECFA concluded that AA is a genotoxic carcinogen with a
small exposure margin and may affect the health adversely
[9]. Because the toxicity threshold cannot be set for genotoxic
carcinogens in food, it is required to reduce the content of such
chemicals to the maximum possible extent, according to the
ALARA (As Low As Reasonably Achievable) principle [10]. In
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the EU, a benchmark level (90% of the highest value in AA moni-
toring results) is set for each food, and regular monitoring is con-
ducted [11]. In addition, since foods and cooking methods are
unique to each country, it is important to determine the AA con-
tent in various foods. Thus, for food surveys and quality control of
AA in foods, it is necessary to have a simple, rapid, and quantitative
method for determining the AA content in foods.

Gas chromatography/mass spectrometer (GC/MS) and liquid
chromatography/tandem mass spectrometer (LC/MS/MS),
which have excellent detection sensitivity and selectivity, are gener-
ally used for the quantitative analysis of AA [7, 10, 12, 13]. In the
GC/MS method, AA is often derivatized to improve the detection
sensitivity [ 14-18]. However, the derivatization of AA is a complex
and time-consuming produce, as it increases the number of steps.
Thus, it is not suitable for the rapid analysis of many samples. In the
LC/MS/MS method, direct analysis of AA is common. Although
the QuEChERS (Quick, Easy, Cheap, Effective, Rugged, Safe)
method is a simple pretreatment method, it is difficult to detect
low concentrations, of the order of a few ng/g, of AA in foods such
as coffee beverages and roasted barley tea [ 19-22]. With the exist-
ing methods using GC/MS and LC/MS/MS, achieving high
throughput by shortening the pretreatment time and instrumental
analysis time and high sensitivity required for precise quantitation
of low-concentration AA are difficult.

Therefore, we focused on supercritical fluid chromatography
(SEC) as a new separation technique for the rapid and highly
sensitive quantitative analysis of AA. The latest SFC system devel-
oped employs ultra-high performance liquid chromatography
(UHPLC) technology and a high upper limit of pressure; the
retention time is highly reproducible, as for any analytical system
[23]. SFC uses supercritical CO, (scCO,) as the mobile phase.
Since scCO, imparts low viscosity and high diffusivity to the ana-
lytes, their rate of migration is increased. As a result, the column
efficiency improves even if the optimum flow rate of the mobile
phase is high. Moreover, the analysis time can be shortened com-
pared to UHPLC. In addition, SFC/tandem mass spectrometer
(SEC/MS/MS), which combines SFC and mass spectrometer, can
detect a compound with higher sensitivity than LC/MS/MS due
to the improved efficiency of desolvation of the mobile phase by
vaporizing CO, at the ion source [24-27]. Therefore, we devel-
oped a new method using SFC/MS/MS for the rapid and highly
sensitive determination of AA. For high-speed separation, we inves-
tigated the conditions under which AA can be separated from food
matrices in a short time, including column selection. For high
sensitivity, we investigated a method to increase the amount of
AA introduced into the mass spectrometer by increasing the pres-
sure setting of the back-pressure regulator [28]. As a result, the
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analysis time was shortened, and the sensitivity was significantly
improved compared to the AA analysis by UHPLC/MS/MS [29].

The QuEChERS method is used for AA sample preparation.
However, it is time-consuming as it involves several steps. There-
fore, we developed a rapid pretreatment method by substituting
solvent dilution, which is an easier step. In addition, if a membrane
filter is used to remove fine substances in the extract, AA will elute
from the membrane filter, rendering it difficult to quantify trace
amounts of AA. Therefore, we substituted the filtration step with
centrifugation, which facilitates the simultaneous processing of
several samples [21, 29]. In other words, we developed a simple
and high-throughput sample preparation method in which the
surrogate of AA, salts for QuEChERS extraction, and ACN were
added to the sample; the ACN extract was diluted with ACN and
then centrifuged. Herein, the procedure for preparing each sample
and the procedure for setting the SFC/MS/MS conditions are
described.

The merits of the SFC/MS/MS-based AA analysis method
developed in this study are the shortened analysis time, increased
sensitivity, and the rapid pretreatment due to the reduction of food
matrices by diluting the QuEChERS extract. It is applicable to
beverages, their material grains, confectioneries, etc. and can be
applied simply by changing the amount of sampling and diluting
solvent according to the sample. The time required from sample
pretreatment to obtaining analysis results is ~4 h for 20 samples and
~12 h for 60 samples. Because the throughput is significantly
improved compared to that in the previous method, the merit of
speed is appreciable even if there are many analytical samples. In
addition, since this analysis method can accurately quantify
low-concentration AA, even of the order of several ng/g, it is
very effective for food survey in commercial foods, quality control
of AA in products, and research on AA reduction methods by food
manufacturers.

2 Materials

2.1 Chemicals

1. AA, *C3-AA (see Note 1).

2. Acetonitrile (ACN, LC/MS grade), methanol (MeOH,
LC/MS grade), formic acid (LC/MS grade), n-hexane (Hex,
pesticide analytical grade).

3. Water (purified with a Milli-Q system (Merck Millipore, Bill-
erica, MA)).
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2.2 Standard
Solutions and Mobile
Phase

2.3 SFC/MS/MS

2.4 Samples

4.

Magnesium sulfate (MgSOy4, anhydrous, special grade),
sodium chloride (NaCl, special grade), trisodium citrate dihy-
drate (special grade), disodium citrate sesquihydrate (special
grade). (see Note 2).

. CO;, (99.5% grade).

. AA stock solution: AA is dissolved in ACN to prepare a

500 pg/mL stock solution. It can be stored in the freezer for
3 months.

. AA working solution: The AA stock solution is diluted with

ACN, and 5 and 500 ng/mL standard solutions are prepared
for each analysis.

. Surrogate stock solution: '*C3-AA is dissolved in ACN to

prepare a 500 pg,/mL stock solution.

. Surrogate working solution: The '*C3-AA solution is diluted

with ACN to prepare 0.25 and 10 pg/mL solutions. A mixture
of 1 pg/mL AA and '*C3-AA diluted with ACN was prepared
for MRM transition optimization.

. Mobile phase solvent (modifier): MeOH.

6. Strong wash solvent: 0.1% formic acid in MeOH/H,O

(80,20, v/v).

. Weak wash solvent: MeOH.
. Seal wash solvent: MeOH.

9. Make-up solvent: MeOH /water (95/5, v/v).

. SEC instrument: ACQUITY UltraPerformance Convergence

Chromatography (UPC?) system (Waters, Milford, MA) con-
sisting of'a pump (binary solvent manager), autosampler (sam-
ple manager—FL), column oven (column manager aux), back-

pressure regulator (convergence manager), and make-up pump
(515 HPLC pump).

. MS instrument: Xevo TQ-S micro triple-quadrupole mass

spectrometer (Waters) with ion source for electrospray ioniza-
tion. A schematic diagram of the SFC/MS/MS system is
shown in Fig. 1.

. Column: ACQUITY UPC? Torus 1-aminoanthracene (1-AA,

150 mm x 3.0 mm i.d., particle size 1.7 pm, Waters).

. Data acquisition software: MassLynx version 4.1 SCN

909 (Waters).

. Processing software: TargetLynx XS in MassLynx (Waters).

. Beverages: coffee beverage and roasted barley tea, etc.

. Confectioneries: biscuits, sables, cookies, etc. They are made

into a uniform powder in a laboratory food processor (see
Note 3).
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Fig. 1 Schematic diagram of the SFC/MS/MS system

3.

Grains: coffee beans, roasted barley, etc. They are made into a
uniform powder in a laboratory food processor (see Note 3).

3 Methods

3.1 MS/MS
Parameter
Optimization

. A mixed solution (1 pg/mL) of AA and '*C3-AA is used for

MRM transition optimization.

. Mixed solution is injected into a mass spectrometer using a

syringe pump (see Note 4).

. m/z values of AA and '3C3-AA precursor/product ions are

obtained in the ESI positive mode, and the cone voltage and
collision energy are optimized to create the MRM analytical
method. The optimized values obtained by Xevo TQ-S micro
are listed in Table 1 (see Note 5).

. The modifier (MeOH), strong wash solvent (0.1% formic acid

in MeOH/H,0 (80,20, v/v)), weak wash solvent (MeOH),
seal wash solvent (MeOH), and Torus 1-AA column are set in
the SFC, and the system is purged.

. The SEC analytical method are set as listed in Table 2. The

device is equilibrated for 30 min at a flow rate of 1 mL/min (see
Note 6).

