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Preface to “Advances in Food Analysis”

The interest in innovative and advanced analytical techniques has been growing in recent years
due to the renewed necessity for analyzing complex matrices like foods. Knowing foods means being
able to elucidate their constituent composition as well as to control contamination and preserve them
from adulteration. Every single food is a very complex matrix whose chemical nature differs greatly
with regard to constituents (amino acids, polysaccharides, proteins, lipids, nucleic acids, sterols,
etc.) and concentrations, which can range from the micromole to femtomole scale. Besides the
importance of nutrient characterization, there is deep interest in the definition of food nutraceutical
properties. Another aspect of fundamental importance is the identification and quantification of
residues resulting from different processes such as cultivation, fermentation, release from packaging,
etc., in order to ensure high standards in quality assurance and process control. For all these reasons,
analytical chemistry related to food analysis is a rapidly growing research area. Constant efforts have
been devoted to developing more sensitive, fast, and cost-effective analytical methods to guarantee
the safety, quality, and traceability of foods in compliance with legislation and consumer demands.
Sample preparation is the first critical step of analysis, and innovative extraction techniques such as
supercritical fluid extraction (SFE), microwave-assisted extraction (MAE), subcritical water extraction
(SWE), QUEChERS (quick, easy, cheap, effective, rugged, and safe) methodology, ultrasound-assisted
extraction have also been applied to the extraction of food constituents. Physical techniques
employing powerful instrumentation—including spectroscopy, chromatography and electrophoresis,
biochemical analysis, and sensory analysis techniques—have replaced the old methods used at the
beginning of the 20th century. The advantages and drawbacks of each approach are always taken
into consideration. This Topical Collection provides readers with a good overview of the current
status and exciting developments in this field. It includes papers focused on modern analytical
instrumentation, new methods and their application to food science, as well as works on quality
control and safety, nutritional value, processing effects, storage, bioactivity, and so forth. We would
like to thank all contributors and colleagues who chose to publish their works here as well as the
reviewers who dedicated their time, effort, and expertise in evaluating the submissions and assuring
the high quality of the published work. We would also like to thank the publisher, MDPI, and the
editorial staff of the journal for their constant and professional support as well as for their invitation
to edit this Special Issue.

Alessandra Gentili, Chiara Fanali
Topical Collection Editors
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Abstract: A multiclass method has been developed to screen and confirm a wide range of anti-microbial
residues in muscle and milk, and validated using liquid-chromatography coupled to (low-resolution,
LR) tandem mass spectrometry (LC-QqQ). Over sixty antibiotics, belonging to ten distinct families,
were included in the method scope. The development process was rapidly concluded as a result of
two previously implemented methods. This consisted of identical sample treatments, followed by
liquid chromatography, and coupled with high-resolution (HR) mass spectrometry (LC-Q-Orbitrap).
The validation study was performed in the range between 10-1500 pgkg™! for muscles and
2-333 pg-kg™! for milk. The main performance characteristics were estimated and, then, compared to
those previously obtained with HR technique. The validity of the method transfer was ascertained
also through inter-laboratory studies.

Keywords: antibiotics; liquid chromatography mass spectrometry; milk; muscle; validation

1. Introduction

Antibiotics are widely used in livestock breeding to treat several diseases that appear in all the food
producing animal species. To guarantee public health protection, the European Union requires member
states to implement yearly monitoring plans to control the presence of antibiotic residues in food.
Therefore, surveillance should be aimed particularly at controlling compliance with the maximum
residue limits (MRLSs), fixed in Table 1 of the Annex of Regulation (EC) No 37/2010 [1]. For several
antibiotics, MRLs have been set in various matrices, such as eggs, fat, honey, kidney, liver, milk, and
muscles and still, today, new MRLs are being fixed. In the early 2000s, the liquid chromatography
coupled to tandem mass spectrometry technique (LC-QqQ) became essential in the routine analysis of
single class of veterinary drug residues in food. Indeed triple quadrupole mass spectrometry analyzers
were able to assure both greater sensitivity and selectivity than the traditional LC detectors, based on
UV-Vis and fluorescence spectroscopy. In addition, for some important classes, such as aminoglycosides
or avermectins, the need of a derivation step could be avoided. In the last ten years, the improvement
of LC-QqQ systems allowed the realization of a further step in drug residue analysis, introducing
procedures that are able to determine simultaneously more than one drug class [2-4]. As consequence,
a remarkable effort has been made to progressively replace single-class with multiclass protocols, since
this is a cost-effective way to improve the current residue control programs, thereby ensuring the
determination of a wide number of compounds, with only few methods. Reviewing the main relevant
published papers, some research groups recurred (Table 1). Among the control laboratories, the Official
Food Control Authority of Zurich (Zurich, Switzerland), the RIKILT (Wageningen, Netherlands), the

Molecules 2019, 24, 2935; doi:10.3390/molecules24162935 1 www.mdpi.com/journal/molecules
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European Union Reference Laboratory for Antimicrobial Residues in Food (EURL, Fougeres, France),
the National Institute for Agrarian and Veterinary Research (INIAV, Vila do Conde, Portugal), the
Istituto Zooprofilattico Sperimentale dell'Umbria e delle Marche (IZSUM, Perugia, Italy), the Canadian
Food Inspection Agency (Calgary, Canada), the Residue Analysis Laboratory of Laboratério Nacional
Agropecuario (LANAGRO, Porto Alegre, Brazil), and the US Department of Agriculture (USDA,
Wyndmoor, PA, USA) are mentioning.
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The universities of Barcelona (Spain), Almeria (Spain), and Athens (Greece) have been the most
active in this analytical field. LC-QqQ techniques are the most consolidated and most common
multiclass procedures for veterinary drugs. These techniques have been mainly developed using this
type of equipment [5,6,10-12,16,17,19,20,23,27]. In 2008-2009, the Official Food Control Authority of
Zurich and the Dutch RIKILT Institute proposed, for the first time, the application of high-resolution
(HR) mass spectrometry, based on time-of-flight (TOF) technology [7-9]. About three years later,
the same Laboratory of Zurich, and the research group of Almeria University developed multiclass
procedures for veterinary drugs, respectively, in meat, and milk, using LC-Orbitrap technique, a new
MS analyzer, that was commercialized in 2005 [13,29]. Later, the introduction of benchtop hybrid
high-resolution mass spectrometers (mainly, Q-TOF and Q-Orbitrap) produced further advantages in
terms of selectivity and accuracy and, accordingly, these kinds of equipment has been more commonly
applied (Table 1) [14,15,18,21,22,24-26,28,29].

Based on all the above, multiclass methods are no longer innovative procedures, and there
is interest in their wide diffusion. The possibility of easy implementation and sustainable daily
management, independent from the available LC-MS equipment. The aim of this work was to discuss
the transfer of previously developed multiclass methods for more than sixty antibiotics in meat and
milk from an LC-Q-Orbitrap platform to an LC-QqQ one [24,25]. The performance characteristics of
the new LC-QqQ methods were estimated by means of full validation studies carried out according to
European Commission Decision 2002/657/EC [30]. Finally, a comparison between the two techniques
was carried out in the light of their cost-effectiveness in routine analysis of veterinary drug residues.

2. Results and Discussion

2.1. Optimization of LC-MS/MS Conditions

The choice of analytes has been carried out using the most administered antibiotics in farm.
Only the classes of aminoglycosides and colistins were excluded, as their high polarity hampers the
chromatographic retention, based on the reversed-phase mechanism (C18 column). On the other hand,
the addition of ion-pairing agents on the mobile phase produced remarkable ion suppression, with
detrimental effects on all the other analytes [24]. The chromatographic conditions were optimized
starting from the parameters set for the LC-Q-Orbitrap methods. In order to profitably increase analyte
retention, the percentage of methanol (eluent B) was reduced from 5% down to 2% (by volume).
According to a typical reversed-phase mechanism, this change allowed us to obtain retention times of
about 0.5 min higher than the initial tested conditions (Figure S1).

The MS conditions were established without the infusion of the individual solutions of analytes,
but by setting the transitions on the basis of the ion fragments previously studied [24]. As shown
in Table 2, apart few exceptions, such as some beta-lactams ([M + Na]*), sulfanilamide ([M + H
— NH;3]*), spiramycin, neospiramycin, cefquinome, tildipirosin, tilmicosin, tulathromycin marker,
and tulathromycin ([M + 2H]**), the selected precursor ion species were generally the protonated
molecular ions (M + H]*). For macrolides, it is not uncommon for the choice of bi-charged ions to
be used as a precursor, due to their favorable abundance among the formed charged species [31].
The sample preparation was exactly the same as that previously optimized by Moretti et al. [24,25];
however, two internal standards (ISs) were replaced, in order to either, decrease costs (metacycline
instead of tetracycline-d6), or to improve the MS response (ceftiofur-d3 instead of cefadroxil-d4).
In this context, the ISs were not used for quantification purposes, but only to perform the internal
quality control by checking the success of the analytical operations, during the routine application
of the procedure as well as to monitor the run-to-run differences in the retention times [8]. For this
purpose, at the beginning of sample treatment, IS were added at 10 pg-kg™' and, before the release of
the results, the presence (S/N > 3) of all eight compounds must be verified. The analyte quantification
was achieved by matrix-matched curves (external standardization), which corrected the concentration
for the relevant recovery factor [32]. The LC-QqQ chromatograms of a blank muscle, and of the same
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spiked at 10 pg-kg™!, are reported in Figures 1 and 2, respectively. Eight representative analytes are
shown, starting from the polar metabolite of florfenicol (florfenicol amine, RT = 3.4 min) to the last
eluting compound (rifaximin, RT = 20.7 min). The analogous chromatograms are shown also for milk
(Figures 3 and 4).
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Figure 1. LC-QqQ chromatograms of a blank bovine muscle.
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Figure 2. LC-QqQ chromatograms of a spiked bovine muscle (10 p.g~kg’1).
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Figure 3. LC-QqQ chromatograms of a blank bovine milk.
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Figure 4. LC-QqQ chromatograms of a spiked bovine milk (10 pug-kg™).
2.2. Method Validation

Selectivity requirements are reported in Commission Decision 2002/657/EC [30]. The ion ratio
of the two selected transitions (Table 2), and their relative retention times (<2.5%), were checked to
confirm analyte identification. Linearity in the matrix was evaluated with five-points matrix-matched
curves: 2,10, 33, 100, and 150 pg-kg’l. Therefore, levels higher than 150 p.gvkg’l had to be tested, and
the final extract was diluted ten-fold or more, as reported in Tables S1 and S2. The linearity data are
summarized in Table S3. For several analytes, the first calibration point (2 jg-kg~!) had to be discarded,
due to the scarce response. In other more critical cases (e.g., cefacetrile in meat/muscle, tildipirosin and
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tulathromycin markers in milk) additional points have been removed. Since Commission Decision
657/2002/EC [30] does not furnish precise criteria for evaluating linearity, the “Guidance document on
analytical quality control and validation procedures for pesticide residues analysis in food and feed”
was followed [33]. The percentage deviation of the back-calculated concentrations (Cpeasured) from the
true concentrations (Cyye) was calculated (1):

(Coneasurea = Cirue)

-100 1
Ctme ( )

Deviation (%) =

Table 2. Summary of the selected reactions transitions (SRM) monitored for the sixty-four
targeted analytes.

N Amalye RO gy fecnor Podu o Collison
1 Sulfaguanidine 285 M +HJ* 215.1 195262) ;g
2 Florfenicolamine 3.20 M +H]* 248.1 ﬁg} :1‘38
3 Sulfanilamide 330 [M +H - NHg]* 156.0 19028.?1 13

Sulfanilamide-13C6 330 M + H — NH;]* 162.0 1913?1 g
4 Desacetylcephapyrin 6.80 M+ H]* 382.1 ;gég 38
5 Amoxicillin 8.30 M +H]* 366.1 i’zlli(l) ;8
6 Sulfadiazine 850 [M + HI* 2511 1560 18
7 Sulfathiazole 9.20 [M + HJ* 256.0 o s
8 Cephapyrin 9.45 M +H]* 424.1 f;g(l) ;g
9 Sulfapyridine 9.50 M + HI* 2501 1228 ig

10 Tildipirosin 9.90 [M+2H] 367.7 29881,'12 ig
11 Sulfamerazine 9.90 M +H]* 265.1 1228 %;
12 Cefquinome 10.00 [M + 2H]*"* 265.1 gﬁ ;8
13 Cefacetrile 10.15 [M + Na]*® 362.0 gggg }8
14 Cefalonium 10.50 [M + H]* 459.1 ?g;g ;8
15 Lincomycin 10.50 [M + H]* 407.2 ;ég; 28
16 Tulartilar;i(r:rycin 10.60 [M + 2H]** 289.0 iggg };
17 Thiamphenicol 10.60 M +H]* 356.0 iggjg ;g
18 Epitetracycline 10.60 M +HJ* 445.2 43%2% ég
19 Trimethoprim 10.70 [M +HJ* 291.1 i%j} gg




Molecules 2019, 24, 2935

Table 2. Cont.

N° Analyte TIfI‘::‘(‘;‘l’:) Adduct (m/z) I;;ff::f;:)r 1;::@:;2) Ercngrlg i((:i/)
20 Marbofloxacin 10.80 [M+HJ* 363.1 ;Zgi }i
21 Sulfamethazine 11.10 M +H]* 279.1 19224.11 ;é
Sulfamethazine-13C6 11.10 M +H]* 285.1 186.1 7
2 Epioxytetracycline 11.35 M +H]* 461.2 ;ggi gg
23 Norfloxacin? 11.50 [M + HJ* 320.1 ;2;? gg
24 Tetracycline 11.50 M +H]* 4452 ;g)(z)? ;g
25 Cefalexin 11.70 M +H]* 348.1 1;2(1) ;g
26 Oxytetracycline 11.80 M +H]* 461.2 ;ggi gg
27 Ciprofloxacin 11.80 M+ H]* 3321 iggi ig
28 Enrofloxacin 11.90 [M + H]* 360.2 ;;12(1) ig
Enrofloxacin -d5 11.90 M +HJ* 365.2 3214 18
29 Tulathromycin 11.90 [M + 2H]** 404.0 1?21 ig
30 Danofloxacin 11.95 [M +H]* 358.2 5231 ii
31 Cefazolin 12.00 [M +H]* 455.0 ?;2(1) ;g
32 Sulfamethoxazole 12.10 M + H]* 254.1 122(1) ig
33 Difloxacin 12.30 [M + HJ* 400.1 §§Zji ig
34 Ampicillin 1230 [M + HJ* 350.1 128(1) ig
35 Sulfamonomethoxine 12.30 M +H]* 281.1 1(5)2(1) ?6;
36 Florfenicol 12.40 M +H]* 358.0 53(1)8 ig
Florfenicol -d3 1240 [M + HJ* 361.0 241.0 16
37 Cefoperazone 12.60 M +H]* 646.1 ?Zg? ;8
38 Sarafloxacin 12.60 [M +HJ* 386.1 g;gi ;2
39  Epichlortetracycline 12.85 M +HJ* 479.1 ?gi(l) gg
40 Neospiramycin 13.40 [M +2H]** 350.2 1?21 ;8
41 Chlortetracycline 13.80 [M +HJ* 479.1 ﬁ};(l) gg
42 Spiramycin 14.05 [M + 2H]* 422.3 Zgﬁ ;8
Spiramycin -d3 14.05 [M + 2H]** 4238 174.0 20
43 Sulfadimethoxine 14.40 [M + H]* 3111 1225 ;?
44 Sulfaquinoxaline 14.80 M +H]* 301.1 1952610 g(l)
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Table 2. Cont.

N° Analyte TIfI‘::‘(‘;‘l’;‘) Adduct (m/z) I;;ic::f;:)r Iff.;’m) Ercngrlg i(ZQ/)
45 Oxolinic Acid 15.00 M +HJ* 262.1 ﬁi:g ig
46 Ceftiofur 15.10 [M +HJ* 524.0 iiég §8
Ceftiofur-d3 15.10 [M + H]* 527.0 244.1 15
Metacycline 15.15 [M + HJ* 4431 426.2 16
47 Gamithromycin 15.40 M + HJ* 7775 éig; gg
48 Tilmicosin 15.70 [M + 2H]*+ 4353 ?32;3 §8
19 Doxycycline 15.50 M +H]* 4452 g;?i ;g
50 Nalidixic Acid? 16.80 [M + H]* 233.1 123:8 gg
51 Tiamulin 17.10 [M + H]* 494.3 1?;(1) ;g
52 Penicillin G 17.15 [M + NaJ* 357.1 1:2(1) ig
Penicillin G-d7 17.15 [M + Na]* 364.0 205.2 13
53 Flumequine 17.20 M +HJ* 2621 ;ﬁ:g ?g
54 Tylosina A 17.40 [M +H]* 916.5 ;;3513 gg
55 Erythromycin 17.60 M +HJ* 734.5 ?5‘732411 gg
56 3-O-Acetyltylosin 17.75 [M + HJ* 958.5 ;;32 gg
57 Oxacillin 18.20 [M + NaJ* 424.1 ?gi(l) ig
58 Penicillin V 18.20 [M + NaJ* 373.1 gig ig
59 Cloxacillin 18.50 [M + NaJ* 458.1 ?z;g ig
60 Valnemulin 19.10 [M + HJ* 565.4 27623,i1 gg
61 Dicloxacillin 19.20 [M + NaJ* 492.0 ﬁ;g ig
62 Nafcillin 19.30 [M + HJ* 415.1 géi i’;l
63 Tilvalosin 19.45 [M + H]* 1042.6 éﬁg gg
64 Rifaximin 20.60 [M + HJ* 786.4 Zi‘é? §8

2 Acquired only in milk.

For each calibration point, it was verified that its value was not more than + 20%. As an example,
the calibration data of six analytes, belonging to different antibiotic families, are reported in Table S4
and Figures S2 and S3.

The overall recoveries and precisions data are listed in Table 3. For meat, seven validation
levels were performed in the range 10-1500 ug-kg™!, whereas, in milk, five levels were investigated
(10-333 ug-kg™!), with an additional concentration at 2 ug-kg™! to check amoxicillin, ampicillin, and
penicillin G accuracy at % MRL, as required by the Commission Decision 2002/657/EC [30]. Moreover,
in milk, two additional molecules were tested with respect to the original group of 62 compounds, that
is, the two quinolones, nalidixic acid, and norfloxacin.
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Table 3. Precision, recovery and matrix effect (muscle and milk).

Muscle Milk
Analyte ¥ CVrpooled  CVRw pooled e (%) MES (%) CVipooled  CVRwpooled  Rec (o) ME® (%)
%. (%) (% (%)
Sulfaguanidine 5.8 10 83 -14 5.0 14 61 253
Florfenicol Amine 32 6.1 85 -22 2.5 3.8 94 -13
Sulfanilamide 6.6 8.9 74 =35 58 12 66 =21
Desacetylcephapirin 7.6 7.3 76 -1 59 6.0 91 =21
Amoxicillin 4.5 6.3 64 -1 5.8 58 89 -10
Sulfadiazine 5.1 82 86 -18 48 8.6 74 -16
Sulfathiazole 5.2 8.0 83 -6 52 83 71 -15
Cephapirin 6.9 7.8 75 1 12 12 94 -5
Sulfapyridine 4.6 7.2 85 13 5.8 9.5 67 -13
Tildipirosin 6.2 10 72 -8 6.0 20 87 5
Cefquinome 6.1 7.2 97 —4 11 19 78 -16
Sulfamerazine 3.8 59 89 11 6.7 8.7 70 -13
Cefacetrile 12 13 80 -26 22 27 92 -5
Cefalonium 6.7 73 78 3 8.7 8.7 93 -6
Lincomycin 43 7.2 83 -12 2.3 44 92 30
Epitetracycline 6.2 9.2 66 22 47 7.6 96 5
Trimethoprim 34 7.8 90 -3 2.7 49 94 4
Thiamphenicol 10 11 87 -13 13 13 92 -13
Tulathromycin 5.6 8.6 81 -13 8.7 26 81 -18
marker
Marbofloxacin 6.1 7.0 87 =27 43 49 96 -11
Sulfamethazine 41 72 85 -1 7.8 14 68 -13
Epioxytetracycline 8.8 13 62 40 13 15 90 -3
Norfloxacin - - - - 7.0 8.0 94 3
Tetracycline 6.3 9.4 71 27 45 5.0 91 40
Cefalexin 6.2 8.4 64 1 6.2 6.7 90 -7
Oxytetracycline 6.7 8.1 63 10 44 52 90 1
Ciprofloxacin 7.5 8.4 81 =25 6.1 7.5 95 -10
Enrofloxacin 47 6.6 93 -16 41 5.9 99 -1
Tulathromycin 8.3 16 69 10 7.5 13 94 5
Danofloxacin 57 7.2 90 -17 42 5.0 97 3
Cefazolin 8.4 9.0 83 -8 14 14 94 =11
Sulfamethoxazole 7.7 9.7 88 -16 6.7 6.7 84 -24
Difloxacin 5.0 74 93 -15 33 42 96 -13
Ampicillin 6.6 8.0 68 -2 9.4 10 88 -10
Sulfamonomethoxine 4.6 7.4 86 0 6.4 9.9 78 -19
Florfenicol 9.8 16 90 -17 13 13 94 -28
Cefoperazone 6.8 8.4 85 -13 16 18 103 -25
Sarafloxacin 58 74 86 -26 48 6.6 99 =22
Epichlorotetracycline 9.3 13 71 65 74 11 100 22
Neospiramycin 7.8 16 67 12 7.3 12 86 13
Chlortetracycline 5.8 7.7 69 47 5.7 7.2 92 48
Spiramycin 8.4 17 74 20 45 7.6 91 21
Sulfadimethoxine 4.5 8.1 88 -12 3.9 39 90 =29
Sulfaquinoxaline 6.1 7.7 86 -26 4.6 4.8 91 —-38
Oxolinic Acid 4.9 6.7 97 4 2.6 6.6 96 -3
Ceftiofur 7.5 9.7 72 =21 6.7 7.1 95 —24
Gamithromycin 5.6 7.1 94 55 3.2 4.8 98 26
Tilmicosin 6.9 10 88 49 32 44 95 38
Doxycycline 7.0 9.5 69 1 6.6 7.4 95 10
Nalidixic Acid - - - - 3.6 6.0 94 -3
Penicillin G 7.9 9.0 85 =21 12 13 92 37
Tiamulin 9.3 13 88 -21 2.5 41 98 -5
Flumequine 43 7.3 95 -3 29 45 95 52
Tylosin A 7.7 15 85 29 2.5 4.8 96 54
Erythromycin A 49 8.6 89 =27 4.7 12 67 =21
3-O-Acetyltylosin 9.3 16 88 42 3.7 5.0 95 53
Oxacillin 6.0 11 83 -29 8.0 8.5 100 1
Penicillin V 7.9 11 85 —28 75 7.7 99 6

10
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Table 3. Cont.

Muscle Milk
CV, CV, CV, CV,
ab r,pooled Rw, pooled o, ¢ (o r,pooled Rw, pooled o, ¢ (9
Analyte KAS A Rec (%) ME € (%) KA © Rec (%) ME € (%)
Cloxacillin 8.2 11 84 =27 9.8 12 110 =25
Valnemulin 19 31 75 -26 2.7 5.4 108 55
Dicloxacillin 6.7 10 81 =25 13 13 99 -10
Nafcillin 5.0 8.2 84 -7 5.0 54 99 -19
Tylvalosin 9.0 19 93 50 54 6.9 101 90
Rifaximin 9.0 12 91 33 48 9.6 98 7

2 Nalidixic acid and norfloxacin were not included in muscle method since these antibiotics were introduced later;
b For valnemulin (muscle), cefacetrile (milk) and cefquinome (milk) the method can be used only for screening
purposes (inadequate accuracy); © Values of matrix effect (ME) in bold are considered significant (>]20|%).

In this work, the classical validation scheme (0.5 MRL, MRL and 1.5 MRL), described in Commission
Decision 2002/657/EC, was not applied. Paragraph 3.1.3. of the same decision allows the introduction
of alternative models [30] and, since the validation studies of multiclass procedures have to consider
dozens of MRLs, which can vary also in function of the animal species, the adoption of progressive
validation levels, that are equal for all the analytes, was fully justified. On the other hand, when the
Commission Decision was issued (2002), the development of multiclass procedures for the control
of veterinary drug residues was not initiated. The spiking ranges were chosen, considering, on
the one side, the reachable concentrations, and, on the other side, the relevant MRLs [1] in all the
couplings analyte/matrix. Preliminary experiments demonstrated that, at levels lower than 10 pg-kg™?,
the precision of several amphenicols, macrolides, beta-lactams, and tetracyclines became unsatisfactory.

The recovery factors (Rec) were established by comparing the peak area of each compound in
the spiked samples against the peak area in the matrix matched standards, by which the antibiotics
were added immediately prior to LC injection. The data in Table 3 summarize the average recoveries
obtained in the whole validation range. In muscles, all recoveries were higher than 70%, except the
majority of tetracyclines (62-69%), three beta-lactams (64-68%), and two macrolides (neospiramycin,
67% and tulathromycin, 69%). Analogously, in milk, recoveries higher than 70% were generally
obtained, except for the more polar sulfonamides (61-70%) and one macrolide (erythromycin A,
67%). Since the quantification was performed with an external standardization, the raw results were
always corrected for the relevant recovery factor, in order to correct the systematic error [32]. With
regard to precision, the coefficients of variations (CVs) were calculated at each validation level both,
repeatedly, and in intra-lab reproducibility conditions (CV,, and CV,R, respectively), by applying
ANOVA. Moreover the CVy,r (and CV;) were pooled to obtain an overall precision index, namely
CVWR,pooled (2)/

n —-1)CV2  + ny—1 CV2  +..(n,—1)CV?
CVwR,poaIEd = \/( ! ) ! ( ) k2 ( i ) i 2

(711—1) + (1’12—1) =+ ...

where CVyr1, CVyra ... CVyr, were the coefficients of variation at the increasing levels 1, 2 ... n; 1y,
1 ... n were the number of replicates at each level [34]. For a certain analyte, the CVig pooled give a
single estimate of precision, which can be applied to calculate decision limits (CCe) and detection
capabilities (CCB) at whatever MRL value. Therefore, the CVg pooled can also be used to obtain CCa
and CCf3, where new MRLs were fixed in Regulation 37/2010 [1], maximizing the cost-effectiveness of
the validation study. The decision limit and detection capability were calculated as follows (equations
3and 4):

CCCXMRL = MRL +1.64- CVwR,pooled -MRL (3)

CCRMrr = CCorr + 1.64 - CVyR pooted - CCoMRrL 4)

11
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In Tables S4 and S5, the MRLs of the 64 antibiotics, in various food-producing animal species, and
in bovine milk, together with the relevant CCxs and CCps, are listed. The MRLs are those reported
in the last consolidated text of Regulation 37/2010 [1,35]. In muscles, valnemulin demonstrated high
imprecision (CVyR pooled = 31%) and, therefore, for these compounds, the developed procedure could
be only used for screening purposes (Table 3). For all the other antibiotics, CVyR pooled Was always
lower than 20%. On the other hand, in milk, cefacetrile and tulathromycin marker demonstrated
insufficient precision (CVyR pooled > 22%). Matrix effects (ME%) listed in Table 3 were calculated as
follows (equation 5),

ME(%) = E’ZA—SM x 100 )

where by, and bs were the slopes of matrix matched curves, and solvent standard curves, i.e., curves
prepared in ammonium acetate 0.2 M, respectively. In the whole, although the sample purification
was scarce, the matrix effects (suppression or enhancement) were limited and very few compounds
demonstrated ME (%) higher than |50|%. This was probably because the long chromatographic run
(30.5 min) allowed the distribution of matrix-interfering compounds and analytes, from preventing
excessive bunching [26].

Since the signal-to-noise approach (S/N) is rather subjective [36], “operative” (fit for purpose)
LOD and LOQ were fixed by examining the precision at each validation level (Table S7). All the
compounds were detectable at the first concentration, i.e., 2 pgkg™! for amoxicillin, ampicillin,
and penicillin G in milk and 10 pgkg™' for all the others. The only exception was cefacetrile,
which is a scarcely ionizable molecule and, therefore, detectable and quantifiable from 33 pg-kg™! in
muscle (CV; = 13%, CVr = 14%, recovery = 76%) and only detectable in milk (insufficient precision).
A satisfactory accuracy for both amoxicillin and ampicillin was obtained at 2 pg-kg ™!, whereas penicillin
G demonstrated unsatisfactory precision at this level (CV, = 23%, CVr = 26%) and, therefore, this
beta-lactam could be quantified only starting from 10 pg-kg™ (CV; = 7.5%, CVy,r = 11%). Therefore,
penicillin G, a fundamental drug for the treatment of sub-clinical mastitis in lactating cows, could not
be quantified in milk at § MRL (2 pg-kg™") and the method was suitable only for screening purpose [30].
In Figure S4 the LC-QqQ chromatograms of these three compounds are shown in a blank milk sample
and in the same sample spiked at 2 pg-kg™'.

2.3. Comparison of LC-QqQ and LC-Q-Orbitrap Methods

Comparing the recovery factors of the methods developed in meat, similar results were always
obtained (differences < 15%), except for cefquinome, which demonstrated a higher recovery when
LC-QqQ was applied (+ 26%: 97% LR vs. 71% HR) and valnemulin which, nevertheless, was not
accurately quantifiable with the LR procedure, as discussed above. The recovery differences are
visualized in Figure S5. Examining the data of the more polar cephalosporins (desacetylcephapirin,
cephapirin, cefacetrile and cefalonium), cefquinome recovery appeared suspect (over-estimated) using
QqQ technique. Since the sample preparation protocol was the same, this difference should be
attributed to an instrumental technique. Interestingly, cefquinome co-eluted with sulfamerazine and,
in addition, accidentally their precursor ion had the same nominal mass charge ratio i.e., m/z 265
(Table 2). In our laboratory, at the beginning of the development of multiclass methods for antibiotics in
food (2014), two separate matrix-matched curves were prepared, one for beta-lactams and another for
all other analytes [24]. This measure was precautionary in order to avoid the possible negative effects of
methanol, contained in the intermediate solution of antibiotics other than beta-lactams (see Section 2.2)
on beta-lactam stability, as described in the literature [37,38]. In saying that, the artefacts in the
quantification of cefquinome and/or sulfamerazine could occur if “hidden” transitions were shared
between these two compounds. This means that a transition, monitored only for one of the two
analytes (Table 2), was shared by the other one, too. In order to verify this hypothesis, two individual
solutions (50 ng~mL‘1) were separately injected, by simultaneously monitoring the four relevant SRMs
(Figure S6). It was evident that sulfamerazine shared a “hidden” transition with cefquinome (m/z 265 >
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m/z 199—Tleft side of Figure S6), but also viceversa (1m/z 265 > m/z 156—right side of Figure S6). For
sulfamerazine the fragment ion species at 1/z 199 was formed by the rearrangement ion, by losing
H,S0; from the protonated molecule [39]. On the other hand, for cefquinome, the ion mm/z 156 derived
by the cleavage of C-C bond between oxime and the carbonyl group of C7 amide ([CsHgN3OS]*) of
the beta-lactam ring [40]. However, from a quantitative point of view, sulfamerazine could notably
affect the peak area of cefquinome, but the contrary was much less, since sulfamerazine responded
more significantly than cefquinome (about 4.9 x 10° vs. 1.1 x 10°). Accordingly, when sulfamerazine
was co-present, cefquinome concentration was significantly over-estimated. Later, observing that, in
the adopted experimental conditions, beta-lactams were not deteriorated by methanol, the validation
study in milk was performed by preparing only one matrix-matched calibration curve with all the
analytes, including beta-lactams. In summary, although the development of LR procedures has been
very fast and effective, due to previously-studied conditions [24,25], for one analyte, i.e., cefquinome,
the choice of the precursor ion should be re-evaluated.

In Figure S7 the differences between LR and HR recovery factors in milk are shown. Tulathromycin
marker and cefquinome had better recovery rates using HR detection, whereas valnemulin, cloxacillin,
and rifaximin, showed better results using the LR system. As reported in our previous paper [25],
LC-Q-Orbitrap suffers from “post interface ion suppression”, which consists of instrument saturation
when intense matrix-related compounds are present [41]. This phenomenon was more pronounced for
the last eluting compounds, such as valnemulin, cloxacillin, and rifaximin, which explains the observed
data in milk extracts. These have more interfering substances with respect to muscle [25]. Comparing
the precision data (intra-laboratory reproducibility, CVyR pooled, See Tables S8 and S9), remarkable
differences (>15%) between the two techniques were observed only in milk and, again, tulathromycin
marker and cefquinome revealed the worse performances when determined by LC-QqQ. Cyr pooled Of
tylosin, cloxacillin, and tylvalosin were about 10% higher when analyzed by LC-Q-Orbitrap (Figure S9).

According to accreditation rules [42], since 2014 our laboratory participated in Proficiency Test
Schemes in meat and milk, by applying the LC-Q-Orbitrap methods in these products. Some of the
stored test materials were then re-tested, by applying the new developed procedures. The results,
together with the consensus values assigned by the Organizers, are listed in Table 4. Examining the
acceptability ranges, satisfactory z-scores would have been always obtained, except in the case of
amoxicillin in milk (sample code: MI1532-A1). This latter result was explainable with the well-known
instability of penicillin antibiotics [43,44].
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In summary, the main advantages and disadvantages of the two techniques are undoubtedly,
the QqQ analyser, which only involves only a kind of acquisition, i.e., SRM mode. On the contrary,
Q-Orbitrap forces more complex experiments, also because the detection of analytes at trace levels is
complicated by the “post interface ion suppression” phenomenon. On this subject, we demonstrated
that, in certain chromatographic regions, for milk it is not possible to reach the required limits using
full-scan experiments, since the massive presence of interfering substances can drastically worsen the
sensitivity [25]. With regard to the sample throughput, the sample preparation protocol is identical
and, therefore, there is no great difference. Moreover, it must be highlighted that some performances
of LR system are due to the obsolescence of the available equipment. For example, most likely, a more
recent LR platform could reach comparable LODs with HR, i.e., lower than 10 ug-kg‘l. All that said,
the LC-QqQ technique is more suitable for routine laboratories, considering its user-friendliness and
lesser cost (about three time lesser than LC-Q-Orbitrap).

3. Experimental

3.1. Chemical and Reagents

Acetonitrile (ACN) and methanol (LC-MS grade) were from Carlo Erba Reagents (Milan,
Italy). Formic acid (50%) and N,N’-dimethylformamide (DMF) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). EDTA sodium salt dehydrate and ammonium acetate were provided by
Sigma-Aldrich. Ultra-pure deionized water was generated by a Milli-Q purification apparatus
(Millipore, Bedford, MA, USA). Amoxicillin, ampicillin, cloxacillin, dicloxacillin, nafcillin, oxacillin,
penicillin G (benzylpenicillin), penicillin G-d7, penicillin V (phenoxymethylpenicillin), cefalonium,
cefoperazone, cefquinome, ceftiofur, cephalexin, ciprofloxacin, danofloxacin, difloxacin, enrofloxacin,
flumequine, marbofloxacin, nalidixic acid, norfloxacin, oxolinic acid, sarafloxacin, erithromycin A,
spiramycin I, tylosin A, tilmicosin, sulfadiazine, sulfaguanidine, sulfadimethoxine, sulfamerazine,
sulfamethazine (sulfadimidine), sulfamethoxazole, sulfanilamide, sulfapyridine, sulfaquinoxaline,
sulfathiazole, trimethoprim, chlortetracycline, doxycycline, metacycline, oxytetracycline, tetracycline,
florfenicol, florfenicol amine, thiamphenicol, lincomycin, rifaximin, tiamulin and valnemulin were
obtained from Sigma-Aldrich. Sulfamonomethoxine was purchased from Dr. Ehrenstorfer (Augsburg,
Germany); cefazolin, cefacetrile, ceftiofur-d3, cephapirin, desacetylcephapirin, florfenicol-d3,
3-O-acetyltylosin, gamithromycin, neospiramycin, spiramycin I-d3, tildipirosin, tulathromycin,
tylvalosin, 4-epi-chlortetracycline, 4-epi-tetracycline, 4-epi-oxytetracycline, and tulathromycin marker
(CP-60,300) were purchased from TRC Inc. (Toronto, Canada); sulfamethazine-13C6, sulfanilamide-13C6
and enrofloxacin-d5 were obtained from WITEGA (Berlin, Germany).

3.2. Standard Solutions

Individual stock standard solutions of 100 ug-mL~! were prepared with methanol (amphenicols,
lincosamides, macrolides, pleuromutilins, sulphonamides, tetracyclines and trimethoprim).
The solubilization and storage conditions were previously studied [24]. Beta lactams were solubilized
in HyO/ACN 75/25 (v/v), except ceftiofur (DMF). Quinolones in MeOH/H,O 80/20 (v/v), except
ciprofloxacin, nalidixic acid, norfloxacin, enrofloxacin and oxolinic acid (DMF). Rifaximin was prepared
in MeOH/H,0 50/50 (v/v). The stock solutions were stored at —20 °C with variable storage times: From
1 month (cefquinome) to 24 months (sulphonamides). Working solutions (10, 1 and 0.1 ug~mL‘1) were
prepared from the relevant stock solutions diluting with HyO/ACN 75/25 (v/v) for beta-lactams and
with methanol for all the other antibiotics. The solutions of internal standards were prepared according
to their native compound or class.

3.3. LC-MS-MS Conditions

LC-MS/MS measurements were performed by a Surveyor LC pump, coupled with a triple
quadrupole mass spectrometer (TSQ Quantum Ultra, Thermo Fisher, San Jose, CA, USA), an electrospray
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source included, and operating in a positive ionization mode. Separation was achieved on a Poroshell
120 EC-C18 column (3.0 x 100 mm; 2.7 um particle diameter), which was connected to a guard column
Poroshell (2.1 x 5 mm), both from Agilent Technologies (Santa Clara, CA, USA). The flow rate used
was 0.25 mL-min~! and the column temperature set at 30 °C. Mobile phase A was an aqueous solution
0.1% (v/v) formic acid and eluent B methanol. The gradient profile started at 2% eluent B for 1 min and
increased linearly up to 95% B in 19.5 min; this condition was maintained for 5 min before returning to
initial condition in 1 min (2% B) and held for 4 min to equilibrate the column. The sample temperature
was kept at 16 °C and the injection volume 10 uL. For MS detection, the parameters were the follows:
Capillary temperature 300 °C, vaporizer 320 °C, spray voltage 3 kV, and a resolution setting of Q1 and
Q3 m/z 0.7. Sheath gas and auxiliary gas (nitrogen) pressures were set at 35, and 15 arbitrary units,
respectively. Collision gas (argon) pressure: 1.5 mtorr. The collision energies, that were associated
with each transition, are listed in Table 2.

3.4. Sample Preparation

The sample preparation was described elsewhere [24,25]. Briefly, (1.50 + 0.01) g of minced
muscle or milk were weighed in a 50 mL Falcon tube. The sample was spiked with: (i) 15 uL
of the solution of the two internal standards (ISs) of beta-lactams at 1 pg-mL™! (ceftiofur-d3 and
penicillin G-d7); (i) 15 uL of the solution of the other six ISs (sulfanilamide-'3C6, sulfamethazine-13C6,
enrofloxacin-d5, florfenicol-d3, spiramycin-d3 and metacycline) at 1 ug mL~!. For muscles, one hundred
microliters of 0.1 M of EDTA was then added, and the sample was extracted with 3 mL of a mixture of
acetonitrile/water 80/20 (v/v). Milk was extracted with one milliliter of 0.1 M of EDTA and 3 mL of
acetonitrile. A second extraction with 3 mL of pure acetonitrile was performed for both matrices. After
centrifugation, the reunited extracts were evaporated and solubilized in 1.5 mL of ammonium acetate
0.2 M. Ten pL was injected in the LC system.

3.5. Method Validation

The validation was carried out following the Commission Decision 2002/657/EC [30]. To test the
selectivity, blank muscle samples, belonging to the main animal species (bovine, swine and poultry)
and bovine milk samples from different origins, were analyzed. The linearity in the matrix has
been evaluated in the range 2-150 ug-kg™ (2, 10, 33, 100 and 150 pg-kg™'). The matrix-matched
solutions were prepared by adding the analytes immediately prior to LC injection. The curves were
constructed, including at zero (blank), and by plotting the average peak area of analyte (three injections
for each concentration point) against its concentration. An unweighted linear regression model was
applied to the calibration data. The precision (repeatability and within-laboratory reproducibility),
recovery (trueness), decision limit (CCc), and detection capability (CCf3) were studied following the
experimental plans, described in Table S1 (muscle) and Table S2 (milk) of the Supplementary Material.
A blank bovine muscle or milk was spiked at the beginning of the extraction procedure with the
appropriate standard solutions. Four replicates (n = 4) at each level were carried out on the same day,
along with the relevant matrix-matched calibration curve. Each series was repeated on three different
days, and at varying times, operator, and calibration status of the LC-MS system. The spiking levels in
muscles were; 10, 33, 100, 150, 333, 1000, and 1500 pg-kg’1 and 10, 33, 100, 150, and 333 pug l<g’l in
milk. In milk, penicillin G, amoxicillin, and ampicillin were also tested at 2 ug-kg"l. The Limits of
Detection (LODs ) and Quantification (LOQs) were estimated on the basis of the observed accuracy
(recovery and precision) at the first validation concentration or, if necessary, at the second one.

4. Conclusions

The validity of the transfer, from LC-Q-Orbitrap to LC-QqQ of two multiclass methods for
veterinary drugs in food, has been demonstrated. Using the LR platform, valnemulin in muscle,
cefacetrile, and tulathromycin marker in milk did not reach acceptable precision. In addition, examining
LC-QqQresults, a series of accidental events (co-elution, selected precursorions, fragmentation pathway
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etc) produced an over-estimation of cefquinome in meat, due to the co-presence of sulfamerazine.
If neglected, this phenomenon could give false positive results. Since the quantification process of the
LC-Q-Orbitrap system was based on a different principle (peak area of the precursor ion measured with
MS accuracy < 5 ppm), this drawback was not observed. However, in milk, LC-Q-Orbitrap achieved
worse recoveries for some of the more non-polar analytes, eluting in the chromatographic zone in
which the interfering substances were more abundant. The “post interface ion suppression”, which
is a specific phenomenon of Orbitrap mass analysers could explain this latter evidence. A further
consideration concerns the chromatographic separation, which is fundamental when highly selective
detectors are applied. A good separation of peaks, avoiding the overlapping and bunching of both
analytes and endogenous substances, minimizes the risk of false positive results and reduces matrix
effects. Finally, the described method transfer has been successfully performed on an obsolete LC-QqQ
platform (fifteen year-old), encouraging the implementation of multiclass strategy also in routine
laboratories with limited instrumental resources.

Supplementary Materials: The following are available online, Figure S1: LC-QqQ chromatograms of the three
more polar analytes (sulfanilamide, sulfaguanidine and florfenicolamine) with different % MeOH at the beginning
of the gradient: 2% (left) and 5% (right), Figure S2: Matrix-matched calibration curves of danofloxacin, doxycycline,
oxacillin, spiramycin, sulfamethazine and tiamulin in meat, Figure S3: Matrix-matched calibration curves of
of danofloxacin, doxycycline, oxacillin, spiramycin, sulfamethazine and tiamulin in milk, Figure S4: LC-QqQ
chromatograms of a blank (a) and a milk sample spiked at 2 g kg™ (b) of the three penicillins with MRL at
4ug kg'l, Figure S5: Recovery differences between the LC-QqQ and LC-Q-Orbitrap methods in meat. Positive
values (%) indicate better recovery of LC-QqQ procedure and vice versa, Figure S6: LC-QqQ chromatograms of
individual solutions (50 ng mL™) of sulfamerazine (left) and cefquinome (right), Figure S7: Recovery differences
between the LC-QqQ and LC-Q-Orbitrap methods in bovine milk. Positive values (%) indicate better recovery
of LC-QqQ procedure and vice versa, Figure S8: Precision differences between the LC-QqQ and LC-Q-Orbitrap
methods in meat. Positive values (%) indicate better precision of LC-QqQ procedure and vice versa, Figure S9:
Precision differences between the LC-QqQ and LC-Q-Orbitrap methods in bovine milk. Positive values (%)
indicate better precision of LC-QqQ procedure and vice versa, Table S1: Validation plan in bovine muscle, Table S2:
Validation plan in milk, Table S3: Linearity studies in matrix (matrix-matched curves), Table S4: Calibration
data (matrix-matched curves) of six representative analytes, Table S5: MRL (pg kg™!), decision limits (ug kg™)
and detection capabilities (ig kg™) of the 64 tested antibiotics in the main food-producing species, Table S6:
MRL (ug kg™, decision limits (ug kg™) and detection capabilities (1g kg™!) of the 64 antibiotics in aquaculture,
rabbits, horses, Table S7: Estimated LODs and LOQs based on the observed accuracy at the first and at the second
validation level.
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Abstract: In the last decade, ion mobility spectrometry (IMS) has reemerged as an analytical separation
technique, especially due to the commercialization of ion mobility mass spectrometers. Its applicability
has been extended beyond classical applications such as the determination of chemical warfare agents
and nowadays it is widely used for the characterization of biomolecules (e.g., proteins, glycans, lipids,
etc.) and, more recently, of small molecules (e.g., metabolites, xenobiotics, etc.). Following this trend,
the interest in this technique is growing among researchers from different fields including food science.
Several advantages are attributed to IMS when integrated in traditional liquid chromatography
(LC) and gas chromatography (GC) mass spectrometry (MS) workflows: (1) it improves method
selectivity by providing an additional separation dimension that allows the separation of isobaric and
isomeric compounds; (2) it increases method sensitivity by isolating the compounds of interest from
background noise; (3) and it provides complementary information to mass spectra and retention time,
the so-called collision cross section (CCS), so compounds can be identified with more confidence,
either in targeted or non-targeted approaches. In this context, the number of applications focused on
food analysis has increased exponentially in the last few years. This review provides an overview of
the current status of IMS technology and its applicability in different areas of food analysis (i.e., food
composition, process control, authentication, adulteration and safety).

Keywords: food quality; IMS; food composition; food process control; food authentication; food
adulteration; food safety

1. Introduction

In the current context of food trade globalization and due to the recognized impact of the diet on
human health, food analysis has become more important than ever. Food analysis has today gone
beyond the traditional analysis of the major components of food and is more complex and broader. In
addition to the nutritional value of foodstuffs (i.e., carbohydrates, proteins, lipids, vitamins, minerals
and water), food analysis has been focused on food safety for a long time, mainly in the determination
of residues of pesticides and veterinary drugs. Nowadays, food safety analysis encompasses a wide
variety of compounds including natural contaminants (e.g., toxins) or anthropogenic contaminants such
as persistent organic pollutants (POPs) [1]. Understanding the interactions of food with the environment
and consequences (i.e., large-scale production, organic production, environmental contamination, etc.
and including the control of food processes, packaging, etc.), as well as its effects on consumers (e.g.,
investigation of bioactive compounds), is also gaining great importance. Other issues such as food
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authentication (i.e., quality, origin, etc.), adulteration and fraud detection have also acquired great
relevance in the field of food chemistry in the last few years [2].

Food analysis involves the determination of a wide range of compounds with different chemical
nature. Chromatographic techniques (i.e., liquid chromatography (LC) and gas chromatography
(GQ)) coupled to mass spectrometry (MS) are the gold standard for this purpose because they allow
the analysis of molecules with different polarity and volatility as well as provide mass spectra for
compound identification. However, LC-MS and GC-MS methods still face several challenges related
to the complexity of food matrices, the presence of compounds at different concentration levels (from
pg/kg and pg/L to mg/kg and mg/L levels), and the existence of isobars and isomers that are not
separated in the chromatographic dimension and cannot be distinguished by MS.

Consequently, the development of more advanced analytical strategies is required for the analysis
of food composition, including nutritive and bioactive components, as well as to guarantee food safety
and avoid food fraud. Within this framework, ion mobility spectrometry (IMS) has been recently
introduced in the food chemistry field in order to improve LC-MS and GC-MS workflows. Despite the
fact that IMS can be used alone as analytical tool, it can also be coupled to other analytical separation
techniques such as LC, GC, capillary electrophoresis (CE), or supercritical fluid chromatography (SFC)
as well as to MS, enhancing their performance characteristics in terms of sensitivity, peak capacity, and
compound identification [3,4]. Its coupling with front-end separation techniques and with MS has
emerged as a useful approach to extend the current boundaries of analytical methods in food science,
and it can be anticipated that it will rapidly be growing in this field.

The implementation of IMS within the food analytical field is quite new [5-8], and is still barely
known by many researchers in this scientific area. Despite IMS fundamentals have been developed
since the beginning of the 20th century [9], it has not been until the recent commercialization of
hyphenated ion mobility-mass spectrometry (IM-MS) instruments when this technique has really
caught the attention of researchers from multiple fields, including food science. As a result, the number
of publications on IMS applications in food analysis has rapidly increased over the last few years
(Figure 1). Within this context, this review provides a general overview of IMS principles and presents
the current state of the art of this technology for food analysis purposes.
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Figure 1. Search of literature related to ion mobility spectrometry (IMS) in food analysis from 2000 to
2018 on Scopus database. The terms “ion mobility spectrometry” and “food” have been included in the
search topic.

2. Overview of Ion Mobility Spectrometry (IMS) Technique and Potential

IMS is an electrophoretic separation technique in which ionized compounds are separated in a
neutral gas phase at atmospheric or near to atmospheric pressure. Therefore, separation takes places
under an electric field (E) and is the result of the difference in mobility (K) of ions in the drift cell. K
refers to the time (t4) required by the ions to traverse the length (1) of the mobility cell and is related to
the electric field according to Equation (1). In this equation, vq4 represents the steady-state net ion/gas
relative velocity [10].
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This physical property depends on several experimental conditions such as temperature (T),
pressure (p) and gas number density (N). The reduced mobility (Ky), which refers to standard conditions
(Equation (2); Ng = 2.687 x 10?°> m~3, py = 760 Torr, Tq = 273.16 K), is typically reported instead of K in
order to allow comparison between studies independently of the experimental conditions.
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Although the ‘momentum transfer collision integral’ ((2), commonly referred to as the collision
cross section (CCS), is reported as the response resulting from ion mobility measurements [11], tq or K
are actually the variables that are measured when performing IMS experiments. Nevertheless, both
parameters can be easily correlated according to Mason-Schamp equation (Equation (3)) when the
separation occurs at low electric fields [12].
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where z and e represent the absolute charge of the ion and the elementary charge, respectively; p
encompasses the reduced mass of the ion—neutral drift gas pair (i.e., 1 = mM/(m + M); m and M are
the ion and gas-particle masses, respectively); and kg is the Boltzmann constant.