. The mixed solution of AA and '°C3-AA is analyzed by

SEC/MS/MS to confirm the retention time (see Note 7).

. The capillary voltage and amount and temperature of the des-

olvation gas of the ESI probe are optimized for the SEC/MS/
MS analysis of the AA solution to develop an MS method. The
optimized values obtained by Xevo TQ-S micro are listed in
Table 3 (see Note 8).
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Table 1
MRM transitions of AA and '3C,-AA

Transitions Cone voltage Collision energy
(precursor ion > product ion, m/z) V) (V) Polarity
AA
72 > 55 (Quantitative ion) 25 10 ESI+
72 > 44 (Identification ion) 25 8 ESI+
13C3— AA
75 > 58 (Quantitative ion) 25 8 ESI+
Table 2

SFC parameters of UPC2

Parameters
SEC analytical method
Injection volume 3 uL
Strong wash volume 200 pL
Weak wash volume 600 pL
Flow rate 1 mL/min
Column temperature 40 °C

Gradient (A: CO,, B: modifier) 0-1.0 min (5% B), 3.6 min (22% B),

4-5 min (47% B), 5.5-5.8 min (5% B)

0-3.2 min (2000 psi), 3.3-3.6 min (3000 psi),
3.65 min (2000 psi), 3.7-5.2 min (1800 psi),
5.25-5.8 min (2000 psi)

Back-pressure gradient

Make-up pump flow rate 0 mL/min
SEC cleaning method

Flow rate 1 mL/min

Column temperature 40 °C

Isocratic (A: CO,, B: modifier)
Back-pressure setting

Make-up pump flow rate

5.8-6.8 min (5% B)
5.8-6.8 min (2000 psi)
1 mL/min

8. The back-pressure gradient condition is set in the SFC analyti-
cal method according to the elution of AA. The optimized
values are listed in Table 2 (see Note 9).
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3.2 Sample
Preparation

3.2.1 Beverage sample

3.2.2 Confectionery and
Grain Samples

Table 3

MS parameters of Xevo TQ-S micro

Parameters
Capillary voltage 1.6 kV
Desolvation temperature 400 °C
Desolvation gas flow 1000 L/h
Cone gas flow 50 L/h
Source temperature 150 °C

. Sample (2 g, » = 3) is weighed into a 50-mL PP

centrifuge tube.

. 13C3-AA surrogate solution (0.25 pg/mL; 200 pL) is added to

all the samples (see Note 10).

. ACN (9.8 mL) is added (se¢e Note 11).
. NaCl (1 g), 1 g of trisodium citrate dihydrate, 0.5 g of dis-

odium citrate sesquihydrate, and 4 g of MgSO, are added,
covered immediately, and shaken vigorously by hands (see
Notes 2 and 12).

. The mixture is shaken at 270 rpm for 15 min on a shaker and

then centrifuged at 2380 x g4 for 5 min.

. Five hundred microliters of the upper layer and 500 pL of ACN

are mixed in a vial and then analyzed by SFC/MS/MS.

. Powdered confectionery sample (1 g) is weighed in a 50-mL

PP centrifuge tube at » = 3. Powdered grain sample (0.5 g) is
weighed in the same way.

. Twenty five microliters of 10 pg,/mL *3C3-AA surrogate solu-

tion is added to all the samples (se¢ Note 10).

. Water (5 mL) is added to all the sample, vortexed, and left for

15 min (see Note 13).

. ACN (10 mL) and 2.5 mL of Hex are added to all the sample

(see Notes 11 and 14).

. NaCl (1 g), 1 g of trisodium citrate dihydrate, 0.5 g of dis-

odium citrate sesquihydrate, and 4 g of MgSO, are added,
covered immediately, and shaken vigorously by hands (see
Notes 2 and 12).

. The mixture is shaken at 270 rpm for 15 min on a shaker and

then centrifuged at 2380 X g4 for 5 min.

. One hundred microliters of the upper layer and 0.9 mL of ACN

are mixed in a 1.5-mL PP centrifuge tube.
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3.3 Standard
Preparation

3.4 SFG/MS/MS
Analysis

3.5 Data Processing

. The mixture is centrifuged at 15000 x g for 3 min.
. The supernatant is placed in a vial and analyzed by SFC/MS/

MS.

. AA standard solution (5 or 500 ng/mlL), 0.25 pg/mL or

10 pg/mL **C3-AA solution, and ACN are mixed in a vial to
prepare 0.05-10 ng/mL solutions for preparing the calibration
curve. The mixing ratios of these solutions are listed in Table 4.

. The make-up solvent (MeOH /water (95/5, v/v)) is set and

purged at 1 mL/min for 2 min.

. The modifier (MeOH), strong wash solvent (0.1% formic acid

in MeOH/H,0 (80,20, v/v)), weak wash solvent (MeOH),
seal wash solvent (MeOH), and the Torus 1-AA column in the
SEC/MS /MS system are set, and these solvents are purged (see
Note 15).

. The SFC cleaning method (Table 2) is set for the SFC/MS/

MS system, and the system is equilibrated at 1 mL/min for
30 min.

. The standard solutions for calibration and the sample extracts

in the autosampler are set.

. A batch file is created with the MRM analytical method, MS

method, SFC analytical method, SEC cleaning method, and
injection volume (3 pL), and the batch file is run for analysis
(see Note 16).

. The data analytical method is created using '*C3-AA as an

internal standard for quantifying AA and '3C;-AA (see
Note 17).

. The data analysis method is run on the batch file that has been

analyzed, and the concentration of AA in all the samples is
determined (see Note 18).

4 Notes

. dz-AA s less stable in solution as a surrogate; thus, it is better to

use 3C3-AA. A commercially available surrogate standard solu-
tion can also be used.

. A commercially available product containing 4 g of MgSOy, 1 g

of NaCl, 1 g of trisodium citrate dihydrate, and 0.5 g of
disodium citrate sesquihydrate may be used.

. A food processor or a mill mixer for cooking can be used. The

standard duration for powdering is 30-60 s for 50 g sample.
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Table 4

Mixing ratios of calibration curve solution

STD concentration (ng/mL) AA (uL) 13C5-AA (uL) ACN (L)
0.05 10* 10° 980
0.1 20° 10° 970
0.5 100* 10° 890
2.5 500° 10° 490
12.5 25°¢ 10° 965

5 ng/mL AA solution

250 ng/mL '3C;-AA solution. When analyzing grain and confectionery, the 10 pg/mL '3C;-AA solution added to the
sample is diluted with ACN to obtain 250 ng/mL 3C3-AA solution

€500 ng/mL AA solution

4. A built-in syringe pump can be used with a mass spectrometer

of the Waters. It is also possible to perform flow injection
analysis with SFC/MS.

. Because the optimum MS/MS parameters differ for each mass

spectrometer, optimization of the parameters depending on
the equipment is essential.

. An SFC analytical method with the SFC conditions optimized

for each company’s equipment can be developed.

. Under these analytical conditions, AA and '3Cj-AA elute

around 3.4 min.

. Because the optimum values differ for each mass spectrometer,

they must be optimized for the equipment used. If the opti-
mum values of AA and '*C;-AA differ, those of AA are used. To
optimize the MRM conditions, after acquiring the MRM tran-
sition of the highest intensity by infusion analysis, analysis is
performed with the SFC/MS/MS system connected to the
column, and ionization parameters for the conditions with
the largest peak area are set.

. Figure 1 shows a schematic diagram of the SFC/MS/MS

system used in this study. Because there is branch to the waste
in front of the mass spectrometer, the amount of AA intro-
duced into the mass spectrometer by increasing the set pressure
of the back-pressure regulator (back-pressure gradient actually
increases the pressure with the gradient) contributes to higher
sensitivity. For UPC?, the back-pressure gradient is entered
into the convergence manager tab of the inlet file. The back-
pressure gradient is set to 3000 psi from 0.2 min before the
elution of the AA until the completion of elution of AA, and
then returned to 2000 psi. In addition, it is not necessary to set
in a splitless system such as Shimadzu Nexera UC.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Stable quantification can be achieved by using the same '*C;-
AA solution for the solution added to the sample and that
added to the standard solution.

For the sample to be analyzed for the first time, a standard
solution is added to it in order to perform the validation test of
the analysis method. A standard solution of # = 6 is added to
the validation sample at this time. Because most heated foods
contain AA, it is necessary to analyze the non-additive sample
with over # = 2 in order to determine the amount of AA
added. The AA concentration added to a sample for validation
is the same as the AA concentration in the sample.

Because AA in the environment dissolves in ACN, ACN is used
from the reagent bottle each time instead of using the stored
solution. In addition, SFC/MS/MS analysis of ACN is per-
formed to confirm that AA contained in ACN is below the
lower LOQ.

Because MgSOy, absorbs water and hardens, MgSOy is added
last and the subsequent shaking is done quickly.

By swelling the dried sample with water, the AA can be easily
extracted, and the quantified value becomes stable. However, if
there is excess water, the recovery rate decreases.

Hex defatting is used to remove oils and fats, which are impu-
rities in confectionery and grains, from the ACN extract.

The auto purge function of each device is used. In UPC?, the
mobile phase solution is purged for 2 min, and the needle
cleaning solution is purged five times.

Because the interior of the sample loop is not filled by purging
the mobile phase, the area is not stable after several analyses.
Therefore, after analyzing the blank for five times, the calibra-
tion solution and the sample solution are analyzed. By flowing
MeOH /water (95/5, v/v) as a make-up solvent after sample
analysis, clogging due to water-soluble salt remaining at the
branch of the pipe can be prevented, thereby allowing stable
quantitation. When creating a batch file with Waters
SFC/MS/MS, file name, MS file (MRM analytical method),
MS tune file (MS method), inlet file (SFC analytical method),
vial position, injection volume, sample type, conc A, and inlet
postrun (SFC cleaning method) are entered. Figure 2 shows
the chromatogram of AA analysis in milk coffee.

The concentration can be calculated using a software such as
Microsoft Excel by determining only the area of the AA peak,
without using the analytical software of the equipment.

To obtain the accuracy and precision of the validation data, the
added area obtained by subtracting the average of the
non-added sample areas of over » = 2 from each area of the
added sample of # = 6 is used for the calculation.
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Fig. 2 Chromatogram of AA in milk coffee
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i Chapter 22

Application of Bubbling Extraction Coupled to Gas
Chromatography Mass Spectrometry in Food Analysis

Yuaniji Gao, Lei He, Lijuan Zhao, and Quan He

Abstract

In recent years, occurrence of selective enrichment of organic matter and partial concentration of inorganic
components by gaseous microbubbles in nature has necessitated development of various bubbling extrac-
tion systems. Particularly, bubbling extraction can promote transfer of solutes from a liquid to gas phase.
Moreover, different carrier gases as well as coupling to mass spectrometer have allowed rapid analysis of
solutes. Bubbling extraction is a versatile approach for efficient preconcentration of organic solutes in
aqueous solutions. In this chapter, we describe use of bubbling extraction coupled to gas chromatography
mass spectrometric for chromatographic separation and molecular characterization, as well as effective
qualitative and quantitative analysis of food and environmental samples, targeting their chemical quality,
safety, origin, and authentication. We summarize validation of the molecular masses of analytes within
complex matrices using the electron impact mass spectrometry.

Key words Food analysis, Bubbling extraction, Carbon dioxide, Mass spectrometry (MS), Electron
impact (EI)

1 Introduction

The current rapid development of economies, coupled with
improvement in living standards, has gradually increased research
in food quality. Generally, food analysis mainly focuses on assaying
lipids, proteins, carbohydrates, preservatives, flavors, colorants, and
texture modifiers, as well as vitamins, steroids, drugs, pesticide
residues, and trace elements [1]. To date, considerable efforts
have been devoted to developing rapid analytical methods for
assessing food safety and quality [2]. For example, mass spectrom-
etry (MS), an instrumental technique that measures the mass-to-
charge (m/z) ratio of an ion, has been extensively applied in food
analysis. The advantages of MS, including its high molecular sensi-
tivity, throughput, precision, and accuracy, have made it an indis-
pensable tool for food analysis. Consequently, liquid
chromatography MS (LC-MS) and gas chromatography MS

Hector Koolen (ed.), Mass Spectrometry for Food Analysis,
Methods and Protocols in Food Science, https://doi.org/10.1007/978-1-0716-2107-3_22,
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(GC-MS) are now routinely and widely used for analysis of food
and food-related samples. A typical MS analysis starts with sample
pretreatment, especially for food samples with complex matrices
and low analyte concentrations. This is because coexistence of
matrices with analytes affects accuracy and efficiency of the detec-
tion results. Currently, the most widely used sample pretreatment
techniques include solid phase extraction, liquid-liquid extraction,
and microextraction techniques. However, these approaches
require considerable analytical times as well as complex sample
and reagent preparation steps.

The newly developed bubbling extraction (BE) technique,
inspired by naturally occurring enrichment of organic solutes in
sea spray aerosol [3-8], is a versatile and practical approach for
preconcentrating and purifying analytical samples. In addition,
the generated bubbles also play a crucial role in many Champagne
or sparkling beverages and wines [9-11]. Previous studies have
shown that BE can be combined with MS to realize real-time
monitoring of food products, guaranteeing higher speeds, and
less sample preparation procedures than conventional techniques
[12-15]. Consequently, the BE-MS method is considered an
important approach for food analysis [13, 16-20], where it facil-
itates direct, rapid, and high-throughput molecular analysis of dif-
ferent food and food-related samples with minimal or no sample
preparation process. Therefore, the method offers an excellent
alternative to LC-MS and GC-MS technologies that are generally
applied in food analysis.

BE is a new method of sample pretreatment based on the
interface characteristics of bubbles. Specifically, a carrier gas is dis-
solved in the sample solution, by applying pressure and stirring,
followed by a sudden decompression or gas bubble operation,
which results in formation of a large number of bubbles in the
liquid sample that enrich the analytical material in the sample.
Uninterrupted bubbles drag surfactants along their way through
the liquid bulk phase, reach the gas-liquid interface, and finally
burst to eject aerosol microdroplets into the atmosphere. Conse-
quently, the released analytes are immediately transferred to the MS
detector, as shown in Fig. 1. The BE principle is similar to that of
adsorptive bubble separation in foaming systems [21 ]. The analytes
ions then generate MS signals, which allow these compounds to be
released in a very short time (a few seconds). Therefore, this
method has a high signal-to-noise ratio [22]. Notably, this tech-
nique relies on the relationship between peak area and sample
concentration to perform quantitative analysis. Here, the analytes
are transferred to the ion source by gas-phase extraction, which
causes minimal harm to the mass spectrometer. Existence of differ-
ent ion sources allows BE to be combined with atmospheric pres-
sure chemical ionization (APCI) [23, 24], electrospray ion source
(ESI) [25, 26], electron ionization (EI) [22, 27, 28], and other ion
sources coupled to MS, thereby increasing the range of detectable
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Fig. 1 Schematic representation of the proposed mechanism and bubble process
of chemical enrichment in BE with liquid samples

analyte species. BE can also be coupled direct MS to create a simple,
efficient, low-cost, and multi-purpose analytical strategy that can be
widely used in food analysis. In fact, this strategy guarantees excel-
lent identification and quantitative analysis of trace analytes in
complex matrices. Coupling BE with MS allows combining of
advantages from both techniques, thereby generating a technique
that is very sensitive, and suitable for determination of ultra-trace
levels of analytes that reaches down to pg/mL concentrations.

In this chapter, we describe coupling of BE and ionization
methods used for MS measurements of foods samples using a
suitable interface, then discuss the steps of sample preparation,
optimization of spectrometric parameters, analysis, and
quantification.

2 Materials

All solutions are prepared using HPLC-grade reagents and ultra-
pure water with a resistivity of 18 MQ cm at 25 °C. Unless other-
wise specified, all reagents and prepared solutions are stored at
room temperature. Follow all waste disposal regulations when
disposing waste materials. As well, all experimental steps are per-
formed in accordance with laboratory safety regulations.



296 Yuanji Gao et al.

2.1 Equipment 1. Analytical balance.
and Supplies 2. Eppendorf pipettors of 1-10 pL, 20-200 pL, and
100-1000 pL.
3. Measuring cylinders of 10 mL and 50 mL.
4. Eppendorf tubes of 1.5 mL, 5 mL, and 10 mL.
5. Sample vials of 40 mL.
6. GC glass vials of 2 mL.
7. Water purification system (UPW-10NT).
8. BE system: an automated EST Analytical purge and trap unit
(Centurion WS, LGX50, OH, USA) (see Note 1).
9. 7000C Triple Quadrupole GC-MS system (Agilent Technolo-

gies, Palo Alto, CA, USA) with electron ionization (EI) source
(see Note 2).

10. BE system coupled with GC injector (see Note 3 and Fig. 2).

11. 30 m DB-1MS GC column (0.32 mm ID, 0.25 pm film; J&W
Scientific, Folsom, CA, USA) consisting of 100% dimethyl
polysiloxane (Agilent Technologies) (see Note 4).