CCS represents the averaged momentum transfer impact area of the ion and is a molecular
parameter related to ions size, shape and charge state. Therefore, CCS is widely used for structural
elucidation since it provides knowledge about the three dimensional (3D) conformation of ions in
the gas phase [13,14]. The correlation existing between this parameter and the mass-to-charge ratio
(m/z) is not negligible. However, it also gives additional information to retention index (e.g., retention
time, electrophoretic mobility, migration time, etc.), mass spectra, fragmentation and isotopic patterns,
etc., for peak annotation in analytical workflows, especially in omics approaches (e.g., metabolomics,
lipidomics) and, ultimately, for compound identification [15,16].

2.1. IMS Instrumentation

Nowadays, there is a wide variety of stand-alone IMS and IM-MS instruments on the market, but
they are based on different technologies that offer different advantages [4,14,17]. They can be classified
in time-dispersive, space-dispersive and trapping (i.e., ion confinement and release) technologies [18].
Drift tube ion mobility spectrometry (DTIMS) and travelling tube ion mobility spectrometry (TWIMS)
are two different types of time-dispersive forms. For example, DTIMS is currently commercialized
by Agilent (i.e., 6560 Ion Mobility LC/quadrupole-time of flight (Q-ToF)), Excellims Corporation
(i.e., high-performance ion mobility spectrometry (HPIMS) systems including MA3100 and RA4100
HPIMS-MS instruments), Gesellschaft fiir Analytische Sensorsysteme mbH (G.A.S.) (i.e., GC-IMS
systems) and TOFWerk (i.e., IMS-ToF), whereas TWIMS is available from Waters Corporation (i.e.,
Synapt G2-Si and Vion IMS QTof). High-field asymmetric waveform ion mobility spectrometry (FAIMS)
and differential ion mobility spectrometry (DIMS or DMS) belong to space-dispersive techniques. Both
FAIMS and DMS are based on the same principles of operation and mainly differ in the geometry
of the cell. FAIMS cells are curved whereas DMS cells present a planar geometry and, consequently,
they can lead to different analytical properties [19]. FAIMS systems are currently available from
Owlstone Medical (i.e., ultraFAIMS) and Thermo Fisher Scientific (i.e., Thermo Scientific FAIMS Pro
interface), whereas DMS is commercialized by SCIEX (i.e., SelexION). Until now, trapped ion mobility
spectrometry (TIMS), which represents a type of trapping technology, is the only IMS system of its
class that is currently commercially available (i.e., timsTOF from Bruker Daltonics).
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Regarding CCS-related measurements, they can only be carried out using IMS instruments that
operate at low electric fields (e.g., DTIMS) because the reduced mobility is independent of the electric
field under this condition. Ky becomes dependent of the reduced field strength (E/N) at high electric
fields (E/N > 4-10 Townsends (Td); 1 Td = 1072! V m?) and Equation (3) is no longer applicable [10].
In this sense, only primary DTIMS methods can be applied to obtain CCS values directly, whereas
secondary DTIMS, TWIMS and TIMS methods require system calibration using reference compounds of
known CCS. Only those compounds characterized in terms of CCS by primary DTIMS methods can be
used as calibrants [20]. The same results should be obtained for the CCS of a specific ion independently
of the IMS platform employed if secondary methods operate under the same experimental conditions
(i.e., temperature, drift gas, E/N, etc.) as primary methods. Since this is not always possible, CCS is a
method-dependent value [20]. Specific annotation (IMSforme sy o gas, IMS form: DT for DTIMS, TW
for TWIMS, TIMS for TIMS; and drift gas: Ny, CO,, He, etc.) is currently accepted to indicate the type
of IMS technology and drift gas used for CCS measurements [11].

In DTIMS and TWIMS methods, ions travel through the drift cell against the buffer gas describing
a similar path, so they are separated according to their mobility in the drift cell (Figure 2). Compact
molecules collide less frequently with the molecules of drift gas (normally N, or He, but also CO,),
so they present a higher mobility (i.e., a smaller CCS) and cross the cell faster than elongated molecules.
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Figure 2. Schematic representation of commercially available IMS forms.

DTIMS is the former and simplest form of IMS, and DTIMS cells consist of a series of piled
electrodes that generate a weak uniform electric field. In general, E/N varies between 1 to 15 Td [20].
DTIMS works as a primary method when stepped field experiments are carried out. In this case, the
arrival time (ta) is measured at multiple fixed drift voltages, and each t4 value represents the sum of
drift time (tq) of ions and the time elapsing between the moment when ions exit the drift tube and their
detection (tp). Subsequently, the reduced mobility can be directly obtained by applying Equation (4)
and the CCS is further calculated by Mason-Schamp equation, Equation (3) [21].

2 T
tA:td+t0:(— oP

1 1
KOXT—pO)XﬁfslopeX—-‘rto (4)

AV

24



Molecules 2019, 24, 2706

In general, the term ‘arrival time distribution” (ATD) should be used because IMS measurements
are based on a population of ions rather than on a single ion and they do not reach one point of the
instrument at the same time. ATD gives information about how homogeneous is the population of
ions, and it should be reported in addition to tay [20]. Furthermore, it must be noted that stepped
field methods are limited to the Ko/CCS characterization of molecules because the analysis of complex
samples is not feasible with them. Consequently, DTIMS usually works in single-field mode in which a
single linear voltage is applied along the drift tube. In this condition, DTIMS operates as a secondary
method and CCS calibration is required to measure this molecular descriptor [22].

Unlike in DTIMS, a dynamic electric field is applied in TWIMS to separate the ions [17]. TWIMS
systems consist of a stacked ring ion guide where a pulsed differential voltage is applied to each
electrode. As a result, a wave of electric potential travels along the drift tube and propels the ions
axially. Ions are subjected to a varying voltage with a maximum E/N of 160 Td [10], and their separation
depends on the speed and magnitude of the voltage wave. Voltage waves move faster than the ions,
so they roll over the wave and require a succession of them to reach the exit of the mobility cell.
In addition, in order to prevent the ions being pushed towards the drift tube wall, radio-frequency
(RF) voltages of opposite phases are periodically applied to adjacent electrodes causing the radial
confinement of ions [4,23].

On the other hand, TIMS instruments consist of three regions of electrodes: entrance funnel, TIMS
tunnel, and exit funnel (Figure 2). Unlike in DTIMS and TWIMS where an electric field is applied to
push the ions through the cell, in TIMS systems, an electric field (i.e., 45-150 Td) is applied to trap the
ions and they are only dragged through the drift tube towards the detector by the gas [24]. Initially,
ions are accumulated for a fixed period of time and directed to the entrance funnel. Subsequently, they
are released into the TIMS funnel traversing an axial electric field gradient (EFG). When the velocity of
the buffer gas (vg) is equaled by the opposite steady state drift velocity of the ion (vq), ions reach a
stationary state and are trapped in a moving column of gas. Finally, the EFG is decreased and ions are
released towards the exit funnel. Large ions with lower K are eluted before more compact ions since
the dependence of the drift time on Ky is opposite to DTIMS [25].

Finally, FAIMS and DMS instruments do not separate ions in function of their mobility in
a neutral gas as in DTIMS, TWIMS or TIMS, but rather by the ratio of low-field to high-field
mobilities [17]. Consequently, CCS values cannot be obtained by these systems. In FAIMS/DMS
systems, a time-dependent electric field is applied between two parallel electrodes. Low and high
electric fields of opposite polarities are simultaneously applied (i.e., high electric fields > 30 Td) [26],
taking into account that the product of the voltage (commonly referred as dispersive voltage, DV) and
time for each condition must be the same as shown in Figure 2 [19]. Low electric fields are applied
for longer periods than high electric fields. Moreover, a compensation voltage (CV) is applied to one
of the electrodes with the aim of avoiding that ions collide against them. As a result, the trajectory
of ions is altered ensuring that they migrate to the exit of the cell. In this sense, FAIMS and DMS act
as selective instruments because the CV is an analyte-dependent parameter and they are not able to
scan the complete CV range during the transition of ions through the cell. Unlike in other IMS forms
where all the ions are normally detected, in FAIMS/DMS technology, only those analytes related to the
selected CVs reach the detector.

More detailed information about the operation and physical principles of the different IMS
forms can be found in specialized literature [17,19,25,27,28]. Furthermore, a guide about how IMS
experiments must be reported, including CCS measurements, has been recently published [20]. It
is recommended to follow this guide for the communication of IMS-related results because it will
probably set the basis for future guidelines and standards in ion mobility.

2.2. Collision Cross Section (CCS) for Structural Elucidation

As previously mentioned, IMS also gives access to the CCS characteristic which, in certain cases,
provides additional information to mass spectra and retention index. It can be highly valuable for a
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higher confidence in the determination of residues and contaminants in food safety or for achieving
a more complete fingerprint of food products. In the last few years, several CCS databases have
been built in an attempt to use this characteristic as an identification parameter [11,15]. In general,
there is still much controversy about the added value provided by this parameter in comparison to
mass spectra. It cannot be denied that CCS and m/z are not fully orthogonal parameters since a close
correlation exists between them, as observed in Figure 3B. Nevertheless, slight differences existing
between the CCS of molecules with similar or equal m/z (i.e., isobars and isomers) can be enough to
distinguish them (differences of at least 1.5-1.8% (2.0-6.5 10\2) in apparent CCS values for accurate CCS
determination [29]).

Regarding the application of CCS databases, an error threshold of +2% is currently accepted
for CCS measurements in comparison to CCS values reported by them (Equation (5)). However, the
threshold of +2% could potentially be reduced, which will give more confidence to the results [30].
Even so, this threshold for CCS measurements can still result in being more effective than isotopic
pattern or fragmentation criteria to reduce the number of false positive results in automated screening
workflows and avoid the requirement of post manual verification or confirmation analysis [31].

(Ccsmeasured _ Ccsdatabase)

% CCS error = CCgdatabase

x 100 5)

2.3. IMS Hyphenation

IMS separations typically take place in the millisecond range, so they can be easily carried out
after traditional chromatographic or electrophoretic separations (i.e., LC, GC, SFC, and CE), which
occur in the second range. The selection of the chromatographic/electrophoretic technique is obviously
influenced by the nature of analytes (e.g., SFC for polar compounds, CE for polar and ionic compounds,
GC for volatiles). Moreover, MS separations last microseconds so IM-MS hyphenation is also possible.
IMS is normally coupled to time-of-flight (ToF)-MS due to its high acquisition rate. Indeed, as indicated
in Section 2.1, several IMS systems combined with ToF-MS technology are already available on the
market as integrated instruments.

GC was one of the first analytical techniques to be coupled to IMS, which has been mainly used
as a detector in GC-IMS configurations [3,32]. GC-IMS hyphenation has been widely applied to the
analysis of volatile compounds in food samples because stand-alone IMS systems generally provide
low resolution. Both analytical techniques present a high degree of orthogonality, so selectivity and
peak capacity are improved. However, LC-IM-MS platforms are currently becoming very popular and
are used for numerous applications [4]. In this context, the integration of IMS in LC-MS workflows
introduces a third separation dimension that improves peak capacity and allows the separation of
isobars and isomers [33]. The implementation of IMS in LC-MS workflows increase peak capacity at
least 2 or 3-fold [34,35], although this improvement ultimately depends on IMS resolution and the
analytical application. Moreover, chromatographic peaks are extracted from background noise which
provides cleaned-up chromatograms and mass spectra, leading to an improvement of the limits of
detection (LODs) and sensitivity. Mass spectral data can also be interpreted more easily. Undoubtedly,
these characteristics have contributed to the implementation of IMS technology in the food science
field where samples present a high complexity and some compounds need to be determined at low
concentration levels (i.e., ppb and ppt ranges).

From a technical point of view, limited dynamic range and ion loss have been traditionally
attributed to LC-IM-MS in comparison to LC-MS methods [36]. However, several technological
advances have been accomplished in the last years and, for example, some recent studies indicate that
hyphenation with an ion mobility device does not affect the linear dynamic range [37]. Furthermore,
it is important to remark that each IMS form can improve the performance of LC-MS methods in
one way or another, but they are not exempt of limitations [4,14]. Therefore, the choice of the IMS
technology will depend on the purpose of the intended application. In general, FAIMS and DMS
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provide higher orthogonality to MS than DTIMS and TWIMS but they act as signal filters according to
the CV selected. Consequently, information about the sample is lost because the number of detected
compounds is limited.

Finally, independent of whether stand-alone IMS, IM-MS or LC-IM-MS platforms are used,
samples need to be ionized prior to entering into the mobility cell. Nowadays, electrospray ionization
(ESI) is the gold standard for IMS analyses, although ®*Ni radioactive ionization sources are widely
used in portable IMS instruments. Other ionization sources such as photoionization, corona discharge
(CD) and pulse glow discharge (PGD) have also been used in food applications, but to a lesser extent [8].
Sample ionization is a process to be controlled because, as well as ion transportation and storage, it
influences the conformation of ions and, consequently, their mobility. In addition, different adducts and
ions with different charges states and sites (e.g., protomers) can be detected for the same compound [20],
and their formation during the ionization can be altered by experimental conditions (i.e., ionization
source and related parameters, solvents composition, etc.). In the context of food analysis, specifically
in food safety, the identification of protomers is of high relevance since it could justify why some
compounds lead to non-compliance with confirmation criteria based on ion fragmentation ratios and
are not detected in screening analyses [38,39]. In addition, if it is applicable, a different t4, K or CCS
could potentially be obtained for each ion which provides more information for peak annotation. But
it also hinders data treatment due to the number of species or ‘features’ that are detected. In this sense,
data treatment generally remains as the main bottleneck of hyphenated LC-IM-MS systems, and a
higher development is still required to successfully integrate IMS data in current LC-MS workflows.

3. Applications of IMS in Food Analysis

The application of IMS in food science is still in its early years, especially those approaches
involving IM-MS or LC-IM-MS hyphenation. Despite IMS, and specifically IM-MS, has found its
main application in omics approaches (i.e., proteomics and metabolomics, including lipidomics and
glycomics) [40—42], this technique has barely been exploited for the specific analysis of composition
and nutritional value of food, and their health benefits and risks (i.e., foodomics). Nevertheless, it is
expected that its use will be extended rapidly to foodomics where a wide range of food metabolites need
to be characterized for understanding their effects on human health. For example, the effects of coffee
consumption on lipids profile (i.e., 853 lipid species from 14 lipid classes) have been investigated by
DMS-triple quadrupole (QqQ)/linear ion trap (LIT)-MS [43]. This lipidomics approach has suggested
that coffee intake alters glycerophospholipid metabolism and supports previous studies about the
health benefits of drinking coffee.

The interest for this technology is growing and an increasing number of IMS-based methods have
already been developed for food analysis, especially for food safety and food authentication purposes.
A selection of the most recent applications of IMS in food science, including food composition, process,
authentication, adulteration, and safety, is presented below. This section intends to provide a general
vision of the potential of this technique for food analysis rather than being a comprehensive summary
of all related articles that have been reported in the last years.

In general, IMS applications in food science cover from the determination of a predetermined
number of compounds (i.e., targeted analysis) to the analysis of a large non-predetermined set of
molecules (i.e., non-targeted analysis). As will be shown in the following sections, IMS has mainly been
applied to targeted or semi-targeted analysis until now. However, it is expected that it will be widely
used in non-targeted approaches, such as in food fingerprinting, where a large number of compounds
are detected and the performance characteristics of analytical methods need to be improved (i.e.,
requirement of higher resolving power, tools to support molecular identification, simplification of
mass spectra, etc.). On the other hand, current IMS applications in food analysis can be classified
in three types: 1) those using stand-alone IMS instruments in which their intrinsic low selectivity is
not a limitation, 2) approaches where IMS is coupled to a chromatography technique, usually GC,
and mainly acts as a detector, and 3) applications based on LC-IM-MS workflows (alternatively
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GC-IM-MS) in which the potential of IMS is fully exploited [i.e., extra separation dimension that
improves selectivity and sensitivity (separation of isomers and isobars, and isolation of compounds of
interest form background noise), compound selection based on their CVs (in FAIMS and DMS), CCS as
an additional molecular descriptor (except in FAIMS and DMS)].

3.1. Food Composition

From a chemical composition point of view, food consists of a wide variety of compounds that can
be divided in macronutrients (i.e., proteins, carbohydrates, lipids and vitamins) and micronutrients
(e.g., polyphenols, etc.). Nowadays, IMS applications in food composition cover a wide variety of
substances (e.g., lipids, peptides, phenolic compounds, terpenes, etc.) [44—47], including allergens [48],
and samples (e.g., flours, olive oil, mushrooms, etc.) [48-50]. Due to the complexity of food matrices,
stand-alone IMS has rarely been investigated in food composition studies, although it has found a
wider application in food process analysis where few and specific compounds are determined, as
will be shown in Section 3.2. As an example, stand-alone IMS has been used for the analysis of
seven alcohol sweeteners in chewing gum, identifying the presence of sorbitol [51]. Other peaks
were also observed in the ion mobility spectrum which were attributed to gum base components.
However, this fact highlights the requirement of IM-MS for proper identification. Furthermore, more
analytical information is obtained when IMS is combined with other analytical techniques such as LC
or GC. Chromatographic and IMS separations are not correlated [44,46] (Figure 3), so their coupling
improves peak capacity and enables the detection of a larger number of compounds. This advantage is
widely used for food fingerprinting at low cost [50,52,53], without applying MS which is an expensive
technology. In this case, if complete food characterization is required, standards of those substances
that are potentially present in the sample must also be characterized in terms of retention time and
mobility, drift time, or CCS. Consequently, peaks resulting from sample analysis can be tentatively
identified (MS is mandatory for identity confirmation).
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Figure 3. Selected triacylglycerides found in milk and comparison of the measured orthogonal
parameters: (A) m/z vs. retention time (RT), (B) collision cross section (CCS) vs. m/z, and (C) CCS vs.
RT. Figure reprinted with permission from [44]. Copyright (2018) American Chemical Society.

In this context, the volatile organic compounds (VOCs) fraction of olive oils has been widely
studied by GC-IMS, and headspace (HS) analysis has been usually carried out for this purpose [49,52,53].
In general, IMS offers high sensitivity allowing the detection of olive oil volatiles in the range of
0.01-0.05 ppm, which is usually below the odor threshold of many compounds in extra virgin
olive oils (EVOO) [53]. Several aldehydes (e.g., hexanal, 2-hexenal), ketones (e.g., 1-penten-3-ol),
alcohols (e.g., 1-pentanol, 1-hexanol, etc.) and esters (e.g., hexylacetate), which are related to desirable
attributes of olive oils, are present in their VOCs fraction. Their targeted analysis by HS-GC-DTIMS
combined with chemometrics has been shown to be an effective strategy to characterize olive oils and
distinguish them according to their quality (i.e., extra virgin, virgin and lampante) [49]. As alternative
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to HS analysis, olive oils samples can be submitted to laser desorption-GC-IMS analysis for the
simultaneous characterization of VOCs fraction and detection of semi- and non-volatile compounds
(e.g., (E,Z)-2,4-dodecadiene, 1-dodecene, (E)-2-hexenal, phenol, 8-pinene, benzaldehyde, acetic acid,
limonene, 1-hexanol, nonanal, 1-heptanol, and octanal [54]. In comparison to HS, a higher number of
signals were detected when laser desorption was applied to the analysis of oil samples. Despite the
analysis of certain markers providing useful information about olive oils quality, statistical models
for olive oils classification are improved when oil fingerprinting (i.e., semi-targeted or non-targeted
analysis) is carried out [52,53]. This is because food fingerprinting gives a more complete picture of
samples composition than the analysis of specific compounds. In the case of using GC-IMS methods,
this implies that samples are differentiated according to biomarkers not identified, but characterized
analytically. In addition to olive oils, HS-GC-DTIMS has also been applied to characterize the volatile
fingerprint of fresh and dried Tricholoma matsutake Singer samples [50] and green tea aromas [55].

Unlike GC-IMS, LC-IMS coupling has not been evaluated so far for food composition analysis
according to the literature. Nevertheless, the determination of phenolic acids in seedling roots by
high-performance liquid chromatography (HPLC)-ESI-DTIMS has been recently reported [56], and
this application can be extended to food composition analysis. Several compounds co-eluted in the
chromatographic dimension (i.e., vanillic acid and caffeic acid; ferulic acid and sinapic acid; benzoic
acid and salicylic acid), but they were separated in the ion mobility dimension. It demonstrated the
potential of IMS for improving analytical separations at low analysis times (< 30 ms).

A new trend is to integrate IMS in LC-MS workflows for achieving the separation of isomers and
isobars that are not resolved in the chromatographic dimension. For example, milk oligosaccharide
isomers lacto-N-hexaose (LNH) and lacto-N-neo-hexaose (LNnH) are difficult to separate by LC and
tandem MS provides similar fragmentation patterns in both positive and negative mode. However,
both carbohydrates are baseline resolved by IMS under negative ionization conditions [57]. In this
case, the statement ‘IMS separates ions rather than molecules’ is clearly exemplified. Deprotonated
forms of LNH and LNnH were separated because they presented different CCS, but it was not the case
for their sodium adducts. Therefore, ionization conditions have a special relevance for IMS results and,
if there are not ionization constraints (i.e., ion suppression, low ionization for targeted analytes), they
must be investigated when performing IMS experiments.

In general, IMS is considered as a third separation dimension in LC-MS workflows, but it can
also act as a fourth dimension if a two-dimensional (2D) chromatographic separation is performed
prior to IM-MS analysis. Food matrices are highly complex and one single LC or GC separation
can be insufficient to provide a satisfactory degree of resolving power for their characterization.
Advanced approaches such as LC x LC and GC x GC have been developed to enhance peak capacity
which is increased even more when IMS is integrated in LC x LC-MS workflows, as shown in the
analysis of phenolic compounds in chestnut (i.e., ellagitannins and gallotannins), grape seed (i.e.,
procyanidins), rooibos tea and red wine (i.e., flavonoid and non-flavonid phenolics) [58]. TWIMS
improved the practical peak capacity from 7- to 17-fold (depending on the sample) in comparison
to a 2D-hydrophilic interaction liquid chromatography (HILIC)-reverse phase (RP)-LC-ToF-MS
method. Regarding the orthogonality degree of separation methods, lower orthogonality was found
for a HILIC-TWIMS combination (52%), whereas the orthogonality existing between RP-LC and
TWIMS was surprisingly higher (73%) than the orthogonality resulted from HILIC-RP-LC combination
(67%). 2D-LC-IMS-MS approaches clearly reveal a higher complexity of food samples and improve
the probabilities of distinguishing between isobaric and isomeric compounds [59]. For example,
2D-ultra-high performance liquid chromatography (UHPLC)-TWIMS-ToF-MS has been applied to
the characterization of ginsenosides in white and red ginsengs which are diet supplements, and from
the 201 compounds identified, 10 pairs of co-eluting isobaric ginsenosides were resolved only by
IMS [60]. On the other hand, 2D-GC-IMS-MS methods have not been reported for the analysis of
food samples, but the potential of this strategy has already been shown for the analysis of volatiles in
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medical herbs [61]. Consequently, similar approaches can be applied to the determination of the VOCs
fraction of foodstuff.

Finally, IMS provides structural information of the ionized compounds (i.e., CCS), giving a
more complete overview of food composition [44,62]. In the context of food composition analysis,
DTCCSN;, libraries have been developed for the characterization of phenolic acids in wine [46] and
lipids in bovine milk [44]. In this last case, lipid identification rates were increased when CCS, in
addition to retention time and accurate m/z, was considered as molecular descriptor. Machine-learning
algorithms were developed for the classification of 429 lipids according to their family class (i.e.,
triacylglycerides, diacylglycerides, phosphatidylcholines, and sphingomyelins) and carbon number.
In general, a satisfactory classification rate (84.01%) was achieved when retention time and m/z
were selected as analytical parameters. Classification accuracy was increased to 91.78% when CCS
was included in the model, mainly due to the separation of isomeric species. This model was
further improved to include the unsaturation level and, as a proof of concept, finally applied to the
classification of 2087 bovine milk lipidomics data. As a result, 429 lipids, which were previously
identified, were accurately classified whereas 179 unknown lipids were also annotated confidently.
The identification of steviol glycosides represents another example of the applicability of CCS values
for food characterization [62]. Steviol glycosides encompass a wide range of isomeric compounds
and related molecules that can co-elute or result in similar fragment ions, impacting identification
certainty. In order to improve the characterization of food products containing steviol sweeteners,
a library of TWCCSN, values was developed and applied to the fingerprinting of 55 food commodities.
TWCCSN;, values contributed to the identification of several isomeric pairs such as rebaudioside E and
rebaudioside A ([M — H]™ m/z 965.4230, CCS = 289.2 and 298.8 A2) and stevioside and rebaudioside
B (IM — H]~ m/z 803.3701, CCS = 269.6 and 261.2 A2), without requiring ion fragmentation for
identification, which cannot provide relevant information at low analyte concentrations.

3.2. Food Process Control

Food process control requires rapid response analytical tools, mainly intended as the analysis of
many volatile compounds, in order to monitor industrial processes in near-real time and make rapid
decisions if needed. In this sense, VOCs fraction can be related to storage conditions and production
process, being also an indicator of the shelf life of food products. Consequently, volatiles are usually
analyzed as part of food process and quality control. Stand-alone IMS represents a good option for this
purpose because it allows the quick detection of volatile compounds (~20 s) at low cost, which is also
attractive for industrial companies.

IMS has been widely applied to control the freshness of food products with special attention to
the determination of biogenic amines [7,8], which are usually associated with fermentation processes
and food degradation. Stand-alone IMS devices, which typically consist of DTIMS systems, are
commercialized with different ionization sources. Therefore, the instrument to be used depends on
the nature of analytes and their ionization characteristics. This is not a disadvantage for the analysis
of biogenic amines by IMS because similar LODs can be reached (i.e., 0.1-1.2 ppm expressed as
vapor in air for trimethylamine, putrescine and cadaverine), independent of the ionization source (i.e.,
photo-ionization, corona discharge, and radioactive ion sources) [63]. Stand-alone IMS methods have
been reported for the determination of histamine in tuna fish [64], trimethylamine in seafood [65],
and the simultaneous analysis of histamine, putrescine, cadaverine, tyramine in canned fish [66].
Stand-alone IMS applications have also been developed to detect the presence of off-flavors and
contaminants generated during food processing and storage such as 2,4,6-trichloroanisole [67], and
furfural and hydroxymethylfurfural toxicants [68].

Due to the low selectivity of stand-alone IMS instruments, the combination of HS-GC with IMS
is recommended for the simultaneous analysis of several volatile compounds in liquid and solid
samples in food quality control [5]. Despite chromatographic separations requiring several minutes,
HS-GC-IMS can be less time-consuming and more environmentally friendly than other analytical and
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physico-chemical approaches currently used in food process control [69]. HS-GC-IMS methods have
been applied to study lipid oxidation processes experienced by roasted peanuts [70] and EVOO [69]
during storage.

In addition to the selective analysis of specific volatile substances, the profiling of VOCs fraction
by IMS approaches can provide more complete information about the freshness and storage conditions
of food products such as fish [71] and eggs [72]. VOCs profiling by GC-IMS usually requires
chemometrics for data treatment in order to classify the samples, although the majority of compounds
remain unidentified. It does not represent a limitation for sample classification, but compound
identification is essential to understand fermentation and other decay processes. For example, up to
35 potential markers related to freshness were detected in the VOC fraction of eggs, but only a few
compounds (i.e., butyl acetate, heptanal, dimethyl disulfide, dimethyl trisulfide and 1-butanol) were
identified (Figure 4) [72]. Nevertheless, eggs were correctly classified according to their freshness
(from 0 to 5 days at room temperature) by a principal component analysis (PCA) model. A supervised
orthogonal partial least square discriminant analysis (OPLS-DA) model was finally developed to
maximize the separation of both groups (i.e., fresh eggs vs. non-fresh eggs).
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Figure 4. (A) Ion mobility spectrum of an egg product at T = 0 h (left) and after 5 days at room
temperature (right). The red line identifies the reaction ion peak (RIP) position. (B) Global overview of
the spots or ‘features’ identified in one egg product at different time points (from 0 to 4 days). Figure
reprinted with permission from [72]. Copyright (2019) Elsevier.

Volatile compounds are not only related to the shelf life of food products and their degradation.
The monitoring of VOCs fraction can also be decisive in food process and quality. For example, beer
fermentation is conditioned by the presence of diacetyl and 2,3-pentadione whose concentrations
must be reduced below the human odor threshold. In comparison to traditional methods, the use of
GC-IMS for their determination allows decreasing the analysis time from 3 h to 10 min [5]. GC-IMS
has also been applied to the characterization of VOCs fraction during the fermentation of lychee
beverages [73] and wine [74]. One of the advantages of GC-IMS over other analytical tools is that it
enables online monitoring and control of bioprocesses [74]. However, GC separations still require
several minutes, which is a disadvantage of real-time decisions. By contrast, IM-MS analyses take a few
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milliseconds allowing the direct monitoring of VOCs evolution, which involves time- and cost-saving
on sample preparation as well as avoids process interruption. Corona discharge-DTIMS-ToF-MS has
been proposed for the on-line monitoring of VOCs formation in coffee roasting processes [75]. More
than 150 VOCs were observed during the roasting of Brazilian Coffea arabica beans, and several alkyl
pyrazines, fatty acids and other organic acids were identified. Some of them were isomers and isobars,
so MS was not enough to identify them. Nevertheless, the integration of DTIMS in the analytical
workflow allowed their separation according to their °TCCSN}, (e.g., unsaturated fatty acids presented
smaller PTCCSN,), facilitating their identification.

3.3. Food Authentication

Chemical fingerprinting of food products and chemometrics are widely used for food
authentication and ultimately to identify food fraud [76]. Within this framework, metabolomics
fingerprinting is a promising strategy for food authentication that combines both approaches. In this
sense, it is very efficient and has already shown clear benefits over traditional methods [77]. At the
moment, only one study has been reported about the applicability of LC-IM-MS in metabolomics
fingerprinting for food authentication [78]. The metabolic fingerprint of 42 red wines from the Republic
of Macedonia was obtained by LC-ESI-DTIMS-ToF-MS, and the detected features were characterized
in terms of retention time, accurate mass and PTCCSN, under positive and negative ionization
conditions. PTCCSN, values added an extra-identification point for the putative identification of
several phenolic compounds and other grape reaction products. After data treatment by PCA, Vranec
wines were clearly distinguished from other varieties such as Cabernet Sauvignon or Merlot wines.

In general, IMS-based methods for food authentication have mainly been developed for the
fingerprinting of volatile and semi-volatile compounds, usually involving GC-IMS hyphenation.
GC-IMS methods in combination with chemometrics have been successfully applied to the
authentication assessment of oils [79,80], meat products [81,82], wines [83] and honey [84]. For example,
EVOO are ‘designation of origin” (DO) products of high value, so their authentication is required
not only to detect any fraud related to oil quality but also to identify mislabeling regarding origin.
Based on the analysis of the VOCs by HS-GC-DTIMS, high discrimination rates (i.e., 98% and 92% by
PCA-linear discriminant analysis (LDA) and PCA-k-nearest neighbors (kNN), respectively) have been
reached to effectively discriminate between EVOO from Italy and Spain [80]. A similar HS-GC-DTIMS
approach has been followed to authenticate Iberian hams and discard mislabeling [81]. The monitoring
of specific non-identified markers by HD-GC-DTIMS and the application of orthogonal projections to
latent structures discriminant analysis allowed to distinguish hams with a discrimination rate of 100%.
As a third example, a HS-GC-DTIMS method has also been applied to identify the botanical source of
different types of honey [84], since faulty declaration of the botanical source constitutes one of the main
frauds on honey products. VOC profiling by HS-GC-DTIMS provided a discrimination rate (>98.6%
according to PCA-linear-discriminant analysis (LDA)) as high as proton nuclear magnetic resonance
("H-NMR) spectroscopy, which has been widely investigated for honey authentication in the last years.

Despite the efficiency showed by GC-IMS for the authentication of food products, the information
resulting from GC-IMS analyses is very limited since MS is not included in the analytical workflow and
markers cannot be identified. Only those compounds whose standards are available in the laboratory
can be identified according to their retention and drift time, whereas the majority of compounds in
the sample remain unknown. Nevertheless, discrimination of food products of different geographical
origin, nature, quality, etc. can be achieved by GC-IMS-chemometrics methods based on unidentified
markers. These strategies are usually recommended as screening approaches since molecular identities
are generally required for confirmation.

3.4. Food Adulteration

The detection of food adulteration represents a particular case of food authentication in which
substances are intentionally added to food products to decrease and mask their quality or valuable
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ingredients are removed in order to obtain higher economic profit. Consequently, similar IMS-based
approaches as those shown in Section 3.3 have been proposed for the identification of this type of
food fraud. HS-GC-IMS in combination with chemometrics has been evaluated for detecting the
adulteration of winter honey (derived from Schefflera actinophylla (Endl.) Harms and wild Eurya spp.
(Theaceae)) with cheaper Sapium honey [85], canola oil with other vegetable oils (i.e., sunflower,
soybean, and peanut oils) [86], and crude palm oil with process byproducts of lower quality (i.e.,
palm fiber oil and sludge palm oil) [87]. As previously mentioned, GC-IMS methods should mainly
be used as screening approaches because MS results essential for confirmation. However, screening
methods are required for rapid analysis at lower cost and are of special interest for carrying out in
situ analyses. Thus, only a few suspicious samples are sent to the laboratory for confirmation. In this
context, stand-alone in combination with chemometrics has been investigated for the rapid detection
of EVOO [88], sesame oil [89], and flaxseed oil [90] adulteration with vegetable oils of lower quality.
Therefore, and despite the lack of selectivity of IMS, these applications demonstrate its efficiency to
initially discriminate between allegedly adulterated samples and samples that are in compliance with
their quality and labeling.

3.5. Chemical Food Safety

Chemical food safety covers the determination of a wide range of residues and contaminants
(i.e., pesticides, veterinary drugs, toxins, environmental contaminants, etc.) in feed and food-related
matrices; being one of the food science fields where IMS has found a wider application. Within this
framework, the analysis of pesticides in a great variety of vegetables (i.e., apples, tomatoes, cucumbers,
etc.), juices, oils, animal feed and water samples has been the topic most investigated [8]. IMS has been
shown to be a solution for answering current society’s concerns such as the presence of glyphosate in
drinking water (as well as in other food products). The determination of glyphosate is quite difficult
due to its ionic character, low volatility and low molecular weight. However, the LOD achieved by
IMS for drinking water analysis (i.e., 10 pg/L) is comparable to those reported by HPLC and GC-MS
(i.e., 0.02-50 pg/L) or ion chromatography (i.e., 15.4 pug/L) methods [91]. Despite of the potential of IMS
for food safety applications, other food contaminants and residues rather than pesticides have been
scarcely studied by IMS [8].

The analysis of residues and contaminants in food products faces the same issues as other
areas of food analysis (i.e., high complexity of food matrices requiring high selective analytical
techniques, presence of isomers and isobars, and requirement of detecting compounds at very low
concentration levels) but, in this particular case, it must also comply several regulations according to
the compounds analyzed. From a legal perspective, the employment of MS is practically mandatory in
order to reach enough identification points (IP), so IM-MS related methods are of major interest for
chemical food safety applications. However, IMS-based methods do not follow current guidelines
and regulations concerning analytical methods intended to the determination of pesticides (e.g.,
SANTE/11813/2017 [92]), veterinary drugs (e.g., Regulation 2002/657/EC [93] or mycotoxins (e.g.,
SANTE/12089/2016 [94]). Indeed, because this particular technique has not been considered in the
corresponding documents and no IP is allocated to CCS determination yet, this impairs its use as official
identification criteria. For instance, scientists currently working is the revision of decision 2002/657/EC
are debating the value of this new parameter as a criterion for identification and, if necessary, the value
of the IP awarded [(acceded on 12 June 2019), [95]].

Under this context, stand-alone IMS and GC-IMS methods have been widely proposed for
chemical food safety analyses [8], but they are outside the current frame of food law enforcement.
Moreover, despite the use of stand-alone IMS has been shown to be an effective strategy for the rapid and
in situ detection of residues and contaminants [96], its selectivity is limited and samples must normally
be submitted to selective sample treatments prior analysis. In this sense, molecularly imprinted
solid-phase extraction (MIPSE) and immunoaffinity chromatography (IAC) have been commonly
employed for the selective extraction of the analytes of interest and to avoid matrix background.
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For example, IAC has been applied to the analysis of fungicides in strawberry juices and wines [97]
and mycotoxins (i.e., aflatoxins B1 and B2) in pistachios [98], whereas MISPE has been use to study the
uptake and translocation of a neonicotinoid pesticide (i.e., imidacloprid) in chili and tomato plants [99].
Regarding GC-IMS methods, IMS has been useful to separate pesticides that were not resolved in the
chromatographic dimension [100,101], although in general it merely acts as detector [32].

In chemical food safety, tandem mass spectrometry (MS/MS) and high-resolution mass
spectrometry (HRMS) are usually employed with the aim of achieving the unequivocal identification
of compounds. The combination of IMS and HRMS or MS/MS has commonly been applied to clean
up mass spectra by removing matrix interferences and signal background. As a result, the task of
mass spectra interpretation is reduced and compounds at lower concentrations are detected more
easily. FAIMS and DMS are ion filters and this characteristic has been exploited to reduce the signal
background in the determination of the mycotoxin zearalenone and its metabolites in cornmeal [102].
LODs were consequently improved up to 25 and 42.5-fold when applying FAIMS-ESI-MS instead of
ESI-MS/MS or ESI-MS, respectively. Despite the characteristic of ion filtering is usually assigned to
FAIMS/DMS technology, DTIMS and TWIMS are also able to isolate analyte signals from chemical
background, improving concentration sensitivity [30,103]. In the context of chemical food safety, signal
to noise ratio (S/N) of LC-ESI-ToF-MS methods intended to monitoring steroids and their metabolites
in livestock were increased between 2 and 7 fold by the integration of TWIMS in the analytical workflow
(Figure 5) [30].
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Figure 5. Extracted ion chromatograms (EICs) resulted from the analysis of: I) estradiol diglucuronide
(E>-DiG; 2 ug mL~%; [M + Nal*), and II) boldenone glucuronide (Bold-G; 0.2 pug mL~%; [M - H]")in
adult bovine urine samples. The following filters were applied for signal processing of related total ion
chromatograms: A) m/z 647, B) m/z 647 and drift time range between 11.3 and 11.7 ms, C) m/z 461, D)
m/z 461 and drift time range between 4.9 and 5.2 ms. Figure adapted from [30], which is licensed under
CC BY-NC-ND 4.0 (changes: example IIT has been removed).

On the other hand, IMS-ESI-MS methods provide rapid throughput as observed in the separation
of isomeric perfluoroalkyl substances (PFAS) by DMS-trap quadrupole (LTQ)-MS [104]. Nevertheless,
food samples are very complex and matrix compounds can cause ion suppression when applying
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ESI ionization. This issue has a great impact on signal sensitivity so it must be avoided for achieving
robust and confident analyses. Thus, samples must normally be submitted to LC (or GC, SFC, CE)
separation after specific sample treatments and prior to IM-MS analysis in order to overcome this
effect. For example, FAIMS coupled to LTQ-Orbitrap has been shown to be a useful tool to separate
paralytic shellfish toxins epimeric pairs [105], but their analysis in shellfish tissue extracts required a
previous HILIC separation due to severe ionization suppression from matrix components. In general,
3D-LC-IM-MS separation is usually recommended when IMS is applied within the framework of
food safety.

In this sense, LC and IMS are complementary separation techniques because they are based on
different separation principles. Saxitoxins, which are a class of marine neurotoxins present in shellfish,
comprise a group of isomers that are not differentiated by MS. Some diastereomers can be separated by
HILIC but it does not distinguish between non-sulphated saxitoxins analogues. These molecules can
be separated by TWIMS which makes HILIC-TWIMS-MS the best solution for the analysis of these
group of substances in one single run [106]. Other examples of isobars and isomers separation by IMS
include veterinary drugs such as ractopamine/isoxuprine ([M + H]*; m/z 302.1751, TWCCSN, =171.9 A2
and m/z 302.2025, TWCCSN;, = 173.6 A2, respectively) by TWIMS [107] and isomeric environmental
contaminants such as 2,2’ ,4,5,6-pentachlorobiphenyl (PCB-103) and 3,3’ ,4,4’,5-pentachlorobiphenyl
(PCB-126) (IM — Cl + O]"; m/z 304.9095, PTCCSN, = 160.7 and 164.4 A2, respectively) by DTIMS [108].
Furthermore, if the separation of isobars and isomers cannot be achieved under standard conditions
in the drift cell (i.e., only containing the drift gas), organic solvents (e.g., acetonitrile, methanol,
isopropanol, etc.) can be added into the buffer gas in DMS and FAIMS systems in order to improve
ion mobility separation [109]. This approach has been followed for the separation of the neurotoxin
-N-methylamino-r-alanine (BMAA) and its isomer 3-amino-N-methylalanine (BAMA) in mussel
tissues [110]. Both isomers were only resolved by HILIC-DMS-QqQ/LIT-MS when 0.35% acetonitrile
was added in the DMS carrier gas. DMS also improved the low sensitivity traditionally observed for
the analysis of BMAA by LC-MS methods.

Finally, as previously mentioned, IMS also provides additional analytical information to support
molecular assignment. For example, drift time has been used to identify 100 pesticides in different
vegetables and fruits by LC-TWIMS-ToF-MS [111]. This analytical property is not influenced by
the matrix but drift times are instrument-dependent, so these data cannot be extrapolated to other
IMS platforms. For this reason, the use of the CCS as the information provided by IMS has been
extended. Consequently, CCS databases can be created and applied to support the determination of
compounds, reducing the number of false negative/positives found in classical LC-MS workflows [112],
and increasing the detection rates at low concentration levels of residues [39]. In the current context
of Regulation 2002/657/EC revision, it has emerged the proposal to include the CCS as IP for the
identification of veterinary drugs in food [95]. Scientists and experts are currently debating the value
of grating IPs to the CCS and, if so, to determine its contribution in the 4 and 5 IPs required for the
confirmation of substances with maximum residues limits (MRLs) and non-authorized substances,
respectively. However, several concerns have been raised such as the lack of CCS databases and
the tolerance accepted for CCS measurements. While, until a few years ago, CCS had been barely
used as verification parameter in screening approaches due to the lack of databases, this situation has
now recently changed and several CCS databases for pesticides [112,113], veterinary drugs [114-116],
mycotoxins [117] and other contaminants [108], have been reported in the last five years.

Finally, recent applications of LC-ESI-TWIMS-ToF-MS methods, which include the CCS as
signal filter in data processing, report the analysis of mycotoxins in cereals [117] and pesticides in
green tea powder, fresh garlic, leek, fresh herb chives and rye [112], fish feed [31], and in 20 food
products (e.g., strawberries, honey, chia seed, etc.) that belong to six different commodities according
to SANTE/11813/2017 [39]. Other LC-TWIMS-MS applications in the context of food safety encompass
the identification and structural characterization of residues and contaminants, either for evaluating
exposure [118] or for studying their biotransformation [119].
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4. Current Perspectives of Ion Mobility Spectrometry

Significant progress has been made in IMS technology in the last years, especially in IM-MS
hyphenation. This fact has been directly reflected in the number of IMS-related applications
that are currently published in various scientific fields including food science, and the number
of related papers will keep growing due to technological developments in this analytical technique.
Advances are expected in three different senses: IMS coupling with MS technologies offering higher
resolution than ToF-MS (i.e., Fourier transform ion cyclotron resonance (FTICR) and Orbitrap-MS),
improvement in IMS resolution, and implementation of the CCS as a parameter to support molecular
assignment. In this section, only the last two topics will be discussed in more detail because the first
is more related to improvements in MS acquisition rates than to IMS evolution. Several prototypes
based on DTIMS/TWIMS-FTICR/Orbitrap—MS hyphenation have already been proposed; so further
developments are expected [41]. These developments will certainly open up new possibilities for
enhanced food fingerprinting, compounds identification and, ultimately, the discovery of substances,
including contaminants, present in food but not detected until now.

4.1. Improvement in Peak Resolution

The resolving power (Rp) of IMS is typically expressed in the scale of CCS for IMS-platform
comparison, although it excludes FAIMS/DMS systems. R;, is calculated according to Equation (6)
where ACCS represents the full width of the peak at half its maximum height (FWHM).

CCs
Rp = ACCS (©)

As a consequence of the Ry, of IMS, the integration of this analytical technique in LC-MS workflows
increase their peak capacity. Thus, it can be expected that LC-IM-MS will quickly replace LC-MS
methods in many applications, including food analysis. Current IMS instrumentation provide a R, up
to 300, so molecules presenting CCS differences (Equation (7)) as small as 0.5% can be separated [120].
However, commercial systems are not able to routinely offer this type of performance. TIMS is the
only capable to provide a Ry, higher than 200 [41], which is considered the lower limit of ultra-high
resolution (UHR)IMS [23]. R, of DTIMS systems is around 100 whereas TWIMS instruments currently
reach a maximum Rp, of 40 [14,23]. Therefore, the development of UHRIMS and its implementation in
routine analysis obviously represent some of the main challenges of IMS, but it will also contribute to
extend the use of this technique.

CCSp — CCSp

ACCSAp(%) = average CCS, g

% 100 7)

As a result of the improvements on Ry, expected in UHRIMS technology, IMS separations will be
able to provide similar peak capacities as LC at lower analysis times, which will be revolutionary from
an analytical point of view and transformative for several applications [121]. In general, limitations
on the applied field involve that R, can only be increased by extending the drift path, although it
presents some practical constraints [17,23]. In this sense, two IMS approaches (i.e., cyclic-TWIMS
and structure for lossless ion manipulations (SLIM)-TWIMS) have successfully overcome these
drawbacks and, consequently, are gaining attention due to their enhanced Rp. In addition, a third
alternative was previously explored, namely the high resolution ion cyclotron mobility spectrometry
(cyclic-DTIMS) [122], which is a circular 180.88 cm-length drift tube consisting of four quarter-circle
drift tubes with ion funnels in between to re-focus the ions. Ions undergo multiple passes through
the drift path in order to improve their separation. Successive improved versions of this technology
have been shown to reach a R, in excess of 1000 (as a consequence of 100 transits or cycles and
involving a drift length of over 180 m) [123]. Nevertheless, no further research has been reported about
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cyclic-DTIMS, probably due to the long measurement times required and the significant loss of ions at
long drift times of more than a second [23].

In cyclic-TWIMS, the drift cell is arranged in a circle configuration with pre- and post-store cells
for ejecting the ions in and out [124,125]. As a result, ions can be submitted to several passes enhancing
their separation. The resolution of multiple passes is given by Equation (8) where A is the single pass
resolution (~65, 98 cm pass length), n represents the number of passes, and z is the ion charge state.

Rp = A(nz)'/? 8)

One single separation can be enough to obtain a general overview of samples and select the ATD
regions of interest that will be submitted to multiple passes. The selection of ATD regions is required
in order to avoid that the fastest ions trap the slowest ones, causing a ‘wrapping effect’. Due to its
enhanced Ry, cyclic-TWIMS provides new insights of ions conformation not previously described,
as observed for the three protomeric species of the veterinary drug danofloxacin (Figure 6) [126]. As
discussed above, it is relevant to characterize protomers in the food safety context because they do not
fragment in the same way and results could be non-compliant with confirmation criteria based on ion
fragmentation ratios. This technology was recently launched to the market by Waters Corporation
during the last American Society for Mass Spectrometry (ASMS) meeting (2019).

Synapt Ny Synapt CO, cIM N2

11 i I
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11
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Figure 6. Danofloxacin IMS protomer separation using the Synapt (N, and CO, IMS gas) and cyclic-IMS
(N IMS gas, 5 passes) systems. Figure reprinted with permission from [126]. Copyright (2019) Wiley.
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SLIM-TWIMS technology is not yet commercially available, but it is also catching the attention
due to its high R, resulted from its long drift path (~337, 540 m; 40 passes, 13.5-m path) [121]. As
occurs with cyclic-IMS, SLIM-IMS can be based on DTIMS or TWIMS separations. However, TWIMS
technology is usually applied because it allows longer path lengths than DTIMS, which presents
voltage limitations [23]. SLIM-TWIMS systems consist of two planar surfaces fabricated using printed
circuit boards and containing an array of electrodes. Ions travel through a serpentine path and are
confined due to the application of DC and RF potentials [127]. SLIM-TWIMS offers a longer drift path
than cyclic-TWIMS and, as a consequence, a larger range of mobilities can be monitored simultaneously.
Although SLIM-TWIMS approaches have not been directly applied to food analysis, it has been
shown to improved separations of lipid and peptide isomers [128] as well as glycans that differ in
CCS by as little as 0.2% [129], which can have potential applicability in food composition analysis and
food fingerprinting.
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4.2. Implementation of CCS in Current Analytical Workflows

The CCS parameter is closely correlated to m/z, but its use as molecular descriptor in traditional
analytical workflows has been shown to be effective in improving data processing by reducing false
positive/negative results [112,113]. Despite its potential to support compound identification, the lack
of CCS libraries is considered to be the major drawback for reaching this goal and implementing the
CCS parameter in current analytical workflows [8]. In an effort to overcome this issue, several CCS
databases have been reported in the last years [15], although they are not enough considering the
number of molecules that remain uncharacterized. In order to extend the knowledge provided by
CCS databases created experimentally, other strategies such as computational modeling and, more
recently, machine-learning based prediction have also been investigated [130]. Machine-learning
approaches are very effective for CCS prediction and are becoming very popular for generating CCS
values of molecules on a large scale because their application only takes a few seconds/minutes whereas
computational modeling is computationally intensive. For example, a machine-learning model based
on artificial neural networks (ANNSs) has been developed for the CCS prediction of small molecules
selecting 205 compounds for model training, verification and blind test sets (ratio 68:16:16) [131]. This
model was subsequently applied to the analysis of ten pesticides in spinach samples, and deviations
between the observed and predicted CCS values for the protonated ions of pesticides were smaller
than 5.3%.

CCS databases are typically based on one-platform measurements and, taking into account
that CCSs are conditional values, the implementation of current libraries in other IMS platforms
already introduces uncertainty into CCS measurements [20]. Theoretically, CCS values are
platform-independent but they are influenced by several experimental parameters (i.e., E/N,
temperature, and buffer gas) as indicated above. Specifically, the nature of buffer gas has a great
influence on the CCS of molecules [132], and CCS values measured in different drift gases cannot be
directly compared, as shown for a wide variety of pesticides whose CCSs have been obtained in He,
CO,, N;O and SF¢ by DTIMS [133]. Within this framework, it may actually be more appropriate to
develop standardized CCS libraries based on multiple platform measurements. Inter-platform studies
should also consider different IMS forms (i.e., DTIMS, TWIMS, TIMS) to establish if standardized
CCSs can be implemented in all of them or whether, on the contrary, PTCCS, TWCCS and ™SCCS
values must be reported and used. In general, similar CCS values are provided by these three IMS
technologies when using the same buffer gas as observed for the sodium adduct of 25-hydroxyvitamin
D3 [134]. However, another recent study about the CCS of 35 pharmaceuticals, 64 pesticides, and
25 metabolites of pesticides has shown that, although the majority of ions present differences lower
than 1.1% between PTCCS and TWCCS values, both values cannot be compared in all cases [135].
Deviations up to 6.2% between PTCCS and TWCCS values were observed for several ions.