12. 50 mm Pac CS5A Anion column (4 mm DI).
13. Trapping device (see Note 5).

14. Splitinjection liner (Agilent Technologies, cat.no. 5190-3165)
(see Note 6).

15. Syringe (CTC 10 pl, Combi/GC-Pal, cat.no. G6500-80116).

16. Inductively coupled plasma-mass spectrometry (ICP-MS)
(Agilent, 8900) (see Note 7).

17. Ton chromatography (Thermo Scientific Dionex ICS-1100)
(see Note 7).

Fig. 2 Bubbling system coupled with GC injector



2.2 Solvents
and Chemical
Reagents

2.3 Software
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1.

HPLC-grade methanol (Darmstadt, Germany). Store at room
temperature.

. HPLC-grade acetone (Darmstadt, Germany). Store at room

temperature.

. HPLC-grade dichloromethane (Darmstadt, Germany). Store

at room temperature.

4. Extra-pure sodium chloride (NaCl).

92

10.

11.

12.
13.
14.

. Hydroxide eluent: 20 mM.

. Stock standard solution: a dichloromethane solution contain-

ing 8 polycyclic aromatic hydrocarbons (PAHs) (2000 mg/L
each), including naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, fluorine, pyrene, and chrysene. Dilute
stock standard solution to 10 and 100 pg/mL with methanol/
dichloromethane (1:1, v/v). Store them at —20 °C (se¢ Note
8).

. Stock internal standard (IS) solutions: three ISs, naphthalene-

dg, acenaphthylene-4, o, and fluorene-d; are used (1000 mg/
L each, dissolved in acetone). Dilute stock IS solutions to
10 pg/mL with acetone. Store them at —20 °C (see Note 8).

. Helium, nitrogen, argon, carbon dioxide (CO,), and methane

were used as BE carrier gases (see Note 9).

. Metal ions, including L4, 9Be, 23Na, 24Mg, 39K, *3Ca, *Ca,

51y, 52Cr. 55Mn, °Co, 7'Ga, 75As, 75Se, *°Rb, *3Sr, 17Ag,
1204 133¢g 137p, 205T| 206pp, 207py, “208pp, 4nd 2381] i
aqueous solutions (100 pg/mL). Store them at 4 °C.

Mixed inorganic anions including NOz~, Br—, ClI~, SO,>~, and
F~: the stock standard solution is diluted to the concentration
level of ng/mlL. Store at 4 °C.

Intermediate standard solutions are prepared from the stock
standard solutions and stored at 4 °C during the analysis week.
The intermediate standard solutions are diluted to the required
concentration before use.

Hops (Humulus Lupulus L.). Store it at —20 °C.
Lemonade bubble iced coffee. Store it at 4 °C.

Urine samples. Store at 4 °C.

. Agilent MSD ChemStation software (Agilent Technologies).
. Agilent  MassHunter GC/MS  Acquisition  version

B.07.02.1938 or subsequent (Agilent Technologies).

. Agilent MassHunter Qualitative Analysis version B.07.00 or

subsequent (Agilent Technologies).
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4. National Institute of Standards and Technology (NIST) mass
spectra library 2011.

5. EST Analytical ENCON Evolution (Rev. 4.3).

3 Methods

3.1 Prepare
Apparatus

3.2 PAHs Analysis

A common strategy for analyzing volatile organic compounds
(VOGs) is to trap them onto a sorbent material, then release
them to again gas phase prior to detection. EI source, a hard
ionization technique characterized by high sensitivity, is also widely
used in mass spectrometers and has become the standard ionization
source of GC-MS. It is widely applied in analysis of non-polar and
volatile compounds. On the other hand, high-throughput GC-MS
is a highly sensitive technique that is currently used in food sciences.
EI-MS is often used in combination with GC, for determination of
components in complex matrices, owing to its high selectivity and
sensitivity. Therefore, the combination of BE and GC-MS is the
ideal platform for analyzing VOCs in food.

All procedures are carried out at room temperature unless
otherwise specified. Aerosols emitted into the atmosphere can be
collected for laboratory analysis or in situ analyzed via different
detectors. The MS analysis of aerosols can be readily achieved in
both online (mainly for volatile and semi-volatile compounds) and
offline (mainly for nonvolatile compounds and metal ions) systems.

1. Perform the EI-MS tuning test.

2. Ensure the adequacy of water for cleaning the pipeline of
bubbling system.

3. Establish the communication between automated EST Analyt-
ical purge and trap unit and GC-MS.

4. Introduce carbon dioxide as BE carrier gas.

5. Use the blank water to remove the organic compounds that
may remain in the trap and clean the pipeline.

6. Two instruments are set on “Standby.”

—

. Using the bubbling system coupled with GC-MS, the 8 PAHs
are analyzed by a high-sensitivity triple quadrupole mass spec-
trometer in selective ion monitoring (SIM) mode (see Note 10)

and their GC retention times are recorded. The m/z values of
the 8 PAHs are presented in Table 1.

2. Set the split ratio at 1:5.

3. Set the temperature gradient for the column oven: 0-2 min,
80 °C; 2—7 min, 80-180 °C; 7-12 min, 180 °C; 12-23 min,
180-290 °C; 23-31 min, 290 °C.

4. Set a constant flow rate of the carrier gas helium at 1.5 mL /min
through the column.
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Table 1

The quantification and confirmation ions of the 8 PAHs

Analytes Structure  Quantitative ion (m/2) Qualitative ion (m/2) IS
Naphthalene 128 108, 154 Naphthalene-dg
cenaphthylene , cenaphthylene-4
Acenaphthyl OOO 152 151, 153 Acenaphthylene-4
Acenaphthene OO 154 153, 152 Acenaphthylene-4,
o
Fluorene 0.0 166 165, 167 Acenaphthylene-4
Phenanthrene 178 179,176 Fluorene-d; o
Fluoranthene G ’0 202 200, 203 Fluorene-d; g
Pyrene 202 200, 203 Fluorene-d;
@
Chrysene OO 228 226,229 Fluorene-d;

(921

N

11.

12.

13.

. Set injector and transfer line temperatures at 280 °C and

300 °C, respectively.

. Filament source, 230 °C; electron ionization energy, 70 eV.

. PAHs were detected using the triple quadruple mass spectrom-

eter in SIM mode (Table 1).

. Parameters are optimized using a single-factor method for

detecting 8 PAHs. Optimized parameters: bubbling time,
15 min; CO; flow rate, 100 mL/min; extraction temperature,
50 °C; NaCl, 4.0 g.

Prepare the working standard solutions containing PAHs
and ISs: the concentration of PAHs is set at a concentration
range of 10-100 pg/L meanwhile the spiked ISs are set at a
concentration of 20 pg/L. Store them at 4 °C.

. Briefly, analytes extracted in microbubble are fully gasified at

high-temperature GC inlet, and then introduced into an
EI-MS for qualitative and quantitative analysis. A representa-
tive scheme of coupling BE with GC-EI-MS is shown in Fig. 3.

CO; (purity > 99.999%) is used as BE carrier gas (se¢c Note
11).

Eight PAHs in ultrapure water and 4—6 g NaCl were qualita-
tively and quantitatively analyzed (see Note 12).

A prepared water sample (5 mL) is transferred to the U-type
chamber. Uninterrupted CO, bubbles are introduced through
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Fig. 3 A schematic representation of the entire experimental setup of carbon dioxide bubbling extraction
system (CDBES). Arrows indicate direction of the gaseous flow. Reprinted with permission from [22]. Copyright
(2020) American Chemical Society

14.

15.

16.

17.

18.

19.

20.

100-pm micropores at the bottom of the sample solution. The
bubbling time and temperature are iteratively optimized. After
the extraction is completed, trace analytes in the water sample
are desorbed and introduced into GC-MS for analysis (sec Note
13).

Under the optimal BE conditions, the performance of the
extraction method for 8 PAHs is evaluated by measuring line-
arity and precision (see Note 14). Analyze the working stan-
dard solution (50 pg/L) throughout the whole analysis cycle
to evaluate the stability and performance of the system.

The analytical parameters, such as limits of detection (LODs)
and limits of quantification (LOQs), are determined according
to Knoll’s definition [29 ] with the solutions of PAHs (see Note
15).

Add water sample to the U-type chamber, uninterrupted CO,
microbubbles are introduced at the bottom of the sample
solution (see Note 16). The ISs should be added to the water
before BE to compensate for sample loss.

Before next use, U-type chamber is cleaned with hot ultrapure
water for several times (see Note 17).

Add water-suspended soil sample to a sample vessel, continu-
ous CO, bubbles are introduced from the probe tip for BE
process (see Note 18). The ISs should be added to the soil
before BE to compensate for sample loss.

Before next use, sample vessel and probe are cleaned with hot
ultrapure water for several times (see Note 17).

Calibration curves are established using the regression analysis:
y= ax+ b, where yrepresents the ratio of the peak areas of PAH
to IS while x represents the concentration of the
investigated PAH.
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3.3 Volatiles in Real
Samples

3.4 Metallic Element
Analysis

1.

10.

11.

12.

13.

The measurements are performed with helium in split mode
using different split ratios: 1:50 for hops, 1:20 for lemonade
bubble iced coffee, and 1:3 for urine samples.

Set the temperature gradient for the column oven: 0—2 min,
35 °C; 2—19 min, 35—-290 °C.

. Set injector and transfer line temperatures at 250 °C and

270 °C, respectively.

Set a constant flow rate of the carrier gas helium at 0.8 mL/min
through the column.

. Configure the electron impact ionization operating parameters

as follows: 230 °C for the filament source and 70 eV of electron
ionization energy.

Set the mass range window at 39—400 m/ z.

Under the optimal experimental conditions except for the
NaCl, urine sample is added into the U-type chamber, and
CO,-based bubbles are constantly introduced through
100-pm micropores at the bottom of the sample solution (see
Note 19).

. Before next use, the sample chamber and probe are cleaned

with hot ultrapure water for several times (see Note 17).

The lemonade bubble iced coffee is added into the sample
vessel, continuous CO, microbubbles are introduced from
the probe tip for the BE process (see Note 20).

Before next use, sample probe was cleaned with hot ultrapure
water for several times (see Note 17).

Hops are pulverized, dissolved in distilled water, filtrated, and
finally added into the sample vessel, and continuous CO,
microbubbles are introduced from the probe tip for BE process
(see Note 21).

Before next use, the sample vessel and probe are cleaned with
hot ultrapure water for several times (sec Note 17).

The 2011 National Institute of Standards and Technology
(NIST11; National Institute of Standards and Technology,
Gaithersburg, MD, United States) library is used to identify
compounds, and only those with certainty greater than 55% are
reported.

Apart from organic analytes, the BE technique, coupled to
ICP-MS, has also been applied in extraction of heavy metal ions.

1.

2.

Prepare heavy metal ion solution at the concentration level of
ng/mL and transfer it into the U-type chamber.

Constant introduction of gas microbubbles through micro-
pores at the bottom of the sample solution.
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3.5 Inorganic Anion
Capture

3.

Recycling and filtration of sample solutions by a microporous
membrane.

4. Analysis of the recycled solutions via ICP-MS.

5.

Compare the measured concentration with the original con-
centration. Removal efficiency (RE) of heavy metal ions con-
centrations can be obtained by the Eq. 1:

Csam ple — Cresidual
RE ="M

x 100% (1)
Csamplc
where Cgymple represents the origin sample concentration, while

Cresidual Mmeans residual sample concentration after BE process
(see Note 22).

. The trace metal ions remaining in the inner wall of the pipe and

U-type chamber were cleaned with hot ultrapure water for
several times.

The BE technique coupled to IC can also be applied in the extrac-
tion of inorganic anion.

1.

Preparation of inorganic anion solution at ng/mL concentra-
tion level and transfer it in the U-type chamber.

. Constant introduction of gas microbubbles through micro-

pores at the bottom of the sample solution.

. Recycling and filtration of sample solutions by a microporous

membrane.

. Set parameters as follows: Flow rate, 1.3 mL/min; sample

volume, 25 pL; current, 50 mA.

. Analysis of the recycled solutions via IC.

. Compare the measured concentration with the original con-

centration. Removal efficiency (RE) of inorganic anion can be
obtained by the Eq. 1.

The trace metal ions remaining in the inner wall of the pipe and
U-type chamber were cleaned with hot ultrapure water for
several times.

4 Notes

. Other models are also acceptable as long as they are compatible

with GC-MS.

The mass spectrometer operated in the EI mode is set as
follows: quadrupole temperature, 150 °C; injector tempera-
ture, 230-280 °C; transfer line temperature, 250-300 °C;
electron beam energy, 70 ¢V; and ion source temperature,
200-250 °C. Suitable split ratios are chosen and adjusted
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10.
11.

12.

13.

14.

according to the sample concentration. Either a full scan mode
or selected ion monitoring modes can be used. The monitoring
interval is selected according to the target analytes. The tem-
perature of transfer line is generally 10-20 °C higher than that
of GC injector.

. The desorption outlet of bubbling system should be connected

to the GC injector via a stainless-steel tube (see Fig. 2).

The column size should match GC-MS. Columns with differ-
ent filling materials are selected according to the type of the
compounds to be analyzed. To select an appropriate GC col-
umn, it is important to consider both the polarity and types of
analytes. Generally, the maximum oven temperature generally
should not exceed the maximum tolerated temperature of the
column.

. Trapping materials can take a variety of forms depending on

analytes type.

. The injection liner with glass hairs to ensure full ionization of

analytes.

The ICP-MS and IC instruments are performed according to
common conditions.

. The configuration steps should be performed in a chemical

fume hood. In addition, standard solutions should also be
configured in regular volumetric flasks.

Other inert gases can also be used as carrier gases for BE.
The 8 PAHs can also be analyzed using a full scan mode.

The corresponding standard solution is prepared at different
concentrations ranging from 1.0 to 50 pM.

The online system requires a carrier gas that has >99.999%
purity, whereas the offline system has no purity requirements.
The BE carrier gas is set at a flow rate and pressure of
10-100 mL/min and 20-100 psi pressure, respectively.

The volatile /semivolatile analytes are extracted by CO, micro-
bubbles from aqueous solution at 40-90 °C for 0.1-30 min
and then absorbed onto the Trap through a moisture removal
trap (MoRT). The trapped components are desorbed at
240-265 °C for 3.0 min and transferred online to GC-MS
for analysis. In addition, blank samples are analyzed likewise
to identify false positives as well as chemical contamination.
During the validation process for food samples, several analyti-
cal parameters, such as stability, recovery, LOD, LOQ, relative
standard deviation, and linear relationship, are evaluated.

The method precision is measured using the concentrations
within the linear range for sextuplicated tests.
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15.

16.

17.

18.

19.

20.

The LODs are based on a signal-to-noise ratio (SNR) of 3, and
the LOQs are based on an SNR of 10.

All water samples should be filtered through 0.22 pm micro-
porous membrane.

During each GC-MS measurement cycle, the sampling needle,
loop, and U-type chamber should be cleaned with hot water
(90 °C). The trap is also heated at 250 °C for 8.0 min. These
procedures are sufficient to clean the purge system for
subsequent measurements. The dry purge step is set to
2.0 min to remove water trapped on the sorbent.

Soil samples need to be crushed and suspended in water, and
the amount should be less than 1.0 g to protect the probe from
contamination.

Urine samples are collected from healthy/diseased volunteers
and should be analyzed within 12 h after collection to avoid
biodegradation. Urine contains numerous inorganic salt ions,
which are harmful to chromatographic column and mass spec-
trometer. In addition, the content of organic components is
low. Therefore, the experiments should be conducted at low
split ratios. In addition, the analysis of urine sample can be
achieved using an offline process: (1) generation of bursting
bubbles in urine sample by feeding gas through an air diffuser;
(2) collection of the bursting bubble aerosol droplets; and
(3) analysis of the collected aerosols and bulk solutions by
direct-infusion EI-MS.

The lemonade bubble iced coffee can be obtained from a local
Kentucky Fried Chicken shop.

Collect plate

.
.
te o
.3

| st
Aerogel Droplets — U
©
0 O
GC-MS +—
2 O O
Collect vial O
O
O
o 0Cp

Compressed gas

Fig. 4 Profile of the apparatus used for generation and collection of aerogel
droplets. Gas is fed through the porous surface at the bottom of the aqueous
analyte solution
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The hops can be purchased from the local market.