In the same vein, there is still a knowledge gap in the use of CCS databases and the variability
associated with CCS measurements. Recent studies have shown high repeatability over time [30,112],
and negligible impact of sample matrix on CCS values [39,113]. Despite this, the use of this parameter
for specific analytical applications regulated by guidelines requires a comprehensive assessment of
reproducibility across different laboratories and instrument types. Inter-laboratory reproducibility
has barely been evaluated, and only few studies have tackled this issue [22,112,136]. This information
is highly relevant to establish confidence intervals for CCS measurements and thresholds for their
comparison with CCS values in databases. An inter-laboratory study involving four DTIMS-platforms
have recently reported absolute bias of 0.54% to the standardized stepped field PTCCSN, values on the
reference system [22]. Under this context, the current threshold of 2% accepted for CCS measurements
seems to be too wide and could be reduced. As a result, the number of possibilities for peak assignment
will be decreased when using the CCS for compound identification. Based on current evidence,
this threshold could potentially be reduced to at least 1-1.5% [30,112,113]. Looking ahead to the
implementation of the CCS parameter to support compound identification, a score system based on
deviations from standardized CCS values should also be developed. Scoring systems based on mass
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spectra are typically used for the putative identification of molecules, so a similar approach could be
suitable for the integration of CCS values in data processing workflows.

In addition to the standardization of CCS libraries and establishment of thresholds for CCS
measurements, there is a third issue that requires further development. CCS calibration must be carried
out in DTIMS (in single-field mode), TWIMS and TIMS systems before CCS measurements, and must
be performed under the same operational conditions applied to obtain the CCS of analytes. Until
now, there is neither consensus on the application of standardized calibration protocols nor on the
application for this purpose of primary standards, which also serve for preparing reference materials [20].
A protocol has been reported for TWIMS calibration and operation [137], but different calibration
procedures and calibrants are applied in other IMS systems. Under this context, “Agilent tunemix
calibration standard’ (i.e., mixture of hexakis-fluoropropoxyphosphazines) [22], poly-DL-alanine [107],
and ‘major mix IMS/ToF calibration kit” from Waters (i.e., mixture of small molecules such as caffeine or
sulfadimethoxine, and including poly-DL-alanine) [116] are currently widely used as CCS calibrants.
Other alternative CCS calibrants such as the dextran have also been investigated for obtaining the
CCS of carbohydrates [138]. Therefore, more studies about CCS calibration are still needed since, in
the case of some classes of compounds, the accuracy of CCS measurements depends on the chemical
nature of the calibrant [139]. Within this framework, both standardized calibration procedures and
primary standards of different chemical class seem to be crucial in order to increase confidence in CCS
comparison and measurements. The development of reference materials and standardized calibration
protocols will contribute to the implementation of the CCS, but it calls for a great effort from IMS
community including IMS suppliers.

5. Conclusions and Perspectives in Food Analysis

The implementation of IMS in food science is quite new but its applicability is growing
exponentially. Nowadays, there is a wide range of methods intended for food composition, process
control, authentication, adulteration and safety analysis, covering a great variety of molecules (i.e.,
macronutrients such as proteins, lipids, carbohydrates, vitamins; micronutrients such as polyphenols;
process and biodegradation products such as biogenic amines; residues such as pesticides and veterinary
drugs; or contaminants such as toxins and environmental pollutants), and involving different IMS
forms (i.e., DTIMS, TWIMS, TIMS, FAIMS and DMS).

Stand-alone IMS instruments are portable and provide a quick response (< 30 ms), so they have
been shown to be very efficient for in situ analysis and real-monitoring, such as in food process
control where rapid decisions have to be made. It can be expected that miniaturized and portable IMS
instruments will be implemented for food analysis as already occurs in the analysis of chemical warfare
agents and drugs in airports, courts, etc. Potential applications are in situ monitoring of ripening
processes of crops, depletion of residues after veterinary treatments in farms, etc.

In many applications, stand-alone IMS approaches offer low selectivity, so they are limited to the
determination of specific compounds and usually require exhaustive sample treatments prior analysis
due to the complexity of food matrices. In order to improve selectivity, IMS is commonly coupled to
a chromatographic technique, especially GC if MS detection is not used. GC-IMS methods are very
popular for the analysis of VOC fraction of food. This approach is widely used in food authentication
where HS analysis is typically carried out. HS-GC-IMS in combination with chemometrics is broadly
applied for food fingerprinting and product discrimination according to their quality, origin, etc.
However, this strategy barely exploits the potential of the IMS technique (since it usually acts as
simple detector) and is limited by the low number of compounds that are identified (i.e., only
substances with standards available in the laboratory are identified based on their retention and drift
times). The development of GC-IM-MS strategies will give more knowledge about VOCs composition,
overcoming the current boundaries of GC-IMS approaches for food characterization and authentication.
Consequently, for example, food fermentation and decay processes will be better understood since
mass spectra will be obtained.
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The recent commercialization of hyphenated IM-MS instruments, usually as part of LC-IM-MS
platforms, has been the reason why IMS is becoming very popular in food science. IMS is extending
the current boundaries of LC-IM-MS methods by introducing an extra separation dimension that
allows the separation of isobars and isomers (not always separated in the chromatographic dimension
and undistinguished by MS) and the isolation of analytes of interest from chemical background (so
improving S/N and enhancing sensitivity). Although the correlation existing between IMS and MS
has been a topic of discussion for a long time, the applications included in this review show that
a higher number of compounds are detected by LC-IMS-MS in comparison to traditional LC-MS
workflows, which gives a more complete picture for food characterization. Moreover, the integration
of IMS provides cleaned-up chromatograms and mass spectra facilitating data interpretation.

In addition, IMS gives additional information to retention index and mass spectra of molecules
(i.e., Ky, drift time, CV and/or CCS) which can ultimately be used for compound identification. Within
this framework, the CCS of molecules has acquired great relevance. Despite this parameter is correlated
to m/z, it has been shown to be useful to distinguish compounds with different chemical nature, but also
to differentiate among close chemical molecules. From a regulatory point of view, the application of the
CCS parameter for the identification of residues and contaminants in food is currently under discussion.
Nowadays, the development of open-access CCS databases (based on inter-laboratory measurements
for proposing normalized reference values), the requirement of standardized calibration procedures
and calibrants for CCS measurements, and the establishment of thresholds for CCS measurements,
are viewed as the main challenges to tackle for the implementation of CCS in food analysis. Based
on current knowledge and trends, CCS will definitely be included in current analytical workflows
to support food characterization and, probably, legally accepted as complementary information to
confirm the presence or absence of residues and contaminants in food products.

Technological developments experienced by IMS, and especially by IM-MS hyphenation, are going
to have a great impact on the implementation of this technique in the food science field. Enhancements
in Rp, currently lead by cyclic-TWIMS and SLIM-TWIMS technologies, will contribute to overcome the
challenges arise from the complexity of food matrices (i.e., high number of compounds with different
chemical nature at different concentration levels). Under this context, they will enable the discovery
of unknown food components with bioactive properties which are normally at low concentration
levels and are typically masked by isobaric and isomeric compounds or by food major components.
In addition, more complete fingerprints of food products will be achieved, providing more detailed
information for food authentication and detection of food adulteration.

Finally, the integration of IMS in current LC-MS (or GC-MS, CE-MS, SFC-MS) workflows involves
certain technical challenges for operators already working in food analysis and for whom this technique
is generally unknown. The addition of a third dimension also involves more complex data. This
issue hinders data interpretation, especially in the case of food fingerprinting where large datasets are
generated. Therefore, the development of simple benchtop LC-IM-MS platforms and user-friendly
software for IMS operation and data treatment will be crucial to the success of the implementation of
IMS in food analysis.
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Abstract: Honey maturity is an important factor in evaluating the quality of honey. We established
a method for the identification of natural mature acacia honey with eighteen physicochemical
parameters combined with chemometric analysis. The analysis of variance showed significant
differences between mature and immature acacia honey in physicochemical parameters. The principal
component analysis explained 82.64% of the variance among samples, and indicated that total phenolic
content, total protein content, and total sugar (glucose, fructose, sucrose) were the major variables.
The cluster analysis and orthogonal partial least squares-discriminant analysis demonstrated that
samples were grouped in relation to the maturity coinciding with the results of the principal
component analysis. Meanwhile, the 35 test samples were classified with 100% accuracy with the
method of multi-physicochemical parameters combined with chemometric analysis. All the results
presented above proved the possibility of identifying mature acacia honey and immature acacia
honey according to the chemometric analysis based on the multi-physicochemical parameters.

Keywords: natural mature honey; immature honey; chemometric analysis; multi-physicochemical
parameters

1. Introduction

Acacia honey is the natural sweet substance produced by honeybees, which collect nectar from
the flowers of Robinia pesudoacacia (Figure 1), transform and combine it with specific substances of their
own, store it, and leave it in the honeycomb to ripen and mature [1]. In the process of maturation, honey
properties and chemical compositions are also changed as a result of biotransformation, biodegradation,
and bioaccumulation, which have a great influence on the quality and authenticity of natural honey [2-5].
Foraging bees collect nectar through their proboscis, and place it in the proventriculus (honey
stomach) [4,6-9]. Meanwhile, proteins and salivary enzymes from the hypopharyngeal glands of
bees begin breaking down sugars from the nectar [7,10-13]. Hydrogen peroxide and gluconic acid,
formed by the degradation of glucose oxidase, are partly able to suppress bacterial growth and are
responsible for increasing the acidity of honey [14,15]. As nectar collection is completed, the hive
bees continually digest nectar and hydrolyze sucrose into glucose and fructose by using bee digestive
enzymes [2,7,8,16-19]. Glucose and fructose indicate about 75% of the sugars found in honey, which play
important roles in honey quality control and authenticity. The ratio between fructose and glucose,
as well as their concentration, are commonly used for predicting honey crystallization and are a
beneficial index for the classification of monofloral honeys [20,21]. Another major transformation that
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occurs during the maturity process is moisture evaporation. The hive bees store digested nectar in the
honeycomb cells and transfer it from one cell to another. Hive bees flutter their wings continuously to
circulate air and to evaporate moisture from the honey to about 18% and eventually cover the cells
with wax to seal them [2,7,22]. Reduction of moisture content below 18% is deemed to be a secure
level for retarding yeast activity, decreasing the rate of fermentation and avoiding the appearance of
undesirable flavor [23-27]. According to all the above, honey with less than 18% moisture, a sugar
concentration above the saturation point, and sealed honeycomb cells may be considered as natural
mature honey.

Figure 1. Photograph of mature honey demonstration basement and acacia tree flower.

Because of the influence of components change during the honey maturation process, natural
mature honey has its own characteristics, which differ from immature honey. Biologically speaking,
immature honey lacks many of the positive properties of natural mature honey. Natural mature honey
is a highly complex product with around 200 different substances, which cannot be artificially
emulated [28,29].  Physicochemical parameters can provide useful and complete information
for the composition and properties of honey and are effective to assess the honey quality and
authenticity [30-33]. Chemometric methods can lessen the complexity of large data sets and offer better
explication and construction of data sets, as well as identify the natural clustering pattern and group
variables based on similarities between samples [34-36]. Combining the great deal of data acquired
from physicochemical parameters with chemometrics may be an excellent measure for discrimination
of natural mature honey.

The purpose of our research is to identify natural mature honey by establishing the method of
multi-physicochemical parameters combined with chemometric analysis. Our study stands out as
the first report comparing mature honey with immature honey using principal component analysis
(PCA), cluster analysis (CA), and orthogonal partial least squares-discriminant analysis (OPLS-DA).
Mature honey was differentiated by evaluating the similarities and discriminant features of honey
samples qualitatively, a method that is expected to be applicable to quality control and authenticity
identification of natural mature honey.

2. Materials and Methods

2.1. Honey Sample

A total of 85 acacia (Robinia pseudoacacia) honey samples were collected from several geographical
areas of Shaanxi, China (Table 1) and were kept at 4 °C prior to analysis. The botanical origin of the
samples was confirmed by the method of Lutier and Vassiere [37]. All honey samples were collected
from a specific mature honey demonstration basement (Figure 1). The natural mature acacia honey
(A1-A29) was collected from honey that was capped in the hive and brewed by bees for 7 to 10 days.
Immature acacia honey (B30-B85) was collected by hive bees that brewed honey for one to three days.
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In addition, all honey samples were extracted using a honey extractor and filtered to remove beeswax

and other debris.
Table 1. Characterization of the analyzed acacia honey samples.
Samples Type of Honey Botanical Source Production Region Predominant Pollen (%)
A1-A29 Monofloral Robinia pseudoacacia Yan’an, Shaanxi 88.38 + 2.56
B30-B45 Monofloral Robinia pseudoacacia Yan’an, Shaanxi 8721+ 178
B46-B55 Monofloral Robinia pseudoacacia Chunhua, Shaanxi 86.31 + 3.01
B56-B60 Monofloral Robinia pseudoacacia Luochuan, Shaanxi 82.61 +1.89
B61-B65 Monofloral Robinia pseudoacacia Fufeng, Shaanxi 85.77 +£3.21
B66-B70 Monofloral Robinia pseudoacacia Qianyang, Shaanxi 83.60 + 2.18
B71-B75 Monofloral Robinia pseudoacacia Longxian, Shaanxi 84.34 +1.63
B76-B80 Monofloral Robinia pseudoacacia ‘Yongshou, Shaanxi 88.63 + 3.84
B81-B85 Monofloral Robinia pseudoacacia Tongchuan, Shaanxi 86.67 + 1.67

The honey samples numbered A16-A29, B37-B45, B46-B53, B56-B58, B61-B63, B66-B68, B71-B73,
B76-B78, and B81-B83 were randomly selected for the calibration set, and the remaining 35 samples
were used as test samples to verify the accuracy of this method.

2.2. Pollen Analysis

The botanical origin of the samples was determined using the method of Lutier and Vassiere [37].
For floral identification, honey samples (5 g) were thoroughly mixed with distilled water (5 mL),
and centrifuged at 3000 rpm for 10 min, to separate the pollens. Samples of separated pollen grains
were spread with the help of a brush on a slide containing a drop of lactophenol. The slides were
examined microscopically at 45X magnification, using a bright-field microscope (Olympus, Tokyo,
Japan). According to the different volumes, contours, grooves, holes, and other characteristics of
pollen morphology, as well as pictures of different varieties, pollen varieties were identified. A total of
40 horizons and a certain number of pollen grains were observed (the total number of pollen should be
more than 100 grains).

a certain pollen number of 40 horizons

Pollen Content (%) = a total pollen number of 40 horizons x 100%

2.3. Physicochemical Properties

The methods used for the quantitative analysis of physicochemical properties were determined
mainly according to the Association of Official Analytical Chemists (AOAC) [38]. The details of the
methods used in this study are summarized in Supplementary Material.

2.4. HPLC Conditions

The contents of fructose, glucose, and sucrose were determined by high-performance liquid
chromatography (HPLC) and a refractive index detector (Shodex R1-201H, Shanghai, China).
The column was a Waters carbohydrate high performance (4.6 X 250 mm, 4 pm; Waters). Honey
samples (5 g) were thoroughly mixed with ultrapure water (60 mL), and the total volume of the mixture
was adjusted to 100 mL with acetonitrile. The mobile phase was 78% acetonitrile and 22% ultrapure
water (v/v), using an isocratic method. The solutions were filtered through a 0.45 um membrane filter
prior to use. The column was operated at 35 °C, the detector pool temperature was 35 °C, the flow-rate
was 1.0 mL min™!, and the injection volume was 15 L.

2.5. Data Analysis

The multivariate statistical analysis was analyzed by SIMCA (Version 14.1, Umetrics, Umea,
Sweden). The main chemometrics methods used were principal component analysis (PCA), cluster
analysis (CA), and orthogonal partial least squares-discriminant analysis (OPLS-DA). PCA simplifies
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multiple indexes into a small number of comprehensive indexes and uses as many variables
as possible to reflect the information of the original variables [39]. CA is the aggregation of
samples according to the similarity degree of quality characteristics, and the most similar priority
polymerization [40,41]. OPLS-DA is a regression modeling method from multiple dependent variables
to multiple independent variables [42]. CA and PCA were used to analyze the comprehensive
change of honey, with mean-centered, UV scaled, and log-transformed data before building the
PCA model. OPLS-DA was carried out to discriminate features with mean-centered, Pareto scaled
and log-transformed data, and the validation of the model was tested using seven-fold internal
cross-validation and permutation tests for 200 times. Significant differences were determined using
Mann-Whitney U tests, and p < 0.05 was considered to be statistically significant. In order to avoid the
influence of moisture on other variables, we preprocessed the variables and adopted the dry-weight
value of each variable, that is, normalized the moisture content of the variables, and used the ratio of the
actual variable value to the content of moisture as the dry weight value of the corresponding variables.

3. Results and Discussion

3.1. Pollen Analysis

Table 1 shows the floral origin of acacia honeys determined by microscopy pollen analysis.
The data indicate that all the honey samples were monofloral. Robinia pseudoacacia pollen was detected
in all samples more than 80.00%.

3.2. Physicochemical Parameters Analysis

Table 2 shows the mean values of the physicochemical parameters of natural mature acacia honey
(NMH) and immature acacia honey (IMH) from different regions of the Shaanxi Province. Comparing
the physicochemical parameters of NMH and IMH, we found significant differences between NMH
and IMH in the mean values of moisture, sugars, protein content, total phenolic, and proline (Figure 2).

Moisture is an important standard for evaluating honey quality, as it can determine the shelf life
of honey and its ability to resist fermentation deterioration [43]. The European and Codex standards
established a limit of 20% in the case of honey, which can be kept for long periods of time without
becoming spoiled [2,9,27]. The moisture of NMH ranged from 15.63% to 16.61%, and IMH was between
21.14% and 26.61%, exceeding the limit, making it difficult to store, producing acids and alcohols more
easily, and seriously affecting the quality of honey [5,20].

Honey is a saturated solution of sugars, which accounts for about 70-75% of soluble sugar.
Fructose and glucose account for the largest proportion of honey composition, but a small quantity
of sucrose was also discovered [25,30]. They are the building blocks of more complex sugars such as
disaccharides and maltose [33]. The content was within the limits of European and Codex standards
of 65% minimum for glucose and fructose, where sucrose content should be not more than 5%.
The sugar concentration (fructose and glucose) of NMH was approximately from 74.01% to 84.06%,
which confirmed that samples were genuine honeys [30,32,44].

The total protein content of NMH was between 510.49 mg/kg and 622.29 mg/kg and that of IMH
was lower (369.79-538.35 mg/kg). It is universally known that honey contains a trace amount of protein,
usually formed by bees, which constantly swallow honey and flutter their wings [31]. The variability
in the protein content of different maturity of types honey may be related to its brewing time and
brewing degree [45].

During the ripening process, enzymes are proteins that help to speed up many chemical reactions
in living organisms, and to convert certain substances into different products [46], especially diastase,
invertase, and glucose oxidase. Owing to the high enzyme activity, NMH showed a richer nutritional
value than IMH.
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Figure 2. Significant physicochemical parameters of natural mature acacia honey (NMH) and immature

acacia honey (IMH). Different lower case letters correspond to significant differences at p < 0.05.

(I) represents moisture; (II) represents total sugar content; (III) represents total phenols content;

(IV) represents total protein content; (V) represents proline content.
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The electrical conductivity (EC) is based on the acid contents and ash of honey [27,31], and the
free acidity is the content of free acids, which is determined by the equivalence point titration [47].
Furthermore, the pH is correlative with the stability and the shelf life of honey. The pH values of honey
usually range from 3.5 to 5.5 [30,33]. The results of statistical analysis were not significantly different
in electrical conductivity, pH, and free acidity. 5-hydroxymethylfurfural (HMF) is considered to be
a useful indicator for heat treatment and long-term storage of honey [36]. An excessive amount of
HMEF has been considered evidence of overheating, characterized by a darkening of color and a loss of
freshness of honey [23]. In this study, HMF was found to be below the detection limit, indicating that
all samples were fresh and not overheating.

3.3. Principal Component Analysis (PCA)

PCA is a statistical method that simplifies several related indicators into a few comprehensive
indicators [48]. PCA was combined with the physicochemical parameters in Table 2, in order to avoid
the influence of moisture on other physicochemical parameters. The moisture was eliminated when the
model was established, and the data of other parameters were normalized and used on a dry-weight
basis. The principal component analysis results of the 17 indicators for 50 samples are shown in Table 3.
There were three principal components, which are in agreement with the results in Table 3.

Table 3. Variance contribution rate and composition load matrix. PC, principal component.

Quality Index PC1 PC2 PC3

L* -0.963 0.029 0.153

a* -0.870 0.014 0.175
b* 0.905 0.069 -0.134
Conductivity (uS/cm) 0.847 0.142 -0.333
pH 0.852 —-0.142 0.218
Free acid (meq/kg) 0.829 —-0.314 —0.034
Lacton (meq/kg) 0.106 -0.875 0.240
Acid value (meg/kg) 0.676 —-0.651 0.088
Glucose % 0.425 0.195 0.785
Fructose % 0.817 0.164 0.338
Sucrose % 0.777 —-0.252 -0.113

Total sugar % 0.814 0.154 0.533
Total phenolic content (mg/kg) 0.936 0.146 -0.160
Total Protein (mg/kg) 0.798 0.073 0.045
Amylase activity (°Gothe) 0.654 0.692 0.008
Proline (mg/kg) 0.872 0.294 —-0.301
Glucose oxidase (U/g) —-0.538 0.516 0.234
Eigenvalues 10.208 2.343 1.497
Contribution rate % 60.045 13.785 8.806
Cumulative contribution% 60.045 73.830 82.636

We standardized data to ensure that all the elements had an equal influence over the results.
The eigenvalues and the percentage variance, explained by principal components, are shown in Table 3.
Three components, eigenvalues > 1, were extracted and used to examine the dataset. The first three
components accounted for 82.64% of the total variance. Principal component 1 (PC1) expressed 60.05%
of the variance, and the next principal components explained 13.79% and 8.81% of the variance,
respectively. The loadings of each compound on the principal component analysis explicitly showed
that the grouping of the different maturity honey was mainly influenced by certain compounds.
PC1 and PC2 of all the samples explained 73.83% of the total variance at length. PC1 was directly
relevant to L¥, total phenolic content, and proline, and the dominant variables were mainly affected by
protein, total phenol, and sucrose in PC2 (Figure 3B: loading). Moreover, honey samples were properly
classified, NMH was classified into one category, and IMH was separated into another category
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(Figure 3A: scores of sample). In summary, mature honey samples are significantly different from
immature honey, which is in agreement with the result of the physicochemical parameters analysis.
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Figure 3. The principal component analysis (PCA) score plots (A) and PCA loading plots (B) of acacia
honey samples. GLU: glucose oxidase; TSG: total sugar; AMY: amylase activity; EC: conductivity; TPC:
total phenolic content; TPR: total protein content (for interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article).

3.4. Cluster Analysis

Cluster analysis is a kind of statistical method used to classify the characteristics of multi-indicators
and multi-objects [34]. It gradually aggregates according to the similarity of sample quality
characteristics. The greatest degree of similarity is aggregated, and multiple varieties are integrated
according to the comprehensive nature of the categories [41]. In this study, based on the physicochemical
parameters, 50 samples were subjected to the Ward method. The cluster analysis of the pedigree chart
is shown in Figure 4. Acacia honey samples were separated into two categories. The first category
contained NMH and the second group, namely the remaining samples, contained IMH. The distance
between these two categories was more than 100.

100

Figure 4. Results of hierarchical cluster analysis of samples.

According to the CA and the PCA, all honey samples were divided into two types, which were
basically consistent with the analysis of the parameters mentioned above: color, electrical
conductivity, pH, free acid, lactone, total acid, glucose, fructose, sucrose, total sugar content, total
phenolic content, amylase activity, HMF, total protein content, glucose oxidase, and other basic
physicochemical parameters.

3.5. Orthogonal Partial Least Squares-Discriminant Analysis

Orthogonal partial least squares-discriminant analysis (OPLS-DA) was developed to distinguish
between NMH and IMH, and score plots of these models were applied for separating samples.
The cross-validation method was used to verify the model. A total of three principal components were
selected. The fitted model’s index RZX (cum) was 0.928, indicating that the four principal components
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explained 92.80% of the X variables, and the index of fitting the dependent variable R*Y (cum) was
0.978, indicating that the four principal components interpreted 97.80% of the Y variable. The model
prediction index Q? (cum) was 0.971, explaining that the model had a predictive power of 97.10% for
mature honey and immature honey and that this model was stable and reliable. Permutation was
conducted 200 times in order to further test the predictability of the OPLS-DA model. To show the
predictability, all R? and Q? (Figure 5B) were > 0 and <-0.5, respectively.
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Figure 5. The orthogonal partial least squares-discriminant analysis (OPLS-DA) S-plots (A), validation
plot (B), and score plots (C) of honey samples. P [1] is the loading vector of covariance in the first
principal component. P (corr) [1] is loading vector of correlation in the first principal component.
Variables with |p| > 0.05 and |p (corr)| > 0.5 are considered statistically significant. R? is the fitted
model’s index; Q? is the model prediction index. GLU: glucose oxidase; TSG: total sugar; AMY: amylase
activity; EC: conductivity; TPC: total phenolic content; TPR: total protein content (for interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article).
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An S-plot was adopted to visualize the influence of sensitive indices on the mature and immature
honey (Figure 5A). Discriminant markers are located in the upper right and lower left corners of the
S-plot, with higher absolute p [1] and p (corr) values to select the potential markers [49]. In this model,
the sensitive markers were proline, total protein content, EC, L¥, a*, b*, and total phenolic content.
The variable importance to projection (VIP) values of these indicators are more important than 1.
Figure 5 demonstrates a direct separation between NMH and IMH.

3.6. Test Samples Analysis

Thirty-five samples were tested. The results of the PCA score plots (Supplementary Figure S1)
show that NMH samples were classified into one category and IMH samples into another. We took
distance as a dependent variable and the test samples as independent variables for cluster analysis.
Supplementary Figure S2 shows that 35 test samples were properly classified. The accuracy of both the
method and cross-verification is 100%.

The score plots of the OPLS-DA models were developed for separating test samples. The R?X of test
honey supervised models was 0.901, R?Y was 0.985, and Q? calculated from seven-fold cross-validation
was 0.978. All R? and Q? were > 0 and <—0.5, respectively, showing a predictability. The classification
results are shown in Supplementary Figure S3A,B. Thirty-five test samples were correctly classified on
the basis of their maturity. The overall correct classification rate of the original and cross-validation
methods is 100%.

Both the 50 honey samples and the 35 test samples achieved appropriate classification results
according to the physicochemical parameters combined with chemometric methods. Therefore,
physicochemical parameters combined with chemometric methods could be used in the classification
of NMH and IMH.

4. Conclusions

In conclusion, the current results clearly show that there are significant differences in
physicochemical parameters between natural mature acacia honey and immature acacia honey.
Principal component analysis showed that total phenolic content, total protein content, and total sugar
(glucose, fructose, sucrose) were the main parameters affected seriously by honey maturity. The cluster
analysis and orthogonal partial least squares-discriminant analysis showed that samples were grouped
in relation to the maturity and the overall correct classification rate reached 100%. The approach
of multi-physicochemical parameters combined with chemometrics is effective in discriminating
natural acacia mature honey. However, to confirm the applicability of the other monofloral honeys,
this approach needs to be validated. We look forward to the development of this as a promising
method for authenticity identification of natural mature honey in any quality control of businesses and
government agencies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/14/2674/s1,
Figure S1: PCA score plots, Figure S2.: Results of hierarchical cluster analysis of test sample, Figure S3:
The OPLS-DA score plots (A) and OPLS-DA validation plot (B).
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Abstract: The consumption of high-nutritional-value juice blends is increasing worldwide and,
considering the large market volume, fraud and adulteration represent an ongoing problem. Therefore,
advanced anti-fraud tools are needed. This study aims to verify the potential of "H NMR combined
with partial least squares regression (PLS) to determine the relative percentage of pure fruit juices
in commercial blends. Apple, orange, pineapple, and pomegranate juices were selected to set up
an experimental plan and then mixed in different proportions according to a central composite
design (CCD). NOESY (nuclear Overhauser enhancement spectroscopy) experiments that suppress
the water signal were used. Considering the high complexity of the spectra, it was necessary to
pretreat and then analyze by chemometric tools the large amount of information contained in the raw
data. PLS analysis was performed using venetian-blind internal cross-validation, and the model was
established using different chemometric indicators (RMSEC, RMSECV, RMSEP, RZcar, R%cv, R2preD)-
PLS produced the best model, using five factors explaining 94.51 and 88.62% of the total variance
in X and Y, respectively. The present work shows the feasibility and advantages of using '"H NMR
spectral data in combination with multivariate analysis to develop and optimize calibration models
potentially useful for detecting fruit juice adulteration.

Keywords: fruit juice; blends; adulteration; 1H NMR; PLS; chemometrics

1. Introduction

Fruit juice consumption is increasing worldwide since fruit-based products are promoted as
healthy foods and, in addition, producers try to be more and more innovative by developing the
market segment of blends and mixed juices of high nutritional value. According to the European Fruit
Juice Association (AIJN), consumption of 38.5 million L of fruit juice was registered worldwide in
2015 and, in the same year, the consumption estimated per head of population was about 19 L in the
European Union, 26 L in North America, 6 L in South America and 2 L in Pacific Asia [1]. Considering
the large market volume, economic frauds and adulteration in this sector represent an ongoing problem
and have often been reported; hence, there is a need for advanced and suitable anti-fraud tools [2,3].
Tackling the total cost of analysis to assess fruit juice authenticity can be very expensive; mostly the
aim is to detect water dilution, the addition of inexpensive juice blends to higher-value fruit juice,
or the addition of pure beet sugar. Currently, the most common techniques applied to reveal fraud in
this field involve whole-food profiling or the search for a number of compounds (targeted analysis).
The main disadvantages of these analyses are the high cost and time-consuming nature, the fact that
adulterants at concentrations lower than 10% are difficult to detect, and the fact that, in most cases,
only one type of adulteration can be unmasked at a time [4].
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For this reason, advanced analytical methods are highly recommended to prevent fraudulent
practices and to protect the rights of producers as well as those of consumers, with particular attention to
safety issues. Since many factors contribute to the variation in juice composition, e.g., fruit geographical
origin and climate, maturity degree, technological processes, and storage conditions, a comprehensive
method based on the fingerprinting approach is recommended, in which a large number of unknown
metabolites is included in the analysis and contributes to the results. For this purpose, the possibility of
using nuclear magnetic resonance (NMR) spectroscopy for monitoring fruitjuice and other fruit-derived
products is well known and has been demonstrated to be an efficient tool in beverage authentication,
since the spectral data cover a wide range of compounds [5]. NMR has many advantages over the
most common separation methods based on GC and HPLC, which may be cheaper but they seem to be
more appropriate for target analysis [6]. Indeed, NMR can detect many different compounds in one
sample run, it is non-destructive, stable over time, and it requires only a limited sample preparation [6].
Various applications of NMR spectroscopy are now available for beverage quality control, as reported
for wines, spirits, and juices [7,8]. 'H NMR spectroscopy has shown great potential for determining the
country of origin of green tea samples [9]. Moreover, the same technique has been demonstrated to be
very accurate in the determination of the origin of fruit, and it can be used to examine the source of the
raw material used in the preparation of juices [10]. NMR spectroscopy has also been recently applied to
alcoholic beverages for authentication purposes, taking into account their high prices and the high risk
of fraud by adulteration or deliberate mislabeling. The potential of NMR spectroscopy has also been
evaluated to verify the composition of beer and to correlate it to the brewing site and to the date of
production, as well as for quality control [11]. In particular, the use of NMR spectroscopy has become
an indispensable tool for authenticity studies on fruit juice and has now reached the commercial
level. The NMR technique is able to evaluate simultaneously, from a single dataset, a multitude
of parameters related to the quality and authenticity of juice, providing targeted and non-targeted
multi-marker analysis. In addition, the spectral results can be compared with databases of reference
juice [10,12,13]. However, to the best of our knowledge, NMR application for the qualitative and
quantitative determination of the composition in juice blends has not been previously described in
the literature.

The application of 'H NMR to complex matrices, as in the case of fruit juice, which normally
contains a large amount of natural or added sugars and organic acids, and lower but significant amounts
of other organic substances (phenolics, terpenes, amino acids, etc.), may result in complex spectra,
with a lot of crowded signals. This condition often makes it difficult to define the assignments
of substances and to correctly proceed with the integration without the use of deconvolution.
Deconvolution is an algorithm-based process that allows us to resolve or decompose a set of overlapping
peaks into their separate additive components. In these cases, a non-targeted approach based on
a sample fingerprint is advantageous. In particular, the use of the entire "H NMR spectrum profile
without any kind of targeted measurement was evaluated in this work. Fingerprinting techniques
require the use of adequate statistical methods to extract information from raw data. Chemometrics can
reveal latent correlations in the data and can be useful for both qualitative and quantitative purposes.

Partial least squares (PLS) modeling is a powerful multivariate statistical tool that has often
been applied to spectral analysis. PLS is related to other multivariate calibration methods, such as
classical least squares (CLS), inverse least squares (ILS), and principal component regression (PCR)
methods [14]. The main scope of PLS is to eliminate multicollinearity in the set of explanatory variables
X of a regression model, reducing the dimension of the set in such a way that the resulting subset
of descriptive variables is optimal for predicting the dependent variable Y. The values of Y typically
represent the analyte concentrations (or any sample properties) [14]. For the quantitative approach,
PLS is the most frequently used multivariate statistical method. Hence, this study aims to verify the
potential of proton NMR ('H NMR) combined with PLS to construct models for the determination of
the relative percentage of pure fruit juices in a blend.
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2. Results and Discussion

The use of 'H NMR coupled with PLS was proposed here to develop and optimize multivariate
calibration models to determine the relative concentration of four pure juices in blends. The PLS
model was established by using different chemometric indicators (root mean square error of
calibration (RMSEC); root mean square error of cross-validation (RMSECV); root mean square error of
prediction (RMSEP); coefficient of determination for calibration (R%caL), cross-validation (R%cy) and
prediction (RZpRED).

Figure 1 shows the NMR spectra of the four pure juices considered, and Figure 2 shows the typical
spectrum of a mixture containing equal percentages of apple, orange, pineapple, and pomegranate
juice. As expected, the spectra present wide regions with overlapping phenomena, which makes it
difficult to proceed with the peak integration. The typical 'H NMR spectrum of a juice shows three
defined regions. In the first, ranging from 0.5 to 3.0 ppm, protons of organic acids (citric and malic) and
amino acids (alanine, valine, and proline) are present. The second region (3.0-6.0 ppm) is typical for
carbohydrates, with sucrose, x-glucose, 3-glucose, and fructose being the most abundant [7]. The last
region, ranging from 6.0 to 8.5 ppm, shows phenolic metabolites and aromatic protons. Moreover, each
juice presents the peak assigned to the methyl group of ethanol at 1.17 ppm [6,15]. Spectra of pure
juice have similar shapes in the aliphatic region and limited quantitative differences, except for the two
peaks at 5.40 and 4.22 ppm related to sucrose, which is absent in pomegranate. The region ranging from
6 to 10 ppm is meanwhile more typical; here, aromatic and phenolic compounds are normally present.
In this case, the signals are lower in intensity with respect to the aliphatics. As regards the mixtures,
the enlargement of the aromatic region in Figure 2 appears even more complex, due to the fact that the
weak aromatic signals of each single juice are more diluted in the blend and the number of signals is
increased, owing to the simultaneous presence of many compounds. All these considerations led us to
choose an untargeted approach combined with the consolidated PLS chemometric method [16].

Apple
"
) L [‘ 1 " ‘ l
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|
L | Jd ‘ A
IR OV

L L DL ‘
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A L MML |
Pomegranate

| o
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Figure 1. 1D NOESY spectra of four pure juices, with the 6-10 ppm regions enlarged.
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Figure 2. Typical 1D NOESY spectrum of mixture containing equal percentages of pure apple, orange,
pineapple, and pomegranate juice.

The number of latent variables to be included in the PLS model was selected in such a way that the
RMSEC, RMSECYV (obtained from calibration and internal cross-validation, respectively) and RESEP
(obtained from external validation test set) were reduced to the lowest values, ensuring at the same
time the highest possible predictive capacity. Other statistical parameters to be considered are R? and
the amount of explained variance. The best model was built by using five factors, explaining 94.51%
and 88.62% of total variance in X and Y, respectively. All the calculated RMSEs (except RMSECV
for pineapple and pomegranate) are lower than 10 and each R? value is acceptable, especially for
prediction values. All the chemometric indicators are reported in Table 1.

Table 1. PLS model results of four fruit juice samples.

Number of Factors: 5

Model Variance: Y = 88.62%; X = 94.51%
RMSEC 2 RMSECV P RMSEP © R24d

RZcaL = 0912

Apple 6.869 8.732 2324 R2cy = 0.899
RZpgep = 0.987

R%cap = 0914

Orange 6.333 9.435 4.435 RZcy = 0.882
R2prep = 0.950

R%caL = 0.885

Pineapple 8.634 12.631 5.438 R2cy = 0.821
R2prep = 0.946

R2car = 0.950

Pomegranate 7.182 10.511 7.092 R2cy = 0.860

R2pgep = 0.929

@ RMSEC: root mean square error of calibration; b RMSECV: root mean square error of cross-validation; © RMSEP:
root mean square error of prediction. 9 R?: coefficient of determination for calibration (CAL), cross-validation (CV)
and prediction (P).
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In Figure 3 the Hotelling’s T? vs. Q residuals graphic is shown. The presence of potential spectral
outliers was verified by applying a 95% confidence interval, any outlier is present. Four samples with
high Q residuals and three with high T? scores are present, but none of them was excluded from the
model. All the test set samples (shown in red) are in the 95% confidence area, demonstrating the high
predictive capacity of the model.

x10'
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T T
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©w
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10
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Figure 3. Q residuals versus Hotelling’s T2 plot for the PLS model of 60 fruit juice samples (e) and test
set samples (V).

In Figures 4 and 5 the loadings for the five extracted latent variables and the VIP (variable
importance in the projection) scores, respectively, are shown for each juice. A VIP score is a measure of
a variable importance in the model. It summarizes the contribution of a variable to the model. The VIP
score is calculated as a weighted sum of the squared correlations between the PLS components and
the original variables. As regards loadings, highly correlated variables have similar weights in the
loading vectors. Thus, a different pattern of variables is significant for each extracted factor. In this case,
for all the latent variables any significance arises for the aromatic signals, even though this spectral
region (6-8 ppm) seems to be more characteristic for each juice in comparison with the aliphatic areas
(34 ppm), which appear quite similar (Figure 1). Considering VIP scores, apple, pineapple, and
pomegranate share the same pattern of variables, while in the case of orange juice the most important
signals are those located at low frequencies, corresponding to acid compounds. In any case, and
also for orange juice, the significance of the aromatic and phenolic region is limited. Some different
pre-treatment procedures were attempted to increase the significance of the aromatic spectral region,

but no substantial improvement was achieved.
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Figure 4. Loadings for the five extracted latent variables.
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Figure 5. VIP scores obtained from the selected model for the four juices.

The regression vectors for each juice are shown in Figure 6. The four plots are different from each
other, confirming the same tendency of VIP scores, thus in the definition of regression models different
variables play a significant role for each juice.
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EQ

o e 700 0
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Reg Vector for Pineapple Reg Vector for Pomegranate

Figure 6. Regression vectors for the four juices considered in the model.

Figure 7 shows the scatter plot of measured values vs. predicted values in mixture samples for
calibration and test sets (regression data are reported in Table 1). The regression models are similar in
quality and predictive capacity. The best-performing model is apple, while the worst is pomegranate
(Figure 7: top left and bottom right, respectively).

The method discussed here is suitable and sulfficiently effective for the quantification of the
considered mixtures. To validate this approach, the next step will be the evaluation of the predictive
capacity of mixtures prepared with juices of other brands and also of mixtures in which one or
more components are different from those covered by the model. Moreover, this method showed its
effectiveness in a wide range of component percentages (6.25-100%), thus proving useful for both high
and low concentrations. As a consequence, it should also be able to detect small differences from the
composition declared on the labels of the commercial products.

The results presented herein show that the NMR analysis coupled with chemometrics provides
adequate results in a comparable time with respect to other analytical approaches. The main advantages
of the method proposed include the reduced sample preparation and lack of extraction and purification
steps. In addition, this technique is effective at reducing the amounts of reagents and solvents, making
it more competitive and environmentally sustainable than the most common separative techniques.
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Figure 7. Correlation between the prediction and measured values of juice samples, showing calibration
(e) and test set (v) samples.

3. Materials and Methods

3.1. Samples

To verify the feasibility of 'H NMR combined with chemometrics to determine the percentage of
pure fruit juices in a mixture, the following experimental plan was designed. To minimize the system
complexity in this step of the research, four fruit juices (apple, orange, pineapple, and pomegranate)
from a single brand were purchased from a local marketplace. These samples represent some of the most
consumed fruit juices, often combined for the preparation of more attractive mixtures for consumers.

To obtain the highest significant distribution of mixtures to be analyzed, they were prepared
in accordance with an experimental plan, obtained by means of a central composite design (CCD),
with o = 1.4826, based on a 2* full factorial design, plus eight axial points, plus two replicates in
the center of the domain and four pure juice samples [17]. The ratios provided by the model were
transformed into a percentage composition to get the final experimental plan and then were used as
dependent variables for the subsequent PLS analysis (Table 2).

Table 2. Percentage composition of juice samples.

Sample % Apple % Orange % Pineapple % Pomegranate

1 100 0 0 0

2 0 100 0 0

3 0 0 100 0

4 0 0 0 100
5 43.75 6.25 43.75 6.25
6 25 25 25 25
7 6.25 6.25 43.75 43.75
8 43.75 6.25 6.25 43.75
9 25 25 25 25
10 19.5 19.5 19.5 41.5
11 10 10 10 70
12 33.33 33.33 0 33.33
13 31.82 4.54 31.82 31.82
14 33.33 33.33 33.33 0
15 6.25 43.75 43.75 6.25
16 0 33.33 33.33 33.33
17 10 70 10 10
18 19.51 41.46 19.51 19.51
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Table 2. Cont.

Sample % Apple % Orange % Pineapple % Pomegranate
19 19.51 19.51 41.46 19.51
20 10 10 70 10
21 25 25 25 25
22 31.82 31.82 4.54 31.82
23 6.25 43.75 6.25 43.75
24 4.54 31.82 31.82 31.82
25 33.33 0 33.33 33.33
26 43.75 43.75 6.25 6.25
27 31.82 31.82 31.82 4.54
28 41.46 19.51 19.51 19.51
29 25 25 25 25
30 70 10 10 10

Analyses were performed in duplicate, making sure to repeat the analysis on different days. In this
way, the 60 experiments were conducted in a randomized order. The intra- and inter-day variability,
previously evaluated on one sample, were analyzed 10 times on the same and on different days, giving
1.4 and 4.0 CV%, respectively. In addition, an external validation test set was constructed including
five randomly selected CCD replicates (newly prepared and analyzed) and 10 extra mixtures outside
the CCD, with random percentages of the four juices (Table 3).

Table 3. Percentage composition of test set samples.

Sample % Apple % Orange % Pineapple % Pomegranate
TS1 20 15 30 35
TS2 44.44 2222 22.22 11.11
TS3 40 13 7 40
TS4 18.92 13.51 33.78 33.78
TS5 20 60 15 5
TS6 30 30 25 15
TS7 12 60 19 9
TS8 35 10 30 25
TS9 21 25 45 9
TS10 10 27 34 29

7* 6.25 6.25 43.75 43.75
9* 25 25 25 25

13* 31.82 4.54 31.82 31.82
22% 31.82 31.82 4.54 31.82
28 * 41.46 19.51 19.51 19.51

* CCD samples randomly selected.

For the preparation of samples, each juice was first centrifuged at 5000 rpm for 5 min to remove
all the material in suspension. Subsequently, for NMR analysis, different juices were mixed together in
the ratios indicated by the CCD.

For organic acids, amino acids, and each compound whose ionization changes depending on pH,
the chemical shift varies accordingly. These spectral variations may affect or invalidate the results of the
multivariate analysis, whose basic principle is that the corresponding signals in different samples must
have the same chemical shift. To minimize shifts, the pH of the samples with a buffered solution was
standardized. To 9 mL of each mixture, 1 mL of 1 M KH,PO, was added and the pH was measured;
eventually, it was adjusted to 3.1-3.2 by using small amounts of 1 M HCI. An aliquot of 630 uL of this
buffered mixture were then added to 70 uL of 13 mM 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium
salt (TSP) and 0.1% sodium azide in 99.9% deuterium oxide (D,0). TSP was employed for internal
referencing of 'H chemical shifts, while sodium azide as the preserving agent. The final solution
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(700 L) was transferred into a WILMAD® NMR tube, 5 mm, Ultra-Imperial grade, L 7 in., 528-PP
purchased from Sigma-Aldrich (Milan, Italy). All chemicals and solvents were of analytical grade and
they were purchased from Sigma-Aldrich.

3.2. NMR Spectroscopy

One-dimensional 'H NMR spectra of juice mixtures were acquired with a Bruker FI-NMR Avance
III HD 600 MHz spectrometer (Ettlingen, Germany), and all the NMR experiments were performed
at 300 °K. After 10 min of thermal equilibration inside the probe, the solvent (D,O) was locked to
assure the maximum sensitivity, the probe was manually tuned and matched, and the 90° pulse was
calibrated; subsequently, the power level for pre-saturation was calculated, and finally the receiver
gain was automatically set. 1D NOESY experiments were acquired by using the Bruker sequence
“noesygpprld” in order to suppress the water signal. The pre-saturation frequency was adjusted for
each sample before acquisition. The acquisition parameters were as follows: time domain (number of
data points), 64 K; dummy scans, 0; number of scans, 32; acquisition time, 3.90 s; delay time, 8 s; spectral
width, 14 ppm (8403.4 Hz), fid resolution, 0.2564 Hz; digitization mode, baseopt, total acquisition time,
6 min 22 s.

3.3. Spectra Pretreatment

The application of the "H NMR technique to juice samples generates complex and crowded
spectra, which need to be previously pre-treated and then analyzed by chemometric tools to handle
the high amount of information contained in the raw data. Assuming that peak intensities are directly
proportional to the concentration of compounds, each spectral point was used as an absolute intensity
value, without performing any type of signal integration. This approach allows for overcoming issues
related to the understanding and integration of overlapped signals. First, 'H NMR spectra were phased
and calibrated using the TSP signal for chemical shifts referencing, and the baseline was adjusted.
All spectra processing was performed using TopSpin 3.5 software package (Bruker Biospin GmbH
Rheinstetten). Each spectrum generates a 64 K data point file. In order to perform the spectra alignment,
the files from each sample were exported and collected in a dataset consisting in 64 K spectral variables
for 75 samples (60 calibration samples plus 15 test set samples). The alignment was performed by
using Icoshift 1.0 toolbox for MATLAB® (Mathworks Inc., Natick, MA, USA) to reduce the lack of
homogeneity in chemical shifts that principally occurs for pH-dependent signals [18]. Afterwards,
in order to reduce the number of data points and manipulate datasets more easily, non-significant
spectral regions were deleted to obtain a new dataset with 34,740 data points and, finally, the resolution
was reduced by selecting one out of every 10 points, thus obtaining 3474 data points for each spectrum.

3.4. Statistical Analysis

With a view to performing the statistical analysis, the dataset used for the alignment and
resolution reduction (75 samples) was again split into two datasets, i.e., one containing the 60
samples for calibration and the second containing the 15 samples for the external validation test set.
All multivariate data analyses and calculations were performed by using the software PLS_Toolbox
5.2.2 (Eigenvector Research Inc., Manson, WA, USA) for MATLAB®. The PLS method is based on the
SIMPLS algorithm. All data were mean-centered and scaled by applying the Pareto scaling method,
which is useful when spectral noise is expected to be proportional to the standard deviation square
root of variables. Pareto scaling can reduce the relative importance of large values, keeping the data
structure partially intact [19].

Partial least squares regression (PLS) is an extension of the multiple linear regression model that
does not impose the restrictions employed by discriminant analysis, principal components regression,
or canonical correlation. In PLS, prediction functions are represented by factors extracted from the
Y'XX"Y matrix, and it is probably the least restrictive of the multiple linear regression extensions.
PLS analysis was performed using a venetian-blind internal cross-validation method with the number
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of data splitting set to 7. The number of factors (latent variables) in the models and the model
performance were assessed by using the root mean square error of calibration (RMSEC) and the root
mean square error of cross-validation (REMSCV). The presence of potential spectral outliers was
verified by applying a 95% confidence interval to the Q residuals and Hotelling’s T? scores (Figure 3).

The final regression model was assessed by the coefficients of determination for calibration,
cross-validation and test sets (R%car, R2cy), the root mean square error of calibration and the root
mean square error of cross-validation (RMSEC, RMSECYV). The prediction ability of the model was
evaluated by external validation set (test set), through the coefficient of determination for the test set
(R%prgp) and the root mean square error of prediction (RMSEP).

4. Conclusions

The present work proposes the use of 'H NMR applied to the development and optimization
of multivariate calibration models to determine the relative concentration of four juices in blends.
The PLS model was established by using different chemometric indicators (RMSEC, RMSECV, RMSEP,
R%car, R%cy and R%pggp). The results demonstrate the feasibility and several advantages of using
"H NMR spectral data in combination with multivariate data analysis to build a model capable of
detecting adulterations in fruit juice.
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Abstract: In recent years, great attention has been focused on rapid, selective, and environmentally
friendly extraction methods to recover pigments and antioxidants from microalgae. Among these,
supercritical fluid extraction (SFE) represents one of the most important alternatives to traditional
extraction methods carried out with the use of organic solvents. In this study, the influence of
parameters such as pressure, temperature, and the addition of a polar co-solvent in the SFE yields of
carotenoids and fat-soluble vitamins from T. obliquus biomass were evaluated. The highest extraction
of alpha-tocopherol, gamma-tocopherol, and retinol was achieved at a pressure of 30 MPa and a
temperature of 40 °C. It was observed that overall, the extraction yield increased considerably when
a preliminary step of sample pre-treatment, based on a matrix solid phase dispersion, was applied
using diatomaceous earth as a dispersing agent. The use of ethanol as a co-solvent, under certain
conditions of pressure and temperature, resulted in selectively increasing the yields of only some
compounds. In particular, a remarkable selectivity was observed if the extraction was carried out
in the presence of ethanol at 10 MPa and 40 °C: under these conditions, it was possible to isolate
menaquinone-7, a homologous of vitamin K2, which, otherwise, cannot not recovered by using
traditional extraction procedures.

Keywords: microalgae; Scenedesmus; supercritical fluid extraction; carotenoids; fat-soluble vitamins;
antioxidants

1. Introduction

Aquatic species are promising sources of products for the fine chemicals industry, and this has
aroused a growing interest toward such organisms for several applications such as the production
of biofuels, the extraction of food additives or active ingredients for cosmetic formulations [1-3].
In particular, algae represent an attractive source for the extraction of vitamin K, carotenoids, and other
fat-soluble vitamins.

Vitamin Kis a family of structurally similar chemical compounds including phylloquinone (vitamin
K1), which occurs in green plants, and menaquinones (vitamin K2 vitamers), which are predominantly of
microbial origin [4,5]. Besides acting as a cofactor for the enzyme y-glutamylcarboxylase, recent research
has shown that vitamin K can protect against intracellular oxidative stress and cognitive decline [6-9].
Regarding the vitamin K content in common macroalgae, extremely variable concentrations of
phylloquinone have been observed [10,11], however, it was not detected in P. tricornutum [11], while its
concentration reached 750 p1g/100 g in Sargassum muticum (commonly known as Japanese wireweed),
which is a significantly higher value than that observed in terrestrial plants [10]. To the best of our
knowledge, no information on the distribution of menaquinones has so far been reported.
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Carotenoids are tetraterpenoids with numerous biological functions synthesized by plants, algae,
fungi, and bacteria. They are essential for photosynthesis and, in general, for life in the presence
of oxygen. Due to their chemical structure, based on a long chain of conjugated double bonds,
these micronutrients are highly lipophilic, variously colored, and exhibit antioxidant properties [12].
Due to changes in lifestyle and the rising health consciousness of the average population, the demand
for nutrient-rich supplements with health benefits has risen substantially. Carotenoids also have
various medicinal properties and are widely used as preventatives against diseases such as cancer,
diabetes, and cataracts [13]. Carotenoids are also currently used in food supplements, cosmetics,
and pharmaceuticals [14].

Hydrocarbon carotenoids are referred to as carotenes, while their oxygenated derivatives are
known as xanthophylls. Within the latter group, the oxygen atom may be present in the form of hydroxyl
groups (as in the case of lutein) or as keto groups (as in the case of canthaxanthin) or as a combination
of both (as in astaxanthin) [15]; other oxygenated functional groups occurring in xanthophylls are the
epoxy group and carboxylic group. Moreover, all carotenoids having a polyene chain with 11 carbon
atoms, and at least one unsubstituted -ionone ring contributes to the synthesis of vitamin A by
means of their conversion into retinol. Increasingly restrictive legislation regarding the origin of food
preservatives (e.g., antioxidants and antimicrobials), coupled with the growing demand for natural
compounds, have renewed the interest in biomass as a potential source for such compounds rather than
resorting to chemical synthesis [16,17]. The best candidates for carotenoid biosynthesis are microalgae
because they have many useful features from an industrial point of view: a high surface-to-volume
ratio; high growth rates; different metabolic pathways; environmental adaptability; and the simplicity
of screening and genetic manipulation [10]. Typical maximum growth rates of microalgae are between
0.5 and 2 d~! that correspond to the duplication times of a few hours, which is much higher than the
growth rates of terrestrial plants. Although microalgae are photosynthetic microorganisms, they can
also grow in mixotrophic and heterotrophic conditions [18]. Microalgae generally have an optimal
pH between 7-9 and an optimal temperature between 25-30 °C. Some carotenoids are synthesized by
microalgae as primary metabolites to protect the photosystems from photodamage caused by excessive
light exposition and to enlarge the harvesting spectrum of light (e.g., lutein and fucoxanthin). Others
carotenoids such as astaxanthin and f3-carotene are accumulated as secondary metabolites under
stress conditions (e.g., nutrients starvation, osmotic shock, high temperature) to protect the cells from
oxidative stresses [14,19]. Among the various species of microalgae, Tetradesmus obliquus (generally
known as Scenedesmus obliquus), an ubiquitous microorganism in lakes and freshwater rivers, is one
of the most studied strains for large scale industrial applications, thanks to its ability to grow well
in the non-optimal conditions typical of industrial outdoor plants [20]. T obliquus can be cultivated
with biomass productivities until 2 g/L d in photoautotrophic conditions [21] and until 6 g/L d in
heterotrophic conditions [18]. This microalga appears to be a promising source of carotenoid-rich
extracts [22]. However, to date, T. obliquus is still not exploited for the industrial production of
carotenoids or vitamins [19]. One relevant limitation comes from the absence of extraction processes
that are sufficiently selective and efficient [23]. Among the most widely used organic solvents for
carotenoid extraction, there is hexane (particularly effective for carotenes), ethanol (advantageous for
xanthophylls), and acetone. However, the use of organic solvents for extraction is not the preferred
way to produce healthy foods due to the toxicity of solvent residues in food as well as the issues of
environmental pollution. The development of an efficient extraction technique for the isolation of
pharmaceutical compounds from natural resources is necessary.

Extraction using supercritical fluids (SFE) is currently considered an important green alternative
to traditional methods. The properties of supercritical fluids (SFs) can be considered as intermediate
between the ones of liquids and gases. Similarly to gases, SFs are highly compressible, but have
high densities comparable to those of liquids. The combination of some of the properties of liquids
with those of gases provides supercritical fluids with some very interesting features. For example,
supercritical fluids can effuse through solid materials like a gas, but can also act like a liquid and dissolve
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substances. In SFE, the organic phase used in typical solid-liquid extractions (SLE) is substituted by a
supercritical fluid. The manipulation of both the temperature and pressure of the fluid can solubilize
the substance of interest in a complex matrix and selectively extract it. Compared to SLE, SFE is
indeed simpler, faster, and more efficient but without consuming large quantities of organic solvents,
which are both expensive and potentially harmful. Other immediate advantages of SFE compared to
traditional extraction techniques are process flexibility due to the continuous modulation of the solvent
power/selectivity of the supercritical fluid and the elimination of polluting organic solvents, which also
prevents expensive post-processing of the extracts for solvent removal. CO, is the most commonly
used supercritical fluid thanks to its non-toxicity, chemical inertia, low cost, and most importantly,
low critical values. Its low critical temperature (below 32 °C) makes CO, ideal for the extraction
of thermolabile compounds. For these reasons, the use of CO; as an extraction solvent has been
successfully reported in the literature for the isolation of many compounds from various sources [24-28].
For example, supercritical CO, has been tested for the extraction of carotenoids and triglycerides
from microalgae such as Hematococcus pluvialis, Scenedesmus sp., and Chlorella sp. in different previous
works, by mainly using ethanol as the co-solvent, as reported in a recent review [29]. However, there is
scarce information about the co-extraction of vitamins and carotenoids from microalgae. In this study,
the possibility of extracting carotenoids and fat-soluble vitamins from T. obliquus by means of CO,
in the supercritical phase was evaluated. The effect of several parameters such as the CO, physical
variables, the addition of co-solvents (methanol and limonene), and an inert dispersing phase on the
recovery of different carotenoids and fat-soluble vitamins was investigated. The supercritical fluid
extraction was also compared in terms of yield and selectivity with conventional extraction methods.

2. Results and Discussion

2.1. Extraction via Matrix Solid-Phase Dispersion

According to the methodology reported in the literature [30,31], the HPLC-MS analysis of the
extracts obtained by the matrix solid-phase dispersion (MSPD) showed that the most abundant
carotenoids and fat-soluble vitamins in the algal biomass were lutein and «-tocopherol, respectively.
The MSPD extraction, applied individually in accordance with that described in Section 3.4, allowed
10 different compounds to be isolated and identified via HPLC-MS.

2.2. Supercritical CO; (SCCO,) Extraction

2.2.1. Evaluation of the Optimal Extraction Time

A series of preliminary SFE was performed on samples of T. obliquus at constant pressure (P) and
temperature (T) values and by varying the extraction time between 1 and 4 h in order to determine
its optimal value. In particular, by using a Pco, of 30 MPa and a Tcop of 50 °C, the percentage of
extracted carotenoids was evaluated as a function of the incubation time. The 90-min extraction time
was selected as the most appropriate one since, at higher incubation times, no increase in the amount
of extracted material was recorded. Therefore, all subsequent extractions in the static approach were
carried out for 90 min. For operations in the dynamic mode, an initial static extraction time of 90 min
was used, followed by a dynamic extraction step for 10 min. In both cases, at the end of the process,
CO, was withdrawn from the cell and the extract was recovered in 2 mL of ethanol.

2.2.2. Addition of Diatomaceous Earth as a Dispersing Phase

Before extraction, the algal biomass was mixed with diatomaceous earth in a 1:10 w/w proportion,
as reported in the experimental section. This sample preparation was selected with the aim of obtaining
a better yield and extraction reproducibility (data not shown). Indeed, mixing with diatomaceous earth
can help to break the cell walls and membranes of the microalgae, exposing the cellular content to the
action of the extracting fluid as well as increasing the contact area between the sample and the solvent.
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2.3. Evaluation of the Influence of Pressure and Temperature on the Recovery of Carotenoids from T. Obliquus

2.3.1. Extraction Conditions and Extraction Variables

For all of the SFE and MSPD extraction procedures, a fixed quantity of diatomaceous
earth/microalga mixture (equal to 0.200 g of sample, of which 0.01818 g was T. obliquus biomass) was
used. Each experiment was repeated at least twice. Three different CO, pressure values were selected
during the extractions (25, 30, and 35 MPa, respectively) and for each pressure, the extractions were
performed at three different temperatures (40, 50, and 60 °C). The pressure and temperature values
were selected on the basis of the literature data and taking into account the thermolability of the
carotenoids. In general, as expected, it was observed that as the pressure of the supercritical CO,
increases at constant temperature, the extraction yields increase as a consequence of an increase in the
solvent power. In contrast, as the temperature increases at constant pressure, the solvent power of CO,
decreases, and therefore carotenoid extraction yields are reduced.

Moreover, we investigated the effect of modifiers such as methanol (5% v/v) and limonene (5% v/v),
on the composition of the extracts. As can be seen in Figures 1 and 2, the extractions carried out with
the addition of limonene did not show a qualitative or quantitative improvement in the composition
of the extract, except for the best extraction of phytofluene (a non-polar compound structurally very
similar to limonene), while as expected, the addition of methanol allowed a better recovery of all the
more polar carotenoids.

a-Alpha tocopherol b-Phylloquinone
3500 45
& 0
p 3000 e P 5 SCCO2+MeOH 40°C
e 2500 = SCCO2+MeOH 40°C e == SCCO2+MeOH 50°C
a = SCCO2+MeOH 50°C a 30 } —&—SCCO2+MeOH B0°C
I 2000 = 50C024MeOH 60°C ks sCCo2 40°C
1500 -~ 5SCCO2 40°C a2 1 8= SCCO2 50°C
? 1000 v =@=SCCO2 50°C r 15 I 1 == SCCO2 60°C !
e =@=S5CC02 60°C € 10 SCCO2+Limonene 40°C
a 500 SCCO2+limanene 40°C a g i MSPD (atm. pressure)
o MSPD (atm. pressure) 0+ x
25

25 30 35

30
Pressure (MPa) Pressure (MPa)

d-Retinol
c-Gamma Tocopherol
600
250
500 i
5 P A
P 200
e - SCCO2+MeOHA0°C e SCCO2+MeOH 40-C
400
a =dr=5CCO2+MeOH 50°C i ~=d—SCCO2+MeOH 50-C
150
k gy SCCO2 +Me OH 60°C 100 =dr=5CC02+MeOH 60-C
a SCCO240°C a 8CCO2 40-C
100 -
e SCCO2 50°C r 200 =§=3CC02 50-C

~8=5CC02 60-C
$CCO2+limonene 40-C

=8=5CC02 60°C
SCCO2+limanene 40°C

MSPD (atm. pressure)
MSPD (atm. pressure)

5 30 35
Pressure (MPa)

30
Pressure (MPa)

Figure 1. Extraction yields (average peak area + standard error) of (a) alpha tocopherol, (b) phylloquinone,
(c) gamma tocopherol, and (d) retinol obtained with SFE and MSPD.

2.3.2. SCCO; Extraction of Fat-Soluble Vitamins and Carotenoids from T. Obliquus in Comparison
with MSPD

The supercritical fluid extraction of micronutrients from algal biomass in comparison with the
solid/liquid extraction methodology is reported in Figures 1 and 2. We optimized the extraction
conditions in SCCO; for the following compounds: «-tocopherol, canthaxantin, y-tocopherol, lutein,
phylloquinone, phytofluene, retinol, and menaquinone-7, whose structures are shown in Figures 3
and 4. In Figures 5 and 6, the mass spectra of each extracted compound are reported.
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Figure 3. Chemical structures of: (a) alpha tocopherol, (b) gamma-tocopherol, (¢) phylloquinone, and

(d) retinol.
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Figure 5. LC-MRM profile of retinol (A), gamma-tocopherol (B), alpha tocopherol (C) and lutein (D)
extracted from a microalga sample by SFE. Extraction conditions: Pcop = 35 MPa, Tcop = 40 °C,
5% MeOH.
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Figure 6. LC-MRM profile of canthaxanthin (A), phylloquinone (B), menaquinone-7 (C), and
phytofluene (D) extracted from a microalga sample by SFE. Extraction conditions: A, B and D:
PCOZ =35 MPa, TCOZ =40 OC, 5% MeOH. C: PCOZ =10 MPa, TCOZ =40°C.

As reported in Figure la at Pcop 30 MPa and Tcop 40 °C with the addition of MeOH,
the concentration of a-tocopherol detected in the extract was 61.8 pg/mL. The extraction with organic
solvents allowed a lower recovery of «-tocopherol, with a concentration of 27.7 pug/mL. The molecular
structure of x-tocopherol contains an oxygen atom that makes the molecule more polar than the
carotenoids: this explains its higher SF extraction when adding MeOH as a cosolvent for CO;.

Regarding alpha tocopherol extraction from different types of algae, a strong variability of its
content has been reported in the literature and often very close taxa have very different alpha tocopherol
contents. Such results point out the importance of growth conditions for obtaining higher quantities
of this compound [32]. On this basis, it is very difficult to find useful extraction data to compare the
efficiency of the extraction technique used.

Canthaxanthin is co-extracted with SCCO; in the same experimental conditions (Figure 2a).
The extraction yields, however, were not quantitatively comparable with those obtained by MSPD. It is
most likely that the chemical structure of canthaxanthin, which contains two carbonyl groups, makes
it very poorly soluble in supercritical CO, (even at high density and in the presence of methanol).
Indeed, the recovery of canthaxanthin in CO,-only extraction was below the limit of detection, while
better results were obtained by increasing the polarity of the solvent phase with the addition of MeOH.

Phylloquinone contains two carbonyl groups together with the presence of a long hydrocarbon
chain in its molecular structure. This feature can be responsible for a greater solubility in supercritical
CO; than in organic solvent mixtures. In the case of phylloquinone, the best extraction conditions
were obtained at CO, pressure values of 25 MPa and T = 60 °C in the presence of MeOH (Figure 1b).

Y-tocopherol, one of the eight vitamers of vitamin E, showed a better extraction profile with SCCO,,
and the addition of MeOH at a temperature of 40 °C and pressure of both 35 and 30 MPa, produced
quantitatively higher extraction yields than those obtained with the MSPD technique (Figure 1c).
a-tocopherol and y-tocopherol are structurally similar molecules, and despite being extracted under
the same experimental conditions, their recovery was different due to the different relative quantities
contained in the microalgae.

Retinol, or vitamin A, as a metabolite of provitamin A carotenoids, could be formed during
the extraction procedure by increasing the extraction temperature. In fact, in almost all the SCCO,
extraction conditions tested, a larger recovery of this vitamin was observed when compared to the
MSPD technique (Figure 1d).

Phytofluene, a colorless carotenoid precursor, has a structure with 40 carbon atoms and five
conjugated double bonds. It showed a better recovery profile with the MSPD technique compared to
SFE, although the addition of limonene allowed a better extraction of this carotenoid with the SFE
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technique (Figure 2b). This may be due to its remarkably apolar structure, while further degradation
occurs at temperatures above 40 °C and at higher CO, pressures.

Lutein, known as E161b in the European codification of food additives, was extracted in more
significant amounts with the MSPD technique than with SCCO, (Figure 2c). Lutein contains two
hydroxyl groups within the molecule and is a very polar compound. It is partially recovered in SFE
extractions with the addition of MeOH, but in lower relative yields.

Finally, extractions on the microalgae carried out in SCCO, at a pressure of 10 MPa and T = 40 °C
allowed the selective extraction of menaquinone-7 (Figure 6), which was not detected in the MSPD
extractions. SCCO; extractions at higher pressures and temperatures did not show the presence of
menaquinone-7, confirming the hypothesis that it could be chemically degraded at high CO, pressure
or temperature values.

Menaquinone-7, like the other menaquinones, has a bacterial origin. It is not usually synthesized
from algae, although in the literature, its presence has been hypothesized in the microalgae of the genus
Scenedesmus [33]. Moreover, the microalgae used in this study were grown in a non-sterile environment,
therefore they may have contained the products of a unique system formed by the microbiota in
symbiosis with microalgae [34]. It has been proven that several microalgae species cannot survive
without such associated bacteria because these latter furnish essential vitamins (such as vitamin By) to
the microalgae [35].

Our results demonstrate that SFE with SCCO, is a green method for the extraction of high purity
thermolabile compounds such as carotenoids. However, the yield of polar carotenoids, as reported in
the literature, is often low [36]. By optimizing some key parameters (use of entrainers), it is possible
to improve the solubility of more polar analytes in SCCO,. Table 1 reports a comparison of the
obtained SFE extraction yields based on the peak areas obtained from the mass spectra with those
obtained with MSPD. By varying the SFE conditions, we were able to obtain comparable and sometimes
higher extraction yields than MSPD for alpha and gamma tocopherol, canthaxanthin, phylloquinone,
phytofluene, retinol, and menaquinone-7.
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3. Materials and Methods

3.1. Biomass Production

A strain of the microalgae Tetradesmus obliquus was maintained in the laboratory under phototrophic
conditions as previously described [36]. T. obliquus is generally known as Scenedesmus obliquus, but it
has been recently reclassified by Wynne and Hallan [37].

The biomass used for the extraction tests was produced by diluting 1 to 10 (v/v) microalgae from the
maintenance flasks in two column photobioreactors (¢ = 9 cm, h = 65 cm) with the cultivation medium.
The initial biomass concentration was 0.05 g/L. The cultivation medium used was a “tap water based
medium”, which is a cultivation medium obtained by adding NaNO3 and K,HPOj to the local tap water;
its exact chemical composition has been described in a previous work [38,39]. The photobioreactors
were maintained under 24 h/24 constant illumination at 100 pmol m~2s71, by means of cool-white
florescent lamps and constant air feeding (0.5 L/min) at a room temperature of 27 + 3 °C. After 15 days
of cultivation, the produced microalgae biomass was harvested by centrifugation at 1370x g for 5 min
and then the obtained pellet was freeze dried.

3.2. Chemicals and Solvents

Methanol, ethanol, 2-propanol, hexane, and acetone (HPLC grade) were purchased from Sigma
(St. Louis, MO, USA). Dichloromethane and acetonitrile (analytical grade) were obtained from
Chromasolv (Barcelona, Spain). Diatomaceous earth SPE-ED MATRIX 38 was purchased from Applied
Separations (Allentown, PA, USA). Syringe-like polypropylene tubes (i.d. 26 mm, 75 mL capacity) and
polyethylene frits were obtained from Alltech (Deerfield, IL, USA).

The following standards were purchased from Aldrich-Fluka-Sigma Chemical (St. Louis,
MO, USA): retinol, ergocalciferol, o6-tocopherol, (-tocopherol, vy-tocopherol, cholecalciferol,
a-tocopherol, menaquinone-4, menaquinone-7, phylloquinone, all-trans-lutein, all trans-zeaxanthin,
all-trans-p-cryptoxanthin, and all-trans-B-carotene. Standards of «-tocotrienol, B-tocotrienol,
d-tocotrienol, and y-tocotrienol were bought from LGC Standards (Middlesex, U.K.). Standards
of 15-cis-phytoene, all-trans-phytoene, all-trans-phytofluene, 13-cis-3-carotene, 9-cis--carotene,
all-trans-(-carotene, all-trans-y-carotene, all-trans-lycopene, and 5-cis-lycopene were purchased from
CaroteNature GmbH (Ostermundigen, Switzerland). All chemicals had a purity grade of >97%.

3.3. Biomass Pretreatment

The biomass was freeze dried and stored at —20 °C. Before extraction, the biomass was manually
ground into a fine powder. When diatomaceous earth was used, it was mixed with the ground biomass
at a 1:10 w/w ratio (algae:diatomaceous earth).

3.4. MISPD Extraction

The results obtained by SFE were compared with those from the MSPD extraction. The last one
was performed as follows: 200 mg of sample (biomass and diatomaceous earth 1:10 w/w) was ground
with a pestle into a ceramic mortar until an evenly colored powder was obtained. Subsequently,
this powder was used for filling a syringe-like polypropylene tube previously prepared with a first
layer of C18 sorbent (0.4 g). The resultant chromatographic bed was held among two polyethylene
frits. Vacuum-assisted elution was conducted with 15 mL of methanol, 5 mL of 2-propanol, and 20 mL
of hexane by collecting the analytes into a 50 mL falcon. Samples were then centrifuged at 6000 rpm
for 10 min. The supernatant was poured out into a glass tube with a conical bottom (i.d. 2 cm) and
evaporated up to dryness under a gentle flow of nitrogen in a water bath kept at 25 °C. Finally, the dry
extract was dissolved in 2 mL of ethanol, sonicated for 2 min, and passed through a PTFE 0.45 um
filter. Forty microliters were injected into the chromatographic column for the LC-MS analysis.
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3.5. Supercritical Fluid Extraction

Supercritical fluid extractions (SFE) were performed on a SFE 300 analytical extractor manufactured
by Carlo Erba Instruments. A scheme of the extraction apparatus is shown in Figure 1. The extractions
took place in a metal tubular reactor of 1 cm® where the samples were introduced. Cooled CO, was fed
into the high-pressure reactor, pressurized at the desired target pressure by a syringe pump, and heated
to the desired temperature with a system of recirculating air in the thermostated chamber where the
reactor was located. In all of the experiments, a static extraction was followed by a 10-min dynamic
extraction performed through the depressurization of SCCO, in 2 mL of ethanol.

For each extraction experiment, 200 mg of ground powder (containing biomass and diatomaceous
earth 1:10 w/w) were placed in the extraction cell. The operating parameters were varied in the
pressure range of 10-35 MPa and in the temperature range of 40-60 °C. A series of extractions was also
performed in the presence of a modifier by adding 5% (v/v) methanol (T = 40, 50, and 60 °C; P = 25, 30,
and 35 MPa) or limonene (T =40 °C; P = 30 MPa) to the sample inside the extraction cell.

3.6. Mass Spectrometry Experiments

Analytes were detected by a 4000 Qtrap (AB SCIEX, Foster City, CA, USA.) mass spectrometer
equipped with an atmospheric pressure chemical ionization (APCI) probe on a Turbo V source.
A positive ionization mode was used, setting a needle current (NC) of 3 A and a probe temperature
of 450 °C. High-purity nitrogen was used as the curtain (40 psi) and collision (4 mTorr) gas, whereas
air was the nebulizer (55 psi) and makeup (30 psi) gas. The preliminary calibration of Q1 and Q3 mass
analyzers was conducted by infusing a polypropylene glycol solution at 10 pL/min. The unit mass
resolution was established by maintaining a full width at half-maximum (fwhm) of approximately
0.7 + 0.1 unit in each mass-resolving quadrupole. APCI-Q1—full scan spectra and product ion scan
spectra of the analytes were acquired by working in flow injection analysis (1-10 ng injected, 1 mL/min
flow rate).

3.7. Liquid Chromatography

Liquid chromatography (LC) was performed by a micro HPLC series 200 (PerkinElmer, Norwalk,
CT, USA.) equipped with an autosampler, vacuum degasser, and column chiller. Analytes were
separated on a ProntoSIL C30 column (4.6 mm X 250 mm, 3 um) from Bischoff Chromatography
(Leonberg, Germany), protected by a guard C30 column (4.0 mm x 10 mm, 5 um), under non
aqueous-reversed phase (NARP) conditions at 19 °C. The elution profile by using methanol (phase
A) and 2-propanol/hexane (50:50, v/v; phase B) was as follows: 0—1 min, 0% B; 1-15 min, 0-75% B;
15-15.1 min, 75-99.5% B; and 15.1-30.1 min, 99.5% B. The mobile phase was entirely introduced
into the MS detector at a flow rate of 1 mL/min. Phase B was also used to wash the autosampler
injection device.

The separation and detection of MK-7 were confirmed by using a specific chromatographic
method with increased efficiency in separating vitamin K homologues from interfering compounds.
This method differs from the previous one for the use of two reversed-phase columns connected in
series (SUPELCOSILTM C18, 4.6 mm x 50 mm, 5 mm, Supelco-Sigma—Aldrich, Bellefonte, PA, USA;
and Alltima C18, 4.6 mm X 250 mm; 5 mm, Alltech, Deerfield, IL, USA).

4. Conclusions

In this study, the influence of parameters such as pressure, temperature, and the addition of a
polar co-solvent on the SFE yields of carotenoids and fat-soluble vitamins from T. obliquus biomass
was studied. The optimized extraction conditions revealed the possibility to substantially increase
the yields of some compounds with respect to conventional solid-liquid extraction. In particular,
by varying the SFE polarity, we were able to obtain comparable and sometimes higher extraction yields
than MSPD for many low or medium-polar carotenoids and vitamins. We also obtained a remarkable
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selectivity (at 10 MPa and 40 °C) for the extraction of the compound menaquinone-7, whose extraction
has been rarely achieved by using traditional procedures.
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Abstract: Systematic comparison of active ingredients in Sojae semen praeparatum (SSP) during
fermentation was performed using ultra-fast liquid chromatography (UFLC)-TripleTOF MS and
principal component analysis (PCA). By using this strategy, a total of 25 varied compounds from various
biosynthetic groups were assigned and relatively quantified in the positive or negative ion mode,
including two oligosaccharides, twelve isoflavones, eight fatty acids, N-(3-Indolylacetyl)-prL-aspartic
acid, methylarginine, and sorbitol. Additionally, as the representative constituents, six targeted
isoflavones were sought in a targeted manner and accurately quantified using extracted ion
chromatograms (XIC) manager (AB SCIEX, Los Angeles, CA, USA) combined with MultiQuant
software (AB SCIEX, Los Angeles, CA, USA). During the fermentation process, the relative contents
of oligoses decreased gradually, while the fatty acids increased. Furthermore, the accurate contents
of isoflavone glycosides decreased, while aglycones increased and reached a maximum in eight
days, which indicated that the ingredients converted obviously and regularly throughout the SSP
fermentation. In combination with the morphological changes, which meet the requirements of China
Pharmacopoeia, this work suggested that eight days is the optimal time for fermentation of SSP from
the aspects of morphology and content.

Keywords: Sojae semen praeparatum (SSP); fermentation; conversion; ultra-fast liquid chromatography
(UFLC)-TripleTOF MS; principal component analysis (PCA)

1. Introduction

Fermentation is one of the major processes used in the production of food from soybeans and has
played an important role in human life for centuries [1,2]. Many studies have reported the components
that are converted and how bioactivities increased in soybean products during the fermentation
process [3-7].

Sojae semen praeparatum (SSP), whose Chinese herbal name is dandouchi, which is a product
of Chinese fermented preparation obtained from the ripe seed of soybean (Glycine max (L.) Merr.),
has been used as an important component in traditional diets and as an effective traditional Chinese
medicine (TCM) among the Chinese community worldwide. More people are expected to consume
SSP if the fermentation process includes quality assessment and quality control. Other studies
have focused on the active ingredients in SSP, such as isoflavone [8-11], peptides [12], biogenic
amines [13,14], and volatile components [15], the physiological properties of SSP such as anti-oxidative
activity [16], anti-proliferative activity [17], anti-x-glucosidase activity [18] and anti-hypertensive
effects [19], and species and quantities of fermenting bacteria in SSP spontaneous fermentation, such
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as bacterial fermentation and fungus fermentation [20,21]. However, no systematic comparison has
been conducted of the active ingredients among the raw materials and the SSP products collected at
different fermentation stages.

Isoflavones were reported to be representative constituents affecting soybean due to their significant
estrogen-like bioactivity [22,23], which increased after fermentation [24,25]. The main isoflavones
found in soybean are daidzein, genistein and glycitein, which are present either in glycosidic or
aglycone form, mainly with f—glycosides and some 6”-O-malonyl or 6”-O-acetylglucose [26,27].
Aglyca were reported to have more bioactivity compared to the corresponding glycosides [28].
Some studies suggested that bacterial or fungal f—glycosidases are attractive candidates for use in
converting 3—glycosides isoflavone to their aglycones, thus enhancing the nutritional value of soy
products [29,30]. However, the composition and contents change trends of isoflavones contained in
SSP during fermentation have not yet been reported.

Therefore, we aimed to characterize the conversion of ingredients associated with the SSP
fermentation process using ultra—fast liquid chromatography-triple time of flight mass spectrometry
(UFLC-TripleTOF MS) [31], and accurately quantify the major components that vary using extracted ion
chromatograms (XIC) manager (AB SCIEX, Los Angeles, CA, USA) with standard injections, thereby
providing some technological supports for the optimization and quality control of SSP fermentation.

2. Results and Discussion

2.1. Morphologic Changes

Morphological changes in soybean and SSP products during fermentation were shown in Figure 1.
With the increase in fermentation time, black soybean was overgrown with white hyphae, which then
changed to yellow in SSP fermented for six days (S6), turned yellow completely in SSP fermented for
eight days (S8), and finally hardened. In accordance with the 2015 edition of China Pharmacopoeia [32],
moisturized soybeans should be fermented with boiled Artemisiae annuae herba and Mori folium
until “yellow cladding”. The morphological changes in S8 were consistent with these requirements,
so we speculated that eight days is the optimal time for the fermentation of SSP.

2.2. Qualitative Analysis and Principle Component Analysis (PCA)

Using UFLC-TripleTOF MS analysis, information on intact precursors and fragment ions were
obtained from a single injection.

The base peak chromatograms (BPCs) of soybean and S8 using both positive and negative ion
modes are shown in Figure 2. The BPCs of S8 were significantly different from those of soybeans.
Compared to the BPC of soybean in positive ion mode (Figure 2A), the BPC of S8 showed much higher
peak intensities at tg = 10-20 min (Figure 2C). Much higher peak intensities occurred at tg = 0-10 min
of the BPC for S8 (Figure 2D) in negative ion mode compared to soybean (Figure 2B), which shows that
the ingredients converted during the SSP fermentation.

Figure 3A shows that the score plot of soybean and SSP products in positive ion mode is separated
into three significant clusters (P < 0.05) for the first and the second principal components (PCs). Here,
the green cluster (S2 (SSP fermented for two days), S4 (SSP fermented for four days) and S6) and the
red cluster (S8, S10 (SSP fermented for ten days) and S15 (SSP fermented for fifteen days)) are separated
by the first PC, whereas the blue cluster (soybean and S0) and the green cluster (S2, 54 and 56) are
separated by the second PC. The first and second PCs’ values are both 14.5%.

Similarly, Figure 3C illustrates the score plot of soybean and SSP products in negative ion mode,
which is separated into three significant clusters for the first and the second PCs. The blue cluster
(soybean) and the red cluster (S6, S8, S10 and S15) are separated by the first PC, whereas the blue
cluster (soybean) and the green cluster (S0, S2 and S4) are separated by the second PC. The first and
second PCs’ values are both 14.5%.
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Figure 1. The morphology of soybean (A), SO (B), S2 (C), S4 (D), S6 (E), S8 (F), S10 (G), S15 (H) days.

From the corresponding loadings plots (Figure 3B,D), a significant number of variables are located
around the observations of the samples, indicating that SSP converted significantly throughout the
fermentation process.

The ion species, retention times, molecular formulas, mean measured mass, mass accuracies and
assigned identities of the significantly variables are shown in Table 1. [M + H]*, [M + Na]*, [M + K]*,
[M + NH4]*, [M + H + CH3;0H]", and [M + H — H,O]" ion species were found in positive ion mode
and [M - H], [M —-H - H,O]~, [M + CH3COOQ]", and [M + HCOO]~ were found in negative ion mode.
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Figure 3. Score plots (A,C) and loading plots (B,D) of metabolites determined in soybean (Soy) and
Sojae semen praeparatum products (S0, S2, S4, S6, S8, S10 and S15) by UFLC-TripleTOF MS in both
positive (A and B) and negative (C and D) ion modes. The three clusters (green, blue and red) were
used for the color coding of different groups separated by the first and second principal components.

We found 29 components of varied classes in positive ion mode, and 22 of them were inferred to be
raffinose (2), stachyose (3), N-(3-Indolylacetyl)-prL-aspartic acid (5), daidzin (6), glycitin (7), genistin
(8), 6”-O—malonyldaidzin (9), 6"-O-malonylglycitin (10), 6"-O-acetyldaidzin (11), 6”-O-acetylglycitin
(12), 6”-O—malonylgenistin (13), daidzein (14), 6"-O-acetylgenistin (15), glycitein (16), methylarginine
(17), genistein (18), dimorphecolic acid (20), a-linolenic acid (22), linoleic acid (24), oleic acid (25),
palmitic acid (27) and stearic acid (28) with the help of Peakview® software (AB SCIEX, Los Angeles, CA,
USA). We identified 23 of varied classes in negative ion mode, of which 10 were putatively identified
as stachyose (3), sorbitol (32), N-(3-Indolylacetyl)-prL-aspartic acid (5), daidzin (6), genistin (8),
6”-O-acetyldaidzin (11), 6”"-O-acetylgenistin (15), glycitein (16), gheddic acid (42) and nonadecanoic
acid (43) by linking the masses of ions to structures. We found 7 assigned and 1 unassigned variable in
both positive and negative ion modes.

All chemical structures, selected ion intensity trend plots, mass spectra, and mass spectral
interpretation of putatively assigned identities were listed in Figure 4, Figures S1 and S2, and Table 2.
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Figure 4. Chemical structures of assigned compounds.

Compounds 2 and 3 were inferred as raffinose and stachyose, respectively, for the loss of aglyca.
Compounds 14, 16 and 18 were putatively identified as isoflavone aglycones for their fragment ions at
m/z 137,153 and 169, respectively, after retro-Diels—Alder reaction. Compounds 6-8 were assigned
as isoflavone glycosides for their glycones [M + H — glu + H,O]" at m/z 255, 271 and 285 and [M —
H - glu + HyO] ™ at m/z 253, 269 and 283 after deglycosylation. Further dissociation of the glycones
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yielded a serial of fragments in agreement with the aglycones. The six isoflavone compounds were
also confirmed by injecting a mix of standard solutions (Figure 6). Compounds 9, 10 and 13 were
confirmed as isoflavone glycoside malonates: compounds 11, 12 and 15 were identified as isoflavone
acetyl glycosides for their common glycones in comparison with glycosides. Compounds 20, 22, 24, 25,
27 and 28 were assumed to be a series of fatty acids for the homologous fragment ions at m/z (67, 81, 95,
109 and 123); (83, 97 and 111); and (57, 71 and 85), the difference between every pair of the fragment
ions was 14 (-CH,-). Twenty of the assigned compounds were previously reported in soybean [33-37].
However, N-(3-Indolylacetyl)-pL-aspartic acid, methylarginine, dimorphecolic acid, gheddic acid,
and nonadecanoic acid have never been reported in soybean; sorbitol was only detected in germinating
soybean seeds [35], and gheddic acid was identified in Mori folium [36]. Six constituents were presumed
to be introduced from processing adjuvants or produced during the SSP fermentation process.

2.3. Relative Quantitative Analysis

In agreement with previous results [38-40], the relative contents of raffinose and stachyose
decreased gradually during the entire fermentation process due to degradation by bacteria.
As stachyose and raffinose cause indigestion and flatulence in animals after ingestion, the reduction of
oligosaccharides is an indication that fermentation can promote the absorption of soybean nutrients.
Isoflavone was inferred to be the principle difference among the products obtained from the SSP
fermentation process due to its high proportions of varied components. With increasing fermentation
time, the relative contents of isoflavone glycosides decreased while the isoflavone aglycones increased,
reaching a maximum in S8. The isoflavone glycoside malonates decreased while the isoflavone acetyl
glycosides increased to a maximum in S2 and then dropped. We assumed that the isoflavone glycoside
malonates were transformed to acetyl glycosides in the early fermentation period due to their heat
instability, and that all the isoflavone glycosides were converted to isoflavone aglycones. The increase
in fatty acids showed that lipids could be degraded during fermentation. All the results provide some
technological supports for the optimization and quality control of SSP fermentation. Given of the
regular component conversion in SSP during fermentation, further identification of the unassigned
varied ingredients present in SSP is needed.

2.4. Accurate Quantitative Analysis

XIC manager combined with MultiQuant software was used to automatically highlight all findings
above a defined thresholds at an exactive mass of + 0.02 Da and to quantitatively compare samples
with a series of standard injections.

The validation values are summarized in Table 3. The calibration curves show satisfactory
linearity. The correlation coefficient (r) ranged from 0.9840-0.9981 for all the isoflavones. Limit of
detection (LOD) and limit of quantitation (LOQ) values were 0.1-50.0 and 2.0-250.0 ng/mL, respectively.
The intra and inter-day precisions were less than 0.48% and 2.87%, respectively. The repeatability
was within 2.53-4.82%. The recoveries were between 97.61 + 3.73% and 104.84 + 2.58% at different
spiking concentration levels. The short-term stability analyzed at various periods was less than
4.10%. The above results demonstrate that the established method is accurate and reproducible for
determining the six isoflavones in SSP.

Controlled by mix standard solution, the accurate quantitative results of six isoflavones in SSP
were summarized in Figure 5. All six isoflavones were identified in soybean and SSP products. With
increasing fermentation time, daidzin, glycitin and genistin decreased while daidzein, glycitein and
genistein increased and raised to the top in S8 at 74.50, 13.52 and 47.42 mg/100 g dry weight respectively.
Total glycoside and aglycone were also calculated as the sum of each individual isoflavone and presented
in Figure 6. As the fermentation time increased, total glycoside contents decreased, while total aglycone
contents increased significantly and rose to the top in the S8. The total glycoside content in S8 was less
than half a percent of soybean’s while the total aglycone content in S8 was 4.8 times higher than that in
soybean, indicating that the ingredients converted regularly during the fermentation process.
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Figure 6. Content profile plots for six isoflavones, total glycoside (TG), and aglycone (TA) in SSP
products collected at different fermentation stages.

Previous research has suggested that the increase in aglycone content and 3—glucosidase activity
during the fermentation of soybean show a similar trend [41]. As an attractive candidate to convert
isoflavone glycosides to their aglycones, 3—glucosidase reached its maximum activity on the eighth
days of fermentation.

As aglycone possesses higher bioactivity and bioavailability compared to the p—glycosides
isoflavone, the quantitative results of the representative constituents illustrated that eight days is
the optimal time for the fermentation of SSP, which agrees with the morphologic changes (Figure 1).
We reasoned that the bioactivities may be related to the variations in isoflavone content and
B—glucosidase activity during SSP fermentation. Moreover, we created a perfect setup for SSP
fermentation quality assessment and quality control. To determine the impact of bacterial or fungi on
SSP fermentation, —further study is required.

3. Materials and Methods

3.1. Chemicals and Reagents

The reference standards of daidzin, glycitin, genistin, daidzein, glycitein and genistein were all
purchased from Sigma—Aldrich (St. Louis, MO, USA)

Liquid chromatography (LC)/MS—grade acetonitrile, formic acid, methanol, and water were
purchased from Merck Co. (Darmstadt, Germany).

Soybean, Artemisiae annuae herba and Mori folium used in the fermentation were purchased
from YiFeng TCM shop (Nanjing, China) and authenticated by Associate Professor Jianwei Chen
(Department of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China).

3.2. SSP Fermentation

SSP was fermented in the laboratory and the preparation was performed as described in detail by
the 2015 edition of China Pharmacopoeia as illustrated in Figure 7. The steps and parameters were
as follows:
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Figure 7. Flow diagram for fermentation of soybean to Sojae semen praeparatum (SSP).

Artemisiae annuae herba (100 g dry weight) and Mori folium (90 g dry weight) were washed and
boiled with water (3600 mL) for 1 h in triplicate, and the decoction was concentrated to a relative density
of 1.10-1.12 g/cm3 concentrate. Black soybean (1000 g dry weight) was soaked in the concentrate
overnight and steamed for 1.5 h while covered with wet cheesecloth. Aliquots (100 g wet weight) of
the moisture soybean were placed on enamel trays covered with wet cheesecloth, which were covered
with the residue of boiled Artemisiae annuae herba and Mori folium and incubated at 37 °C with
60-80% humidity. After fermenting for 0, 2, 4, 6, 8, 10, 15 days and removal of residues, wash cleaning,
and re-incubating until a sweet smell drifting out, the SSP samples (S0, S2, S4, S6, S8, 510, S12, and S15)
were then dried and pulverized into powder using an electric mill and sieved through 80 mesh sieves.

3.3. Sample Extraction

One gram of the powdered samples was accurately weighed and extracted with 25 mL of 75%
methanol at 80 °C for 30 min using a Soxhlet extractor. This was followed by centrifugation for 15 min
at 12000 rpm. The extraction supernatants were then diluted 10 times and filtered through a 0.45 um
filter unit.

3.4. Standard Solutions Preparation

Mix standard solutions were prepared by accurately weighing the standard substances and mixing
them in 75% methanol. This standard mixture was filtered through a 0.45 um filter unit.

3.5. LC-MS Spectrometric Conditions

An ultra-fast liquid chromatography system (Shimadzu Corporation UFLC XR; Kyoto, Japan) was
connected to a triple time—of—flight mass spectrometer (TripleTOF 5600 system, AB SCIEX, Los Angeles,
CA, USA) with an electrospray ionization source.
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All samples were separated by an ACQUITY UPLC BEH Cjg column (2.1 mm X 100 mm, 1.7
um, Waters Corp., Milford, MA, USA). A binary solvent gradient consisting of solvent A (water with
0.2% formic acid) and solvent B (acetonitrile with 0.2% formic acid) was used. The flow rate was 300
uL/min. The total run time was 21 min with a gradient as follows: 0-3 min, 10-16% B; 3-7 min, 16-50%
B; 7-12 min, 50-80% B; 12-15 min, 80-90% B; 15-17 min, 90-10% B; and 17-21 min, 10% B for column
equilibration before the next run. An injection volume of 1 pL. was used. The column temperature
was 40 °C.

The samples were analyzed by acquiring full scan MS data in both positive and negative ion
modes. The automatic data-dependent information product ion spectra (IDA-MS/MS) without any
predefinition of the ions was checked. A calibrated delivery system was used to ensure the accuracy
error of masses less than 1 ppm. The settings were nitrogen gas for nebulization at 55 psi, heater
gas pressure at 55 psi, curtain gas at 35 psi, temperature of 500 °C, and ion spray voltage at 5500 V
in positive ion mode, and —4500 V in negative ion mode. The acquisition of a survey tripleTOF MS
spectrum was operated under high-resolution settings. The optimized declustering potential (DP) and
collision energy (CE) were set at 80 eV and 15 eV in positive ion mode, and to —80 eV and —15 eV in
negative ion mode, respectively. A sweeping collision energy setting at 35/=35 eV + 15 eV was applied
for collision-induced dissociation (CID).

3.6. Method Validation

The method was fully validated in accordance with guidelines on linearity, precision, recovery,
detection limit, quantification limit, and stability. Calibration curves were generated by plotting peak
area against the concentration of standard solutions. The intra-day precision was examined for six
replicates of injections with the mixed standard solutions in one day, and the inter-precision was
determined by injection in duplicates over three consecutive days. All the results are expressed using
the relative standard deviation (RSD). The LOD and LOQ were calculated based on the peak—to—noise
ratios of 3:1 and 10:1, respectively. The repeat, recovery, and stability were tested on the analytes
in S8, and the repeatability was analyzed on six sample solutions from the same sample in parallel.
The recovery was used to evaluate the accuracy at different spiking concentration levels (80%, 100%,
and 120% as compared to the nominal concentration) of standard solutions. and the sample stability
was tested by periodic analysis at room temperature for various periods (0, 2, 4, 8, 12, 16, 20, and 24 h).

3.7. Data Processing

TOF-MS data were collected using Analyst® version 1.6 software (AB SCIEX, Los Angeles, CA,
USA) and processed using PeakView® version 1.2 software (AB SCIEX, Los Angeles, CA, USA) with
the XIC Manager (AB SCIEX, Los Angeles, CA, USA) add-in and MultiQuant™ version 2.1 software
(AB SCIEX, Los Angeles, CA, USA).

The PeakView® software contained a simple fragment ion predictor to help link the MS/MS
spectrum to structures (saved as .mol files) and to provide insights into fragmentation mechanisms.

XIC Manager was used for targeted and non-targeted data processing, which consisted of a table
for defining a list of masses or formulae to generate extracted ion chromatograms (XIC), and to review
the identification of detected compounds. Our high confidence in results is based on retention times,
accurate mass, isotopic pattern and MS/MS library searching.

The PCA was performed using MarkerView® software, where three repeated spectra for each
sample were imported and analyzed with Pareto scaling. The T—value and corresponding P—value
were calculated between each group and all the other eight groups. The program was linked back to the
raw data so that differences could be directly visualized in spectra or chromatograms. The converted
components were putatively identified by PeakView® software.
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4. Conclusions

This was the first systematic comparison of active ingredients in the raw materials and processed
products obtained during Sojae semen praeparatum (SSP) fermentation. Simultaneous characterization
and quantification were performed using ultra-fast liquid chromatography (UFLC)—-TripleTOF MS
combined with XIC manager. The quantitative results verified that the components converted
during the SSP fermentation, and we identified 45 components in positive ion mode and
negative ion mode, in which 25 were putatively identified and a high proportion was isoflavone.
N-(3-Indolylacetyl)-pr-aspartic acid, methylarginine, dimorphecolic acid, sorbitol, gheddic acid, and
nonadecanoic acid were presumed to be introduced from processing adjuvants or produced during
the fermentation process. The relative contents of raffinose and stachyose decreased gradually, while
the fatty acids and isoflavone aglycones increased, which indicated that fermentation promotes the
absorption of soybean nutrition and lipids degradation. The accurate quantitation of isoflavone, the
representative constituents in soybean, revealed that fermentation for eight days produced a marked
increase in the content of aglycone, the bioactive isoflavone, and a significant reduction in the content
of B—glycosides isoflavone compared with unfermented soybean. This illustrated that eight days is the
optimal time for the fermentation of SSP from the aspects of content, in agreement with the morphologic
changes. We reasoned that the bioactivities of SSP might be related to isoflavone. Our study has
provided some technological support for the optimization and quality control of SSP fermentation.

Supplementary Materials: The following are available online, Figure S1: Selected ion intensity trend plots of assigned
identities., Figure S2: Mass spectrum of assigned compounds in soybean and Semen sojae praeparatum products.
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Abstract: A simple, rapid and novel method for the detection of residues of thiamphenicol (TAP),
florfenicol (FF) and its metabolite, florfenicol amine (FFA), in poultry eggs by ultra-performance liquid
chromatography-fluorescence detection (UPLC-FLD) was developed. The samples were extracted
with acetonitrile-ammonia (98:2, v/v) using accelerated solvent extraction (ASE) and purified by
manual degreasing with acetonitrile-saturated n-hexane. The target compounds were separated
on an ACQUITY UPLC® BEH Cjg (2.1 mm X 100 mm, 1.7 um) chromatographic column using a
mobile phase composed of 0.005 mol/L. NaH;POy, 0.003 mol/L sodium lauryl sulfate and 0.05%
trimethylamine, adjusted to pH 5.3 + 0.1 by phosphoric acid and acetonitrile (64:36, v/v). The limits of
detection (LODs) and limits of quantification (LOQs) of the three target compounds in poultry eggs
were 1.8-4.9 pg/kg and 4.3-11.7 ug/kg, respectively. The recoveries of the three target compounds in
poultry eggs were above 80.1% when the spiked concentrations of three phenicols were the LOQ,
0.5 maximum residue limit (MRL), 1.0 MRL and 2.0 MRL. The intraday relative standard deviations
(RSDs) were less than 5.5%, and the interday RSDs were less than 6.6%. Finally, this new detection
method was successfully applied to the quantitative analysis of TAP, FF and FFA in 150 commercial

poultry eggs.

Keywords: poultry eggs; thiamphenicol; florfenicol; florfenicol amine; ASE; UPLC-FLD

1. Introduction

Poultry eggs contain high levels of essential amino acids and vitamins as well as various major
and trace elements required by the human body, and as a result they have become an increasingly
popular consumer product [1]. Consumer demand for poultry products has promoted the growth of
the poultry industry, and intensive farming has also increased the morbidity and mortality of poultry.
To control the occurrence of diseases and reduce mortality in poultry, antibiotics are widely used to
prevent poultry diseases, increase feed conversion rates, and promote animal growth [2].
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Thiamphenicol (TAP) and florfenicol (FF) are synthetic chloramphenicols (CAPs) used as
broad-spectrum antibiotics, and they have chemical structures and efficacies similar to that of CAP as
well as good therapeutic effects on various bacterial strains common in poultry. These compounds
are widely used in actual production [3]. The only difference between TAP and CAP is the structure
of the substituents on their benzene rings. CAP has a nitro group on the phenyl ring, and TAP has
a methyl sulfone group. However, TAP is much less toxic than CAP, its blood toxicity effects are
reversible, and it does not cause aplastic anemia. On the other hand, TAP can inhibit the formation of
red blood cells, white blood cells and platelets; it has a strong immunosuppressive effect; and it has
weaker antibacterial effects than CAP, which limit its practical use [4-6]. Many countries use these
compounds as veterinary drugs, but they are banned from use in food animals. FF is a fluorinated
analogue of TAP with a molecular structure similar to that of CAP, but it lacks the nitro group on
the aromatic ring. Studies have shown that this substituent is the key molecular characteristic of
CAP causing dose-independent irreversible aplastic anemia in the human body [7]. However, FF can
theoretically cause serious adverse reactions similar to those caused by CAP. Therefore, FF can only be
used for the treatment of animal diseases [8]. FF shows the most potent antibacterial activity among
CAP drugs, and it has many advantages (wide spectrum of antibacterial activity, good oral absorption,
wide distribution in the body, high bioavailability, good safety profile, etc.), making it a broad-spectrum
antibiotic with great potential for practical applications [9]. At present, the drug is on the market in
many countries, and it is widely used in animal husbandry and aquaculture for disease prevention.
However, reproductive toxicity tests have shown that FF has certain embryotoxic effects, and as a
result the detection of its residue in animal foods such as livestock, poultry, and aquatic products has
attracted increasing attention [10].