Microbubbles can also be produced in solution by passing gas

through an air diffuser, as shown in Fig. 4. The metal ions in
solution can be identified by collecting aerosol droplets.
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Aroma Analysis by Proton Transfer Reaction-Mass
Spectrometry

Jonathan Beauchamp, Franco Biasioli, and Patrick Silcock

Abstract

Proton transfer reaction-mass spectrometry (PTR-MS) is a quantitative analytical technique for the online
detection of gas-phase volatile organic compounds (VOCs), among them aroma compounds, over a broad
dynamic range and down to ultra-trace concentrations. Its rapid detection capabilities and high sensitivity
make it an ideal tool in food science for various applications, ranging from flavor release studies (in vivo and
in vitro), characterizing food spoilage, maturation and/or processing via volatile markers, or for high-
throughput mass spectral fingerprinting of food headspace. This protocol describes the general use of
PTR-MS for food flavor analysis, with three highlighted applications: dynamic headspace analysis, high-
throughput static headspace analysis by use of an autosampler, and nosespace analysis for in vivo aroma
release during food consumption.

Key words Headspace analysis, Nosespace analysis, In vivo, Aroma release, Chemical ionization mass
spectrometry, Online analysis, Volatile organic compounds, High-throughput, Autosampler,
Fingerprinting

1 Introduction

The flavor of foods and beverages is characterized by the composi-
tion of their constituent aroma compounds and taste components.
While the latter elicit the five taste impressions—sweet, salty, bitter,
sour, and umami—via receptors on the tongue, the volatile fraction
imparts the characteristic aroma through their detection by olfac-
tory receptors located in the nasal epithelium. These aroma com-
pounds transition from the food or beverage into the gas-phase and
are subsequently directed to the olfactory cleft via either the ortho-
nasal (through the nostrils) or retronasal (via the oronasopharynx)
routes. Foods readily release these volatile compounds, which
impart their distinctive aroma, and are further liberated during
food oral processing to elicit characteristic flavor impressions [1].
Elucidating the chemical identity of an aroma-active com-
pound can be achieved by analytical means. This can be undertaken
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through use of gas chromatography-mass spectrometry/olfacto-
metry (GC-MS/O), which offers a comprehensive deconstruction
of the volatile fraction of a food matrix (see Chap. 13). Due to the
dynamic and transient nature of flavor release processes, however,
their analytical characterization requires a tool that allows for con-
tinuous analysis with a high time resolution. Proton transfer
reaction-mass spectrometry (PTR-MS) is a direct injection tech-
nique that exhibits sufficient technical features to allow the real-
time analysis of aroma compound release from food, i.e., online
measurements with high temporal resolution, low detection limits,
and a broad dynamic range. The technique was developed in the
mid-1990s [2] and has been used extensively in food science for
various applications, including mass spectral fingerprinting, online
analysis of dynamic flavor release processes, and linking in vivo
flavor release to sensory perception, among other topics [3-5].

There is an abundance of technical papers that present and
discuss the operating principles of PTR-MS [2, 3, 6], but a brief
overview is given here. In short, the technique utilizes soft chemical
ionization of volatile organic compounds (VOCs) by proton trans-
fer reactions from protonated water (H,O-H"). Due to the rela-
tively low ionization energy (1-2 eV, compared to 70 ¢V commonly
established in electron ionization, as used in GC-MS), the degree of
fragmentation of the target analyte (aroma compound) is typically
low, often with the protonated molecule (M-H") representing the
most abundant product ion. Accordingly, the detection of that
individual product provides quantitative information of its abun-
dance in a sample gas. The generation of the protonated water
primary ions takes place in an ion source (typically a hollow cathode
discharge), and these are continuously injected into a reaction
chamber (drift tube). Sample gas containing VOCs for analysis is
fed into the drift tube and proton transfer reactions occur upon
collision between the primary ions and the neutral VOCs, leading
to the protonation of the VOCs (generation of M-H" and poten-
tially some fragments and /or clusters, depending on the molecule
and PTR-MS operating conditions). A prerequisite of this reaction
is that the proton affinity of the VOC is higher than that of water
(165 kcal/mol) [2], which is true for most aroma compounds.
Upon ionization, the (protonated) VOCs are directed along the
drift tube towards the mass spectrometer, where they are subse-
quently separated according to the ratio of their mass-to-charge
(m/z) and detected.

As with other technologies, PTR-MS has evolved since its early
days and now boast detection limits of the single-digit ppt, levels or
lower, and high sensitivities of several thousand counts-per-second
per ppb, [7]. Notably, the original quadrupole mass filter
(PTR-QMS instruments) has been replaced with a time-of-flight
mass spectrometer (TOF-MS), leading to a remarkable improve-
ment in m/z detection rates and previously impossible isobaric
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compound separation capability [8]. Further, peripheral equip-
ment, such as fast gas chromatography (fastGC) [9], a calibration
system for use with bespoke solutions [10] and the coupling to an
autosampler [11, 12] have opened up new possibilities for food
flavor studies using PTR-TOF-MS [13, 14]. This protocol paper
will center on PTR-TOF-MS although notes on PTR-QMS are
included for completeness. Three focal applications are
described here: dynamic headspace analysis [15-17], high-
throughput static headspace analysis using an autosampler [11],
and nosespace analysis for in vivo aroma release during food con-
sumption [ 18-20]. Data processing is an essential and complex part
of PTR-MS analysis but is beyond the scope of this protocol and is
therefore not included; the reader is referred to the literature for
further insights on this aspect of PTR-MS analysis [21, 22].

2 Materials

2.1 Laboratory
Equipment

The materials required for the analysis of aroma release from a food
sample will vary according to the food or beverage, analytical
configuration, and the target of the research. The following
protocol centers on three representative cases of analyzing aroma
release.

The chosen sampling receptacle(s) must meet the requirements of
dynamic or static headspace analysis. In dynamic headspace analysis,
the receptacle must have two sampling ports for the purge gas and
sampling connection, respectively; further, it should be inert to
minimize adsorption of VOCs to the inner surfaces (see Note 1).
Examples are perfluoroalkoxy alkane (PFA) beakers (e.g., from
Savillex, Eden Prairie, MN), glass bottles (e.g., from Schott AG,
Mainz, Germany), or large passivated stainless steel beakers (e.g.,
DHS L containers, Gerstel, Miilheim an der Ruhr, Germany).
Sampling lines to the PTR-MS instrument should be similarly
inert, either PFA, polyether ether ketone (PEEK), or passivated
stainless steel (e.g., Silcosteel or Sulfinert, Restek, Bellefonte, PA)
(see Note 1). In static headspace analysis, the implementation of an
autosampler typically requires the use of glass vials, as are used in
gas chromatography (e.g., for low-volume processed or liquid
samples), typically 20 mL or larger, equipped with pierceable
septa. The autosampler is equipped with a gas-tight syringe, typi-
cally heated, for transferring the sample gas in the vial headspace to
the PTR-MS instrument.

In static headspace analysis, it is important that a reproducible
equilibrium in the headspace is reached. This might require that the
sample is heated prior to and/or during analysis. This can be
achieved by various means, for example, a laboratory oven or
incubator with access ports for sampling, a water bath, or hotplate,
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2.2 Q@as Supplies

2.3 Instrumentation

2.3.1 Operating
Requirements
and Maintenance

2.3.2 Operating
Parameters

or bespoke autosampler heating systems for sample vials. Sample
agitators and/or stirrers might also be of use, depending on the
application. Further, achieving equilibrium between the food sam-
ple and its headspace gas in the receptacle takes time, the duration
of which depends on their respective volumes (as well as tempera-
ture, and the nature of the sample) (sec Note 2).

Dynamic headspace analysis requires a constant supply of gas into
the sampling receptacle for continuous sampling by PTR-MS. Syn-
thetic air or nitrogen are suitable for most applications. Ideally, the
gas should be scrubbed /purified before being purged through the
sampling receptacle, which is referred to as zero-air. This can be
achieved by use of a charcoal filter or a catalytic VOC scrubber (e.g.,
that utilizes Pt/Pd at high temperature) (se¢ Note 3). Vials used in
static headspace analysis can be similarly purged with zero-air.

Several commercial PTR-MS instruments are available on the mar-
ket. Although different instruments have common and similar
operating parameters, this protocol paper will be based on the
implementation of a PTR-TOF 8000 model instrument (IONI-
CON Analytik, Innsbruck, Austria).

The operating requirements of a PTR-TOF-MS instrument
(or PTR-QMS) are low, comprising only a mains electricity supply
(see Note 4) and ultra-pure water (see Note 5). No additional
carrier or make-up gases are required (with the exception of when
operating in switchable reagent ion mode; see Note 6). Routine
maintenance (see Note 7) is mostly limited to occasionally cleaning
the hollow cathode ion source (once or twice per year, depending
on use).