Because both TAP and FF have toxic side effects, the EU [11], US [12] and China’s Ministry of
Agriculture [13] have established maximum residue limits (MRLs) for these compounds in poultry
tissues (TAP: 50 pg/kg, FF: 100 ug/kg in muscle), and stipulated that the limit of FF residue in poultry
tissues is based on the total amount of both the prototype drug (FF) and its metabolite, florfenicol
amine (FFA), and that these drugs should not be detected in poultry eggs. Therefore, developing
different detection methods to determine whether veterinary drug residues meet the legal requirements
before the animal foods are marketed is of great importance. Establishing and improving the detection
methods for TAP, FF and FFA residues in poultry eggs is also necessary.

At present, there are many reported methods for detecting TAP, FF and FFA residues,
including methods based on high-performance liquid chromatography (HPLC) [14-16],
gas chromatography (GC) [17,18], liquid chromatography-tandem mass spectrometry
(LC-MS/MS) [19-22], and gas chromatography-tandem mass spectrometry (GC-MS) [23,24].
When using GC to analyze CAP drug residues, the target needs to be derivatized, making the
analysis process cumbersome. The most widely used analytical method involves LC-MS, and although
this method offers qualitative and quantitative (mass spectrometry) accuracy and high sensitivity,
the instrument is expensive, and the detection cost is high. Meanwhile, fluorescence detection is
commonly used for veterinary drug residues and environmental analysis because of its advantages
of speed, ease of operation, and low cost of detection [14,25]. Therefore, developing a simple,
fast and low-cost analytical method that meets the detection requirements is of great importance.
Moreover, in the reported detection methods, the sample matrices used for analysis were generally
animal tissues [15,26] or aquatic products [21,27], and there are few reports on detection methods
for poultry eggs [14]. Xie et al. [14] established an HPLC-FLD method for the determination
of TAP, FF and FFA residues in eggs and sample pretreatment using a liquid-liquid extraction
method, ethyl acetate:acetonitrile:ammonium hydroxide (49:49:2, v/v/v) as an extractant, delipided
in n-hexane. Based on previous research, a comprehensive method using ultra-performance liquid
chromatography-fluorescence detection (UPLC-FLD) for the determination of TAP, FF and FFA
residues in poultry eggs (hen eggs, duck eggs, goose eggs, pigeon eggs and quail eggs) is reported
here. Compared with the previously studied HPLC-FLD method [14], the UPLC-FLD method has the
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advantages of fast analysis speed (detection time < 5 min), strong separation ability (recoveries were
80.1%-98.6%), high sensitivity, and low consumption of reagents. This study intends to use accelerated
solvent extraction (ASE) as the sample pretreatment procedure to extract the target analytes from the
samples, aiming to establish an ASE-UPLC-FLD method for the determination of TAP, FF and FFA
residues in poultry eggs. This technique will provide a new, simple, inexpensive, highly efficient and
rapid method for the detection of these analytes. In addition, the effects of ultrasonic extraction, vortex
oscillation extraction, vortex oscillation + ultrasonic extraction and ASE extraction are compared in this
study. Compared to other extraction methods, ASE was investigated as a novel alternative technology,
which has the advantages of automation (saving time and human effort), consuming less reagents,
higher recovery rate, and suitability for batch processing of samples.

2. Results and Discussion

2.1. Selection of the Chromatographic Column and Mobile Phase

The composition of the mobile phase and the type of chromatographic column have a substantial
influence on the separation and peak shape of the analytes. Among the reported methods, the most
commonly used columns for the detection of CAP drugs are C;g columns [28,29], produced by various
manufacturers. Meanwhile, the ACQUITY UPLC® BEH Cig (2.1 mm X 100 mm, 1.7 um) column
offers outstanding chemical stability, a wide range of pH conditions (pH 1-12) and a wide range of
mobile phases, which provides a versatile and reliable separation technique for method development.
Therefore, this study used an ACQUITY UPLC® BEH Cj5 (2.1 mm x 100 mm, 1.7 um) column as
the analytical column. For the mobile phase, acetonitrile-water [16,30] mixtures are often used to
determine CAP residues in LC-MS methods. FFA is a weakly basic substance that does not generally
remain on the Cig column, and it elutes with the dead volume. A common solution to this is to
add ammonium formate or ammonium acetate [27,31] to the mobile phase system to enhance the
retention of FFA on the C;g column. When detecting CAPs with a fluorescence detector, to enhance
the retention of FFA on a Cyg column, an ion-pair reagent is usually added to the aqueous phase to
react with the FFA to form a weakly bound ion pair, and the pH is adjusted with a buffer to keep the
whole system weakly acidic and prevent dissociation of the ion pair [14,32]. Yang et al. [33] reported
a liquid chromatography-fluorescence detection method for the determination of TAP, FF and FFA
residues in aquatic products. Sodium heptane sulfonate was added to the mobile phase, and the target
compounds were well separated. Commonly used ion-pairing reagents are sodium heptane sulfonate
and sodium lauryl sulfate, and these ion-pairing reagents provide a good separation for the target
compounds. Because it is inexpensive, sodium lauryl sulfate is used as an ion pairing reagent in this
test. Sodium lauryl sulfate and FFA form weakly polar pairs, which are distributed on the surface
of the hydrophobic stationary phase and then eluted by the mobile phase. The buffer system uses
phosphate-phosphoric acid and triethylamine to improve peak shape and reduce peak tailing. In this
study, the amounts of ion-pairing reagent (sodium lauryl sulfate), buffer system (phosphate-phosphoric
acid), and triethylamine were optimized. The effects of 1, 3, 5, and 10 mM sodium lauryl sulfate were
investigated. As the concentration increased, the retention time of FFA increased, and a concentration
of 3 mM could ensure that FFA eluted first. The effects of 0, 3, 5, 10, and 20 mM NaH,POy are
compared in Figure 1a. The retention time of FFA was slightly shorter with increasing NaH, POy,
concentration, but the use of salt impacted the instrument, and the chromatographic column was easily
blocked; thus, considering the FFA retention time and the effect on the instrument, a concentration of
5 mM NaH,PO, was selected. The pH impacted the response and retention time of FFA, as shown
in Figure 1b. Under neutral conditions, the retention time of FFA was shorter, and decreasing the
pH gradually increased the response of FFA (Figure 2) but increased the retention time. When the
pH was 5.4, the response of FFA reached its highest value, and further reducing the pH had little
effect on the response. However, the retention time was too high, increasing the overall detection time,
so a pH of 5.3 + 0.1 was selected. The amount of triethylamine was also investigated. It was found
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that 0.01% triethylamine could reduce peak trailing. However, as the amount of triethylamine was
increased (0.03%, 0.05%, and 0.1%), the retention time of FFA increased. Based on all these factors,
the concentration of triethylamine was set as 0.05%. To separate the targets from impurities, the ratio
of the solvents (63:37, 64:36, 65:35, 66:34, v/v) in the mobile phase was optimized. When the mobile
phase ratio was 64:36 (v/v), the targets and impurities were separated, and the peak shapes were good.
In summary, the final mobile phase conditions were water (containing 5 mM NaH,PO,, 3 mM lauryl
sodium sulfate, 0.05% triethylamine, adjusted to pH 5.3 + 0.1) and acetonitrile in a 64:36 (v/v) ratio.
According to the chemical nature of the ACQUITY UPLC® BEH C18 (2.1 mm x 100 mm, 1.7 um)
column and final mobile phase composition, the elution order and resolution of the target compound
were analyzed; TAP was preferentially eluted, followed by FF and then FFA, and examining the
fluorescence intensity of the target compound showed that the resolution was greatly improved.
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Figure 1. Effects of the amount of NaH, POy (a) and the mobile phase pH (b) on the retention times of
the targets.
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2.2. Determination of the Detection Wavelength

Liquid chromatography-fluorescence detection methods are commonly used in veterinary drug
residues in animal-derived foods, pesticide residues in agricultural products, and environmental
analysis. LC-FLD can detect compounds containing fluorophores, which facilitates the development of
simple and rapid methods for the determination of target compounds containing fluorophores. In the
literature, when using ultraviolet detectors to identify CAP drugs, the most commonly used detection
wavelengths include 220, 223, 224, 225, and 228 nm [15,16,33,34]; when detecting CAP drugs with a
fluorescence detector, the excitation and emission wavelengths include 224 and 290 nm, 224 and 295 nm,
and 225 and 290 nm, respectively [33,35,36]. However, the optimal detection wavelength for these
targets may be different under different detection conditions because of variations in detection devices
and experimental conditions. The optimal excitation and emission wavelengths of TAP obtained
by fluorescence scanning were 229.8 nm and 285.3 nm, respectively; those of FF were 229.8 nm and
283.9 nm, respectively; and those of FFA were 227.9 nm and 283.9 nm. Therefore, based on the literature
and the optimum excitation and emission wavelengths for each target, the optimal detection wavelength
for TAP, FF and FFA under the conditions used in this study was simultaneously determined by
scanning with a fluorescence detector. An excitation wavelength of 233 nm and an emission wavelength
of 284 nm were ultimately selected to simultaneously measure TAP, FF and FFA. These wavelengths
ensured both high response values of the targets and no interference from impurities.

2.3. Selection and Optimization of the Extraction Solvent and Extraction Method

In the reported literature, the extraction of CAP drugs is typically carried out by liquid-liquid
extraction. The most commonly used extractants are acetonitrile, ethyl acetate and a mixture of
acetonitrile and ethyl acetate (different proportions of ammonia-containing extractants will provide
extracts containing FFA) [33,37,38]. There are few reports on the extraction of CAPs from matrices
by automatic extraction equipment-ASE. Only Yang et al. [39] used ASE to extract CAP and FF from
aquatic products, and they used static extraction with ethyl acetate at 100 °C for 5 min; their obtained
recoveries of the samples were from 90.2% to 109%. Xiao et al. [40] used subcritical water as the
extraction solvent to extract traces of CAP, TAP, FF and FFA from poultry tissues using pressurized
liquid extractors operating at 150 °C and 100 bar (static extraction, two extraction cycles, 3 min each
cycle), and the average recoveries of the four analytes from the samples were 86.8-101.5%. However,
a method for simultaneously extracting TAP, FF and FFA from poultry eggs using a modern automatic
extraction instrument-ASE instrument has not been reported. In this study, the effects of mixtures of
acetonitrile and ammonia (98:2, v/v), ethyl acetate and ammonia (98:2, v/v) and acetonitrile and ammonia
with ethyl acetate (49:49:2, v/v/v) were compared. The results showed that the above extractants can
extract TAP, FF and FFA from the matrix and that the recoveries meet the detection requirements.
However, acetonitrile offers better deproteinization, and the substance in eggs that causes the most

108



Molecules 2019, 24, 1830

interference is protein. To improve the detection results, acetonitrile containing ammonia (98:2, v/v)
was selected as the extractant. Because FFA is a weakly alkaline compound with an amino group,
it is more advantageous to extract FFA under alkaline conditions because greater similarity leads to
better solubility. Under optimized ASE conditions, this study compared the effects of different ratios
of extractants (acetonitrile: ammonia = 99:1, 98:2, 97:3, 96:4, and 95:5, v/v) on poultry egg recovery.
Table 1 shows that as the proportion of ammonia increased, the recoveries of FFA also gradually
increased; however, when the content of ammonia exceeded 2% of the total volume, the recoveries
of FFA decreased, and excessive ammonia also reduced the recoveries of TAP and FF. In summary,
the extraction outcome with acetonitrile:ammonia (98:2, v/v) was best, and the recoveries of all targets
were above 91.0%.

Table 1. Effects of different ratios of extraction reagents (acetonitrile:ammonia) for ASE on the recoveries
of 25 pg/kg TAP and 50 ug/kg FF and FFA from poultry eggs (%) (1 = 6).

Extraction Reagents (acetonitrile:ammonia, v/v)

Matrix Analyte
99:1 98:2 97:3 96:4 95:5
TAP 934+18 928+11 894+23 816+22 739+20
Hen eggs FF 926+27 932+30 842+22 743+19 69.6+20

FFA 869+21 924+22 884+31 788+29 693+19

TAP 902+23 913+23 853+24 808+24 703+22

Duck eggs FF 93.0+1.8 912+25 842+20 746+19 687+23

FFA 85.0+25 932+18 843+£23 736+19 615+19

TAP 90.7+22 934+26 867+24 758+27 679+20

Goose eggs FF 931+18 913+19 873+23 714+22 604+24
FFA 85.0+1.8 923+20 841+18 73.0+19 638+22

TAP 924+26 926+21 823+31 755+24 632+23

Pigeon eggs FF 923+24 931+20 838+19 761+30 61.0+22
FFA 882+22 963+21 865+27 731+21 648+23

TAP 91.3+23 928+23 873+20 708+19 657+21

Quail eggs FF 927+22 942+25 862+25 745+24 685+25

FFA 86.5+1.8 93.0+19 847+25 762+19 704+18

In this study, under the conditions of acetonitrile:ammonia (98:2, v/v) as an extractant, the effects
of ultrasonic extraction, vortex oscillation extraction, vortex oscillation + ultrasonic extraction and
ASE extraction were compared. Table 2 shows that compared to those with other sample preparation
processes, the recoveries with ASE extraction were best; in addition, the ASE method saves time and is
suitable for batch processing of samples. The time required to prepare a sample with ASE (15 min)
was half that required for vortexing + ultrasonic extraction (30 min). Moreover, using ASE to process
samples avoided contact between the experimenter and the reagent, which is more consistent with
the detection requirements of health and environmental protection. Therefore, this study ultimately
selected ASE for sample extraction.

2.4. Optimization of the ASE Method

The sample extraction step is often considered to be the bottleneck of the entire analytical process.
To simplify the pretreatment of the sample and improve the efficiency of sample preparation, a variety
of pretreatment methods have been developed. Since the introduction of ASE in 1995, it has rapidly
become an acceptable alternative to traditional extraction methods. ASE uses high-temperature and
high-pressure conditions, which result in greatly improved extraction efficiency. This study explored
the effects of various operating parameters (temperature, time, volume of solvent used and so on) on
ASE performance. The effects of different temperatures (40, 60, 80, 100 and 120 °C) on the recoveries of
the targets were studied. The recoveries of the targets gradually increased with increasing extraction
temperature. When the temperature exceeded 80 °C, the recoveries decreased (Figure 3a). Studies have
shown that increasing the time of static extraction provides the target sufficient time to diffuse into
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the extraction solvent, improving the efficiency of the extraction. However, this study compared
different static extraction times (2, 3, 5, and 8 min) and found that for TAP and FF, static extraction
for 5 min provides high recoveries (>90%), while the recovery of FFA decreases with increasing static
extraction time (Figure 3b). As shown in Figure 3b, 3 min and 5 min had little effect on TAP and FF
extraction, and a high recovery rate for FFA was observed when the static extraction time was 3 min.
Therefore, to ensure that the recoveries of all the targets met the requirements of detection under these
ASE conditions, 3 min was selected as the static extraction time. This study also explored the effect
of the number of static extraction cycles and the volume of the extractant on the extraction outcome.
Extraction of the target twice provided a better recovery than one extraction cycle. When the volume
of the extractant was 40% by volume, the target could be efficiently extracted, so there was no need to
increase the amount of extractant. In summary, the final ASE conditions were 80 °C, 1500 psi, 40% pool
volume, static extraction for 3 min, and two static extraction cycles.

Table 2. Effects of different extraction methods on the recoveries of 25 ug/kg TAP and 50 ug/kg FF and
FFA from poultry eggs (%) (1 = 6).

Matrix Analyte Extraction Method
. Vortex Vortex Oscillation
Ultrasonic Oscillation + Ultrasonic ASE
TAP 344+25 78.6 £2.6 883 +22 92.8+24
Hen egg FF 371+23 81.5+3.1 92.0+2.7 96.0 +2.3
FFA 544 +22 84.0+29 919 +2.38 933 +2.0
TAP 309 +2.0 70027 849+22 90.2+1.9
Duck eggs FF 334+25 795 +2.7 89.7+24 925+2.1
FFA 49.0+24 744 +3.2 86.0+2.9 91.7 £2.2
TAP 31.3+29 719 £ 3.0 82.7+2.6 933+ 1.9
Goose eggs FF 356 +£2.7 720+2.6 884 +3.0 924 +25
FFA 405+ 3.4 77.0+2.8 85.0+2.4 904 +2.1
TAP 344 +3.0 69.9 +2.7 853 +29 86.9 +2.2
Pigeon eggs FF 347 +2.6 70.0 £3.2 87.0+2.6 89.0 24
FFA 40.7 +2.8 726 +£29 80.3 +2.3 951+ 1.6
TAP 36.1 +£29 72.1+2.8 835+27 90.1 +2.0
Quail eggs FF 30.1 +3.0 734+23 88.5+3.3 92.6 +2.4
FFA 455 +2.8 69.7 + 3.1 83.7+25 92.7 +2.7

2.5. Bioanalytical Method Validation

In the blank poultry eggs, TAP was spiked at a concentration from limit of quantification
(LOQ)-250 pg/kg, and FF and FFA were added at LOQ-400 ug/kg. The peak area was correlated with
the spiked concentration of the analyte, and the linearity was good. The linear equations, linear ranges
and coefficients of determination of TAP, FF and FFA in poultry eggs are shown in Table 3.

The recoveries and precisions of TAP, FF and FFA in different blank poultry egg samples are shown
in Tables 4 and 5, respectively. As shown in Tables 4 and 5, the recoveries of TAP, FF and FFA in poultry
eggs were 80.1%-98.6%, the relative standard deviations (RSDs) were 1.2%-4.3%, the intraday RSDs
were 1.2%-5.5%, and the interday RSDs were 1.8%—6.6%. According to the EU 2002/675/EC resolution
and the FDA [41,42], the acceptable range of recoveries for multidrug residue testing procedures is
70-120%. The average recoveries of TAP, FF and FFA from different blank poultry egg samples were all
above 80.0%, which are consistent with the EU’s requirements for the recoveries of analytes. The limits
of detection (LODs) and LOQs of TAP, FF and FFA in different blank poultry egg samples using the
optimized pretreatment method and instrument analysis method are shown in Table 3. The LODs of
TAP, FF and FFA were 3.3-3.4 ug/kg, 4.7-4.9 ng/kg and 1.8-1.9 pg/kg, respectively, and the LOQs were
9.7-9.9 ug/kg, 10.5-11.7 ug/kg and 4.3-4.8 ug/kg, respectively.
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Figure 3. Effects of temperature (a) and time (b) on ASE extraction.

Table 3. The linear ranges, linear regression equations, determination coefficients, LODs and LOQs of
TAP, FF and FFA from poultry eggs.

Matrix Analyte Linear Range Linear Regression Determination LOD LOQ
(ng/kg) Equation Coefficient (R?)  (ug/kg) (ug/kg)

TAP 9.7-250.0 y =1030.2x + 295.52 0.9996 3.3 9.7

Hen eggs FF 10.5-400.0 y =737.43x + 714.06 0.9998 47 10.5
FFA 4.3-400.0 y =3020.3x + 164.01 0.9998 1.8 4.3
TAP 9.9-250.0 y = 562.84x + 634.05 0.9997 34 9.9

Duck eggs FF 11.7-400.0 y = 844.1x + 616.34 0.9997 49 11.7
FFA 4.7-400.0 y = 4495.8x + 520.7 0.9996 1.9 47
TAP 9.8-250.0 y = 618.73x + 139.95 0.9996 3.4 9.8

Goose eggs FF 11.2-400.0 y =713.68x + 738.78 0.9996 4.8 11.2
FFA 4.7-400.0 y = 3081.1x — 258.32 0.9997 1.9 47
TAP 9.9-250.0 y = 683.44x + 543.48 0.9998 3.4 9.9

Pigeon eggs FF 11.2-400.0 y =762.9x +761.11 0.9993 4.8 11.2
FFA 4.8-400.0 y =4019.1x + 490.45 0.9998 1.9 4.8
TAP 9.7-250.0 y = 667.44x + 483.91 0.9993 3.3 9.7

Quail eggs FF 10.6-400.0 y = 753.98x —193.97 0.9999 47 10.6

FFA 4.6-400.0 y = 4824.6x - 229.06 0.9994 1.8 4.6
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Table 4. Recoveries and precisions of TAP, FF and FFA from spiked blank hen eggs, duck eggs and

goose eggs.
. Spiking Level Recovery RSD (%) Intraday RSD  Interday RSD
Matrix Analyte (ug/kg) (%) (11 = 6) (n=16) (%) (n=6) (%) (n=18)
9.7 85.6 +1.8 2.1 2.6 3.6
25 90.5+2.7 3.0 3.7 5.0
Tap 50 * 927+15 1.6 2.5 3.1
100 91.5+2.0 22 2.5 29
10.5 849 +3.4 4.0 47 5.1
50 90.2+2.5 2.8 3.8 4.8
Hen eggs
&8 FE 100 & 93.5+2.6 2.8 4.0 43
200 949 +2.7 2.8 2.3 3.4
4.3 86.7 + 3.6 42 39 53
50 915+ 1.8 2.0 3.1 3.6
FFA 100 * 96.7 £3.5 3.6 3.2 2.8
200 98.0 + 1.8 1.8 24 27
9.9 848 +2.0 24 3.9 42
25 93.8 +1.8 19 3.6 4.6
AP 50 * 945 +2.4 25 1.9 2.6
100 928 +1.1 1.2 24 24
11.7 85.1+1.6 1.9 1.2 24
50 89.4+2.0 22 1.8 1.8
Duck eggs
88 FE 100 948+15 16 25 36
200 945+ 3.3 3.5 2.6 4.1
47 875+1.9 22 3.1 3.7
50 96.5 +2.2 2.3 3.1 34
FFA 100 * 96.9 +1.7 1.8 2.7 3.6
200 96.1+1.7 1.8 3.1 33
9.8 855+ 1.7 2.0 2.5 2.9
25 933 +21 2.3 35 4.0
TAP 50 * 93.1+29 3.1 4.3 5.4
100 945+ 4.0 42 3.9 4.0
11.2 80.7 £ 3.5 43 52 6.2
Goose eggs FF 50 939 +22 2.3 2.7 3.1
100 & 952+ 1.5 1.6 22 3.0
200 952 +2.5 2.6 3.1 34
47 83.9+2.8 3.3 3.5 41
FFA 50 937 +2.5 2.7 32 3.8
100 * 945 +2.0 2.1 3.2 3.5
200 96.1 +£2.6 2.7 3.3 44

Note: «. Maximum Residue Limits.

Under the optimized UPLC-FLD conditions, the retention times of TAP, FF and FFA from different
poultry eggs were 1.50, 2.10 and 3.80 min, respectively. The peak shapes were good, and the blank
samples had no interference peaks around these retention times. Taking hen egg samples as an example,
the chromatograms of the standards, blank hen egg samples and blank hen egg samples spiked with
standards are shown in Figures 4-6.
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Table 5. Recoveries and precisions of TAP, FF and FFA from spiked blank pigeon eggs and quail eggs.

. o
Matrix Analyte Spiking Level Recovery RSD (%)  Intraday RSD  Interday RSD

(ug/kg) (%) (n=6) (n=6) (%) (n=6) (%) (n =18)
9.9 80.1+2.5 3.1 25 3.6
25 93.6 +3.3 35 4.7 5.4
TAP 50 923 +24 2.6 2.7 32
100 944 +3.3 35 22 43
11.2 84.4+22 2.6 32 33
; 50 959 +2.5 2.6 44 42
Pigeon eggs
8 &8 FF 100 * 979 +4.1 42 3.3 5.0
200 98.6 +2.8 2.8 3.1 3.1
4.8 85.7 +2.0 2.3 3.8 41
50 94.0 +2.3 2.4 29 32
FFA 100 * 95.7 +3.2 3.3 42 54
200 97.7 +1.8 1.8 2.3 3.7
9.7 84.1+3.0 3.6 39 4.0
25 954 +2.0 2.1 3.3 3.9
TAP 50 934 +2.8 3.0 39 44
100 96.3 +2.2 2.3 3.7 5.4
10.6 86.5+ 3.5 4.0 55 55
. 50 949 +2.1 22 2.7 3.8
uail eggs
Q 68 FE 100 * 959 +3.1 32 4.0 4.6
200 96.7 +2.3 2.4 32 34
4.6 875+27 3.1 3.7 4.1
50 96.0 + 3.0 3.1 4.7 5.6
FFA 100 * 955+ 34 3.6 35 55
200 96.2 + 3.6 3.7 54 6.6
Note: «. Maximum Residue Limits.
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Figure 4. Chromatogram of the standards (25 pg/kg TAP and 50 ug/kg FF and FFA standards).
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Figure 5. Chromatogram of the blank hen egg.
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Figure 6. Chromatogram of the blank hen egg spiked with 25 ug/kg TAP and 50 ug/kg FF and
FFA standards.

2.6. Real Sample Analysis

Our newly developed detection method was applied to the evaluation of real samples. A total of
150 commercial poultry egg samples (30 hen eggs, 30 duck eggs, 30 goose eggs, 30 pigeon eggs and
30 quail eggs) from a local supermarket were analyzed by the described method. Only hen eggs (34 and
20 pg/kg) and duck eggs (44 and 18 pg/kg) were found to contain FF and FFA residues, and none of
the samples exceeded the MRL of 100 ug/kg (EU standard). From these data, we can evaluate the
applicability and reliability of the newly developed method. Thus, this new UPLC-FLD method can be
applied to the quantification of these drugs in poultry egg samples.

3. Materials and Methods

3.1. Chemicals and Reagents

TAP (99.0% purity), FF (99.0% purity) and FFA (99.8% purity) standards were obtained from
Dr. Ehrenstorfer GmbH (Augsburg, Germany). HPLC-grade acetonitrile and triethylamine were
purchased from EMD Millipore Company Inc. (Billerica, MA, USA) and Tedia Company Inc. (Fairfield,
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OH, USA), respectively. Other reagents were of analytical grade and were supplied by Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China).

3.2. Standard and Working Solutions

Stock solutions of TAP and FF at concentrations of 400.0 mg/L and of FFA at a concentration of 100.0
mg/L were prepared by dissolving TAP, FF, and FFA (initially dissolved in 1 mL of ultrapure water),
respectively, in acetonitrile. Working standard solutions of TAP, FF, and FFA at different concentrations
were prepared by diluting the stock solutions with acetonitrile-water (36:64, v/v). The stock solutions
were stable for five months at —70 °C. Fresh working solutions were prepared by dilution of the stock
solution before use.

3.3. UPLC-FLD Instrumentation and Conditions

A Waters ACQUITY UPLC System and a Waters fluorescence detector (Waters Corp., Milford, MA,
USA) were used. The separation was achieved on an ACQUITY UPLC® BEH Cy5 (2.1 mm x 100 mm,
1.7 um) chromatographic column. The column temperature was maintained at 30 °C. The injection
volume was 10 uL. The analysis was carried out using acetonitrile and 0.005 mol/L NaH;POy solution
containing 0.003 mol/L sodium dodecyl sulfate and 0.05% triethylamine with pH (FE20, METTLER
TOLEDO, Shanghai, China) adjusted to 5.3 + 0.1 with 85% phosphoric acid as the mobile phase (36:64,
y/v) at a flow rate of 0.2 mL/min, and the excitation and emission wavelengths were 233 nm and
284 nm, respectively.

3.4. Sample Preparation

3.4.1. ASE Extraction

Homogeneous blank poultry egg samples (2.0 + 0.02 g) were accurately weighed in a mortar and
then ground with the appropriate amount of diatomite. The samples were then transferred into a
22 mL extraction tank, placed on the mechanical arm of the accelerated solvent extractor for extraction,
and the extractant was acetonitrile:ammonia (98:2, v/v). The extraction method and parameters were
as follows: extraction pressure of 1500 psi, extraction temperature of 80 °C, extraction time of 3 min,
solvent flush of approximately 40% of the tank volume, and two cycles of static extraction. Finally,
the extract was collected and left to stand.

3.4.2. Ultrasonic Extraction

Homogeneous blank poultry egg samples (2.0 + 0.02 g) were accurately weighed into 50 mL
polypropylene centrifuge tubes, and 1 mL of 30% acetonitrile solution was added. The solution was
vortexed, and then 10 mL of acetonitrile:ammonia (98:2, v/v) was added. After ultrasonic extraction
for 15 min via an ultrasonic cleaning machine (P300H Elma, Konstanz, Germany), the solution
was centrifuged at 8000x g for 10 min in a desktop high-speed refrigerated centrifuge (5810R,
Eppendorf, Hamburg, Germany), and the supernatant was transferred to a 50 mL propylene centrifuge
tube. The extraction process was repeated a second time, and the two extracts were combined for
further analysis.

3.4.3. Vortex Shock Extraction

Homogeneous blank poultry egg samples (2.0 + 0.02 g) were accurately weighed into 50 mL
polypropylene centrifuge tubes, and 1 mL of 30% acetonitrile solution was added. The solution was
vortexed on a vortex oscillator (G560E, Scientific Industries Ltd., Bohemia, New York, NY, USA), 10 mL
of acetonitrile:ammonia (98:2, v/v) was added, and the sample was vortexed for 2 min. The solution
was centrifuged at 8000x g for 10 min and then transferred to 50 mL polypropylene centrifuge
tubes. The extraction process was repeated a second time, and the two extracts were combined for
further analysis.
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3.4.4. Vortex Oscillating + Ultrasonic Extraction

Homogeneous blank poultry egg samples (2.0 + 0.02 g) were accurately weighed into 50 mL
polypropylene centrifuge tubes, and 1 mL of 30% acetonitrile solution was added. The samples were
vortex mixed, 10 mL of acetonitrile:ammonia (98:2, v/v) was added, and they were vortex mixed for an
additional 2 min. Then, they were subjected to ultrasonication for 15 min. After centrifugation at8000x g
for 10 min, the supernatant was transferred to a 50 mL polypropylene centrifuge tube. The extraction
process was repeated a second time, and the two extracts were combined for further analysis.

3.4.5. Sample Purification

The collected extract was concentrated to near dryness in a centrifugal concentrator, and the
residue was dissolved in 1 mL of acetonitrile and then defatted with acetonitrile-saturated n-hexane
(hen, duck, and goose whole egg and yolk with 10 x 10 mL; egg white with 5 mL; and pigeon eggs
and quail eggs with 8 x 8 mL). After vortexing for 1 min, the upper layer was left to rest for 5 min.
The centrifuge tube was placed into the centrifugal concentrator to concentrate the lower liquid layer
to dryness. The dried sample was reconstituted with 2.0 mL of the mobile phase, vortexed for 1 min,
and centrifuged at 12,000 g for 15 min. The supernatant was passed through a 0.22 pum PVDF needle,
and the filtrate was analyzed by UPLC-FLD.

3.5. Method Validation

This optimized method was validated according to the requirements defined by the EU and the
FDA [41,42]. The selectivity of the method was estimated by preparing and analyzing 20 blank and
spiked samples. The probable interferences from endogenous substances were assessed based on the
chromatograms of blank and spiked poultry egg samples. The sensitivity of the method was assessed
in terms of the LODs and LOQs. The LODs were defined by the concentration of each of the three
analytes in the sample matrix that resulted in a signal-to-noise (S/N) ratio of 3:1. The LOQs were
defined as the lowest concentration on the calibration curve of each of the three analytes giving a S/N
ratio of 10:1.

The calibration curves were prepared based on the peak areas and the concentrations of the
working solutions. A series of working standard solutions at concentrations of LOQ, 20.0, 50.0, 100.0,
150.0, 200.0, and 250.0 pg/kg for TAP; LOQ, 20.0, 50.0, 100.0, 200.0, 300.0, and 400.0 ug/kg for FF; and
LOQ, 10.0, 20.0, 50.0, 100.0, 200.0, and 400.0 pg/kg for FFA were prepared by diluting the stock solutions
with extract of blank sample matrix, and then these solutions were analyzed by the UPLC-FLD method.

The accuracy and precision of the method were evaluated by determining the recoveries of
TAP, FF and FFA in poultry egg samples at concentrations of LOQ, 0.5 MRL, 1.0 MRL and 2.0 MRL.
The recovery of the method was calculated by comparing the determined concentrations of samples to
their theoretical concentrations.

4. Conclusions

In this study, an ASE method for the extraction of TAP, FF and FFA from poultry eggs was
established. This extraction method has high extraction efficiencies and high recoveries (>80.0%),
and the entire process is automated. This UPLC-FLD method for the quantitative determination of
TAP, FF and FFA is accurate and sensitive. The parameters of this method were shown to meet the
requirements of the Chinese Ministry of Agriculture, the EU and the FDA for the detection of veterinary
drug residues.
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Abstract: The aim of the study was to investigate the differences between walnut genotypes of
various geographical and genetic origins grown under the same or different environmental conditions.
The biological material analyzed consisted in walnut kernels of 34 cultivars, nine advanced selections,
and six hybrids harvested in 2015 and 2016, summing up to a total of 64 samples. The walnuts, walnut
oil, and residue were characterized in respect to their chemical (proximate composition—fat, protein,
nutritional value, fatty acids profile by 'H-NMR) and carbon-13 isotopic composition. The data
was used to statistically discriminate the cultivars according to composition, geographical area of
origin, and year of harvest, comparing the Romanian cultivars, selections, and hybrids with the
internationally available ones.

Keywords: § 1BC-IRMS; fatty acids composition; TH-NMR; walnut varieties

1. Introduction

Rich in omega-3 fats, proteins, and with a higher number of antioxidants than most other foods,
walnuts are recognized as an important component of a healthy diet. The walnut kernels” composition
contains between 52 and 77% fats, 12 <+ 25% protein, 5 + 24% carbohydrates, quinones, tannins,
minerals, and vitamins (A, B, B2, P, and C), that may significantly differ with the genotype, growth
location, and environmental conditions [1]. Compared to other types of nuts, they are rich in terms of
polyunsaturated fatty acids (PUFA), such as omega-6 and omega-3 [2], the major fatty acids found
in walnut being linoleic (C18:2), oleic (C18:1), a-linolenic (C18:3), palmitic (C16:0), and stearic acids
(C18:0) [3,4].

Consumers are becoming increasingly aware of food quality and authenticity of the nutritional
composition and health-promoting components. In this regard, walnuts have generated considerable
interest since it was confirmed by various survey studies [5-7] that their consumption can lower the
cholesterol, improve the arterial function (by decreasing total and LDL-cholesterol, and increasing
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HDL-cholesterol), reduce inflammation, and decrease the likelihood of diabetes and neurological
diseases. The beneficial components for health found in walnuts are the polyunsaturated fatty
acids, phytosterols, proteins, biogenic amines (melatonin and serotonin), dietary fiber, folate, tannins,
polyphenols, and minerals (magnesium, potassium, calcium, etc.) [1,2].

Covering a wide and diverse expanse of land in Central Asia [8], the walnut has spread in
China, India, Europe, and America, and is nowadays cultivated in almost all countries with temperate
climates. The walnut belongs to the Juglandaceae family that contains six genera for the temperate
region, with the most important two being Juglans and Pterocarya. The Juglans genus contains 12
species, from which the high feasibility in obtaining new cultivars and parent stock are the Juglans
regia L. and Juglans nigra [9]. Persian walnut (Juglans regia L.) is mostly cultivated in Asia (with China
as the top producer), the U.S., and Europe. Of the European countries, Romania is in the top three for
the yield /hectare and in the top 10 for the production and export [10], cultivating different varieties
chosen according to their high yield, disease resistance, or product quality.

Evaluating and certifying the identity/origin and quality of walnuts, and their byproduct,
the oil, is a challenge for the food industry, regulatory bodies, and consumers. There are various
developed methods to differentiate vegetable oils, including nuts oil, and the most recent are the
nuclear magnetic resonance-based metabolomics [11,12] and stable isotopes investigation [13-15],
along with chemometrics [16]. Generally, the studies on walnuts investigated the major and minor
compounds, such as fatty acids, sterols, polyphenols, volatiles, and minerals [17,18], or assessed the
oxidative stability, antioxidant, and antimicrobial activity [1,19,20] to determine the variations given
by the location, environmental conditions, cultivars, and technological processing [21-23]. Although
the main purpose of isotopic studies is to identify the botanical and geographical origins of different
food products, only a few were applied to walnuts and walnut oil [24-26], but lacked reference to the
variation given by the cultivar/genotype, geographical origin, or year of production (environmental
conditions—temperature, rainfall, and light).

As a consequence, the aim of the present work was to investigate the differences between
walnut genotypes of various geographical and genetic origins grown under the same or different
environmental conditions. The analyzed biological material consisted in walnut kernels of 34 cultivars,
nine advanced selections, and six hybrids from the breeding program, harvested in 2015 and 2016.
The walnuts, walnut oil, and residue were characterized in terms of chemical proximate composition
(fats and protein content, nutritional value, fatty acids profile by "H-NMR) and carbon-13 isotopic
composition. The data were used to statistically discriminate the cultivars according to the composition,
geographical area of origin and year of harvest, comparing the Romanian cultivars, selections, and
hybrids, with the internationally available ones.

2. Results and Discussion

2.1. Geographical and Year of Harvest Discrimination

Chemical composition of the kernel, oil, and residue for the walnut samples is highlighted in
Table 1. The samples are grouped according to the year of harvest and geographical origin of the
walnut cultivar, with an emphasis on the Romanian cultivars and the selections and hybrids developed
at the SCDP Ramnicu Vélcea (Romania).

The walnut kernels contained mainly fats (69.0%), with a mean concentration of crude protein of
20.3% and a 10.7% content of carbohydrates, resulting in a 700 kcal /100 g kernel energy. The extracted
oil, with a mean of 874 kcal energy, was composed mainly of linolenic acid (as sum of w-6 fatty
acids)—55.6% molar, followed by 22.7% monounsaturated fatty acids (mainly oleic), 11.1% linoleic
acid (as sum of w-3 fatty acids), and 10.6% saturated fatty acids, giving a mean unsaturation degree
(IV-iodine value) of 139.
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The fatty acids composition allowed the estimation of the different nutritional fractions:
PUFA—polyunsaturated fatty acids, UFA/SFA—unsaturated fatty acids/ saturated fatty acids,
PUFA /SFA—polyunsaturated fatty acids/saturated fatty acids. The results as a general composition
for the walnuts and walnuts oil and for specific cultivars were in agreement with other published
data [1,17,20,22,23,27].

Considering the walnuts grown at the Fruit Growing Research Station (SCDP) Valcea, the
Romanian selections and hybrids tend to present the extreme values for this set of samples.
The Romanian hybrids registered high protein content (26.0%) and low fats (66.5%) for the kernel and
oil, with a low composition in oleic acid (18.8% molar), and high linoleic acid (59.2% molar), that led to
increased values of PUFA (70.4 % molar) and IV (142) compared to the other groups of walnuts.

The Romanian selections were also found to have a low-fat content (66.3%), with a higher
oleic concentration (24.7% molar) and lower linoleic (54.8% molar) and linolenic (10.1% molar)
concentrations, resulting in low PUFA. The international and Romanian cultivars had similar
compositions, the values being intermediate between the Romanian hybrids and the Romanian
selections, with the exception of the higher fatty content for the French cultivars (mean of 73.6%) and
higher PUFA /SFA and UFA /SFA ratios for the USA cultivars.

For harvest year, discriminations were considered only among the cultivars from the Fruit
Growing Research Station (SCDP) Valcea sampled both in 2015 and 2016, namely 15 cultivars, from
which 10 were international and five Romanian ones. The classification of the samples was 100% correct,
with the 6'3C of the residue (which is the carbon-13 fingerprint of the proteins and carbohydrates),
protein content of the kernel and polyunsaturated fatty acids concentration, and the iodine value as
the most important factors for discrimination. The walnuts from 2015 had a lower content of fats with
a higher degree of unsaturation than the ones harvested in 2016, together with a higher content of
proteins. Also, since in 2015 there were higher mean temperatures and precipitation in the maturation
period (July—September) than in 2016 [28], a possible explanation could be drawn that increased
temperatures and precipitation are conductive to the formation of proteins in the kernels and lower
quantities of fat with higher concentrations of polyunsaturated fatty acids.

Discriminant analysis of walnuts grown in different locations is presented in Figure 1. For all
samples, the first two most important factors summed 83.59% of the variance (F1 = 46.25% and
F2 = 37.35%), with 100% correct classification of the samples.
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Figure 1. Discriminant analysis of walnuts according to the geographical origin of the walnut samples:
(A) samples distribution by groups; (B) group centroids as mean discriminant scores for each group in
the dependent variable for each of the discriminant functions.

The most important parameters for the geographical discrimination of walnuts were the 6'3C of
the kernel, oil, and residue, the SFA, oleic concentrations, together with the indices IV, UFA /SFA, and
PUFA /SFA. Since the number of samples grown in different locations than RO-VL1 was low, no general
conclusions could be drawn. As a general observation, the two samples from China presented high
oleic composition (38.5 and, respectively, 31.2% molar) compared with the other cultivars, resulting in
alow IV of 129.

Other distinct compositions were observed for the walnut with red kernels (RO-DB), which had
high fatty content (79.6%) with higher SFA (13.4% molar), and for the Romanian selections RO-VL2
(n = 3) which had low oleic and high linoleic/linolenic concentrations (mean of 60.5% and, respectively,
12.4% molar) resulting in a high IV (144).

2.2. Stable Carbon Isotopic Composition

The carbon stable isotopes are important for biological, cultivar and climatic differentiation [24,29,30].
Variation of 63C values between different plants and plant products may be attributed, besides the
metabolic pathway, to geographical origin, environmental factors (temperature, humidity, rainfall,
light exposure, water availability), cultivar, growth conditions and harvest time [26].

The variation in carbon-13 abundance in food is the result of isotopic fractionation that takes
place in plants [25]. During the photosynthesis, the light (1>C) and heavier (}3C) isotopes of carbon will
be discriminated, the processes being reflected in the isotopic compositions of the plant components.
Carbon dioxide-fixing pathways in plants are the C3 (Calvin cycle), C4 (Hatch-Stack cycle), and CAM
(Crassulacean acid metabolism), with the mention that all trees use the C3 metabolism. Since walnut is
a C3 plant, the isotopic fingerprint of the kernel and oil should be in the range —34%o to —22%o [24].
Studies done on walnut and walnut oil samples produced in France and China, reported values of
—28.67 + 0.25%0 [25] and, respectively, —27.5%o [24-26] for the 513C.

In this study, the range of variation for the S13C of the kernel was of 7.6 delta units (between —29.9
and —22.3%), while for the oil and residue was about six delta units, between —30.1 and —23.9% and,
respectively, between —28.3 and —21.9%o. The oil was depleted in carbon-13 compared to the kernel
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with approx. 0.6%o, while the residue was enriched in carbon-13 compared to the kernel with approx.
1.9%0 (Table 2).

Table 2. Stable carbon composition (mean values) of the investigated walnut samples.

oBC-Kernel (%)  018C-0il (%)  6"3C-Residue (%o)

All samples (11 = 64) —268+15 274412 249414
Samples collected in 2015 (1 = 15) —273+14 276408 256+ 13
both years 2016 (1 = 15) 269+ 1.4 271407 245407
USA cultivars (i = 18) 274+12 275408 253+11
S ) h RO selections (1 = 5) —271+13 —283+1.2 —2524+1.3
amp Zzg];;w‘ to RO cultivars (1 = 20) 270+12 274409 252414
RO hybrids (1 = 6) 269+ 09 280413 245414
FR cultivars (1 = 7) 268+ 14 278408 ~25.0 407
Samples from Greece GR-22016 —263 273 241
P GR-12015 ~263 —258 227
. PRC-2 (Zhong Lin no.1) 256 252 221
Samples from China PRC-1 (Jin Bo Feng no.1) —24.0 ~26.0 24
Samples from Romania ~ RO-DB red kernel selection (1 = 1) —25.1 —254 —23.6
(other than SCDP) RO-VL (1 = 3) 233+ 1.0 248408 227407
C1(n=23) 270417 —276+13 254416
Samples classified b C2 (n = 25) ~26.6+12 274412 247413
P o y C3(1n=6) 268+ 14 274411 248411
group C4(n=8) ~263+15 268407 241410
C5(n=2) —282 ~265 —24.0

In photosynthesis, C3 plants transform the carbon dioxide (6'*C = —8%o) in carbohydrates which
will be further used to form other classes of compounds, including proteins and fatty acids, processes
that will take place as a general rule with a 1%o depletion in carbon-13 for proteins and 6%y for lipids,
since the 12C isotope is favored for the reactions that take place [31]. The study done by Guo et al. [26]
went in even more details and showed the differences between the 613C of individual fatty acids, which
decreased slightly (0.7%o) in the elongation of Cyg,g from Cy4., increased significantly (1.3%o) in the
first desaturation (from Cyg, to Cyg.1) and kept stable in the further desaturation from Cjg.; to Cig:p.

The statistical analysis of the data (both isotopic and compositional) showed that the 513C of the
kernel, oil, and residue were important in the geographical discrimination (with p-values < 0.0001),
d13C of the residue (containing mostly the proteins and carbohydrates of the walnut) was important in
differentiating the year of harvest (p-value = 0.004), while no carbon-13 fingerprint was important in
discriminating the walnuts according to composition. These correlations indicate an influence of the
location and year of harvest on the carbon isotopic composition of the walnuts. It can be mentioned
that if the discrimination is done between cultivars from a restricted area, the isotopic composition
is influenced by the biological parameters (metabolism) rather than the climatic factors, though no
strong correlations were found between the isotopic fingerprint and composition of the walnuts.

The mean carbon-13 values of the different walnut groups are also presented in Table 2. The
samples from 2016 were slightly more enriched in carbon-13 than the ones produced in 2015, with
differences of about 0.4, 0.5 and 1.1%o for the kernels, oil and residue. The trend is opposite than
in other findings in which the isotopic fingerprint is enriched in the warmer years, though the two
samples from Greece (Tripoli area) showed a more enriched isotopic composition for the oil and residue
in the warmer year (2015).

Concerning the geographical origin of the cultivars, a trend of isotope enrichment was observed,
from the walnuts produced in the Fruit Growing Research Station (SCDP) Valcea (kernel of —27%q, oil
of —28%o and residue of —25%u), to the ones produced in Greece, followed by the red kernel walnut
from Romania-Dambovita county and walnuts from China, ending with the three walnut selections
from Valcea county that registered the highest 613C values (—23.3%y for kernel, —24.8%o for oil, and
—22.7%o for residue). The data are also presented as a distribution in Figure 2.
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Figure 2. Carbon-13 composition of the kernel, oil and residue taking into account the geographical
origin of the cultivars (1 = SCDP-USA cultivars, 2 = SCDP-FR cultivars, 3 = SCDP-RO cultivars,
4 = SCDP-RO selections, 5 = SCDP-RO hybrids, 6 = RO-VL, 7 = RO-DB, 8 = GR, 9 = PRC).

Using only the isotopic values, the walnuts can be differentiated according to the geographical
origin, with the exception of the two samples from Greece which were classified in the RO-SCDP
Valcea group, while the year of harvest discrimination gave only a 73.33% correct classification of the
samples (11 out of 15). If the chemical composition is taken into account, groups C5 and C4 were the
most enriched in carbon-13 (with the exception of C5 kernel), while groups C1, C2, and C3 were the
most depleted.

2.3. Composition Discrimination

Nonspecific statistical analysis of the composition and isotopic data by agglomerative hierarchical
clustering (AHC) classified the groups as presented in Table 3. The most important factors to
differentiate these groups were the fat content, the energy of the oil, the oleic and linoleic concentrations,
and the iodine value.

Groups C1 and C2 were the most similar, with the next level of similarity clustering groups C1
and C2 with C3, followed by group C5, while group C4 had the most distinct composition. Groups
C1-C3 had the most unsaturated composition (high polyunsaturated acids concentrations resulting in
high IV values), with group C1 being distinct due to the high protein content and group C3 due to the
higher SFA content; group C5 (formed of Hartley and Vina cultivars harvested in 2016) had walnuts
with low fat and protein compositions, but high in SFA and linolenic acid. Group C4, where Adams 10,
Lara, one Chinese cultivar (Jin Bo Feng no.1), and other five Romanian cultivars all harvested in 2016
were found, had a walnut composition high in fats with increased oleic acid concentrations.

Group C1 is comprised mainly from samples of 2015 harvest; groups C3-C5 are formed of walnuts
harvested in 2016, while group C2 is a mixture of 2015 and 2016 samples. For the cultivar Wilson
Franquette, the walnuts sampled in both years of harvest were classified in the same group, indicating
a metabolism that is less influenced by the environmental conditions. For the other cultivars, however,
the walnuts obtained in different years were classified in different groups, more or less related to each
other due to the difference in composition given by the production year.

Concerning the Romanian walnut cultivars, selections and hybrids, the majority of them were
classified in the high unsaturation groups (C1-C3), with the exception of five of them produced in
2016 which had a composition high in fats and oleic acid (group C4).
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Table 3. Classification of the walnuts according to composition.
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RO: Argesan 2015, Germisara 2015, VL206S 2015, 4/12-2015, T (RO-VL2)
Cl(n=23) Muscelean 2015, Orastie 2015, Roxana Vladesti 2015 2/3-2015
2015, Sibisel 44-2015, Sibisel Precoce 2015,
Valcris-2015
C1 compositional characteristics: high protein, linoleic, linolenic, IV
USA: Adams 10-2015, Chase D9-2015, Brezoi-2015
Howe 2016, Idaho 2016, Payne 2016, €20 .
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Ignat Tudor 2015, 1-2016 (RO-VL2), GR
2015/2016 VL 301B-2015 HC3390-2015, UC 1-2015, GR 2-2016,
C2 (n=25) RO: Germisara 2016, Mihaela 2015, 3/1-2015 PRC 2.2016 (Zhor
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Velnita 2015 Hno.L cuttivar
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C3 compositional characteristics: high SFA, linoleic, linolenic, IV
USA: Adams 10-2016,
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3. Materials and Methods

3.1. Plant Material and Collection Site

The main biological material analyzed in this study consisted of walnut kernels of fruits harvested
from the germplasm collection of the Fruit Growing Research Station (SCDP) belonging to the
University of Craiova and located in Rdmnicu Valcea, Romania. The aim of SCDP is to improve
the walnut assortment in Southwest Romania through selection of local walnut population and
controlled hybridization. The walnut cultivar collection field is located north of Rdmnicu Valcea city, at
45°8'22.35”N and 24°22'36.85”E. The climate of the area is temperate, of Cfb Képpen-Geiger type [32],
the average annual temperature is 10.2 °C and rainfall 715 mm. The walnut collection was planted
in 1997 on an alluvial soil with medium content of nitrogen, phosphorus, and potassium, and with
a pH of 6.8. No irrigation was provided to the trees. Fruits were harvested at full maturity, in 2015
and/or 2016, from a number of 11 walnut representative cultivars originated from USA (seven from
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California, three from Oregon and one from Idaho), four cultivars from France, and 14 from Romania.
Additionally, five advanced selections and six hybrids from the breeding program were sampled.
Another set of samples was represented by walnuts grown in other locations than SCDP: Two cultivars
from both Greece (Tripoli City area) and China (Taigu county and Taiyuan City from Shanxi Province),
and the other four local selections from Romania (three from Valcea county and one with red kernel
from Dambovita county). A total of 64 samples were investigated, from which 15 were taken both in

2015 and 2016 (see Table 4).

Table 4. Description of walnut samples collection.

Geographical Origin

of the Cultivar Description Name Genetic Origin Harvest Year
Fruit Growing Location-Research Station (RO-VL1), Romania
Cultivar Adams 10 Open pollinated seedling 2015 and 2016
USA (Oregon) Cultivar Chase D9 Open pollinated seedling 2015 and 2016
Cultivar Howe Chance seedling 2016
Cultivar Tehama ‘Waterloo” x ‘Payne’ 2015
Cultivar Hartley Open pollinated seedling 2015 and 2016
Cultivar Payne Chance seedling 2015 and 2016
USA (California) Cultivar Pedro ‘Conway Mayette” x ‘Payne’ 2015 and 2016
Cultivar Vina ‘Franquette’ x ‘Payne’ 2015 and 2016
Cultivar Wilson Franquette Selection of ‘Franquette’ 2015 and 2016
Cultivar Serr ‘Payne’ x PI 159568 2016
USA (Idaho) Cultivar Idaho Selection from local populations 2016
Cultivar Fernette ‘Franquette’ x ‘Lara’ 2015 and 2016
F Cultivar Fernor ‘Franquette’ x ‘Lara’ 2015 and 2016
rance Cultivar Lara Chance seedling of ‘Payne’ 2015 and 2016
Cultivar Ferjean Grosvert” x ‘Lara’ 2016
Cultivar Argesan Selection from local populations 2015
Cultivar Jupanesti Selection from local populations 2015
Cultivar Mihaela Selection from local populations 2015
Romania (Arges) Selection Ignat Tudor Selection from local populations 2015
8¢% Selection Munteanu Selection from local populations 2015
Selection Vladesti Selection from local populations 2015
Cultivar Muscelean Selection from local populations 2015 and 2016
Cultivar Roxana Selection from local populations 2015 and 2016
Cultivar Sibisel Precoce Selection from local populations 2015
Romania (Hunedoara) Cultivar Orastie Selection from local populations 2015
omania (Hunedoara) - cyjtyar Germisara Selection from local populations 2015 and 2016
Cultivar Sibisel 44 Selection from local populations 2015 and 2016
Cultivar Valcris (syn. VL202 PO)  Selection from local populations 2015
Selection VL 206 S Selection from local populations 2015
R ia (Valcea) Cultivar Timval (syn. VL 54 B) Selection from local populations 2015 and 2016
ORISIHE (FEees Cultivar Unival Selection from local populations 2016
Cultivar Valcor Selection from local populations 2016
Cultivar Valmit Selection from local populations 2016
Hybrid C2 Open pollinated seedling of Ideal’ 2015
Hybrid HC 02 Open pollinated seedling of ‘Ideal” 2015
Romania (Craiova) Hybrid HC 3390 Open pollinated seedling of ‘Ideal’ 2015
Hybrid T2/3 Open pollinated seedling of ‘Ideal” 2015
Hybrid uc3/1 Open pollinated seedling of ‘Ideal” 2015
Hybrid UC4/12 Open pollinated seedling of ‘Ideal’ 2015
Romania (Bucuresti) Selection VL301B Selection from local populations 2015
Romania (Tasi) Cultivar Velnita Selection from local populations 2015
Fruit Growing Location-Valcea county (RO-VL2), Romania
Selection Brezoi 1 Selection from local populations 2016
Romania (Valcea) Selection Fumureni 1 Selection from local populations 2016
Selection Fumureni 2 Selection from local populations 2016
Fruit Growing Location-Dambovita county (RO-DB), Romania
Romania (Dadmbovita) ~ Selection Targoviste 1-red kernel Selection from local populations 2016
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Table 4. Cont.

Geographical Origin

of the Cultivar Description Name Genetic Origin Harvest Year
Fruit Growing Location-Tripoli (GR), Greece
Greece (Tripoli) Cultivar Nut sample 1 Franquette’ x ‘Hartley” x ‘Chandler” 2015
Greece (Tripoli) Cultivar Nut sample 2 x ‘Meylannaise’ 2016

Fruit Growing Location-PRC

China (Fruit Growing
Institute in Cultivar Jin Bo Feng no.1 Unknown 2016
Taigu-Shanxi)

China (Taiyuan market,

Shanxi) Cultivar Zhong Lin no.1 Unknown 2016

3.2. Sample Preparation

After harvest, the in-shell walnuts were naturally dried. Nuts were cracked, and kernels were
extracted from each cultivar sample. The mean sample consisted of 30 g of healthy kernels selected
to be representative for the lot, grounded to a fine homogenous mix. From this, 1 g was dried
by lyophilization and C/H/N composition and §'3C-IRMS were performed. Another 5 g of mean
grounded walnut kernels were used to extract oil for 16 h with 100 mL of petroleum ether using
a Buchi B-811 Soxhlet extractor (Biichi Labortechnik AG, Flawil, Switzerland). The oil resulted after
the removal of the solvent and filtration represented the fat content of the kernels and its composition
was determined—fatty acids content by NMR, C/H/N and SB3C-IRMS. The dried residue after oil
extraction (consisting mainly of the proteins and carbohydrates of the walnuts) was also analyzed for
the C/H/N composition and 6'>C-IRMS.

3.3. C/H/N Composition

The elemental composition (C/H/N) of the walnut, oil, and residue was determined in triplicate
using a Flash2000 Thermo (Thermo Fisher Scientific, Leicestershire, UK) with a TCD detector (Thermo
Fisher Scientific, UK) [33]. Analysis conditions: Chromatographic columns—(i) molecular sieve 5A for
separating flue gases after combustion, gas type CO, and (ii) PoraPLOT Q (30 cm, 20 pum, 65 °C) for
separating flue gases after combustion, gas type NO,, CO,, H,O, SO,, furnace temperature: 950 °C,
TCD detector: 1000 mA, measuring time—12 min, sample mass 2.5 mg. Linear regression analysis,
based on seven points created using certified reference material, traceable at ISO GUIDE 34 /17025, was
used to generate the calibration equation for each element. The condition of a correct measurement
was to draw a calibration curve with an RSD < 0.5% and the correlation coefficients r* > 0.99. To verify
the conformity of the results or if the calibration curve did not suffer changes, before every sample
injection, a quality control (QC) gas mixture, rich in permanently gases and hydrocarbons, was used.
The measured values were used to calculate the energy values for walnut, oil and residue, and the
proximate composition, crude protein (N x 5.30) (AOAC 950.48) and carbohydrate content.

3.4. NMR Analysis

The walnut oil samples for the NMR analysis were prepared in duplicate by dissolving 70 mg
of oil in 700 uL of CDCI3 (99.96% at.) with TMS (NMR grade) as internal standard. The reagents
were purchased from Aldrich (St. Louis, MO, USA) and, respectively, Sigma-Aldrich (Darmstadt,
Germany). All NMR experiments were recorded at 300 K using a Bruker Avancelll400 spectrometer
(Bruker France SAS, Wissembourg, France) operating at 9.4 T, equipped with a 5 mm BBO probe,
observing 'H at 400.2 MHz and '*C at 100.6 MHz. 'H-NMR spectra were acquired using spectral width
of 8224 Hz; 65536 data points; pulse width of 10.5 ps; relaxation delay of 1.0 s; acquisition time of 4 s
and 16 scans. To verify the spectra quality, the solvent peak was examined on the 'H spectrum for each
sample. Since the same quantity of deuterated chloroform was always added for the NMR analysis,
the resolution of the peak at 7.3 ppm was used to attest the correct adjustment of the shims. Spectra
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were processed by applying an exponential line broadening of 0.3 Hz for sensitivity enhancement
before Fourier transforms and were accurately phased and baseline adjusted. The determination of the
fatty acids composition of the walnut oil was done according to Guillén and Ruiz [34].

3.4.1. 613C Measurement

The overall carbon-13 composition of the walnut kernel, oil, and residue was obtained using a
Thermo DeltaVPlus Spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled with an 1112
Elemental Analyser equipped with an autosampler for solids. The isotopic composition is expressed as
J-values (%o), which refers the isotope ratio of the sample (S) to that of the international reference PDB:

(ISC/lZC)s - (13C/12C)PDB
(BC/12C)ppp

513C = 1000 -

The 6'3C isotopic values were calibrated against an international reference material, sugar
IAEA-CH-6 (IAEA—International Atomic Energy Agency, Vienna, Austria), and three other laboratory
standards, namely, L-Alanine IA-R041 (Iso-Analytical Laboratory Standard), Beet Sugar IA-R005, and
Cane Sugar IA-R006.

During measurements, a reference was injected at regular intervals as a working standard to
check the accuracy of the results. Each sample was analyzed in triplicate and the results were validated
if the difference was below 0.4%o.

3.5. Data Analysis

The data were evaluated by statistical methods. Descriptive statistical analysis (mean, standard
deviation, etc.), agglomerative hierarchical clustering (AHC), and discriminant analysis (DA) were
performed using commercial software packages as Microsoft Excel 2013 (Microsoft, Redmond, WA,
USA) and XLSTAT Addinsoft 2014.5.03 version (Addinsoft Inc, Long Island, NY, USA).

4. Conclusions

The determined parameters (fat, protein, nutritional value, fatty acids profile by "H-NMR, and
carbon-13 isotopic composition) for the walnuts and walnut oil were used to differentiate with certain
degrees of success the cultivars grown in the same location or different locations and to show the
composition differences for the same cultivar in different years of production. The study allowed the
comparison of the Romanian cultivars, selections and hybrids with the internationally available ones.
The data also showed that in order to enhance the discrimination of walnut and walnut oil samples
a wider range of parameters is needed, for example to couple the isotopic fingerprint (of bulk, fractions,
or individual compounds) with the composition data or vice versa.

Author Contributions: Conceptualization, R.P. and R.E.I; methodology, R.P. and R.E.L; software, R.P. and O.R.B.;
validation, R.P., O.R.B. and D.C.; formal analysis, R.P., D.C., EB. and E.I.G.; investigation, R.P; resources, R.E.I;
data curation, Y.E]."A. and M.B.; writing—original draft preparation, R.P.; writing—review and editing, R.E.L;
visualization, M.B.; supervision, R.P. and R.E.I; project administration, R.P; funding acquisition, R.E.L.

Funding: This research was funded by the Romanian Ministry of Research and Innovation, grant number PN 18
12/2018, under the project “Research on the development of advanced analytical methods to investigate organic
food of plant or animal origin”.

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

References

1. Pereira, J.A.; Oliverira, I; Sousa, A.; Ferreira, LC.ER.; Bento, A.; Estevihno, L. Bioactive properties and
chemical composition of six walnut (Juglans regia L.) cultivars. Food Chem. Toxicol. 2008, 46, 2103-2111.
[CrossRef]

130



Molecules 2019, 24, 1378

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cosmulescu, S.; Baciu, A.; Achim, G.; Botu, M.; Trandafir, I. Mineral Composition of fruits in different walnut
(Juglans regia L.) cultivars. Notulae Botanicae Horti Agrobotanici Cluj-Napoca 2009, 37, 156-160.

Li, L.; Tsao, R.; Yang, R.; Kramer, ].K.G.; Hernandez, M. Fatty acids profiles, tocopherol contents, and
antioxidant activities of heartnut (Juglans ailanthiofolia Var. cordiformis) and Persian walnut (Juglans regia
L.). J. Agric. Food Chem. 2007, 55, 1164-1168. [CrossRef]

Tapia, M.L; Sarnchez-Morgado, J.R.; Garcia-Para, J.; Ramirez, R.; Hernandez, T.; Gonzales Gomez, D.
Comparative study of the nutritional and bioactive compounds content of four walnut (Juglas regia L.)
cultivars. J. Food Compost. Anal. 2013, 31, 232-237. [CrossRef]

Sabaté, J.; Fraser, G.E.; Burke, K.; Knutsen, S.E; Bennett, H.; Lindsted, K.D. Effects of walnuts on serum lipid
levels and blood pressure in normal men. N. Engl. ]. Med. 1993, 328, 603-607. [CrossRef]

Lavedrine, F; Zmirou, D.; Ravel, A.; Balducci, F; Alary, J. Blood cholesterol and walnut consumption:
A cross-sectional survey in France. Prev. Med. 1999, 28, 333-339. [CrossRef] [PubMed]

Hayes, D.; Angove, M.J.; Tucci, J.; Dennis, C. Walnuts (Juglas regia L.) chemical composition and research in
human health. Crit. Rev. Food Sci. Nutr. 2016, 56, 1231-1241. [CrossRef]

Molnar, T.J.; Zaurov, D.E.; Capik, ].M.; Eisenman, S.W.; Ford, T.; Nikolyi, L.V.; Funk, C.R. Persian Walnut
(Juglas regia L.) in central Asia. Annu. Rep. North. Nut Growers Assoc. 2011, 101, 56-69.

Mitra, S.K.; Rathore, D.S.; Bose, T.K. Walnut. In Temperate Fruits; Horticulture and Allied Publishers: Calcutta,
India, 1991; pp. 377-414.

Food and Agriculture Organisation of United Nations. Available online: http://www.fao.org/faostat
(accessed on 9 April 2018).

Marcone, M.F.; Wang, S.; Albabish, W.; Nie, S.; Somnarain, D.; Hill, A. Diverse food-based applications of
nuclear magnetic resonance (NMR) technology. Food Res. Int. 2013, 51, 729-747. [CrossRef]

Popescu, R.; Costinel, D.; Dinca, O.R.; Marinescu, A.; Stefanescu, I.; Ionete, R.E. Discrimination of vegetable
oils using NMR spectroscopy and chemometrics. Food Control 2015, 48, 84-90. [CrossRef]

Spangenberg, ].E.; Ogrinc, N. Authentication of vegetable oils by bulk and molecular carbon isotope analyses
with emphasis on olive oil and pumpkin seed oil. J. Agric. Food Chem. 2001, 49, 1534-1540. [CrossRef]
Paolini, M.; Bontempo, L.; Camin, F. Compund-specific §'>C and 6°H analysis of olive oil fatty acids. Talanta
2017, 174, 38-43. [CrossRef]

Guyader, S.; Thomas, E; Portaluri, V.; Jamin, E.; Akoka, S.; Silvestre, V.; Remaud, G. Authentication of edible
fats and oils by non-targeted >C INEPT NMR spectroscopy. Food Control 2018, 91, 216-224. [CrossRef]
Esteki, M.; Vander Heyden, Y.; Farajmand, B.; Kolahderazi, Y. Qualitative and quantitative analysis of peanut
adulteration in almond powder samples using multi-elemental fingerprinting combined with multivariate
data analysis methods. Food Control 2017, 82, 31-41. [CrossRef]

Amaral, ].S.; Casal, S.; Pereira, J.A.; Seabra, R.M.; Oliveira, B.P.P. Determination of sterol and fatty acid
compositions, oxidative stability, and nutritional value of six walnut (Juglans regia L.) cultivars grown in
Portugal. J. Agric. Food Chem. 2003, 51, 7698-7702. [CrossRef] [PubMed]

Batun, P.; Bakkalbasi, E.; Kazankaya, A.; Cavioglu, I. Fatty acid profiles and mineral contents of walnuts
from different provinces of Van Lake. GIDA 2017, 42, 155-162. [CrossRef]

Arranz, S.; Cert, R.; Perez-Jimenez, J.; Cert, A.; Saura-Calixto, F. Comparison between free radical scavenging
capacity and oxidative stability of nut oils. Food Chem. 2008, 110, 985-990. [CrossRef]

Bujdoso, G.; Konya, E.; Berki, M.; Nagy-Gasztonyi, M.; Bartha-Szughi, K.; Marton, B.; Izsepi, F.; Adanyi, N.
Fatty acid composition, oxidative stability, and antioxidant properties of some Hungarian and other Persian
walnut cultivars. Turk. ]. Agric. For. 2016, 40, 160-168. [CrossRef]

Al-Bachir, M. Effect of gamma irradiation on fungal load, chemical and sensory characteristics of walnuts
(Juglans regia L.). ]. Stored Prod. Res. 2004, 40, 355-362. [CrossRef]

Crews, C.; Hough, P; Godward, J.; Brereton, P; Lee, M.; Guiet, S.; Winkelmann, W. Study of the main
constituents of some authentic walnut oils. J. Agric. Food Chem. 2005, 53, 4853-4860. [CrossRef]
Christopoulos, M.; Tsantili, E. Oil composition in stored walnut cultivars—quality and nutritional value.
Eur. ]. Lipid Sci. Technol. 2014, 116, 1-11. [CrossRef]

Spangenberg, J.E.; Macko, S.A.; Hunziker, J. Characterization of olive oil by carbon isotope analysis of
individual fatty acids: implications for authentication. J. Agric. Food Chem. 1998, 46, 4179-4184. [CrossRef]
Morrison, D.J.; Dodson, B.; Slater, C.; Preston, T. 1*C natural abundance in the British diet: implications for
13C breath tests. Rapid Commun. Mass Spectrom. 2000, 14, 1321-1324. [CrossRef]

131



Molecules 2019, 24, 1378

26.

27.

28.

29.

30.

31.
32.

33.

34.

Guo, L.X,; Xu, X.M.; Yuan, ].P; Wu, C.E; Wang, ].H. Characterization and authentication of significant
Chinese edible oilseed oils by Stable Carbon Isotope Analysis. ]. Am. Oil Chem. Soc. 2010, 87, 839-848.
[CrossRef]

Martinez, M.L.; Labuckas, D.O.; Lamarque, A.L.; Maestri, D.M. Walnut (Juglans regia L.): Genetic resources,
chemistry, by-products. J. Sci. Food Agric. 2010, 90, 1959-1967. [CrossRef] [PubMed]

National Meteorological Administration-Climate Monitoring. Available online: http://www.meteoromania.
ro/anm2/clima/monitorizare-climatica/ (accessed on 9 April 2018).

Tacumin, P.; Bernini, L.; Boschetti, T. Climatic factors influencing the isotope composition of Italian olive oils
and geographic characterization. Rapid Commun. Mass Spectrom. 2009, 23, 448-454. [CrossRef]

Costinel, D.; Tudorache, A.; Ionete, R.E.; Vremera, R. The impact of grape varieties to wine isotopic
characterization. Anal. Lett. 2011, 44, 2856-2864. [CrossRef]

Hoefs, ]. Stable Isotope Geochemistry; Springer: Berlin, Germany, 1980; Volume 9.

Rubel, F.; Kottek, M. Observed and projected climate shifts 1901-2100 depicted by world maps of the
Koéppen-Geiger climate classification. Meteorol. Z. 2010, 19, 135-141. [CrossRef]

Constantinescu, M.; Oancea, S.; Bucura, F,; Ciucure, C.; Ionete, R.E. Evaluation of the fuel potential of sewage
sludge mixtures with beech sawdust and lignite. ]. Renew. Sustain. Ener. 2018, 10, 053106. [CrossRef]
Guillén, M.D.; Ruiz, A. Rapid simultaneous determination by proton NMR of unsaturation and composition
of acyl groups in vegetable oils. Eur. |. Lipid Sci. Technol. 2003, 105, 688-696. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

132



molecules ﬁw\n\l’y

Atrticle

Chemical Composition, Antioxidant and
Antihyperglycemic Activities of the Wild
Lactarius deliciosus from China

Zhou Xu V¥, Liang Fu %%, Shiling Feng !, Ming Yuan ', Yan Huang !, Jinqgiu Liao ', Lijun Zhou ’,
Hongyu Yang ! and Chunbang Ding 1*

1 College of Life Sciences, Sichuan Agricultural University, Yaan 625014, China; xzhsicau@163.com (Z.X.);
fengshilin@outlook.com (S.F.); yuanming@sicau.edu.cn (M.Y.); shirley11hy@163.com (Y.H.);
liaojinqiu630@sicau.edu.cn (J.L.); zhouzhou124@126.com (L.Z.); yhy4868135@163.com (H.Y.)

Dazhou Institute of Agricultural Sciences, Dazhou 635000, China; fuliangrain@126.com

*  Correspondence: dcb@sicau.edu.cn; Tel.: +86-083-562-5014

1t These authors contributed equally to this paper.

2

Academic Editors: Alessandra Gentili and Chiara Fanali lcjr;)edc:t?sr
Received: 13 March 2019; Accepted: 1 April 2019; Published: 6 April 2019

Abstract: The wild mushroom Lactarius deliciosus from China was studied for the first time to
obtain information about its chemical composition, antioxidant, and antihyperglycemic activities.
Nutritional value, dietary fiber, fatty acids, metal elements, free sugars, free amino acids, organic acids,
flavor 5'-nucleotides, and volatile aroma compounds were determined. Potential antioxidant and
antihyperglycemic activities were also tested by investigating 1,1-diphenyl-2-picrylhydrazyl (DPPH)
and 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals scavenging activities,
ferric ion reducing activity, as well as x-amylase and x-glucosidase inhibitory activities using ethanol
and aqueous extracts. The results showed that L. deliciosus was a good wild mushroom with high
protein, carbohydrate, and dietary fiber contents, while low in fat and calorie, extensive unsaturated
fatty acids contents, with negligible health risks about harmful metal elements. Twenty kinds of
free amino acids were detected with a total content 3389.45 mg per 100 g dw. Flavor 5'-nucleotides
including 5'-CMP, 5'-UMP, 5'-IMP, and 5'-AMP were 929.85, 45.21, 311.75, and 14.49 mg per 100 g dw,
respectively. Mannitol (7825.00 mg per 100 g dw) was the main free sugar, and quininic acid (729.84 mg
per 100 g dw) was the main organic acid. Twenty-five kinds of volatile aroma compounds were
identified, acids (84.23%) were the most abundant compounds based on content, while aldehydes (15
of 25) were the most abundant compounds based on variety. In addition, both ethanol and aqueous
extracts from L. deliciosus exhibited excellent antioxidant activity. While in antihyperglycemic activity
tests, only ethanol extracts showed inhibitory effects on a-amylase and «-glucosidase.

Keywords: Lactarius deliciosus; chemical composition; antioxidant; antihyperglycemic

1. Introduction

Edible mushrooms consist of Basidiomycota and Ascomycota members [1]. Abundant protein,
essential amino acids, mineral elements, dietary fiber, flavor 5'-nucleotides, and volatile aroma
components endowed mushrooms with great nutritional value and unique flavor [2,3]. Thus,
mushrooms have been consumed as popular food stuff and flavoring for centuries, and consumer
demand has continued to increase in recent years. Nowadays, dozens of cultivated mushrooms such
as Agaricus bisporus, Lentinula edodes, Pleurotus ostreatus, Flammulina velutipes, and Auricularia auricula
occupy the main consumer market, but there are far more mushrooms that cannot be artificially
cultivated called wild mushrooms that only come from field acquisition [4,5]. Although difficult
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to collect, wild mushrooms are still pursued by innumerable gluttons due to their unique flavors,
and Tuber melanosporum, Tricholoma matsutake and Collybia albuminosa, etc., are regarded as gems [6,7].
Moreover, in the east, traditional medicine theory holds the concept that “drug homologous food”,
hence, mushrooms also serve as indispensable raw materials for pharmaceuticals [8].

Lactarius Persoon is an ectomycorrhizal group belonging to the family of Russulaceae and
widespread in temperate, subtropical and tropical forests. To date, ~500 species of Lactarius Per.
have been discovered around the world and Lactarius deliciosus is one of them [9]. Owing to its
excellent taste, texture, and flavor, L. deliciosus is popular in China, with some chemical substances and
bioactivities of L. deliciosus being reported. Research has shown that sesquiterpenoids contribute to the
unique color of L. deliciosus, some of which possess potent biological activities such as antimicrobial
and anticancer [10-12]. Ding et al. and Hou et al. reported that L. deliciosus polysaccharides
exhibited significant anti-tumor activity in mice in vivo and immunomodulatory effects through
proliferative growth of both B cell and macrophages cell in vitro [13,14]. Meanwhile, other L. deliciosus
extracts also have various biological activities such as enzymes inhibition, antioxidant, antimicrobial,
and anti-inflammatory [15-17].

As an essential class of food raw material, the nutritional value of mushrooms is comprehensively
decided by proteins, carbohydrates, fats, minerals, etc., and this is crucial consumer focus point [18].
Other factors such as free sugars, free amino acids, organic acids, flavor 5’-nucleotides, and volatile
aroma components could dramatically affect taste and flavor, and should not be ignored [19,20].
In China, although L. deliciosus is a popular wild edible mushroom, comprehensive studies of this
fungi are relatively lacking. Based on the above, we collected wild L. deliciosus from Sichuan Province
(South-west of China), and chemical compositions including proteins, carbohydrates, fats, dietary
fiber, minerals, free sugars, free amino acids, organic acids, flavor 5'-nucleotides, and volatile aroma
components were analyzed. In addition, we evaluated bioactivities by assaying antioxidant and
anti-hyperglycemic activities of ethanol and aqueous extracts.

2. Results and Discussion

2.1. General Nutritional Value

Generally, mushrooms are considered as a valuable health food since they have perfect proportions
of protein, fat, and carbohydrate. As summarized in Table 1, fresh L. deliciosus was preponderantly
moist, and dry matter content was relatively low (8.00%). This result was in accordance with previous
studies demonstrating that dry weight content of fresh mushrooms was generally 5-15% [21,22]. In the
dried fruiting body, carbohydrate was the most abundant substance with 66.61 g per 100 g dw, followed
by protein (17.19 g per 100 g dw), ash (8.62 g per 100 g dw), and fat (4.82 per 100 g dw). Moreover,
31.81 g per 100 g dw total dietary fiber was detected in L. deliciosus, indicating that consuming this
mushroom is a great way for dietary fiber intake. On the whole, L. deliciosus is a good food that can
meet the low-calorie requirements.
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Table 1. Proximate composition, energetic value, dietary fiber, and fat composition of wild L. deliciosus.

Component L. deliciosus
Moisture (g per 100 g) 92.00 & 0.64
Dry matter (g per 100 g) 8.00 & 0.64
Total carbohydrate (g per 100 g dw) 66.61 = 1.02
Crude fat (g per 100 g dw) 482 +0.15
Crude Protein (g per 100 g dw) 17.19 £ 0.06
Ash (g per 100 g dw) 8.62 + 0.25
Energy (kcal per 100 g dw) 378.60 4= 2.74
Total dietary fiber (g per 100 g dw) 31.81 £1.51

Insoluble dietary fiber (g per 100 g dw) 26.51 £ 1.54
Soluble dietary fiber (g per 100 g dw) 5.30 +0.36

C16:0 (% of total fatty acids) 5.17 +0.30
C18:0 (% of total fatty acids) 16.96 £+ 0.19
C18:1 (% of total fatty acids) 48.37 £ 0.62
C18:2 (% of total fatty acids) 29.49 £+ 0.55

Four fatty acids were identified in the crude fat and their constituents were as follows: palmitic
acid (C16:0, 5.17%), stearic acid (C18:0, 16.96%), oleic acid (C18:1, 48.37%), and linoleic acid (C18:2,
29.49%) (Table 1 and Figure S1). Unsaturated fatty acids (C18:1 and C18:2) were dominant in L. deliciosus
fat, which was in agreement with previous research on wild edible mushrooms [23,24]. Moreover,
recent research has documented that unsaturated fatty acids may lower the risk of cardiovascular
disease, type two diabetes, and cancer [25,26]. Nevertheless, considering the low level of fat in
L. deliciosus, the health effects of various fatty acids are very limited.

Compared to green plants, the metal content in mushrooms is higher due to their effective
mechanism of easily accumulating metals from the ecosystem [27]. Thus, wild edible mushrooms are
regarded as an excellent choice for dietary mineral requirement. Concurrently, a hidden danger is
arising with excess heavy metal ingestion. As summarized in Table 2, magnesium and calcium contents
of L. deliciosus were 1244.29 and 247.07 mg per kg dw, this result was in agreement with a previous
conclusion that calcium content in mushrooms is 100-500 mg/kg dw, and magnesium is 800-1800 mg
per kg dw, based on data collected from over 1000 samples of 400 mushroom species [28]. Among trace
elements, iron content (197.01 mg per kg dw) was notably the highest. Of note, compared with
numerous studies, copper content (1.28 mg per kg dw) in this sample was relatively low, which might
be related to the physiological property of this species due to L. deliciosus always possessing lower
copper content in other comparative studies [29,30]. Usually, daily intake is 300 g of fresh mushroom,
which contains ~30 g of dry matter [31]. Compared with recommended dietary allowance (RDA) and
adequate intake (Al) for females and males (aged from 19 to 30) recommended by the Institute of
Medicine, consumption of L. deliciosus does not provide significant contribution to calcium and copper
supplementation, while good contribution of magnesium, zinc, manganese, iron, and chromium [32,33].
Notably, although a large daily intake value of chromium was observed (up to 344.57% for male and
482.40% for female of Al%), this poses no risk to the human body, with reference to the tolerable upper
intake level recommended by the Institute of Medicine [33]. Moreover, toxic arsenic, cadmium,
and plumbum were also detected in L. deliciosus. EU scientific committee standards stipulated
provisional tolerable daily intake values for arsenic, cadmium, and plumbum for adults (of 60 kg
body weight) were 0.13, 0.06, and 0.21 mg, respectively. Therefore, the intake of heavy metals (arsenic,
cadmium, and plumbum) via consuming L. deliciosus is risk-free for the consumers.
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Table 2. Contents and daily intake estimations of metal elements of wild L. deliciosus.

- Content Daily Intake RDA or Al (mg/d)9  RDA or Al % ¢
ement (mg per kg dw) (mg/day) * Male Female Male  Female
Magnesium ~ 1244.29 + 42.16 37.33 400" 310b 9.33 12.04
Calcium 247.07 + 4.23 7.41 1000 © 1000 € 0.74 0.74
Zinc 52.34 4 2.68 1.57 11b gb 14.28 19.63
Manganese 23.12 +0.75 0.69 23¢ 1.8¢ 30.16 38.53
Iron 197.01 + 13.14 591 gb 18P 73.88 32.84
Chromium 4.02 + 0.69 0.12 0.035 ¢ 0.025°¢ 34457 48240
Copper 1.28 £ 0.02 0.04 09b 09°b 427 427
Arsenic 0.75 + 0.04 0.02 - - - -
Cadmium 1.91 £ 0.05 0.06 - - - -
Plumbum 0.85 4 0.04 0.03 - - - -

@ Daily element intake values calculated using 30 g L. deliciosus dry matter; b RDA recommended by the Institute of
Medicine; © Al recommended by the Institute of Medicine; d RDA or Al for both males and females aged 19-30;
- Toxic elements without RDA and AL

2.2. Non-Volatile Compounds Relating to Special Flavour

Edible mushrooms are considered a valuable food for their abundance of nutrients and desirable
complex delicious taste. The taste of mushrooms is primarily ascribed to abundant soluble non-volatile
taste components, such as free amino acids, flavor 5'-nucleotides, free sugars, and organic acids [34,35].
As shown in Table 3 and Figure S2, twenty-two kinds of amino acids have been measured, of which,
twenty kinds were found in the free amino acids of L. deliciosus, and the content of total free amino
acids (TAA) was 3389.45 mg per 100 g dw. Among these amino acids, glutamic acid, glutamine,
histidine, and alanine were found in relatively high concentrations. Moreover, the content of nine
kinds of essential amino acids (EAA) in L. deliciosus was 1026.29 mg per 100 g dw, accounting for 30.28%
of total free amino acids. This proportion was approximate to a previous report by Sun et al., in which
they found the ratios of EAA/TAA in Tricholomopsis lividipileata, Boletinus pinetorus, and Amanita
hemibapha were 26.82, 27.94, and 34.75%, respectively [36]. Free amino acids can be classified into
four groups based on their taste characteristics. Aspartic acid and glutamic acid were monosodium
glutamate-like (MSG-like) components responsible for umami taste. The level of MSG-like free amino
acids in L. deliciosus was 415.71 mg per 100 g dw, which was at low-level (< 500 mg per 100 g dw) of
MSG-like components according to the standard defined by Yang et al. [37]. Threonine, serine, glycine,
and alanine were sweet taste amino acids, amounting to 734.82 mg per 100 g dw. Valine, methionine,
isoleucine, leucine, phenylalanine, histidine, arginine, tryptophan, and tyrosine were classified as
bitter amino acids. In L. deliciosus, the amount of bitter amino acids was 1033.29 mg per 100 g dw.
Although bitter amino acids might bring bitterness, while sweet taste amino acids and soluble sugars
could mask this unpleasant taste. Asparagine, glutamine, citrulline, proline, and lysine did not have
effects on taste.

The chromatograms concerning flavor 5’-nucleotides, free sugars, and organic acids are presented
in Figures S3-S5, and the compositions of these components are summarized in Table 4. The amount of
total flavor 5'-nucleotides in L. deliciosus was 1301.30 mg per 100 g dw, and the individual contents of
5'-CMP, 5'-UMP, 5'-IMP, and 5'-AMP were 929.85, 45.21, 311.75, and 14.49 mg per 100 g dw, respectively,
while 5-GMP and 5-XMP were not detected. Based on the amount of total flavor 5 -nucleotides,
Yang et al. divided flavor 5'-nucleotides into three ranges, low (<100 mg per 100 g dw), medium
(100-500 mg per 100 g dw), and high (>500 mg per 100 g dw) [37]. Accordingly, the amount of
flavor 5'-nucleotides in L. deliciosus fell within the high category. Regarding free sugars, trehalose
and mannitol have been detected, and their contents were 4990.09 and 7825.00 mg per 100 g dw,
respectively. Compared with other wild mushrooms, the content of total free sugars in L. deliciosus was
in the mid range, which would contribute a moderate sweet taste perception [38—40]. In the context of
organic acids, quininic acid predominated in L. deliciosus, followed by L-malic acid and fumaric acid.
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Oxalic acid was not found in L. deliciosus in this study, in which was however identified in another
report of L. deliciosus from Portugal [41].

Table 3. Free amino acids composition of wild L. deliciosus.

Free Amino Acid Content (mg per 100 g dw)
Aspartic acid P 39.43 +0.87
Glutamic acid ? 376.29 4+ 4.12

Asparagine 79.41 £0.84
Serine © 136.35 + 0.66
Glutamine 794.06 + 54.85
Histidine 4 278.57 + 23.62
Glycine © 91.32 £ 0.59
Threonine #¢ 131.76 + 3.45
Citrulline 16.26 + 0.59
Arginine 4 155.70 + 11.34
Alanine © 375.38 £+ 2.59
Tyrosine 4 91.53 + 1.38
Cystine -
Valine 4 122.17 4+ 4.93
Methionine & 4 25.41 + 0.62
Tryptophan * d 68.95 + 0.43
Phenylalanine # d 133.61 + 0.45
Isoleucine & 4 47.82 +0.95
Leucine 4 109.53 + 1.61
Lysine @ 208.46 + 16.92
Hydroxyproline -
Proline 107.43 + 12.44
Total free amino acids (TAA) 3389.45 + 38.13

a Essential amino acids; ® Monosodium glutamate-like (MSG-like) amino acids; ¢ sweet amino acids; d bitter amino
acids; - Not detected.

Table 4. Flavor 5'-nucleotides, free sugars and organic acids composition of wild L. deliciosus.

Component Content (mg per 100 g dw)
5/-CMP 929.85 4+ 42.33
5/-UMP 4521 +£6.72
5/-IMP 311.75 + 1343
5'-AMP 14.49 + 3.37

Trehalose 4990.09 + 307.95

Mannitol 7825.00 + 466.72
Quininic acid 729.84 + 71.80
L-Malic acid 415.63 + 87.44
Fumaric acid 120.71 + 11.45

Food flavor is a comprehensive concept that contains sweet, sour, bitter, spicy, astringent,
umami, etc. Umami is especially important for edible mushrooms because they are usually used as
natural freshness-enhancing materials. Equivalent umami concentration (EUC) value calculated using
an equation from sensory evaluation, based on the report of Yamaguchi et al., has often been used
to evaluate umami-like taste characteristics of mushrooms [42]. For L. deliciosus, the EUC value was
145.32 g per 100 g dw. Mau (2005) grouped mushrooms EUC values into four levels: the first level,
>1000 g per 100 g dw, the second level, 100-1000 g per 100 g dw; the third level, 10-100 g per 100 g dw;
and the fourth level, <10 g per 100 g dw [43]. Thus, the EUC value for L. deliciosus belonged to the
second level.
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2.3. Volatile Aroma Compounds Relating to Special Flavor

Although mushroom tastes depend on water-soluble non-volatile compounds, the function of
volatile aroma compounds could not be ignored due to the fact that they directly influence consumer
acceptability. Typical volatile aroma compounds in mushrooms originated mostly from chemical
or enzymatic oxidation of unsaturated fatty acids and further interactions with proteins, peptides,
and free amino acids [44]. In this research, volatile aroma compounds of L. deliciosus were estimated by
headspace solid phase micro-extraction GS-MS combining library catalog. As shown in Table 5 and
Figure S6, 25 compounds were identified, including 15 aldehydes, six acids, two alkanes, one alcohol,
and one ester. Based on qualitative and quantitative analysis, acids were confirmed to be the most
important aroma volatile compounds accounting for a 84.23% total chromatographic area, followed
by aldehydes with 14.77%. Acids dominated in L. deliciosus aroma volatile compounds, which was in
accordance with a previous study on L. edodes and Pleurotus sajor-caju conducted by Caglarirmak [45].
However, other studies have shown that alcohols are important aromatic substances in mushrooms,
which differed to our findings in the present research, this might be caused by the drying process,
since Tian also found that drying leads to a sharp drop in alcohols while acids and aldehydes increase
in L. edodes [44]. Moreover, volatile aroma compounds of mushrooms were also affected by growth
conditions and genetic differences.

Table 5. Aroma volatile compounds of wild L. deliciosus.

Component Composition (%)
Heptanal 2.03 +0.15
Benzaldehyde 2.23 +0.09
Hexanoic acid 0.67 + 0.02
Octanal 1.19 + 0.07
Benzyl alcohol 0.08 + 0.00
2-Octenal 0.58 £0.11
Nonanal 1.58 + 0.16
2-Nonenal 0.83 £ 0.05
Dodecane 0.29 £ 0.04
Decanal 0.79 £ 0.05
2-Decenal 1.62 +0.29
Undecanal 0.46 + 0.02
2,4-Decadienal 0.29 + 0.01
2-Undecenal 1.48 +0.18
2-Butyl-2-octenal 0.16 + 0.02
n-Decanoic acid 0.76 £ 0.05
Decanoic acid, ethyl ester 0.24 +0.01
Tetradecane 0.38 £ 0.06
Dodecanal 0.47 £ 0.08
2-Dodecenal 0.65 + 0.03
Tridecanal 0.41 +0.10
n-Hexadecanoic acid 12.82 + 0.67
9,12-Octadecadienoic acid 3.11 £0.21
9-Octadecenoic acid 60.57 £+ 2.89
Octadecanoic acid 6.30 £ 0.74

2.4. Antioxidant Activity

Free radicals induce cell-damage, which can cause DNA mutation, proteins damage,
lipid peroxidation, and low-density lipoproteins modification. Free radicals can also cause
several diseases including diabetes, cancer, neurodegenerative and cardiovascular diseases [46,47].
Usually, food or food extracts can act as antioxidant to counteract damage caused by free radicals.
However, the antioxidant capacity of food is determined by complicated factors with various action
mechanisms [48]. Thus, several evaluation methods are always used simultaneously to evaluate the
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antioxidant capacity of food. Due to this effect, we evaluated the antioxidant activity of L. deliciosus
through DPPH and ABTS radical scavenging and ferric ion reducing (FRAP) assays using ethanol and
aqueous extracts. The antioxidant capacity was expressed as trolox equivalent antioxidant capacity
(TEAC) values. As shown in Table 6, the TEAC values of ethanol extracts with DPPH, ABT, S and
FRAP assays were 18.38, 20.07, and 10.72 umol Trolox/g dw, respectively. For aqueous extracts,
these values were 45.63, 48.05, and 22.28 pmol Trolox/g dw, respectively. Aqueous extracts showed 2-3
fold higher antioxidant capacity compared to ethanol extracts, which might be related to the content of
phenols in two extracts, since the total phenol content in aqueous extract was 3.01 fold higher than in
ethanol extract.

Table 6. Antioxidant capacity and total phenols in ethanol and aqueous extracts obtained from wild
L. deliciosus.

TEAC pppy TEAC apts TEAC grap Total Phenols Content
(umolTrolox/g dw) ?  (umolTrolox/g dw) b (umolTrolox/g dw) © (mg GAE/g dw) d
Ethanol extract 18.38 +1.31 20.07 £ 1.75 10.72 + 1.04 455+ 0.24
Aqueous extract 45.63 £ 4.40 48.05 £ 3.37 2228 £3.25 13.68 4 0.26

@ Trolox equivalent antioxidant capacity (TEAC), 1,1-diphenyl-2-picrylhydrazyl (DPPH); b 22"-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS); © Ferric ion reducing antioxidant power (FRAP);
d Gallic acid equivalent weight (GAE).

2.5. Antihyperglycemic Activity

«-Amylase and a-glucosidase are key enzymes in the digestive system that catalyze carbohydrate
hydrolysis to enhance blood glucose concentration. A proportion of the population, especially
diabetics, suffer from hyperglycemia. A therapeutic approach to hyperglycaemia is to retard the
absorption of glucose by inhibiting carbohydrate-hydrolyzing enzymes [49]. Thus, effective and
nontoxic inhibitors of x-amylase and a-glucosidase are crucial for the treatment of hyperglycemia.
As shown in Figure 1, ethanol extracts exhibited a dose-dependent increase in both x-amylase and
a-glucosidase inhibitory assays, while compared with acarbose, the antienzyme activity of ethanol
extract was weaker. At 5.0 mg/mL, ethanol extracts exhibited 29.53 and 52.36% on x-amylase and
a-glucosidase inhibition, respectively. However, regarding aqueous extracts, no inhibitory effects on
a-amylase and «-glucosidase were observed.
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Figure 1. Antihyperglycemic activity of ethanol extract and aqueous extract obtained from wild
L. deliciosus.

3. Materials and Methods

3.1. Mushroom Species

Wild growing Lactarius deliciosus fruiting bodies were collected from Dazhou (Southwest China)
pine forests, in the autumn of 2016. All the samples were selected and authenticated at the Dazhou
Institute of Agricultural Sciences based on their microscopic and macroscopic characteristics.
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3.2. Standards and Reagents

1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Ferric-tripyridyltriazine (Fe3+-TPTZ) is purchased from Beyotime Biotechnology (Shanghai, China).
Chromatographic grade analytical standards asparaginic acid, glutamic acid, asparagine, serine,
glutamine, histidine, glycine, threonine, citrulline, arginine, alanine, tyrosine, cystine, valine,
methionine, tryptophan, phenylalanine, isoleucine, leucine, lysine, hydroxyproline, proline, 5-CMP,
5-UMP, 5-GMP, 5-IMP, 5'-XMP, 5'-AMP, trehalose, mannitol, quininic acid, L-malic acid and
fumaric acid purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). x-Amylase,
a-glucosidase, 4-nitrophenyl x-d-glucopyranoside (PNPG), and soluble starch were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). All other reagents were analytical grade
and obtained from Chengdu Kelong Chemical Factory (Chengdu, China).

3.3. Nutritional Value Assay

Moisture, ash, crude fat, crude proteins, and dietary fiber of the research sample were analyzed by
the Association of Official Analytical Chemists methods [50]. Briefly, moisture content was measured
by hot air heating at 105 °C until constant weight; ash content was measured by calcination at
600 + 15 °C using a muffle furnace; crude fat was measured by Soxhlet extraction method with
petroleum; crude protein content was estimated by the macro-Kjeldahl method using convert coefficient
as 4.38; dietary fiber content was estimated by enzymatic hydrolysis method. Total carbohydrate
content was measured by the phenol-sulfuric acid method after test sample completely hydrolyzed by
hydrochloric acid. Total energy contribution was calculated according to the following equation [40]:

Energy (kcal) = 4 x (g proteins + g carbohydrate) +9 x (g fat) (1)

3.4. Fatty Acids Composition Assay

Fatty acids composition of crude fat was measured by GC-MS method. Briefly, 20 mg crude fat
was methylated with 1 mL of sodium hydroxide (1 M) methanol solution. Then, 2 mL n-hexane was
added to the mixture. Finally, the n-hexane phase was filtered through a 0.22-pum membrane filter
before GC-MS analysis. The chromatographic analysis was performed on an Agilent 7890B-5977A
GC-MS system equipped with an HP-5MS column (30 m x 0.25 mm x 0.25 um). Helium was used
as carrier gas at the flow rate of 1 mL/min. The injection volume was 1.0 uL with a split ratio of 1:50
at 250 °C. The column temperature was programmed as follow: initial temperature at 50 °C (held
for 1 min), increased to 160 °C at 20 °C/min (held for 1 min), increased to 200 °C at 20 °C/min (held
for 1 min), increased to 250 °C at 5 °C/min (held for 5 min). Mass spectrometry conditions: interface
temperature 250 °C, ion source temperature 230 °C, MS quadrupoles temperature 150 °C, electron
energy 70 eV, and m/z scanned area 35-550.

3.5. Metal Elements Assay

Metal elements of L. deliciosus were analyzed by ICP-MS method. Briefly, 0.2 g lyophilized sample
powder was put into digestion tank, 5 mL HNO3 was added and fully digested in a Multiwave
Pro microwave digester (Anton Paar GmbH, Graz, Austria). Then, excess acid was expelled under
150 °C, and residual liquid was diluted with deionized water to 25 mL. Finally, metal elements
analysis was performed on a PerkinElmer NexION350D system (PerkinElmer Co., Waltham, MA,
USA). The working parameters were as following: Radio-frequency power 1500 W, nebulizer flow rate
0.8 L/min, coolant gas flow 15 L/min, scanning mode peak hopping, sampling depth 10, and isotopes
of selected 24Mg+, 43Ca+, 53CI‘+, 55M1’1+, 57Fe+, 63Cu+, 662n+, 75AS+, 111Cd+, 208Pb+.
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3.6. Free Sugars and Free Amino Acids Assay

Free sugars and free amino acids were analyzed according to previous methods [23,36] with slight
modification. Briefly, 0.2 g lyophilized sample powder was suspended in 20 mL aqueous ethanol
(80%, v/v), and extracted 30 min at 80 °C. The clear supernatant was obtained through centrifuging
at 10,000 x g for 10 min. The above extraction process repeated again, and supernatant was collected
together. Then, the supernatant was analyzed by an Agilent 1260 HPLC system equipped with
a Hi-Plex Ca column (300 x 7.7 mm, 8.0 um) and a Refractive Index Detector (RID) for free sugars
assay. The analysis conditions of free sugars were as follows: injection volume: 5 uL; mobile phase:
H,O; flow rate of mobile phase: 0.5 mL/min; column temperature: 80 °C; detector temperature: 40 °C.
Furthermore, free amino acids were analyzed by HPLC equipped with a Zorbax Eclipse AAA column
(150 x 4.6 mm, 5.0 um) and a Fluorescence Detector (FLD) (Agilent Technologies, Inc., Santa Clara,
CA, USA) using above supernatant by online pre-column derivatization high performance liquid
chromatography that has been detailed reported by Sun et al. [36].

3.7. Flavor 5'-Nucleotides Assay

Flavor 5'-nucleotides were analyzed according to the previous method [51] with slight
modification. Briefly, 0.5 g lyophilized sample powder was mixed with 20 mL distilled water
and extracted by boiling water bath for 1 min. Then, the clear supernatant was obtained through
centrifuging at 10,000 g for 10 min. The above extraction process repeated again, and the supernatant
was collected together. Finally, flavor 5'-nucleotides were analyzed by HPLC equipped with a Zorbax
SB-C18 column (150 x 4.6 mm, 5.0 um) and a Diode Array Detector (DAD) (Agilent Technologies,
Inc., Santa Clara, CA, USA) using above supernatant. The analysis conditions were as follows:
injection volume: 10 uL; mobile phase A: H,O; mobile phase B: 0.01 M KH,POy (pH = 4.0; containing
1.45 M tetrabutylammonium hydrogen sulfate); mobile phase C: Acetonitrile; mobile phase gradient:
80-80-77-77% of mobile phase B and 3-3-6-6% of mobile phase C along with analysis time linear
increased from 0-9.5-13-15 min; flow rate of mobile phase: 1.0 mL/min; column temperature: 25 °C;
detector wavelength: 254 nm.

3.8. Organic Acids Assay

Organic acids were analyzed by SPE-HPLC method. Briefly, 0.15 g lyophilized sample powder
was extracted twice by 20 mL methanol at 40 °C for 30 min. The supernatant was collected through
centrifugation and dried under negative pressure condition. Then, the residue was re-dissolved by
1 mL distilled water and purified by SAX solid phase extraction column. Finally, the purified liquid
was diluted to 100 mL and analyzed by HPLC equipped with a Zorbax SB-C18 column (150 x 4.6 mm,
5.0 um) and a Diode Array Detector. The analysis conditions were as follows: injection volume: 10 uL;
mobile phase A: 0.1% phosphoric acid solution; mobile phase B: methanol; mobile phase ratio: mobile
phase A: mobile phase A = 97.5:2.5; flow rate of mobile phase: 1.0 mL/min; column temperature:
40 °C; detector wavelength: 210 nm.

3.9. Equivalent Umami Concentration

The equivalent umami concentration (EUC, g monosodium glutamate (MSG) per 100 g) was used
to reflect the umami intensity of L. deliciosus, and is represented by the following addition equation
according to Yamaguchi report [42].

Y = Zuibi + 1218(2 u,-bi) (E a]b]) (2)

where Y is the EUC of the mixture in terms of g MSG/100 g; a; is the concentration (g per 100 g dw) of
each umami amino acid (aspartic acid or glutamic acid); 4; is the concentration (g per 100 g dw) of
each umami 5'-nucleotide (5'-IMP, 5-GMP, 5'-XMP or 5'-AMP); b; is the relative umami concentration
for each umami amino acid to MSG (aspartic acid, 0.077; glutamic acid, 1); b]- is the relative umami
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concentration for umami 5'-nucelotide to 5-IMP (5'-IMP, 1; 5'-GMP, 2.3; 5'-XMP, 0.61; 5'-AMP, 0.18);
and 1218 is a synergistic constant based on the concentration g per 100 g used.