The PTR-MS operating parameters should be set according to the
application and/or target analytes (aroma compounds) of interest.
The drift tube (reaction chamber) settings determine the reaction
energies, thus they have a direct influence on the degree of frag-
mentation or cluster generation during the proton transfer reaction
(see Notes 8 and 9). Other instrument settings can influence the
abundance of primary ions in the ion source and their distribution
in the drift tube (see Notes 10-12). For comparability of datasets, it
is important that drift voltage (Uy), drift temperature (7y), and
drift pressure ( p4) remain consistent across all measurements. Sim-
ilarly, if the instrument has been calibrated for the target analytes
[23], then sensitivity values derived from these calibrations can only
be applied to subsequent measurements if the operating parameters
are kept identical for the calibration and the measurements. An
alternative to calibration is to use empirically- or theoretically-
derived reaction rate coefficients [24].
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Once the PTR-MS operating parameters are set according to the
application and /or target analytes, the parameters for data acquisi-
tion can be established. PTR-TOE-MS ofters the advantage (over
PTR-QMS) of detecting all ion signals within the specified mass
spectral (m/z) range, without the need for a priori selection of
individual signals, providing more comprehensive datasets with
shorter measurement intervals. An important aspect of PTR-
TOF-MS analysis is that the mass scale is calibrated at regular
intervals (see Note 13). Further technical details of data acquisition
rates and settings, as well as dead-time correction and other nuan-
ces relating to PTR-TOFE-MS, are treated in the literature [25-27].

Choosing an appropriate cycle time for measurements depends
on the application (se¢ Note 14). Further, in dynamic headspace
analysis, e.g., of aroma release, the gas exchange time in the sam-
pling receptacle should be taken into account (sez Note 15).

Some optional equipment might be useful, depending on the
application, for instance a sensor/data logger for relative humidity
and/or temperature. Peripheral equipment that is particularly use-
ful are the systems that generate reference mixtures of volatile
compounds for calibration or comparison [9, 23] and, in general,
gas handling or dilution systems.

3 Methods

3.1 Sample
Preparation

3.2 Dynamic
Headspace Analysis

The procedures described in the following focus on three applica-
tions: dynamic headspace analysis of aroma release from a food
sample, high-throughput static headspace analysis using an auto-
sampler, and nosepace analysis of in vivo aroma release.

Sample pretreatment, if necessary, is unique to the application, thus
no guidelines can be given here. Sample pretreatment might
include mechanical processing, e.g., grinding, cutting, scoring (see
Note 16), or matrix modification, e.g., creating a suspension in
(purified) water or adding NaCl to promote salting out. It is worthy
of mention that a homogenous preparation of all samples is crucial
in headspace experiments because contaminations and different
processing can lead to artifacts.

1. Connect the purge gas and the PTR-MS sampling inlet to the
gas ports of the (empty) sampling receptacle.

2. Analyze the empty receptacle prior to adding the (food) sam-
ple; this provides important quantitative data on the back-
ground levels of VOCs (and target analytes) (se¢ Note 17).

3. Add the sample to the receptacle and close the receptacle.
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3.3 High-Throughput
Static Headspace
Analysis

3.4 Nosespace
Analysis

4.

Commence analysis by PTR-MS; quantitative and qualitative
changes in VOCs can be directly monitored (in real-time) via
the PTR-MS data acquisition viewer software.

. Continue PTR-MS dynamic headspace analysis for the

required duration, according to the application and research
target.

Repeat with further samples, as necessary.

Connect the PTR-MS sampling inlet to the autosampler sam-
pling interface (typically a gas-tight syringe controlled by the
autosampler).

. Connect the electrical input/output interface of the autosam-

pler to the PTR-MS to trigger the acquisition when a sample is
ready.

Load the samples (vials) onto the autosampler trays at con-
trolled temperature (typically the sample storage temperature
before analysis, e.g., 4 °C). Randomization of sample order and
addition of blank and reference samples is recommended to
minimize systematic bias and account for variability.

. Set the autosampler procedure as follows: (i) trigger PTR-MS

acquisition; (ii) load a sample for a given time on a heated tray
(e.g., the heated tray could be at 37 °C and the loading time
could be 30 min) (see Note 18); (iii) move the sample to the
measuring station; (iv) pierce the septum on the vial cap with
the syringe connected to the PTR-MS (alternative configura-
tions exist; see Note 19); (v) purge the headspace for a given
short time, e.g., 30 s; (vi) disconnect the syringe; (vii) stop
PTR-MS data acquisition; wait for a short period (typically a
few min) to avoid memory effects.

Run the autosampler procedure for all samples.

. Based on the autosampler generated log file, generate for each

sample a data matrix of the concentrations of all detected peaks
and proceed with data analysis (see Note 20).

. Connect an appropriate nosepiece interface to the PTR-MS

sampling inlet. Depending on the compounds of interest, a
passive glass nosepiece will suffice, but a heated nosepiece con-
structed from passivated materials will minimize losses and
carry-over effects, which is beneficial for characterizing the
fast changes occurring at a breath-by-breath frequency (see
Notes 1 and 21).

Start PTR-MS acquisition at a suitable rate (e.g., 2 spectra/s,
see Note 14): ambient (laboratory) air will be sampled and
represents the background (baseline). Due to the high concen-
tration of carbon dioxide (CO,) in exhaled breath (~5%), this



Aroma Analysis by Proton Transfer Reaction-Mass Spectrometry 313

elicits a signal in PTR-MS (see Note 22), which can be used to
trace the exhalation profiles; endogenous acetone (detected at
m/z59.049) can be similarly used an alternative or additional
breath tracker.

. The panelist should insert the nosepiece into the nostrils,

assume a comfortable (sedentary) position, and breathe nor-
mally through the nose; the aroma compounds in the panelist’s
exhaled breath will be sampled by PTR-MS (this is termed
nosespace).

. The volunteer should then take the food or beverage sample

into their mouth and consume it according to a free or fixed
oral processing (e.g., specified breathing, chewing, and/or
swallowing procedure) protocol, with the nosepiece sampling
interface still in position at their nostrils: the nosespace will be
sampled and analyzed, as in step 3. After sample mastication,
the panelist can either expectorate or swallow the sample,
depending on the needs of the analysis and/or the nature of
the sample.

. Record the times of all relevant phases/events: sample in

mouth, partial swallows, final swallow or expectoration, etc.

. Stop the measurement at a suitable duration after swallowing/

expectoration.

. The release curves can be evaluated directly or, more com-

monly, after extracting release parameters, such as area under
the curve (AUC), maximum concentration (I.,), time to
reach maximum concentration (%, ), as well as others. (Nose-
space analyses using PTR-MS are often accompanied by sen-
sory perception methods, e.g., time intensity or temporal
dominance of sensation (TDS), allowing for correlations
between quantitative and dynamic in vivo aroma release data
from PTR-MS and sensory impressions reported by the pane-
lists [28-30].

. Proceed with data analysis.

4 Notes

. Choosing a sampling receptacle made from inert materials,

such as perfluoroalkoxy alkane (PFA) or glass, is essential to
minimize adsorption of VOCs on the inner surfaces and reduce
memory effects and carry-over between samples. Sampling
receptacles may be baked at >120 °C (depending on the prop-
erties of the material) for up to 12 h (e.g., overnight) to reduce
the concentration of adsorbed VOCs. Further, it is important
that sampling lines and connections downstream of the sample
receptacle are inert to avoid similar problems with adsorption
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and memory effects. Use of metal fittings (stainless steel or
brass) are not recommended, unless these have been specially
treated (e.g., passivated). Appropriate choices for sampling
lines are Silcosteel” (Restek, Bellafonte, PA), polyether ether
ketone (PEEK), or PFA (the former two are preferable to the
latter).

. Optimum equilibration times for static headspace analysis are

best ascertained in pre-trials in which the duration is varied for
sample replicates and the target compounds are quantified and
compared between the conditions. A typical equilibration time
for a 20 mL vial held at room temperature is around
15-20 min.

. When purifying the supply/purge gas, it is important to note

that use of a charcoal filter will also remove water vapor (to a
degree), thus the purge gas will be drier (i.e., will have a lower
relative humidity) downstream of the filter than upstream. This
is not the case when using a Pt/Pd scrubber, whereby water
vapor passes through the device and the sample gas humidity
remains unaffected.

. Due to the high vacuum in the detection system, it is recom-

mended that the PTR-MS instrument is connected to an unin-
terruptable power supply (UPS). This avoids instrument
downtime (and damage) in power failure events and has the
additional advantage of smoothing the alternating current
(AC) supply (suppression of peaks that might damage sensitive
electronic circuitry).