3.10. Volatile Aroma Components Assay

Volatile aroma components were analyzed using the headspace SPME-GC-MS method. Briefly,
2.0 g lyophilized sample powder was put into a sample bottle, a polydimethylsiloxane SPME fiber
(100 pm, Supelco, Bellefonte PA) was used to adsorb statically for 40 min at 50 °C. Then, the volatile
aroma components were released at 250 °C and analyzed on an Agilent 7890B-5977C GC-MS system
equipped with DB-5MS column (30 m x 0.25 mm x 0.25 um). Helium was used as carrier gas at the
flow rate of 1 mL/min. The column temperature was programmed as follow: initial temperature
at 40 °C (held for 1 min), increased to 70 °C at 10 °C/min (held for 2 min), increased to 105 °C at
3 °C/min (held for 1 min), increased to 180 °C at 5 °C/min (held for 1 min), increased to 220 °C at
10 °C/min (held for 5 min). Mass spectrometry conditions: interface temperature 280 °C, ion source
temperature 230 °C, MS quadrupoles temperature 150 °C, electron energy 70 eV, and m/z scanned
area 35-550.

3.11. Ethanol and Aqueous Extracts Preparation

The lyophilized sample was extracted with ethanol at 50 °C for 1 h three times, the supernatant
was collected, concentrated and dried to obtain ethanol extracts. Then, the residue was extracted with
distilled water at 80 °C for 1 h three times to obtain aqueous extract.

3.12. Antioxidant Activity Assay

3.12.1. DPPH Radical Scavenging Activity Assay

DPPH radical scavenging activity was measured according to the previous method described
in [52] with slight modification. Briefly, 70 uL sample solution was mixed with 140 pL. DPPH-ethanol
solution. Then, the mixture was incubated in the dark for 30 min at room temperature, and the
absorbance at 517 nm was measured using a spectrophotometric micro-plate reader. Trolox solution
was used as a positive control and the antioxidant properties of samples were expressed as pimol trolox
per g dry weight extract (umol Trolox/g dw).

3.12.2. ABTS Radical Scavenging Activity Assay

ABTS radical scavenging activity was measured according to previous method described in [53]
with slight modification. Briefly, 100 uL sample solution was mixed with 100 pL. ABTS solution. Then,
the mixture was incubated in the dark for 6 min at room temperature, and the absorbance at 734 nm
was measured. Trolox solution was used as a positive control and the antioxidant properties of samples
were expressed as pumol trolox per g dry weight extract (umol Trolox/g dw).

3.12.3. Ferric Ion Reducing Activity Assay

Ferric ion reducing activity was measured according to previous method described in [54] with
slight modification. Briefly, 100 pL sample solution was mixed with 100 pL Ferric-tripyridyltriazine
(Fe>*-TPTZ) solution. Then, the mixture was incubated in the dark for 10 min at room temperature,
and the absorbance at 593 nm was measured. Trolox solution was used as a positive control and
the antioxidant properties of samples were expressed as pmol trolox per g dry weight extract (umol
Trolox/g dw).

3.12.4. Total Polyphenols Content Assay

Total polyphenols contents of ethanol and aqueous extracts were determined by the
Folin-Ciocalteu assay [55] with some modifications. Briefly, 1 mL sample solution was mixed with
2 mL Folin-Ciocalteu reagent. After incubated for two minutes, 2 mL NayCOj3 (10%, w/v) was added
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and the resulting mixture was incubated for 15 min at 50 °C. Finally, absorbance at 775 nm was
measured and polyphenol contents was expressed as mg gallic acid equivalents per g dry weight
extract (mg GAE/g dw).

3.13. Antihypertensive Activity Assay

3.13.1. a-Amylase Inhibition Activity Assay

a«-Amylase inhibition activity was carried out according to previous method [56] with slight
modification. Briefly, x-amylase (1 U/mL), soluble starch (1%) and a series concentration of sample
were dissolved by 0.02 M sodium phosphate buffer (pH = 6.9, containing 0.0067 M sodium chloride).
Sample solution (100 uL) and 100 uL x-amylase solution were mixed and incubated at 37 °C for 10 min.
After adding 500 puL soluble starch solution, the mixture was incubated at 37 °C for 10 min. Then,
the reaction was terminated by 100 uL hydrochloric acid solution (5 M). After diluting above mixture
six times with distilled water, 50 pL liquid was taken, added into 96-well plate, and 150 pL of iodine
solution was added as color developing reagent. The absorbance at 660 nm was measured using
a spectrophotometric micro-plate reader. Finally, the x-amylase inhibition activity was calculated as
the following formula:

AbS]

« — Amylase inhibition activity (%) = Abs> > 100 (3)
2

where Abs; was the absorbance of sample solution mixed with x-amylase solution and soluble
starch solution; and Abs, was the absorbance of sample solution mixed with soluble starch solution
(x-amylase solution was replaced by sodium phosphate buffer).

3.13.2. a-Glucosidase Inhibition Activity Assay

a-Glucosidase inhibition activity was carried out according to previous method described in [57]
with slight modification. Briefly, a-glucosidase (0.5 U/mL), 4-nitrophenyl x-d-glucopyranoside (PNPG,
3 mM) a series concentration of sample were dissolved by 0.1 M sodium phosphate buffer (pH = 6.8).
Sample solution (100 L) and 100 pL «-glucosidase solution were mixed and incubated at 37 °C for
10 min. After adding 100 uL PNPG solution, the mixture was incubated at 37 °C for 10 min. Then,
the reaction was terminated by 300 uL sodium carbonate solution (0.2 M). Finally, the absorbance at
405 nm was measured using a spectrophotometric micro-plate reader, and the a-glucosidase inhibition
activity was calculated as the following formula:

AbSl — AbSZ)

a — Glu cos idase inhibition activity (%) = |1 — ( Abs x 100 4)
0

where Abs) was the absorbance of the a-glucosidase solution mixed with PNPG solution; Abs; was the
absorbance of sample solution mixed with a-glucosidase solution and PNPG solution; and Abs, was
the absorbance of sample solution mixed with PNPG solution (c-glucosidase solution was replaced by
sodium phosphate buffer).

3.14. Statistical Analysis

All assays were carried out in triplicate, and the results are expressed as mean + standard
deviation (SD).
4. Conclusions

In conclusion, chemical analysis, GC-MS, ICP-MS, HPLC, SPE-HPLC, HS-SPME-GC-MS, radicals
scavenging assays, ferric ion reducing activity assay, and enzymes inhibitory assays were conducted
to evaluate nutritional value, non-volatile flavor compounds, volatile aroma compounds, potential
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antioxidant and anti-hyperglycemic activities of wild mushroom L. deliciosus from China for the
first time. Experimental data indicated that L. deliciosus is a good wild edible mushroom with high
nutritional value, low calorie level, and extensive flavor compounds. Moreover, L. deliciosus also have
potential as natural antioxidant and anti-hyperglycemic agents in food and pharmaceutical industry in
the future.

Supplementary Materials: The following are available online, Figure S1: Gas chromatography mass spectrum
of fatty acids of L. deliciosus fat; Figure S2: High performance liquid chromatography of amino acids analyzed
by online OPA-FMOC derivation; Figure S3: High performance liquid chromatography of flavor 5-nucleotides;
Figure S4: High performance liquid chromatography of organic acids; Figure S5: High performance liquid
chromatography of free sugars; and Figure S6: Headspace solid phase micro-extraction gas chromatography mass
spectrum of aroma volatile compounds from L. deliciosus.
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Abstract: An ultra-high-performance liquid chromatographic (UHPLC) separation was developed
for six kava pyrones (methysticin, dihydromethysticin (DHM), kavain, dihydrokavain (DHK),
desmethoxyyangonin (DMY), and yangonin), two unidentified components, and three Flavokavains
(Flavokavain A, B, and C) in Piper methysticum (kava). The six major kavalactones and three
flavokavains are completely separated (Rs > 1.5) within 15 min using a HSS T3 column and a
mobile phase at 60 °C. All the peaks in the LC chromatogram of kava extract or standard solutions
were structurally confirmed by LC-UV-MS/MS. The degradations of yangonin and flavokavains
were observed among the method development. The degradation products were identified as
cis-isomerization by MS/MS spectra. The isomerization was prevented or limited by sample
preparation in a non-alcoholic solvent or with no water. The method uses the six kava pyrones
and three flavokavains as external standards. The quantitative calibration curves are linear, covering
a range of 0.5-75 pg/mL for the six kava pyrones and 0.05-7.5 pg/mL for the three flavokavains.
The quantitation limits for methysticin, DHM, kavain, DHK, DMY, and yangonin are approximately
0.454, 0.480, 0.277, 0.686, 0.189, and 0.422 ug/mL. The limit of quantification (LOQs) of the three
flavokavains are about 0.270, 0.062, and 0.303 ug/mL for flavokavain C (FKC), flavokavain A
(FKA), and flavokavain B (FKB). The average recoveries at three different levels are 99.0-102.3% for
kavalactones (KLs) and 98.1-102.9% for flavokavains (FKs). This study demonstrates that the method
of analysis offers convenience and adequate sensitivity for determining methysticin, DHM, kavain,
DHK, yangonin, DMY, FKA, FKB, and FKC in kava raw materials (root and CO; extract) and finished
products (dry-filled capsule and tablet).

Keywords: Piper methysticum (kava); kavalactones; flavokavains; UHPLC-UV; mass spectra;
isomerization; single-laboratory validation; quality control

1. Introduction

Kava (Piper methysticum) has been used for a traditional beverage in the Pacific islands, from
ancient times, for its relaxant and anxiolytic effects [1,2].

The active constituents in kava root have been reported as a group of structurally related
lipophilic lactone derivatives, kavalactones (KLs), with an arylethylene-a-pyrone skeleton. More
than 18 kavalactones have been isolated from kava [3-5], including six major KLs (Figure 1A) as
follows: Kavain, 5,5-dihydrokavain (DHK), methysticin, dihydromethysticin (DHM), yangonin,
and desmethoxy-yangonin (DMY). Other types of compounds identified in kava include alkaloids,
chalcones (flavokavains A, B, and C, Figure 1B), avanones (pinostrobin, 5,7-dimethoxy avanone),
cinnamic acid derivatives (bornyl ester of 3,4-methylene dioxycinnamic acid, cinnamic acid bornyl
ester), long-chain fatty acids and alcohols, and sterols [6-8].
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Figure 1. Chemical structures of (A) six major kavalactones and (B) three flavokavains.

Over a decade ago, potential safety issues with kava applications arose when several cases of
liver damage were associated with kava consumption [9-11]. Given the concerns around potential
liver toxicity with kava usage, the possible mechanisms for hepatotoxicity were investigated [12-14].
However, the cause of hepatotoxicity from kava was never clearly associated with one key factor.
Kava continues to be consumed on a regular basis within local cultures, with no recent cases of
hepatotoxicity reported. Recently, the World Health Organization revisited many of the reported
kava-associated hepatotoxicity cases, evaluating the potential causes and providing guidance for safe
use as well as recommendations for further studies to identify the potentially hepatotoxic compounds.
The chalcone-based flavokavains A (FKA), B (FKB) and C (FKC) were studied with their potential
risks and benefits. The studies suggested that the chalcones (FKA, FKB, and FKC), especially FKB,
caused hepatotoxicity [15-17]. The possible toxicities of flavokavains (FKs) indicated that FKs should
be limited to a very low level in the finished products being consumed.

As the main psychoactive components of kava, the contents and chemotypes of six major KLs,
are the main criteria of kava beverage quality. Considering the possible hepatotoxicity of FKs,
the reliable qualitative and/or quantitative determination of kava compounds is important for the
best usage and purification techniques of kava. The RP-HPLC method was considered as an effective
method with a good separation and a high accuracy, among many existing analytical methods for
determining KLs [18-22]. Most recently, the HPLC method from Meissner and Héberlein [18] and the
rapid HPLC method from Brown [22] were proposed for quantifying FKs, along with KLs. The two
methods either had a long run time (50 min) or sacrificed the resolution among some key compounds.
The UPLC-MS/MS method [23] was also reported for analysis of KLs, however, the linear range of
UPLC-MS/MS was limited.

The main goal of this study was to develop and validate a more effective (U)HPLC method for
quick and reliable quantification of the six major KLs and three FKs in kava raw roots and rhizomes,
as well as finished products, based on the most prevalent instrumentation and standards available.
During the method development of this study, it was observed that improper sample preparation of
(standard) samples could lead the degradation of yangonin, as well the possible degradations of FKs,
utilizing LC-UV-MS. The (U)HPLC methods were fully validated based on the AOAC Guideline [24]
for Single-Laboratory Validation of Chemical Methods and ICH Q2 Guideline [25].

2. Results and Discussions

2.1. Identification of Isomerization of Yangonin and Flavokavains (A, B, and C), along with Sample Preparation

(U)HPLC-UV is still a more applicable method for quantitation of KLs and FKs in most of kava
products. In this study, both standards and kava CO; extract samples were applied for the analysis
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and method development on LC-UV. The chromatographic separation was extended from the previous
HPLC study [26] and achieved under a gradient separation at 60 °C. Optimum separation of KLs and
FKs was achieved using an UHPLC column (Acquity HSS T3, 100 mm x 2.1 mm, 1.8 um). Gradient
elution was performed using water (100%, no addition of buffer or acids) as solvent A and isopropanol
(100%, no addition of buffer or acids) as solvent B, with the gradient program listed in Table 1.
The structures of KL or FK compounds were confirmed by the MS/MS spectra (Support Figure S1).

Table 1. Gradient UHPLC elution profile.

Time/min A (H,0, %) B (IPA, %) Flow Rate (mL/min)

0.00 95 5 0.50
0.35 90 10 0.50
0.39 78 22

2.00 78 22 0.43
7.00 78 22 0.41
7.50 71 29 0.41
10.50 25 75 0.41
11.50 0 100 0.41
12.80 0 100 0.41
13.00 95 5 0.41
15.00 95 5 0.44
15.50 End 0.50

The two unknown compounds (U1 and U2) reported in a previous study [26] were also presented
in the kava CO; extract (Figure 2). The (M + H)* was 261.1 Da for U1 and 263.1 Da for U2, from MS/MS
spectra. The MS spectra suggest that the two compounds are very likely to be 5,6-dihydroyangonin
(DHY) for U1 and 5,6,7,8-tetrahydroyangonin (THY) for U2, as the literature reported [2]. The structures
of THY and DHY are associated with the mass fragmentations of the (M + H)* as 145.1 Da for Ul
and 147.1 and 121.1 Da for U2. The two compounds are found as minor KLs in all-natural kava
products. The quantitation of the major KLs could be interfered by the two minor components under a
low-resolution LC.

The individual stock standard solutions were initially prepared in methanol. Then, the mixed
standard solution was diluted with 50% H,O/MeOH for LC analysis. Four unknown compounds
were observed for the mixed standard solution over several weeks after the preparation. The unknown
compounds were with the same molecular weight as both yangonin and flavokavains, but eluted
significantly earlier (Figure 3). The fragmentation of the (M + H)* (parent ion) gives an identical product
ion spectrum as that of yangonin and flavokavains. The isomerization from yangonin to cis-yangonin
in kava standards or extract solutions was reported, especially if aqueous or alcoholic solutions were
used [27,28]. MS/MS spectra suggested one of the unknown compounds as cis-yangonin, an isomer
of yangonin. MS/MS spectra also indicated the other three compounds related to the isomerization
of flavokavains A, B, and C. Those compounds are very likely to be the cis-isomer of flavokavains A,
B, and C. For practical reasons, it was assumed that cis products could be formed with an alcoholic
solvent or water [27,28]. Many LC methods were attempted for a good resolution (Rs > 1.5) for all KLs,
especially for the separation of M and DHM. It is very difficult to achieve a good chromatograph
separation (Rs > 1.5) for all KLs and FKs with the additions of cis-yangonin and cis-FKs. It is suggested
that during validation of the proposed method, the stock standard solutions of KLs and FKs are
prepared in a non-alcoholic solvent, like acetonitrile. The kava working standard solution and sample
solution should be freshly prepared for LC analysis, to prevent or minimize the isomerization of
yangonin and FKs.
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Figure 2. UHPLC-UV-MS data of kava CO, extract as follows: (A) MS/MS? trace of n1/z 263.1 and
MS? spectrum of peak U (5,6,7,8-Tetrahydroyangonin, THY); (B) MS/ MS? trace of m/z 261.1 and
MS? spectrum of peak Uy (5,6-Dihydroyangonin, DHY); (C) UV trace at the wavelength of 239 nm; M,
methysticin; DHM, 7,8-Dihydromethysticin; K, kavain; DHK, 7,8-Dihydrokavain; Y, yangonin; DMY,
desmethoxyyangonin; FKA (B or C) flavokavains A (B or C).
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Figure 3. UHPLC-UV-MS data of degraded kava standard mixture, as follows: (A) MS/MS? trace
of m/z 259.1, and MS? spectra of peaks of Y and cis-Y; (B) MS/MS? trace of m/z 301.1, and MS?
spectra of peaks of FKC and cis-FKC; (C) MS/MS? trace of m/z 285.1, and MS? spectra of peaks of
FKB and cis-FKB; (D) MS/ MS? trace of m/z 315.1 and MS? spectra of peaks of FKA and cis-FKA;
(E) UV trace at the wavelength of 239 nm; M, methysticin; DHM, 7,8-Dihydromethysticin; K, kavain;
DHK, 7,8-Dihydrokavain; Y, Yangonin; Cis-Y, cis-yangonin; DMY, Desmethoxyyangonin; FKA (B or C),
flavokavains A (B or C); cis-FKA (B, or C), flavokavains A (B or C).

152



Molecules 2019, 24, 1245

2.2. Method Validation

2.2.1. Specificity /Resolution

Each individual reference standard was injected into the HPLC-UV to compare with the standard
mixture (Support Figure S2). Identification of KLs in the test materials was determined by comparing
peak retention times and UV spectra to the reference standards. Representative chromatograms of the
standard mixture and kava products are displayed in Figure 4. Under the chromatographic conditions
used in the present study, all six major KLs and three FKs were eluted separately following this
following order: Methysticin, DHM, kavain, DHK, yangonin, DMY, FKC, FKA, and FKB. Values for
the relative retention times («), retention factors (k’), and chromatographic resolutions (Rs), calculated
from the LC analysis of the kava standard mixtures (Figure 4), are summarized in Table 2. Retention
factors (k') were calculated as k' = (t, — to)/tp, where t, is the retention time of the analyte and f is
the retention time of unretained compounds (solvent front). The k’ values were within the optimum
range (k' > 2) for satisfactory chromatographic elution. An excellent chromatographic specificity was
observed with the good resolution of the peaks (Rs > 1.5) and with no significant interfering peaks for
all compounds in the mixed standard sample. The total chromatography run time was 15.5 min.

A e LC_UV @350nm

<g
Ex

| Stds Mix

Kava Root

COz2 Extract

Tablets

Capsules

RT (min)

Figure 4. UHPLC chromatography of kava standard mixture and kava products. (A) UV trace
at the wavelength of 350 nm; (B) UV trace at the wavelength of 239 nm; M, methysticin; DHM,
7,8-Dihydromethysticin; DHY, 5,6-Dihydroyangonin; THY, 5,6,7,8-Tetrahydroyangonin; K, kavain;
DHLK, 7,8-Dihydrokavain; DMY, Desmethoxyyangonin; Y, Yangonin; FKA (B or C), flavokavains A
(B or C); cis-FKA (B), cis-flavokavains A (B).
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Table 2. Parameters of kavalactones and flavokavains.

Compound Retention Factor (k) Relative RT (a) Chromatographic Resolution (Rs)
Methysticin (1) 8.01 - -

Dihydromethysticin (2) 8.41 o/ = 1.045 Ry =178
Kavain (3) 10.15 a3 =1.184 Ry 3 =6.61
Dihdyrokavain (4) 11.07 az/4 = 1.082 R34 =3.02
Yangonin (5) 14.12 0y /5 = 1.253 Ry/5=8.20
Desmethoxyyangonin (6) 15.76 o576 = 1.109 R5/6 =3.62
Flavokavain C (7) 18.18 g7 =1.144 Rg/7 =7.67
Flavokavain A (8) 19.86 az/8 = 1.088 Ry/g =11.92
Flavokavain B (9) 20.29 ag/9 =1.020 Rg/9 =3.04

2.2.2. Standard Linearity

To evaluate the linearity of the calibration curves, calibration standard mixed solutions, at the
target concentrations, were prepared as described above. Each peak area of the chromatograms was
recorded as the UV responses at 239 nm for methysticin, DHM, kavain, and DHK, and at 350nm for
yangonin, DMY, and FKs. Calibration curves were plotted by the peak area vs. the concentration of
the standard compounds (Support Figure S3). Regression analyses were processed by Lab Solution
software. Calibration curves were linear over the concentration range used, with an R? > 0.999.
The normalized intercept/slope of the regression line and the correlation coefficient were calculated
for the whole data set. The method was evaluated by determining the coefficient of linearity and the
intercept values, as summarized in Table 3.

Table 3. Calibration parameters for kavalactones and flavokavains from three different calibration curves.

Rf:;b(r::/?m Slope (:5D)* Y;I:sel;c)? t v (£SD)* (Jé?fm (uLg(/)n?L)

Methysitcin 1067080 £ 7000  —3443.1 + 48468  0.99996 +0.00005  0.150 0.454
DHM 801321 £5023  6666.6+£3847.5 099997 £ 000002  0.158 0.480
Kavain 050.75.0 176782.0 £ 1450.0  —5987.0 £4889.8 099996 &+ 0.00004  0.091 0.277
DHK 808845+ 3815  114335+55515 099995 +0.00002  0.226 0.686
Yangonin 1672710 £19649 37297 £3167.9 099994 +0.00003  0.062 0.189
DMY 164787.0 £2352.4 126183 + 69521 099995 & 0.00003  0.139 0.422
FKC 1357200 £ 35764  —31940 + 36635 099970 £ 0.00017  0.089 0.270
FKA 0.05-7.50 143817.0 + 2873.9 768.8 + 889 0.99980 +£0.00018  0.020 0.062
FKB 1504610 £3339.0  —13746 +£ 45555 099988 + 0.00017  0.100 0.303

Note: Calibration curves were performed three times on different days and established by measuring the
concentration vs. the corresponding peak area. The given values are the mean of three replicates + standard
deviation ?.

2.2.3. Limit of Detection and Limit of Quantification

The limit of detection (LOD) and the limit of quantification (LOQ) of the kava standard assay
were determined by the standard deviation of the y-intercepts over the slope of the regression lines
from three replicated calibration curves on different days. The LODs and LOQs for six major KLs and
three FKs were calculated and summarized in Table 3.

2.2.4. Recovery

A spike recovery study based on spiking six kavalactones and three flavokavains into a kava test
material (kava root) at high, medium, and low levels, as well as non-spiked, were completed and shown
in Table 4. The amounts of kavalactones and flavokavains were compared before and after spiking.
As the AOAC guidelines suggest for single-laboratory validation, the recoveries were calculated in
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two ways, as follows: (1) Total recovery based on recovery of the native plus added analyte, and (2)
marginal recovery based only on the added analyte (the native analyte is subtracted from both the
numerator and denominator). The total recovery is used for the native analytes presented in amounts
greater than about 10% of the amount added, otherwise, the marginal recovery is applied. The average
recoveries for each analyte at each level were 99.0-102.3% for KLs and 98.1-102.9% for FKs, within the
ranges of recovery limits from 95% to 102% at 10% concentration, 92% to 105% at 1% concentration,
90% to 108% at 0.1% concentration, and 85% to 110% for 0.01 at 0.01% concentration.

Table 4. Spike recovery results of HPLC-UV method for determination of kavalactones and flavokavains.

Methysticin DHM Kavain DHK DMY Yangonin FKC FKA FKB
Spiked Level 3.0% ~0.3%
Native (ug/mL)® 4016 £0.62 22144034 4780+074 29754046 36944057 1452+022 0296+0.005 1.27+£0.02 1.03 £0.02

Spiked (ng/mL)® 60.02£0.80 58734+078 59.28+0.79 59.23+0.79 59364079 57.73+0.77 5.67 +0.08 799 +011 576 4+ 0.08
After Spiked (ug/mL)®  1002+£0.2  80.87+044 107.1+£01  8899+033 96.30+022 7224+ 0.54 5.97 +0.07 9.25+0.09 6.79 £0.06
Detected (ug/mL) 2 101.5+03 8143 +£051 109.6+0.6  89.63 +044 9821 +041 73424036 5.86 +0.16 948 +£0.14 692 +0.11
Marginal recovery (%) * 1021 +0.1 101.0 £ 0.1 1042+ 1.0 101.1 £ 04 10324+ 0.6 102.0 + 0.4 981+ 1.6¢ 1029 +0.6 1022+ 0.8
Total Recovery (%) * 101.3 0.1 100.7 £ 0.1 102.3 + 0.5 100.7 £ 0.3 102.0 0.4 101.6 £ 0.3 982415 1025+ 0.5 101.3 + 0.1

Spiked Level 1.5% ~0.15%
Native (ug/mL) ? 41.04 £081 2263+045 4886+097 3041+060 37.76+0.75 14.84+029 0302+0.006 1.29+0.03 1.05+0.02
Spiked (ng/mL)® 3021+£0.15 29554015 29.83+0.15 29.81+0.15 29874015 29.05+0.14 286+0.014 4.02+£0.02 290+ 0.01

After Spiked (ug/mL)®  7125+0.66 5218 +0.30 7869 +0.82 60224046 67.63+0.60 4389 +0.15 3.15+0.01 531+0.01 3.95+0.01
Detected (ug/mL) ® 7050 £0.74 5173 +£042 78024117 59.63+051 6721+083 44124036 3.10 +0.02 536 +£0.02 3.97 £0.02
Marginal recovery (%) * 97.4 +£2.5 99.0+1.6 93.8 2.5 98.6 + 1.1 97.8 2.9 100.8 £ 0.9 98.4 4+ 0.5 101.0 £ 0.5 100.3 + 0.9

Total Recovery (%) * 99.0 £ 1.1 99.1 £ 0.9 99.2 £ 1.0 99.0 £ 0.5 99.4 £ 1.3 100.5 £ 0.6 98.1 £ 0.5 100.8 + 0.4 100.3 £ 0.7
Spiked Level 0.25% ~0.025%

Native (ug/mL) 40834091 22514050 48604109 30254068 37.56+084 14764033 030040007 1294003 1.05+002

Spiked (ug/mL) " 5014007 4904007 4954007 4944007 4954007 4824007 047340007 067 +£001 048 +0.01

After Spiked (ug/mL)® 4584 +£0.85 27.41+044 5355+1.02 35204062 42514078 1958027 077440004 1.95+002 153 +0.02
Detected (ug/mL) ® 4551 +1.06 27454051 5347 +130 3525+078 42214+1.06 19.66+032 0779 +0.002 1.96+0.03 1.53+0.03
Marginal recovery (%) * 93.6 +4.8 100.7 £ 1.4 98.5+5.7 101.1 £ 3.6 93.9 + 5.6 101.7 £ 1.1 101.0 £ 0.7 101.7 £ 1.5 99.9 +£3.2
Total Recovery (%) 99.3 £ 0.5 100.1 £ 0.2 99.9 £+ 0.5 100.1 £ 0.5 99.3 £0.7 100.4 £ 0.3 100.6 £ 0.4 100.6 += 0.5  100.0 & 1.0

Note: The given values are the mean of three replicated measurements + standard deviation . The values for all
the spiked and after-spiked concentrations were calculated as the mean of the three replicated plus the standard
deviation P. The bold recoveries were applied for the final evaluation €.

2.2.5. Precision

The precision and accuracy of the method was assessed by determining the intraday precisions
(n = 5) from repeating the analysis of the kava samples on the same day; and the interday precisions
(n =3 x 5, overall 15) from analyzing the same kava samples over the different days. Both intraday
and interday precisions were calculated as RSD; (%) = (standard deviation)/(mean) x 100. As shown
in Table 5, all nine analytes had adequate precision in each of the four different solid matrices at
different concentrations. The level of KLs were about 10-100 mg/g for CO, extract and root. The level
of FKs in the kava CO, extract and the root were about 0.13-0.30 mg/g for FKC, 0.60-1.5 mg/g for
FKA, and 0.50-0.90 mg/g for FKB. The intraday repeatability relative standard deviations (RSD;) of
the CO, extract and the root were 0.31% to 1.61% for KLs and 0.98% to 3.83% for FKs, which are <2%
for KLs and <4% for FKs, as AOAC guidelines suggested. About 2-10 mg/g for KLs, 0.08-0.10 mg/g
for FKC, 0.46-0.75 mg/g for FKA, and 0.60-1.00 mg/g for FKB were detected for kava products in
tablets and capsules. The intraday RSD; of kava products in tablets and capsules were 0.28% to 1.96%
for KLs and 0.23% to 4.24% for FKs, which are also <3% for KLs and <6% for FKs, as AOAC guidelines
suggested. Overall, the interday repeatability relative standard deviations (RSD;) ranged from 0.50%
to 2.56% for kavalactones and 2.44% to 5.52% for flavokavains. The Horwitz ratio (HorRat) values are
used to evaluate method performance based on the ratios of actual precision to predicted precision.
AOAC guidelines for single-laboratory validation accept a HorRat range from 0.5 to 2. In our method,
the HorRat value for kavalactones ranged from 0.24 to 1.05 and for flavokavains ranged from 0.77
to 1.89. A HorRat value lower than 0.5 was considered acceptable, considering the analysis was
performed under tightly controlled conditions.
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3. Discussion

As a more applicable method, the RP-HPLC method was reported for quantitation analysis of
kava products [18-22,26]. Over many studies, Alexander H. Schmidt and Imre Molnar [26] applied
computer-assisted optimization in the development to achieve a great resolution for the separations
of all the major KLs. The study also included the two minor KLs (DHY and THY), but not FKs.
As the above description, the kava root (~ 10% KLs), the kava CO, extract product (~ 20% KLs),
and commercial tablet and capsule kava products were analyzed for the quantitation of each kava
compound, based on the standard responses of M, DHM, K, and DHK (at 239 nm) and Y, DMY, and FKs
(at 350 nm). The calculated concentrations are shown in Table 5. In this study, the percentage of each
KL and FK over the total KLs and FKs, calculated as follows:

X
M + DHM + K + DHK + Y + DMY + FKs

x 100 )

The kavalactone and flavokavain profile were normalized to the percentage of total kavalactone
content and presented in Figure 5. Although there is a large difference in the total content of kava
lactones, the relative intensities of the individual compounds differ only slightly. AFS kava root and
the CO; extract contain a very similar profile of KLs at different levels, about 100 mg KLs per gram in
the root and at about 200 mg KLs per gram in the CO, extract. The capsule and tablet products contain
about 40 and 30 mg KLs per gram.

30

Methysticin
DHM
Kavain
DHK
Yangonin
DMY

FKC

FKA

FKB

Percentage (%)

Tablets Capsules Kava CO2 Extract Kava Root

Figure 5. The profiles of kavalactones and flavokavains for kava products.

The quality of kava products was considered as a safety issue for consumers. The key criteria
for the quality of kava product are the contents and chemotypes of six major KLs. Different quantity
and ratio of KLs can impact their physiological action and safety [29]. The chemotypes of kava
products were identified as noble or non-noble varieties following the simple system described by
Lebot and Lévesque [30,31]. The six major KLs are used to define the chemotype (1 = DMY; 2 = DHK;
3 = yangonin; 4 = kavain; 5 = DHM; and 6 = methysticin). The different chemotypes of kava products
are coded by listing, in decreasing order of proportion, the KLs. The noble cultivars have chemotypes
rich in kavain, like 423561 or 423651. The chemotypes of 521634, 526341, or 254631 represent non-noble
cultivars with very high proportions of DHM or DHK.
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In this study, the chemotypes of kava products were determined by the percentage of each KL.
The results show that the chemotypes of kava root (462351) were very similar to the CO, extract
(463251), while the chemotypes of the capsule (245631) were very similar to the tablet (246531).

Due to the possible hepatotoxicities of FKs, another key criterion for the quality of kava products
is to limit the amount of FKs, as FKs/KLs < 0.29 and FKB% < 0.15% [16,17]. The ratios of FKs/KLs for
kava products in this study were detected as 0.013 for the CO, extract, 0.014 for the root, 0.041 for the
capsule, and 0.044 for the tablet. FKB was 0.086%, 0.055%, 0.06% and 0.096% for the kava CO; extract,
the root, the tablets, and the capsules, respectively. In this study, it was noticed that cis-isomers of FKA
and FKB were present at different levels in the powdered samples (Figure 4). The level of cis-isomers
of FKA and FKB were found to be very low in both the kava CO; extract and the kava root, while a
small amount of cis-isomers of FKA and FKB were observed in the capsule and tablet kava products.

4. Materials and Methods

4.1. Chemicals and Materials

The 2-propanol (HPLC grade), acetonitrile (ACN, HPLC grade), water (H20, LC-MS grade),
and methanol (MeOH, LC-MS grade) were purchased from Fisher Scientific (Hampton, NH, USA).
The reference standard compounds of D, L-kavain (purity: 95% HPLC), yangonin (purity: 95%
HPLC), flavokavain A (purity: 95% HPLC), flavokavain B (purity: 95% HPLC), and flavokavain C
(purity: 95% HPLC) were purchased from Extrasynthese (Genay, France). The standard compounds of
methysticin (purity: 99.63% HPLC), dihydromethysticin (purity 98.68% HPLC), desmethoxyyangonin
(purity: 97.84% HPLC), and dihydrokavain (purity: 99.04% HPLC) products were from PhytoLab
(Vestenbergsgreuth, Germany) and purchased from Cerilliant (Round Rock, TX, USA). Ultrapure
(18 M) water was produced using a Barnstead™ GenPure™ Pro Water Purification System from
Thermo Fisher Scientific (Waltham, MA, USA).

4.2. Instrumentation

Method development and validation studies were performed on a Shimadzu Nexera-X2 UHPLC
system (Shimadzu Scientific Instruments, Columbia, MD, USA), equipped with a LC-30AD pump,
a SIL-30AC autosampler with a thermostated unit, a thermostated column compartment, and an
SPD-M30A PDA detector. The UHPLC system was also interfaced with tandem Q-Exactive Orbitrap
mass spectrometer (Thermo Fisher Scientific Inc., San Jose, CA, USA). High-resolution MS and
MS? spectra were obtained on the Q-Exactive Orbitrap mass spectrometer equipped with a heated
electrospray ionization, operated in both positive and negative ion mode. The optimized parameters
were set as follows: Capillary voltage, 3.0 kV; sheath gas flow rate, 35 arbitrary unit; auxiliary gas
flow rate, 5 arbitrary unit; sweep gas flow rate, 5 arbitrary unit; capillary temperature, 325 °C;
and sheath gas heater temperature, 200 °C. MS scans were recorded in a mass range of m/z 100-1500 at
a resolution of 70,000 with an AGC target of 3 x 10°. After each MS scan, up to 5 of the most abundant
multiply charged ions were selected for fragmentation. MS? scans were recorded in a mass range of
m/z 50 to the parent ion at a resolution of 17,500, with an AGC target of 1 x 10° and a maximum
fill time of 50 ms, using the stepped NCE of 25 and 35 for fragmentation in the HCD cell. Data were
acquired from 50 to 1500 Da with dd-MS? or MS? in centroid mode. Raw data were acquired and
processed using the Xcalibur software (Version 2.3.1, Thermo Electron Corporation, San Jose, CA,
United States).

4.3. Chromatographic Condition

The chromatographic separation was extended from the previous HPLC study [24] and achieved
under a gradient separation at 60 °C. Optimum separation of KLs and FKs was achieved using an
UHPLC column (Acquity HSS T3, 100 mm X 2.1 mm, 1.8 pm). Gradient elution was performed using
water (solvent A) and isopropanol (solvent B) with the gradient program listed in Table 1.
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4.4. Standard Preparation

Individual standard stock solutions of 1000 ug/mL of each kava standard compound were
accurately prepared by weighing about 10 mg of each compound and dissolving them into a 10 mL
volumetric flask using acetonitrile. Volumetric flasks were sonicated for 10 min and wrapped with
aluminum foil to protect them from light. Stock solutions were kept refrigerated. Working standard
solutions were prepared fresh on a daily basis by pipetting aliquots of stock solutions and serial
dilutions with 50% ACN were made at concentrations ranging from 0.5 pg/mL to 75 ug/mL for KLs
and from 0.05 ug/mL to 7.5 pg/mL for FKs.

4.5. Test Materials and Sample Preparation

The kava CO, extract and root were obtained from Applied Food Sciences Inc. (AFS, Austin, TX,
USA). Kava commercial products (dry-filled capsules and formulated tablets) were purchased from
Foods market. All the samples were analyzed more than triplicate, unless stated otherwise.

4.5.1. Kava CO;, Extract and Root Powders

A total of 100 mg of kava CO; extract or 300 mg of the root powder were first extracted with 15 mL
ACN and sonicated for 30 min at 40 °C in a Fisher sonication bath. Following a 10-min centrifugation
at 12,000 g, the supernatant was transferred to a 50 mL volumetric flask. The remaining residue was
re-extracted twice with 15 mL ACN, following the same procedure. The volumetric flask was filled
to the mark with ACN in the end. The samples were freshly diluted 1x with 18MW water and the
extracts were filtered through a 3 mm syringe fitted with a 0.22 um nylon filter (VWR) into an amber
glass HPLC vial and readied for LC analysis.

4.5.2. Capsules and Phytocaps

The content of the 20 capsules or phytocaps were combined and mixed thoroughly. Two hundred
milligrams of the capsules or phytocaps content were extracted with ACN and acetone following the
same procedure as above.

4.6. Method Validation Parameters

This method was validated following the AOAC and ICH (Q2) guidelines [24,25] for conducing
single-laboratory validation. For all the standards, 1000 ug/mL stock solutions were prepared by
dissolving individual reference materials in ACN in volumetric flasks. The stock solutions of the
reference materials were stored at —20 °C for long-term storage. The stock solution for each standard
was mixed to the kava working standard solution at the concentration 100 ug/mL for KLs and
10 pug/mL for FKs, then diluted to the appropriate concentration to establish the retention time and
combined at different concentration levels for external calibration.

4.6.1. Specificity /Resolution

The mixed reference standard was injected into the HPLC-UV to establish the selectivity of the
method. The resolution for each reference standard was calculated. The value of Rg > 1.5 between
closely eluting components was considered acceptable for FKs and major KLs.

4.6.2. Linearity

The linearity for the reference standard was determined by seven-point standard calibration
curves. The standard curve for the six KLs ranged from 0.5 ug/mL to 75 ug/mL (0.5, 1.0, 5.0, 10.0, 25.0,
50.0, and 75.0 pg/mL). The standard curve for the three FKs ranged from 0.05 pg/mL to 7.5 ug/mL
(0.05,0.1,0.5,1.0,2.5,5.0, and 7.5 pg/mL). A simple linear regression was used to calculate R2 value,
the slope, and the y-intercept of each curve for each analyte. An R2 > 99.9% value was considered
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acceptable. The calibration standards of seven KLs and three FKs were triplicated at the seven
concentrations and analyzed over three days.

4.6.3. LOD and LOQ

The limit of detection (LOD) and limit of quantification (LOQ) of the kava standard assay were
determined from the calibration curve method, as ICH Q2 (R1) recommendations [25], analyzing at
least three replicates of the calibration standards. The LOD and LOQ of the proposed method were
calculated using the following equations:

3.3 x Stdev y—intercept of Calibration Curve

LOD =
Slope of calibration curve (Aave)

@

10 x Stdev y—intercept of Calibration Curve

LOQ = Slope of calibration curve (Aave)

®)

4.6.4. Recovery

Spike recovery experiments were performed at three levels (high, 30 pg/mg; medium, 15 pug/mg;
and low, 2.5 ug/mg) for KLs and three levels (high, 3 ng/mg; medium, 1.5 pug/mg; and low,
0.25 ug/mg) for FKs. Powdered kava root material was analyzed for KLs and FKs prior to the standards
being spiked. The appropriate amount of reference standards was used to spike the powdered kava
root material, followed by the extraction process. Considering the cost of the reference standards,
for high-level spike recovery experiments a 5 mg sample was extracted with 5 mL extraction solvent
(ACN). For medium-and low-level spike recovery experiments, a 10 mg sample was extracted with
10 mL extraction solvent (ACN). Three replicates were performed at each level and the mean recovery
was calculated.

4.6.5. Precision

Four independent replicates of the same sample were prepared and analyzed on three separate
days (n =5 x 3). The within-day, between-day, overall precision for all nine target compounds were
calculated for single-laboratory validation.

5. Conclusions

In conclusion, the UHPLC-UV method described herein for the determination of six major KLs
and three FKs in kava raw materials and finished products was validated based on AOAC Guidelines
for Single-Laboratory Validation of Chemical Methods for Dietary Supplements and Botanicals.
This method maximized efficiency and chromatographic resolution under short analysis times.
Both DHY and THY were found in all the kava products. The two minor KLs were well-separated
from the major KLs under the excellent LC resolution. The isomerizations of yangonin and FKs were
prevented or limited by the usage of non-alcoholic solvents, like acetonitrile, for sample preparation
in this method. This suggested method of kava analysis is free of interference from minor KLs,
like THY & DHY, and at a very low level of interferences from cis-isomers of yangonin and FKs.
The results of the study demonstrate that this UHPLC-UV analytical method is a successful approach
to determine methysticin, DHM, kavain, DHK, yangonin, DMY, FKA, FKB, and FKC in kava raw
materials (kava root powder and kava CO; extract) and finished products (dry-filled capsules or
formulated tablets) under a quick analysis time of 15 min and it therefore expands the scope to analyze
a broad variety of market samples.

Supplementary Materials: The supplementary materials are available online.
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Abstract: The separation of enantiomers has been started in the past and continues to be a topic
of great interest in various fields of research, mainly because these compounds could be involved
in biological processes such as, for example, those related to human health. Great attention has
been devoted to studies for the analysis of enantiomers present in food products in order to assess
authenticity and safety. The separation of these compounds can be carried out utilizing analytical
techniques such as gas chromatography, high-performance liquid chromatography, supercritical
fluid chromatography, and other methods. The separation is performed mainly employing
chromatographic columns containing particles modified with chiral selectors (CS). Among the CS
used, modified polysaccharides, glycopeptide antibiotics, and cyclodextrins are currently applied.

Keywords: chiral; chiral stationary phases; enantiomers; food; review

1. Introduction

In recent years, in the field of separation science, there has been great attention to analyzing
products of food interest. All this has been done to meet the needs of both the industries operating
in the field and the control laboratories belonging to the various national and international agencies.
The use of modern and reliable analytical methods permits knowing the chemical composition of these
products allowing, e.g., to determine their quality, to trace problems related to production, and storage
processes, etc. In addition, the presence of dangerous pollutants such as pesticides present in foodstuff
and/or additives can also be quantified.

A large number of compounds present in food products have been successfully examined, e.g.,
amino acids, proteins, carbohydrates, vitamins, lipids, mycotoxins, colorants, preservatives, herbicides,
ionic compounds, fungicides, and enantiomers, etc.

Among all the classes of compounds analyzed so far, particular attention has been paid to
the separation and determination of chiral compounds. Two enantiomers have the same chemical
composition with, e.g., one asymmetric center, and due to the different spatial orientation of
the substituent groups, they exhibit quite similar physical-chemical properties. However, due to
the chirality, they can participate, with a different effect, to the various biochemical processes. In these
processes, enantiomers could react differently with, e.g., enzymes, proteins, and peptides, etc., present
in humans determining beneficial or dangerous effects. In addition, natural products must contain only
one enantiomer as in the case of fruit juices where only the L-amino acid must be present. The existence
of the antipode can indicate either an adulteration (addition of a racemate) or other problems related

Molecules 2019, 24, 1119; d0i:10.3390 / molecules24061119 164 www.mdpi.com/journal /molecules



Molecules 2019, 24, 1119

to poor storage. Therefore, it is very important to have reliable analytical methods able to determine
qualitatively and quantitatively the enantiomeric forms present in samples of food interest.

Analytical techniques so far used for the analysis of enantiomers include: Gas chromatography
(GC) [1], supercritical fluid chromatography (SFC) [2,3], thin layer chromatography (TLC) [4],
high-performance liquid chromatography (HPLC) [5], capillary electrophoresis (CE), and
capillary-/nano-liquid chromatography (CLC/nano-LC) [6,7], etc.

In this review, general principles of enantiomers separation utilizing chromatographic techniques
and the most applied chiral stationary phases (CSPs) are reported and discussed. In addition, the most
important applications of some analytical techniques to the analysis of chiral compounds in food
matrices published in the last two years are presented.

2. General Separation Methods in Chiral Resolution

As previously mentioned, the very similar physical-chemical properties of two enantiomers are
the main reasons for the difficulty in obtaining their resolution by using conventional methods such as,
for example, reversed phase one in liquid chromatography. However, their separation can be easily
achieved utilizing a chiral background.

Generally, two resolution methods can be used, namely indirect and direct ones. In the first
procedure, the two compounds react with a chiral selector (CS) on forming stable diastereoisomers
where strong bonds are formed. The two new compounds can be separated employing a non-chiral
stationary phase (SP). The separation method offers some benefits, e.g., the introduction of additional
groups useful for i) further interactions and ii) increase the sensitivity when UV and mass spectrometry
(MS) detectors are applied. However, a high reagent purity is necessary and it is time-consuming [8].

The direct resolution method is the most applied in separation science. It is based on the use of
a CSP where the two analytes interact continuously on forming diastereoisomeric complexes, and
involving weak bonds (hydrogen, 7-m, hydrophobic etc.). While some models have been proposed for
chiral recognition, the “Three point” interaction could be considered in order to achieve compounds
separation. However, enantiomers resolution can also be obtained when repulsion, in addition to
interactions, are involved in the stereoselective mechanism [9].

Figure 1 shows a scheme of the “Three-point” interaction model.

Selector S-Enantiomer Selector R-Enantiomer

Figure 1. Scheme of “Three-point” interaction model.

Even if the number of CSs, applied to the resolution of enantiomers is quite large and varied,
it is noteworthy to mention that it is not possible to find a universal one. They have been utilized
employing different analytical techniques, e.g., GC, SFC, HPLC, CLC/nano-LC, and CE etc. [8,10-13].

Among all the chiral selectors used so far with the different analytical techniques, those that
deserve special attention are peptides, chiral amino acids, cyclodextrins, polysaccharide derivatives,
quinine-based, glycopeptides antibiotics, and chiral crown-ethers, etc.

3. The Most Used Chiral Stationary Phases for Enantiomers Separation

In this section, the most applied CSPs to the separation of enantiomers utilizing the analytical
techniques above mentioned will be summarized. Some of them have been applied to the analysis
of compounds of food interest. Over the years, a large number of CSPs has been prepared and
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studied for enantiomers separation. Several of them are commercially available under different trade
name also containing the same CS. This is the case of Lux or Chiralpak by Phenomenex (USA) and
Chiral Technologies (USA), respectively. They make use of modified polysaccharides either coated
or immobilized on silica particles. In order to improve the enantioresolution capacity of this CS
type, cellulose or amylose have been modified with phenylcarbamate groups containing substituents
such as methyl, chloro, and bromo, etc., alone or in combination. The presence of these substituents
with electron-withdrawing or electron-donating modifies the properties of the phenyl promoting
different interactions with the enantiomers to be separated [14]. Concerning the interactions involved
in the chiral recognition when polysaccharides are employed, hydrogen, m-m bonding have to be
mentioned. The inert support is usually silica of different dimensions (sub-2 pm to 5um) porous or
recently core-shell [15,16]. Monolithic material has also been used [17,18]. These CSPs have been
largely employed in HPLC [5,19], SFC [11,20], capillary electrochromatography (CEC) [21,22], and
nano-LC [23].

Another CS, widely applied to enantiomers separation, deserving attention, includes cyclodextrins
(CDs) or their derivatives. It can be either bonded to silica particles or monolithic material or rarely
added to the mobile phase. In addition it can be coated on the capillary wall, as used in GC [24].
CDs or their derivatives have been widely used in capillary electrophoresis added to the background
electrolyte [12]. CDs are oligosaccharides with a shape like a truncated cone with a hydrophobic cavity
and a hydrophilic outside (presence of hydroxyl groups). The recognition mechanism is based on
inclusion complexation where the two enantiomers fit into the cavity. Steresoselective interactions
with hydroxyl or substituent groups (e.g., methyl, ethyl, and hydroxypropyl, etc.) take place. However,
adsorption interactions could also be involved, especially if organic solvents are employed in the mobile
phase. Schurig has showed a unified enantioselective approach for enantiomers separation. Here
the same capillary column (50 pm i.d.) containing a permethylated-3-CD, thermally coated, has been
employed in both open-GC, -SFC, -LC, and -CEC [25].

Among other CS used for enantiomers separation, chiral crown-ethers have a certain interest.
These CSP type are commercially available, e.g., crownpakcr(+) and cr(—) (Chiral technologies, USA)
or Larihc CF6- P (AZYP, USA). The second column contains cyclofructans groups forming a basket
structure based on crown-ether. Therefore, enantiomers enter into the basket and on the contrary of
CDs, the hydrophilic groups interact with the cavity. This CSP type has been used for the enantiomers
separation of compounds containing amino groups in their structure (amino acids, amines, and
derivatives). Recently Armstrong’s group reported the screening of 119 primary amine-containing
compounds achieving enantioresolution for 92% of analytes [26]. Finally, it is noteworthy to mention
the use of ion-exchange type CSP [27-30] and those containing glycopeptides antibiotics (vancomycin,
teicoplanin, etc.). All of them are commercially available columns offering good /high enantioselectivity
towards a large number and type of compounds [31-35].

Glycopeptide antibiotics contain in their chemical structure a consistent number of asymmetric
centers, amino, amide, aromatic, carboxylic groups offering different interaction types with
the analyzed enantiomers. The recognition mechanism is based on the affinity interaction strongly
influenced by the type of mobile phase, pH, ionic strength, organic solvent type, and concentration,
etc. They have been used bonded to either porous or core-shell particles (1.7-5 um diameter) [23,36].