. Ultra-pure water is supplied via an internal reservoir as water

vapor to the hollow cathode ion source for the generation of
hydronium primary ions; the reservoir has a fill capacity of
0.5-1 L and, depending on operating time, typically requires
refilling only once or twice per year.

. The switchable reagent ion (SRI) configuration allows

PTR-MS to operate with alternative primary ions to proto-
nated water, for instance, O," or NO', among others
[31]. Reactions proceed via electron transfer, and this offers
the ability to detect some compounds that do not undergo
proton transfer reactions with hydronium, such as many
alkanes and alkenes, but also compounds whose proton affinity
is close to that of water (e.g., formaldehyde). In the case of SRI
configuration, an external gas supply (high purity O,, either
5.0 or 6.0, for O," or a mixture of high purity O, and N,
for NO* mode) is required for the hollow cathode ion source,
in order to generate the respective primary ions.

. Other less-frequent maintenance is common to all mass spec-

trometers: replacement of membranes on the backing pump,
lubricant reservoir replacement for the turbo molecular pumps,
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11.

replacement of the detector (multi-channel plate, MCP, in
PTR-TOF-MS; secondary electron multiplier, SEM, in
PTR-QMS).

. Proton transfer reactions in the PTR-MS drift tube are con-

trolled by three parameters: the drift voltage (Uy), drift tem-
perature (71y), and drift pressure (pq). These determine the
electric field (E) to buffer gas number density (N) in the
reaction chamber, represented by the term E/ N and quantified
by the unit Townsend (Td), whereby 1 Td = 107! V m?.
Typical settings are: Uy = 400-600 V; Ty = 60-100 °C;
P4 = 2.0-2.4 mbar, which establish an E/N range of
81-163 Td. Values beyond these ranges may also be imple-
mented under some circumstances. Common settings for fla-
vor applications are Uy = 600V, T; = 60 °C, p4 = 2.2 mbar. In
PTR-TOF-MS, the extraction voltage, Uy, influences the effi-
ciency of extraction of protonated analytes into the detection
region of the instrument. Uy, is typically set to around 35 V.

. The E/N conditions of the drift tube (see previous note)

determine the suprathermal energy of the proton transfer reac-
tions in the drift tube. Low E/ N conditions suppress fragmen-
tation but promote (water) clustering; conversely, high E/N
suppresses clustering but leads to a higher degree of fragmen-
tation; settings should be chosen according to application and
target analytes. It is important to note that the degree of
clustering and/or fragmentation can vary for the same E/N
set via different Uy, Ty, and pg configurations. For example,
although the settings Uy = 400 V, Ty = 70 °C, and
pa=2.3 mbar,and Uy =500V, T3 =60 °C, and pg = 2.0 mbar
similarly establish an E/N of 108 Td, a target analyte might
fragment to different degrees between these two conditions.

The source and source-out voltages of the hollow cathode ion
source, U and U, respectively, can be varied to increase the
abundance of hydronium and suppress the generation of O,*
(see next note). Further, increasing the hollow cathode current
(Igc) (typical range: 3-7 mA), increasing the flow of water
vapor through the ion source (typical range: 5-8 standard
cubic centimeters per minute; sccm), or altering the source
valve (typical range: 40-60%) affects the abundance and distri-
bution of primary ions.

O, ions are produced in the hollow cathode ion source from
oxygen due to a small backflow of air (sample gas) from the
drift tube. The backflow is caused by differential pumping of
the ion source. (Note that use of nitrogen as a sample carrier
gas does not lead to the production of O," due to the absence
of oxygen in the backflow.) Due to higher energies of electron
transfer reactions via O," to the target analytes and a
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12.
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corresponding higher degree of fragmentation, the abundance
of O," should be kept minimal: a rule of thumb is to maintain
O, at a level of <2% of the abundance of H3O™, as can be
monitored via their respective signals (see next note). Note that
changing the ion source voltages (U and U;,) does not aftfect
the ionization of analytes in the drift tube, apart from yielding
more or fewer analyte ions due to an increase or decrease of
primary ions generated.

Due to a high abundance of primary ions (and O, from the
hollow cathode) in the drift tube, their intensities are typically
monitored via their *O isotopes to avoid detector saturation
(i.e., achieve accurate quantitation) and extend the lifetime of
the detector. Oxygen atoms contain eight protons and have
two isotopes: one with eight neutrons (*°0); the other with
ten neutrons ('®*0). These have the exact masses
15.9949 Da and 17.9992 Da, respectively (note that the
exact mass of 'O is not 16.0 Da due to the associated mass
defect [32]). The ratio of natural abundances of these isotopes
is 0.9976:0.0020 (*°0:'*0); correspondingly, the abundance
of 1°0 is approximately 500 times (more precisely, 498.8)
greater than that of the '*O isotope. Taking H30" and O,*
as examples, their most abundant isotopes elicit signals at 7/
19.018 and m/z 31.990, respectively. Due to the aforemen-
tioned issues, their detection at their respective 'O isotopes is
necessary; these are m,/221.022 and m/z 33.994, respectively.
Note that the isotopic distribution of O, is altered due to the
presence of two oxygen atoms, i.c., 0.9952:0.0040, or a factor
248.8. Accordingly, the signals at m/z 21.022 (H30™") and
m/z 33.994 (O,") are multiplied by 500 (or 498.8) and
250 (or 248.8), respectively, to attain their corresponding
isotope-corrected abundances.

Minor physical changes in the TOF chamber (minute expan-
sion or contraction of the metal flight chamber due to thermal
changes) affect the flight distance of ions; this correspondingly
has an impact on the time of flight of ions through the cham-
ber, which is directly observable through a shift in the ion
signal position over the mass scale (shift to the left or the
right). This phenomenon can be corrected for by anchoring
the scale to the positions of two or three known ions that span
the entire mass scale (from low to high m/z). To achieve this, it
is important to select ions that are always present (at clearly
detectable and consistent abundances). An obvious choice is
the H3O™ primary ion at m/z 21.022 (see previous note) for
the low-scale end anchor point. At the upper end of the scale,
the use of a reference compound is helpful, such as achieved in
the commercial PerMaSCal system (IONICON Analytik,
Innsbruck, Austria), which provides a continuous feed of
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1,3-diiodobenzene (CgHyl,) into the reaction chamber to
elicit a stable signal at m/z203.943 [33].

Rapid data acquisition over a long period generates large data-
sets, which can compromise the processor speed of the data
acquisition computer, and quickly fill up data storage drives.
The data acquisition rate should be chosen to suit the applica-
tion. Characterizing fast processes, such as breath-by-breath
nosespace analysis of aroma release, requires sufficiently rapid
data acquisition to allow reliable measurement of maximum
m/z concentration per breath, i.e., at least several times per
second [21, 30, 34], yet longer measurement intervals are
adequate when less rapid changes are expected, for instance
when monitoring volatile food spoilage markers [35, 36]. Fur-
ther, the data acquisition rate need not be faster than the gas
exchange rate in the sampling receptacle (see next note).

When a closed receptacle is flushed with a gas, the gas exchange
rate within the receptacle is directly proportional to the flow
rate of the purge gas. Considering a receptacle of volume V'that
is purged with a gas at a flow rate F, then one gas exchange will
be completed within a time 7 = V/F. However, due to admix-
ing between the purge gas and the headspace gas, a complete
gas exchange within the sample receptacle is achieved only after
approximately 57. Accordingly, it is sufficient to set the
PTR-MS data acquisition rate (cycle time) to 57. As an exam-
ple, consider a 250 mL sample receptacle that is purged at a
rate of 500 mL/min (assuming the receptacles is empty; if it
contains a food sample, the headspace volume will be reduced
by the equivalent volume of the food sample). One gas
exchange takes 0.5 min (=7) and a complete exchange of gas
within the receptacle takes 2.5 min (57). Accordingly, it is
sufficient to choose a cycle time to match this, i.e., 2.5 min
(although shorter cycle times can nevertheless be used).

Ifa sample is to be ground into course or fine particles, this can
be achieved using a laboratory blender. However, high tem-
perature of the blades during grinding can affect the food
sample and its aroma compound composition, including
thermal-induced changes, changes of state, or protein denatur-
ation. In some cases, this can be overcome by rapidly freezing
the food sample using liquid nitrogen prior to mechanical
processing.

Chemical background can arise from adsorption of VOCs to
the wetted surfaces of the receptacle and/or sampling lines
from previous samples, as well as VOC traces in the purge
gas. Data from these background measurements can be used
to calculate the limit of detection (LOD) of the system.
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