4. Some Selected Applications to Enantiomers Separation in Food Chemistry

This section describes the recent data present in the literature reported in 2017-2018 and related
to the enantiomers separation in food samples. Data on this topic, related to previous years, can be
found in previous reviews [23,37].
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4.1. Supercritical Fluid Chromatography

Although SFC is not a recent analytical technique, it has enormous potential for both analytical
and preparative purposes. Among its main features, we can mention: Fast balance of the columns,
high efficiency, and use of non-hazardous solvents. Making use of stationary phases, developed for
HPLC applications, SFC has also been applied to the separation of enantiomers. Among these CSPs,
those based on polysaccharides, cyclodextrins, vancomycin, and Pirkle-type are the most employed
ones. The mobile phase contains carbon dioxide often modified with some organic solvents such
as methanol, ethanol, isopropanol, and acetonitrile at relatively low concentrations. In addition to
enhancing chiral resolution, other additives, e.g., formic acid (FA), acetic acid (HAc), trifluoracetic acid
(TFA), ammonia (NHj3), and diethylamine (DEA) have been used [37].

As can be observed in Table 1 six papers, dealing with enantiomers separation by SFC in samples
of food interest, appeared in the considered last two years. In the developed analytical methods, chiral
resolution was obtained utilizing CSP based on vancomycin and amylose or cellulose derivative.

Prothioconazole is a triazole fungicide widely used for its curative and protective action. Its
enantiomers have been separated and analyzed by Jiang et al. [38] by using SFC. Analytes were
extracted in a food sample (tomatoes) applying the Quick Easy Cheap Effective Rugged Safe
(QUEChERS) sample preparation method and analyzed in a silica column coated with a modified
cellulose derivative. Chiral separation was achieved in less than four minutes with good precision,
accuracy, and recovery. In this study, method optimization was done by investigating some
experimental parameters, e.g., the different type of polysaccharide columns, the composition of
the mobile phase (carbon dioxide with additives such as methanol, ethanol, isopropanol-IPA). Best
results were obtained using IPA as an additive at 30% (v/v) concentration. Another CS, namely amylose
tris-(3,5-dimethylphenylcarbamate), coated on silica particles was used for the chiral separation
of fenbuconazol and its metabolites by SFC. Analytes were also characterized by using MS/MS.
Fenbuconazole is a compound with fungicidal activity, currently used for the treatment of fruits and
vegetables. Two of its degradation lactone metabolites could contaminate groundwater and therefore
their determination is of great interest. Very good enantiomers separation was obtained by SFC using a
silica column coated with amylose tris-(3,5-dimethylphenylcarbamate) trough CO,/ethanol applying
a gradient elution mode. Sample preparation was done employing a QUEChERS method. The six
stereoisomers were separated in less than four min. In order to increase the MS ionization, 0.1%
(v/v) formic acid /methanol compensation solution was added. The optimized method was validated
with various samples, e.g., tomatoes, cucumbers, apples, peaches, rice, and wheat. Application
to a real sample (greenhouse cucumbers) revealed the presence of only the two enantiomers of
fenbuconazol [39]. Figure 2 reports the chemical structure of the two enantiomers of fenbuconazol and
its diastereoisomers.
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Figure 2. Chemical structure of fenbuconazol enantiomers and its metabolite diastereoisomers.
Reproduced with permission of Elsevier from ref. [39].
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Another polysaccharide based column (tris(3,5-dimethylphenylcarbamoyl) cellulose) was used for
analysis of triticonazole enantiomers in cucumbers and tomatoes with the same method. The separation
was achieved in three min (in HPLC, eighteen min) eluting with CO,-ethanol (80:20, v/v) [40]. Four
stereoisomers of propiconazole, a widely used triazole fungicide, were separated by SFC using
different polysaccharide SPs. Among them, Chiralpak AD3 and Chiralpak IA3 allowed the separation
of all stereoisomers in less than five min [41]. The two SPs contained amylose modified with
tris(3,5-dimethylphenylcarbamate) coated and immobilized, respectively. Retention order was assessed
by measuring the optical rotation of the four studied compounds. The optimized method was validated
and applied to extract samples of wheat, grape, and soil matrices with good results concerning recovery.

4.2. High-Performance Liquid Chromatography

Selected applications to the analysis of chiral compounds utilizing HPLC are reported in Table 2
and described in this section.

Clenbuterol is a 3, agonist that is used in the treatment of respiratory disorders in humans.
However, this drug, in some countries, even if forbidden, is also administered to the animals. The two
enantiomers have been recently separated utilizing both HPLC and SFC employing columns containing
vancomicin or teicoplanin [42]. Baseline separation of the two enantiomers was obtained with both
techniques, however, a shorter analysis time was observed utilizing SFC (3.5 and 6 min, respectively).
The methods were applied to the analysis of meat samples and urines of humans after eating the meat.
Cattle meat contained enriched R-(—)-clenbuterol. More recently, the two analytical techniques have
also been used by Chen and Zhang [43] for the chiral resolution of some isobutylhydroxyamides.
Different commercial columns, amylose-based have been employed. While analyzed compounds
belonging to the same class, two different techniques and different columns had to be used. These
compounds are quite important in the field of phytochemistry and traditional Chinese medicine;
they are present in Sichuan pepper. In this study, authors separated and characterized several
isobutylhydroxyamides enantiomers also studying protective effects (PC12 Cells), reporting that
compounds with R configuration resulted protective on the contrary of the S form.

Vegetables such as spinach, tomatoes, and cucumber have been analyzed for the determination
of R and S-titriconazol using HPLC. This compound belongs to the family of fungicides used in
agriculture. In this study, the single enantiomers and the racemic mixture were used and the bioactivity
was investigated. The analyzed vegetables contained a high concentration of titriconazol after foliar
spraying. However, the concentration of the two enantiomers decreased along the time. The R-isomer
was dissipated more than its antipode. Therefore, it can be concluded that using the single enantiomer
(R-) would reduce potential health risk [44]. A different fungicide, pyrisoxazole was studied by
Yang et al. [45]. Enantiomers were separated with a commercial cellulose tris(4-methylbenzoate)
column by HPLC in less than 10 min. This fungicide contains two asymmetric centers and therefore two
couples of enantiomers. A similar study was carried out by Wang et al. [46] to study the degradation
of isofenphos-methyl, a pesticide, after treating cowpea, cucumber, and pepper.
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The two enantiomers were analyzed by HPLC and detected with MS/MS utilizing a
commercial cellulose-based column (modified with 3-chloro-4-methylphenylcarbamate). Based
on the presented results, the type of vegetable strongly influenced the degradation process, e.g.,
(R)-(—)-isofenphos-methyl was faster than (S)-(+)-isofenphos-methyl in cowpea and cucumber, while
the opposite was observed in pepper. While showing interesting results, the authors did not further
report about the reasons for the differences found.

Recently, an interesting HPLC method was studied utilizing cellulose or amylose 3,
5-dimethylphenylcarbamate for the separation of the four isomers of metconazole. An optimum
resolution was achieved, after studying various mobile phases, employing the cellulose-based column
and eluting with an organic solvent (hexane) with 3%, v/v of ethanol. The method was validated and
applied to the analysis of the four compounds in flour. While the proposed method was carefully
optimized studying the effect of various parameters on the compounds separation, the real sample
was spiked and there was no finding of the transformation of the enantiomers/diastereoisomers [47].

The use of an HPLC method, employing polysaccharide-based columns (cellulose or amylose
derivatives) allowed the chiral resolution of Thiols 3-sulfanylhexan-1-ol (1) and its O-acetate,
3-sulfanylhexyl acetate (2) after derivatization with 4-thiopyridine. The two compounds are quite
important in assessing wine quality because of their potent aroma properties. In order to increase
the MS signal and to have additional interaction groups for stereoselective interactions with the SP,
the derivatization was helpful. Concerning enantiomers, the authors found that dry wines contained
the two enantiomers of 1 and 2 at the same concentration, while in botrysed wines, elevated
concentrations of S-form were found [48].

Chiralpak AD-H was used for semipreparative purposes for the enantiomers separation of
some neolignans present in raspberry. A quantity of 2.5 mg of each enantiomer was obtained and
the compounds investigated as potential inhibitors of f-amyloid aggregation. The study could be
interesting in the field of nutraceutical research [49]. As reported above, all studies have been carried
out using CSP polysaccharides bases, however, other CSs have also been used.

The enantioselective dissipation of an herbicide (fluazofop-butyl) was also studied in some
vegetables (tomato, cucumber, pakchoi, and rape). The compound was degraded to fluazifop.
Enantiomers separation was carried out in a commercial column packed with silica with immobilized
cellulose tris(3,5-dichlorophenylcarbamate). As a result, the authors reported that the type of vegetable
influenced the different behavior of the two chiral herbicides S-fluazifop-butyl dissipated faster than
its antipode, while the contrary was observed in pakchoi, rape. The different behavior accounted for
the presence of enzymes and to some chiral endogenous substances present in the plants [52].

«-, 3-, and y-hexabromocyclododecanes (HBCDs) are compounds used for different purposes,
e.g., polystyrene foams, thermal insulation buildings, electric insulators, etc. Therefore they can be
found in the environment and consequently in animals such as fishes, birds, chickens, etc. Enantiomers
and diastereisomers, related to these compounds, have been separated by HPLC and the method
applied to study the bioaccumulation in chicken tissues and eggs. Chiral compounds were separated
using a permethylated-[3-cyclodextrin silica column after recovering the different fractions subjected
to sample preparation (soxhlet and gel permeation chromatography). It was observed that in
adult chicken tissues (—)-a-HBCD and (+)-y-HBCD were present at a higher concentration than
the corresponding antipode [51].
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A different chiral column containing «j-acid glycoprotein (AGP) has been employed for
the enantiomers and diastereoisomers separation of chloramphenicol (CAP) in honey by HPLC.
The analysis of this antibiotic is very important because it has been found in some foodstuff causing
health problems. Due to the presence of two asymmetric centers, four stereoisomers are exhibited
(RR- and SS-CAP; RS- and SR-CAP) [50].

Usually, amino acid enantiomers present in the natural product are abundant in their L-form,
however, in some fermented food, various D-amino acids could be present. Therefore, the enantiomers
analysis is very important in order to assess food quality and properties. Amino acid chiral separation
has been carried out utilizing a chiral crown-ether column in chimchi (Chinese cabbage) [55], in black
vinegar and yogurt [54], in vinegar [56]. The chiral separation of a large number of amino acids has
been obtained without derivatization. Finally, it has been found that the concentration of D-amino
acids increased during the storage.

A few papers reported the enantiomers separation utilizing ultra high-performance liquid
chromatography (UHPLC). This is a powerful methodology where compounds are separated in
columns packed with particles of small diameter (<2-3 um). High selectivity, high chromatographic
efficiency, and short analysis time are the main advantages of this technique. However, it is noteworthy
mentioning that increased back-pressure is obtained (high-pressure pumps are necessary) [59-61].
This methodology has been applied to the separation and analysis of a fungicide compound
(prothioconazole) and its metabolite prothioconazole-desthio. The analytes have been base-line
resolved in their enantiomers using a cellulose- tris(4-methylbenzoate) column by HPLC, while no
baseline resolution was observed with UHPLC [59].

Among other recently developed analytical technique, one of them, namely nano-liquid
chromatography (nano-LC open tubular) has been proposed for the enantiomers separation of some
amino acids in apple juice. Amino acids have been derivatized with fluorescein isothiocyanate (FITC)
and separated in a fused silica capillary containing, on the wall, a thin layer of polymeric material
(monolithic) modified with a chiral selector (-cyclodextrin). The optimized method was applied to
the analysis of amino acid enantiomers in apple juice. While the technique can offer some advantages
over conventional ones, there are some limitations especially considering the sample loading and
the limited amount of chiral selector present in the capillary [62]. Table 2 summarizes the data related
to the use of HPLC for enantiomers separation in food products. Some representative chiral separations
of compounds in food matrices by HPLC-MS are reported in Figure 3.

4.3. Gas Chromatography

Table 3 reports the application to the analysis of enantiomers in food products achieved by
gas chromatography.

173



Molecules 2019, 24, 1119

‘[6¥] @ouaIagey woxy uorssrurod
UM PaIpOW ‘-9S0[N[[o)) XN -JSD) & U0 SIN-DT Aq d[ozexostiAd aprorduny jo uoneredss ouawoneur (1) pue {[¢g] woiy uorssturad yym pagrpow 4101-D7T 49 D
MVINMOMD -dSD © uo pazATeue sAep gz /G 10§ PaIO}S IYDWID] UT SPIDE OUTUIR JWOS JO UOYN[0SaI SIowonueur (D) *[8F] woiy uorssturiaod Yiim pagrpow ‘uum|od
1-9SO[AWY - JSD B U0 duIm due[q UOU3IANneg e wolj paje[ost (¢ VHS-€) a1e1ade [AxayjAuejmns-¢ pue (T HS-¢) [0-T-uexayAuejns-¢ (q) [ £¢] woiy uorssrurrad ypim
paygrpow uwnod HY-AQ [P21e1ryD) e Sursn payids Asuoy syuelq ur sapoiduny ajozern renyd (V) :surerdojewoyd SN /SIN-T 2A1nd9[@sonueud [edrdAy ¢ amSry

G 0¢ 51 0T 50 735 rvectT

oy
06 0% 0L 09 05 0t 05 0T 01

Piz-38eqes
Q0568 SN +10 01X
s gogrg e

a 1

oot

J

(urw) awiy ST /4 Sl oL S
. ’ awy) L i | L i
9 vz (44 (14 8L 9l vl z oL 8 9 14 z n_n <
00
< % §6°0zL<cl'0ge  OdI-(+) Od3-(-)
e sz 0z [-]8 oL S
L L 1 I ! L 1 L 1 n
&) =5 92°0L<v1"92¢E NIa-(+) NIa-(-)
SISWOURUS YHS-E (&) 5
9 vz k<4 (14 8L 9L vl k43 [[3 8 9 14 z 00 Mv WN 0z mr Ov S
< \,m) L 1 I 1 L
2
S80'L
26'69<11'682 OAN-() DAN-(+)
) i i 5 2 :
sJawolnueua HS-¢ (s) i
R
SL'0L<TL'¥6T ovd--) V| ovd(+) oL
q v

174



Molecules 2019, 24, 1119

(puodas) (ssawpony wy wnt 6z'

T /ur “PTWW GZ) X W ()E) UWn|od g-TIsopAD) UOT}ORIXI0IDIA [oaurdo)-§
[99] SW 'T ¥e wnrpy (3s113) (ssawpory} wyy wirl ¢ 2o-ac aseyJ-pros *oL pue [oaurdia)-x “Jooreur] ‘Quauowr |
“PTTWW gz X W Og) uwn(od XVM-4d
soddod urnauad£o-0
[g9] ana Do 022-00T N uumyod TeIryd z/1-gogq D9 uonoenxapmbr-pmbry  pue ‘98eqqed ‘odex (g %)
: : R p apRdasul pro1yiaIL]
12qUINOND “0}ewW0)
-_ aimssaxd peay (ssawpdny} Wy
pue uogezILOl ::w_\:o”. m:_tm.uﬂmm wrl g1 J9jaurerp ‘[eUIa)uT W Gz YISus| wonermsIp suspAydores-g
[¥9] edur 8 “un/ W §°Z Jo w 0g) UWn[od NA-g XoP[eIyD21sY b} weois QWYL [10 [enudssy {ooreur] ‘oot ‘ousurd-n
. MOTJ Juejsuod) sed ULIIXaPO[IAd-¢f JO ATIRALISP : : :
J1I01399[H : o
JarLred se uaBoIpAy  [A71s [Aingy-9-[Ayaw-O-1p-¢g papuog-uou
21005 (A5-141U54) [92d sura8ue) pue
WLXOPOAD- - Auad-O--[Aoutp-o'g (ANIS-SH) (ysoyy ourraZurey [o-p-usurdroy
(urw /ur 6z'7) sed N e 1P) UEXOpOpPAS-¢ UOILIIXDOIIIA ‘19ad a8uero “auauoI-» ‘[0aurdia}-o ‘duauow]
vl SN Jo11IeD St udB0IpAL] 7o0€ PUE (AD-IP) ULPOPOPAS- 29 aseyJ-pros “ysafy a3ueIo “Ysa ‘[ooreur| ‘ouoAed ‘ouaydured
s AW pIAIng-1421-0-9-1AUBR-0-1P-€'C ; v v
: : o : aoedspesy uowd[ ‘Joxred “yoead ‘10aur0q ‘auautd-g ‘eusurd-»
70€ ‘read ‘ordde) saom(
urw /gy saads ysy 61 pue (479 %) PSP
JO MOTJ JUBISUOD € Je SSoUNIUS W Wi 710 DT W G HOBOELXS DI ‘soroads ueadeysnn 2ULIPOPOAIOWOIGEXIY-OT'9'S'Z T
el s et BN A it ke » rmeond.__9/sad 114 ) sawxayopho
— 0g) uumy Trde> VI-g XaATVIIHD pozI ssnyow g Surpnpour . (874" ") suexayor )
0 0% k g -(1Aypeoworqrp-g'7)-p-owoIqrp-g'L
0/ TO1ITRD) SwISTuUeSI0 SULIRIA! SIowo
nueus HOH.L
SDUIIYIY uonPARRq asey IO asey Areuorjejg ey pue uwnjod anbruypay, :cMMHMME XLIJRIAL sajdureg

‘sisATeue poo,q 03 Do) jo suonedrjdde pajospag ¢ a[qer

175



Molecules 2019, 24, 1119

Finally, gas chromatography (GC), widely used for enantiomers resolution, can offer high
chromatographic efficiency. It is applied mainly to volatile compounds. The separation is performed
in a capillary of thin i.d. where a chiral selector is coated or bonded on the wall. In the publications
appeared during this time, polymeric material, 3-cyclodextrin-based has been used as a chiral selector.
Pollutants such as 1,2,5,6,9,10-hexabromocyclododecane (HBCD) (six diastereisomeric couple of
enantiomers) were studied by GC-MS in order to verify the bioaccumulation in fishes [63]. In order
to verify whether the processing would influence the enantiomeric ratio, chiral terpenoids present
in juice industry by-products have been analyzed with GC-MS by Marsol-Vall et al. [24]. Among
the results, authors observed that monoterpene alcohols (terpinen-4- ol and «-terpineol) exhibited a
change on the enantiomeric ratio concluding that this was probably due to the heat applied during
the drying process. The same technique has also been applied to the analysis of enantiomers present in
essential oil from thyme. In this study, authors found the presence of (—)-linalool, (—)-borneol and
(+)-limonene concluding that these compounds could be useful to assess origin and authenticity of
the product [64]. A more advanced analytical technique, namely two dimensional-GC-MS(2D-GC-MS)
has been applied to the analysis of chiral compounds present in tea samples [66]. The study aimed
to investigate the chiral stability of lemon-flavored hard tea during storage. Samples were firstly
analyzed by GC in a DB-Wax column and then target compounds heart-cutted and online submitted to
a chiral column (cyclodextrin-based) for chiral analysis. Authors found that R/S ratio of limonene did
not change during storage, while at high-temperature, S-limonene increased. Linalool enantiomers
analysis, at the beginning of storage, revealed the presence of a higher amount of R-enantiomer. During
storage, the R/S ratio decreased due to the conversion of S-isomer to R- one. Similar results have been
obtained for a-terpineol.

5. Conclusions

The separation of chiral compounds has received great attention also in the last few years in
different application fields including food chemistry. HPLC, SFC, and GC are the most utilized
techniques because their features employing essentially the direct resolution method. Chiral columns,
containing particles modified with selected CSs allowed the enantiomeric resolution of a large number
of compounds. The majority of the enantioseparations have been obtained using polysaccharide-type
CSs because of their very high chiral selectivity. The presented applications in the field of food analysis
document the need of powerful analytical methods to assess the role of enantiomers for safety and
product origin. Further studies are needed in order to (i) develop new CSPs (ii) study modern analytical
techniques such as UHPLC and nano-LC offering high efficiency and reducing analysis time.
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Abstract: In the present work, an aptasensing platform was developed for the detection of a carcinogenic
mycotoxin termed patulin (PAT) using a label-free approach. The detection was mainly based on
a specific interaction of an aptamer immobilized on carbon-based electrode. A long linear spacer
of carboxy-amine polyethylene glycol chain (PEG) was chemically grafted on screen-printed carbon
electrodes (SPCEs) via diazonium salt in the aptasensor design. The NH,-modified aptamer was then
attached covalently to carboxylic acid groups of previously immobilized bifunctional PEG to build a
diblock macromolecule. The immobilized diblocked molecules resulted in the formation of long tunnels
on a carbon interface, while the aptamer was assumed as the gate of these tunnels. Upon target analyte
binding, the gates were assumed to be closed due to conformational changes in the structure of the
aptamer, increasing the resistance to the charge transfer. This increase in resistance was measured by
electrochemical impedance spectroscopy, the main analytical technique for the quantitative detection
of PAT. Encouragingly, a good linear range between 1 and 25 ng was obtained. The limit of detection
and limit of quantification was 2.8 ng L™! and 4.0 ng L™, respectively. Selectivity of the aptasensor
was confirmed with mycotoxins commonly occurring in food. The developed apta-assay was also
applied to a real sample, i.e., fresh apple juice spiked with PAT, and toxin recovery up to 99% was
observed. The results obtained validated the suitability and selectivity of the developed apta-assay for
the identification and quantification of PAT in real food samples.

Keywords: impedimetric aptasensor; screen-printed interface; bifunctional polymer arms; PAT detection;
apple juice

1. Introduction

Effective detection of low molecular weight toxic molecules is vital in areas such as environmental
monitoring and the food industry [1-3]. Mycotoxins are small agro-based food contaminants that
pose serious health threats to humans and animals [4]. Patulin (PAT) is a low molecular weight
mycotoxin produced by various fungal species. This small mycotoxin is commonly present in fruit-
and vegetable-based products, especially apples [5,6]. The antibiotic properties of PAT were firstly
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reported in 1940. Some studies have also shown the adverse health effects of PAT on higher plants
and animals [7]. Extensive studies have been carried out to highlight the health risks of PAT, and it
has been concluded that PAT exhibits several chronic, acute, and cellular level toxic effects both on
human and animals [8]. PAT has neurotoxic, immunosuppressive, and mutagenic effects on several
animal species and cause severe damage to the intestinal epithelium, which leads to degeneration,
inflammation, ulceration, and bleeding [8,9]. Due to such pronounced toxicities, different authorities
have set regulatory limits for PAT in food. The European Union (EU) is the first organization that
defined a maximum admissible limit, i.e., 50 pg L-1110].

To monitor the level of PAT in food, several analytical techniques have been established
including HPLC, thin layer chromatography with mass spectrometry and UV detection [11], gas
chromatography coupled with mass spectrometry [12], micellar electrokinetic chromatography
(MEKC), and colorimetry [13-16]. Despite their high reliability and accuracy, these techniques suffer
many disadvantages such as complex instrumentation, high running cost, and complicated handling
methods that make on-site analysis unsuitable. Owing to such drawbacks, there is an immense need
of reliable, fast, and easy-to-operate screening methods.

Biosensors, being simple, reliable, and fast screening tools, have emerged as an attractive
alternative to classical analytical methods. Among different types of biosensors, electrochemical
aptasensors offer significant advantages over the others. [17]. Change in the unique three-dimensional
structure of aptamers upon target binding provides great flexibility in developing electrochemical
aptasensors. In most cases, an aptamer is tagged with a redox label such as ferrocene or methylene
blue [18]. These types of biosensor designs have been successfully employed to detect different
targets, including mycotoxins. However, their main problem is that they require large conformational
changes in the aptamer structure to tune the distance of the electro-active label from the transducer
surface. Moreover, the process of labeling aptamers is expensive, and labeling sometimes decreases the
activity of the modified biomolecules, which results in a more complex, laborious, and time-consuming
assay design. [19]. As an alternative, interest in the development of simpler and cheaper label-free
aptasensors has recently increased. These platforms are generally based on electrochemical impedance
spectroscopy (EIS) as a powerful technique, allowing sensitive detection of the smallest variations in
electron transfer processes. Still, in the case of small analytes, target binding events do generate an
easily measurable impedimetric signal, because physical hindrance induced by these low molecular
weight analytes is often insufficient to create detectable variation. However, ultrasensitive detection
of low weight targeted analytes by a simple aptasensor design is quite difficult. Different methods
have been used for signal amplification, such as strand displacement amplification, rolling circle
amplification, and the use of nanomaterials [20,21]. Although these approaches offer advantages
in signal intensification, they are costly, are complex, and have difficult operating conditions.
These problems have resulted in the exploration of novel aptasensor designs to ensure the sensitive
detection of low molecular weight targets. Integration of a spacer in aptasensor design could be a
simple and effective method of signal amplification. In this work, we present this strategy for the
detection of a small mycotoxin, i.e., PAT.

Furthermore, considering the mycotoxin analysis, multiple efforts have been made to design
and develop biosensors for aflatoxins and ochratoxins, but very few reports are available for PAT
detection [22,23]. In the present work, a novel impedimetric aptasensor was designed for the label-free
detection of PAT. A long spacer, i.e., carboxy-amine PEG, was used to facilitate the label-free detection
and enhance the sensitivity of the developed aptasensor. Disposable screen-printed carbon electrodes
(SPCEs) were used as transducers. The SPCEs were based on a conventional three-electrode system
with a working electrode made up of graphite (with a circular disk 4 mm in diameter), a counter
electrode (curved line: 16 x 1.5 mm), and Ag/AgCl (straight line: 16 X 1.5 mm) as a pseudo reference
electrode. All parameters were carefully optimized. The developed aptasensor was then assessed for a
real sample, i.e., apple juice. To the best of our knowledge, no such impedimetric aptasensor has yet
been reported for the detection of PAT.
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2. Materials and Methods

2.1. Design and Working Principle of Impedimetric Aptasensor

A schematic representation of the working principle and the stepwise design strategy of the
developed impedimetric aptasensor for PAT detection is shown in Scheme 1. As indicated, three major
steps were carried out for the fabrication process. In the proposed aptasensor, a diblock macromolecule
(carboxy-amine PEG + anti-PAT-aptamer) was chemically grafted onto the surface of SPCEs to form
clusters of long spacer arms on the working electrode. Aminobenzoic acid was first electrochemically
grafted onto the surface of SPCEs through linear sweep voltammetry (LSV). This technique is based on
the electrochemical reduction of diazonium salt, leading to aryl-centered radicals by the spontaneous
release of nitrogen. The voltammogram in Figure S1 shows the successful reduction of diazonium cations
via a one-electron process. An insulating layer of carboxyphenyl was covalently formed on the surface.

Diazonium deposition was then followed by the chemical grafting of carboxy-amine PEG through
the amide bond. The long spacer arms of heterobifunctional PEG acted like tunnels for the electrons of
the redox marker to reach the surface of the electrode. The second part of the diblock, i.e., the anti-PAT
aptamer, acted as gates for these tunnels. In the absence of a targeted analyte, the aptamer remained
unfolded, and it is assumed that the gates were opened, thereby permitting the electron transfer from
the redox probe to the surface of the electrode. Meanwhile, in the presence of the targeted analyte,
3D conformational changes in the aptamer structure resulted in the formation of an aptamer-PAT
quadruplex complex that locked the gates of tunnels, resulting in blockage of the electron flow toward
the electrode surface [24]. Furthermore, the conformational changes in the aptamer structure also
resulted in the exposition of the negatively charged backbone of the aptamer. Consequently, steric
hindrance after the formation of the quadruplex complex and the electrostatic repulsion between the
anionic ferri/ferrocyanide redox system and the negatively charged aptamer collectively increased the
impedance of the system. The higher the concentration of PAT is, the higher the impedance will be.
This concept makes the quantitative detection of PAT feasible.

Active
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Scheme 1. Design and working principle of the proposed aptasensor.
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2.2. Electrochemical Characterization of the Aptasensors

Cyclic voltammetry (CV) and EIS are widely used techniques to characterize the
electrode/electrolyte interfacial properties at different modification steps of aptasensor fabrication.
Thus, the different preparation stages were investigated by recording the impedance spectra and cyclic
voltammograms of the modified electrode in the presence of the reversible [Fe (CN)g]*~/3~ redox
system, shown in Figure 1.
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Figure 1. Characterization of modification steps during aptasensor fabrication. (A) Cyclic

voltammogram obtained in 1 mM Ferri/Ferrocyanide after each modification step during aptasensor
fabrication: (a) bare SPCE; (b) carboxyphenyl modified SPCE; (c) after immobilization of carboxy-amine
PEG; (d) anti-patulin (anti-PAT) aptamer modified electrode; (e) after incubation of 50 ng L~! patulin
(PAT). (B) Nyquist plots of a 1 mM [Fe(CN)gP~/4~ probe in PBS, pH 7 4.

2.2.1. Cyclic Voltammetry Characterization

CV in the ferri/ferrocyanide solution is a useful tool for examining the electrochemical behavior
of functionalized electrodes, as electron transfer is more or less feasible depending on the hindrance of
steric barriers. Therefore, this technique was used to investigate and characterize the electrode surface
modifications. Figure 1A shows the cyclic voltammograms obtained after each modification of the
electrode surface during aptasensor fabrication. Bare SPCEs exhibited a symmetric oxidation and
reduction peaks (Figure 1A(a)), but the insulating layer of 4-aminobenzoic acid (ABA) blocked electron
transfer from the probe to the electrode surface, so no oxidation or reduction took place, as we can see
in Figure 1A(b). After that, bifunctional PEG was deposited through the amide bond. The long linear
spacer arms of carboxy-amine PEG allow the electron to move from the probe solution to the electrode
surface. Hence, an increase in redox peaks of cyclic voltammogram can be observed in Figure 1A(c).
The immobilization of the aptamer over carboxy-amine PEG further decreased the resistance of the
system and facilitated the charge transfer from the solution to the electrode surface, resulting in an
increase in the redox shape of the voltammogram (Figure 1A(d)). After the completion of aptasensor
fabrication, PAT was incubated over the aptasensor. Changes in the 3D conformation of the aptamer
structure offered steric hindrance and resulted in the exposition of the negative charges of the aptamer
that strongly repelled the redox probe. No redox reaction occurred at the electrode surface, as shown
in Figure 1A(e).

2.2.2. Impedance Characterizations

EIS is a powerful and a useful tool for depicting the barrier properties of the modified electrode.
The Ret values obtained after fitting the curves to a Randles equivalent circuit are shown in Table S1
for various stages of aptasensor fabrication. Faradic impedance spectra presented in the form of
Nyquist plots are shown in Figure 1B for the stepwise modification process. Bare SPCEs exhibited a
small semicircle, as shown in Figure 1B(a), indicating a very low resistance in electron transfer from
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the redox probe to the electrode surface. After the electro-grafting of ABA via the diazonium ion,
the resistance of the surface significantly increased (Figure 1B(b)). This increase in resistance was
due to the presence of the COO™ surface, which acted as a barrier layer and hindered the electron
transfer from the anionic ferri/ferrocyanide redox probe to the electrode due to strong electrostatic
repulsion. The second modification was the covalent attachment of carboxy-amine PEG. For this
purpose, the COOH group was first activated with EDC-NHS chemistry. After the activation of
COOH carboxy-amine PEG was covalently attached via amide coupling between the terminal NH,
group of carboxy-amine PEG and the COO" group of the carboxyphenyl layer, there was a significant
increase in Rt (Figure 1B(c)). Contrary to the expected results, a small decrease in impedance was
observed, as compared to that obtained after ABA electrodeposition, although in both cases COO"
was exposed on the surface. This comparative decrease in Ret can be attributed to the formation
of tunnels on the electrode surface after the deposition of heterobifunctional PEG, which facilitates
the electron flow from the probe solution to the electrode. In the case of a carboxyphenyl layer,
these tunnels were absent, so the substrate was completely and uniformly covered with negative
charges. The electrostatic repulsion between COO™ did not allow any electrons to transfer from
the probe solution to the electrode. Such behavior of modified electrodes demonstrates that the
formation of tunnels on the electrode surface is due to the long linear spacer arms of carboxy-amine
PEG [24]. After successful immobilization of bifunctional PEG, the exposed COOH group was again
activated by EDC-NHS. Subsequently, amine-terminated anti-PAT aptamer was immobilized via
amide bond formation. A decrease in Ret in Figure 1B(d), as compared to 1B(c), proved the effective
immobilization of the aptamer, as the electrostatic repulsion between COO™ and the redox probe was
reduced after aptamer immobilization. The incubation of PAT increased in Ret values, which can be
seen in Figure 1B(e). The quadruplex formed upon target recognition, blocked the molecular gates
and exposed the negatively charged backbone of the aptamer toward the anionic probe that in-turn
increased the impedance of system.

2.3. Optimization of Experimental Parameters

The factors that can affect the electrochemical properties of the proposed aptasensor are pH,
temperature, analyte incubation time, and the concentration of the aptamer immobilized on the
electrode surface. Therefore, these parameters were optimized to obtain better analytical performance.
Results are shown in Figure 2. The optimal response of the aptasensor was obtained at room
temperature and pH 7.4. The concentration of carboxy-amine PEG was optimized to be 6 mg mL 1.

Furthermore, the time required to immobilize the maximum concentration of aptamers on the
active surface of the SPCEs was optimized. Variation in the A,,i, was recorded in the time range of
5-90 min. It was observed that maximum immobilization of the aptamer was achieved after 30 min
(Figure 2A).

The concentration of the aptamer is another important parameter. We recorded the A,y for
aptamer concentration ranging between 0.5 and 5.0 uM. Results in Figure 2B indicated that the
maximum Ay, was observed at a 2.0 uM concentration. Therefore, 2.0 uM was considered as the
optimum concentration and was used in the following experiments.

The analyte incubation time is also an important parameter optimized during the aptasensor
fabrication. Optimum incubation time for the analyte was found to be 45 min, as shown in Figure 2C.
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Figure 2. Optimization of experimental parameters. (A) Variation in A, with increasing time
after incubation with aptamer solution. (B) Variation in A4, with varying aptamer concentration.
(C) Variation in A4, obtained at different intervals of time after the incubation of PAT.

2.4. Analytical Performance of the Aptasensors

To evaluate the analytical performance of the developed impedimetric aptasensor, different
concentrations of PAT were incubated on the proposed aptasensing platform. A significant increase in
the Rer was observed with increasing PAT concentration. A Nyquist plot for the electrochemical
aptasensor in response to different concentrations of PAT is presented in Figure 3. The results
indicated that the more PAT was bound to the electrode surface, the higher the Ret of the system
was. This proportional increase in Ret indicated that the developed aptasensor can quantitatively
detect PAT. In order to calculate a reliable estimation of increase or decrease in impedance, A4, Was
calculated for all aptasensors (different electrodes developed in triplicate).

Figure 3B shows that the A, of the aptasensor gradually increases with an increasing
concentration of PAT.

Limit of detection and limit of quantification were determined by calculating the signal-to-noise
ratio in the blank. The formulae are

LOD = 3 * standard deviation of blank / S

LOQ = 10 * standard deviation of blank / S

where “S” is the slope of calibration curve.
The limit of detection obtained from the impedimetric aptasensor is 2.8 ng L1, while the limit of
quantification is 4.0 ng L~
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Figure 3. (A) Nyquist plot of the aptasensor after incubation with different PAT concentrations:
(a) bare, (b) 1 ngmL 1, (c) 2ngmL~1, (d) 4 ng mL~, () 8 ngmL~!, (f) 16 ngmL~!, (g) 20 ng mL !,
(h) 25 ng mL~1, and (i) 50 ng mL . (B) Calibration plot of Ay, With increasing PAT concentration.

2.5. Selectivity of the Aptasensors

Selectivity of the aptasensor against PAT was checked by incubating the aptasensor with different
interfering analytes such as ochratoxin A, ochratoxin B, and aflatoxins. Obtained results are presented
in Figure 4. No significant increase in Ret values can be seen in the case of mycotoxins other than
PAT, which confirms the high selectivity and specificity of the aptasensor for PAT. In the same context,
a control single-strand DNA was immobilized on the transducer surface in a fashion similar to that
described for immobilization of the aptamer. No significant change in Re¢ was observed in the presence
of PAT. These results also prove that there were no non-specific binding sites on the transducer surface.
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Figure 4. Selectivity test for the developed aptasensor.

2.6. Application to Spiked Apple Juice Sample

The developed impedimetric aptasensor was evaluated for real sample analysis. For a real
sample application, PAT was detected in apple juice. Apple juice samples were spiked with three
different concentrations of PAT, i.e., 4, 10, and 20 ng mL~!. Controlled experiments were performed by
detecting the same concentrations of PAT in phosphate binding buffer. The electrochemical response
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in apple juice exhibits the same phenomenon as observed in buffer. Results are presented in Table 1.
This experiment confirms the feasibility of the aptasensor for field applications. The recovery values
were calculated based on the integration of the A4, value (electrochemical impedimetric response) of
the spiked value in the equation of the calibration curve.

Y =0.3128 + 0.1901 * X

The precision and accuracy of the proposed aptasensor was confirmed by interday and intraday
assay analysis. A relative standard deviation (RSD) of 2.8-4.0% (n = 3) was calculated for interday
analysis, which indicated very good reproducibility of the assay. Similarly, for intraday analysis, RSD
was 1.34%, which confirmed that results are reproducible.

Table 1. Recovery percentages obtained with designed electrochemical aptasensor for PAT monitoring
in apple juice.

PAT Added (ng/mL) PAT Found (ng/mL) RSD % RE % R %

4 3.7 3.7 7.5 92.5
10 9.6 4.1 4 96
20 18.8 4.8 6 94

RSD % = relative standard deviation percentage; RE % = relative error percentage; R % = recovery percentage.

3. Experimental

3.1. Chemicals

Amine-terminated aptamer sequence for PAT was purchased from Microsynth
(Balgach, Switzerland) The aptamer sequence was developed by Shijia Wu et al. by a graphene
oxide-assisted SELEX (systematic evolution of ligands by exponential enrichment) process. Initially,
eight aptamer sequences were shortlisted, and an aptamer named PAT-11 was then selected as the final
recognition element based on its low Ky (dissociation constant) value, i.e., 21.83 nM, and the highest
binding affinity and selectivity for PAT. The potential applicability of the selected aptamer sequence
was further confirmed by developing an enzyme-chromogenic substrate system-based colorimetric
aptasensor for the selective and sensitive detection of PAT in a real matrix [25]:

Sequence of PAT aptamer:

5'GGC CCG CCA ACC CGC ATC ATC TAC ACT GAT ATT TTA CCT T-NH,-3'.
The sequence of control aptamers was as follows:
(5" GCA GTT GAT CCT TTG GAT ACC CTG G3')-NHo.

PAT, sodium phosphate dibasic NayHPOy, potassium chloride KCI, potassium phosphate
monobasic KH,POy, calcium chloride CaCly, magnesium chloride MgCl,, 4-aminobenzoic acid,
carboxy-amine PEG (3400) ethyl-dimethyl-amino-propyl carbodiimide, N-hydroxy succinimide and
ferricyanide, ferrocyanide, sodium nitrite, and 4-aminobenzoic acid were obtained from Sigma-Aldrich
(Lyon, France). Sterilized water was used for aptamer solution preparation, while distilled water was
used throughout the experimental procedure for reagent preparation. For real sample analysis, fresh
apple juice was bought from a supermarket in Perpignan, France.

Home-made SPCEs were used for the electrochemical experiments.

3.2. Instrumentation

Pre-treatment of the aptamer (heating at 90 °C for 8 min followed by immediate cooling to 4 °C
for 4 min then 15 min at RT) was done on thermocycler mastercycler (Eppendorf, Le pecq, France).
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All the electrochemical measurements were performed on an Electrochemical Workstation “Biologics”
equipped with EC-Lab software.

Lyophilized aptamer was diluted in phosphate binding buffer (PBB 50 mM). PBB was composed
of 2 mM KH,POy, 8mM Nay;HPOy, 135 mM KCl, 60 mM NaCl, and 5 mM MgCl, in deionized water.
The pH of the buffer was adjusted to 7.4.

3.3. Experimental Protocol

3.3.1. Covalent Immobilization of Aptamer onto the SPCEs

Before use, all electrodes were electrochemically washed with washing buffer (0.5 M H;SO4
diluted in 0.1 M KCI) with 8-10 CV scans between 1 and —1 V at 100 mV.s~!

Diazonium salt was generated by mixing 2 mM ABA in 0.5 M HCl with 2 mM sodium nitrite.
The solution was left to react for 5 min for maximum generation of diazonium salt. After 5 min,
150-200 pL of this salt solution was electrodeposited on SPCEs via LSV with a potential ranging
between 0.6 and —0.8 V and a scan rate of 50 mV.s ! [26]. Furthermore, the exposed COOH group of
ABA was activated through EDC/NHS chemistry (by immersing the electrode for 60 min in solution
of 100 mM EDC and 25 mM NHS solution in 100 mM MES buffer pH = 5.5). After activation of COOH,
6 mM carboxy-amine PEG solution was then incubated on a working electrode for 40 min to attach the
spacer covalently with aminobenzoic acid via an amide bond. The terminal COOH group of carboxy
amine PEG was again activated through carbodiimide chemistry. Afterward, 2 uM NH2-modified
PAT-aptamer was cast (20 pL) on the activated surface of the working electrode for an optimized
immobilization time of 30 min. The NH; group of the aptamer made a covalent bond with a terminal
COOH group of PEG. Finally, the working area was treated with 1% BSA solution to block non-reactive
sites, therefore avoiding the possibility of non-specific adsorption.

All the modification steps were characterized by CV and EIS. The CV was performed within a
potential range from 0.7 to —0.6 V at a 50 mV.s ! scan rate. EIS measurements were performed using
1 mM [Fe (CN)g]>~/#~ solution as a free redox probe containing 10 mM KCl.

The prepared electrode was stored at 4 °C and employed as a ready-to-use device during the
present work. The ready-to-use electrodes did not show any variation in the electrochemical response
over the entire period, suggesting the stability of the aptasensor.

3.3.2. Detection of Patulin

A stock solution of PAT was prepared in acetonitrile, and further dilutions were prepared in
PBB. For the detection of PAT, selected concentrations of PAT were incubated for 1 h with a fabricated
aptasensor, followed by rinsing with binding buffer, and electrochemical measurements were then
carried out.

3.3.3. Apple Juice Sample Preparation

In a 5 mL falcon tube, apple juice was vortex-mixed with ethyl acetate solution (1:1) and
centrifuged at 10m000 rpm for 5 min. The supernatant was dried in a nitrogen environment. Afterward,
the obtained dry powder was dissolved in PBS buffer after filtering with a nylon syringe filter (0.22 mm).
Different PAT concentrations (a 4, 10, and 20 ng mL~! final concentration) were then added to 50 uL of
the pre-treated apple juice samples in order to perform standard additions and recovery experiments.
The pH of the apple juice sample was adjusted to 7.4.

3.4. Impedimetric Measurements

Impedance measurements were obtained at an applied potential of 100 mV (vs. Ag/AgCl
reference electrode), within a frequency range from 10 KHz to 0.5 Hz, an AC amplitude of 10 mV,
and a sampling rate of 50 points. All measurements were performed in PBB containing a redox
probe (1:1 mixture of 2 mM K3[Fe(CN)g]/Ky[Fe(CN)g]). Impedance data was registered after each
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modification step of electrode surface in the following order: (i) bare electrode; (ii) diazonium salt
deposition; (iii) carboxy-amine PEG immobilization; (iv) aptamer immobilization steps; and (v) PAT
detection. The impedance spectra were presented as Nyquist plots, (—Zim Vs. Ze) and fitted to the
Randles equivalent circuit model, as shown in Figure S1, with EC Lab software. The parameter Rg,
corresponds to the solution resistance. Re; is the resistance in electron transfer between the electrode
surface and the redox marker, whereas C is the double-layer capacitance and W (Warburg parameter)
is associated with the diffusion of the redox probe. For all fittings, performed on EC-Lab software,
the chi-square goodness-of-fit test was carefully checked to verify calculations (with 80.73 at a 92%
confidence level). In this work, we focused on the variation in electron transfer resistance (Ret). In order
to minimize the electrode to electrode variations and to obtain reproducible and independent results,
relative and normalized signals were required. Thus, the A, parameter was calculated for all the
electrodes. Ay, is the ratio of Ret of the bare aptasensor to the Re of the aptasensor with a particular
amount of analyte. The Rt of the bare aptasensor was subtracted from the final values to ignore the
electrode-to-electrode variation.

Aratio = Ret (after PAT) ~ Ret (bare) / Ret (before PAT) — Ret (bare)

where Reg (after PAT) 18 the value obtained incubating the aptasensor with the PAT, Ret (before paT) is the
electron transfer resistance value of the bare electrode, and Ret (bare) is the resistance in electron transfer
of the blank electrode and buffer.

4. Conclusions

In summary, we successfully developed a field-portable impedimetric aptasensor for selective,
sensitive, and label-free detection of the carcinogenic mycotoxin known as PAT. Electrochemical
impedimetric aptasensing for label-free detection of PAT was based on diazonium chemistry and
bifunctional polyethylene glycol as spacer. The carboxy-amine PEG proved to be an effective spacer
that resulted in tunnel formation for the electron transfer from the redox probe to the electrode surface.
The LOD and LOQ obtained were 2.8 ng L land 4.0 ng L, respectively. Real sample analysis and
interference study confirms that the developed aptasensor has the potential for PAT detection in the
real matrix.
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S1: Ret Values obtained after each modification step of Aptasensor fabrication Electrode.
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Abstract: This study aims to analyze compositions of fatty acids and phospholipid molecular species
in the hard clams Meretrix lyrata (Sowerby, 1851) harvested from Cua Lo beach, Nghe An province,
Viet Nam. Total lipid of hard clams Meretrix lyrata occupied 1.7 &= 0.2% of wet weight and contained
six classes: hydrocarbon and wax (HW), triacylglycerol (TAG), free fatty acids (FFA), sterol (ST),
polar lipid (PoL), and monoalkyl diacylglycerol (MADAG). Among the constituents, the proportion
of PoL accounted was highest, at 45.7%. In contrast, the figures for MADAG were lowest, at 1.3%.
Twenty-six fatty acids were identified with the ratios of USAFA/SAFA was 2. The percentage
of n-3 PUFA (w-3) and n-6 PUFA (w-6) was high, occupying 38.4% of total FA. Among PUFAs,
arachidonic acid (AA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3), docosapentaenoic acid (DPA,
22:5n-3), and docosahexaenoic acid (DHA, 22:6n-3) accounted for 3.8%, 7.8%, 2.2% and 12.0%
of total lipid of the clam respectively. Phospholipid molecular species were identified in polar
lipids of the clams consisting six types: phosphatidylethalnolamine (PE, with 28 molecular species),
phosphatidylcholine (PC, with 26 molecular species), phosphatidylserine (PS, with 18 molecular
species), phosphatidylinositol (PI, with 10 molecular species), phosphatidylglycerol (PG, with
only one molecular species), and ceramide aminoethylphosphonate (CAEP, with 15 molecular
species). This is the first time that the molecular species of sphingophospholipid were determined,
in Meretrix lyrata in particular, and for clams in general. Phospholipid formula species of PE and PS
were revealed to comprise two kinds: Alkenyl acyl glycerophosphoethanolamine and Alkenyl acyl
glycerophosphoserine occupy 80.3% and 81.0% of total PE and PS species, respectively. In contrast,
the percentage of diacyl glycero phosphatidylcholine was twice as high as that of PakCho in total PC,
at 69.3, in comparison with 30.7%. In addition, phospholipid formula species of Pl and PG comprised
only diacyl glycoro phospholipids. PE 36:1 (p18:0/18:1), PC 38:6 (16:0/22:6), PS 38:1 (p18:0/20:1),
PI 40:5 (20:1/20:4), PG 32:0 (16:0/16:0) and CAEP 34:2 (16:2/d18:0) were the major molecular species.
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1. Introduction

Investigation on marine and freshwater two-part shell mollusks has been growing rapidly due
to their rich nutritional value, variety of biofunctions, potent activities, and most importantly, ease
of exploitation [1-4]. Poly-unsaturated fatty acids, mainly omega-3 fatty acids, have been a valuable
nutrient group and the nutraceutical of interest. In almonds (Prunus dulcis), it is shown that the content
of linoleic acid, a poly-unsaturated fatty acid, ranged from 10 to 31% depending on the origin of the
sample [5]. The high content of PUFA is suggested to be associated with the cardio protective effect.
The mollusk, especially bivalve mollusks, is widely consumed in Asian countries, providing high
protein content, sugars, lipids, especially omega-3-fatty acids and essential amino acids, vitamin B12
and essential elements including iron, zinc and copper. Among these constituents, phospholipids and
fatty acids play a major role in the functions of the immune system and the maintenance all hormonal
systems of the organism. These important functionalities promote the development of new and more
efficient extraction methods for mass production and commercialization of clams.

Clams, cockles, and arkshells, occupying the largest share in worldwide production of shellfish
(about 6.16 million tons in 2016), are widely used as an important nutriment source [6]. Investigations
of several clam species such as Meretrix lusoria (Asian hard clam), Meretrix meretrix, Cyclina sinensis,
and Chamelea gallina (venus clam) have revealed that phospholipid (PL) and w-3 long-chain
polyunsaturated fatty acids (LC-PUFA) are abundantly found in clams [7-10]. Beneficial fatty acids in
w-3 LC-PUFAs include eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3) and
docosapentaenoic acid (DPA, 22:5n-3) [11-13]. Such dietary fatty acids have been studied extensively,
showing a wide range of positive clinical effects including improvement in treatment of heart diseases,
effective intervention of insulin sensitivity, inhibition of tumors, inflammation and metastasis. The FDA
(Food and Drug Administration) has approved a qualified health claim for conventional foods and
dietary supplements that contain EPA and DHA [14]. It states, “Supportive but not conclusive research
shows that consumption of EPA and DHA omega-3 fatty acids may reduce the risk of coronary heart
disease.” The FDA also specifies that the labels of dietary supplements should not recommend a daily
intake of EPA and DHA higher than 2 g per day for health benefits [14]. For patients who need to
lower their triglyceride levels, the American Heart Association recommends 2—4 g/day of EPA plus
DHA under the care of a physician [15]. Several prescription omega-3 preparations are also available
to treat hypertriglyceridemia [16].

Clams could be potentially a good source of PL and PUFAs. Much evidence regarding lipid
composition in various clam species has been presented. For example, in the striped Venus Clam
(Chamelea gallina), it was shown that n-3 LC-PUFA constituted a large quantity in total fatty acids of,
ranging from 33.7 to 41.9%. In addition, EPA (8.2-20.0% of total fatty acids) and DHA (12.5-20.3% of
total fatty acids) were also found [8]. This is also similar to the Asian hard clam (Meretrix lusoria), where
PUFA (46.8-49.2% of total fatty acids), DHA (13.3-16.5% of total fatty acids) and EPA (4.8-7.1% of total
fatty acids) were found in high levels [9]. In the Ruditapes philippinarum clam, PLs were the principal
lipids (57-75% of total lipids) [7]. In the lipid composition of the Calyptogena phaseoliformis clam, major
lipids are the n-4 family non-methylene interrupted polyunsaturated fatty acids (NMI-PUFA) including
20:3n-4,7,15, 20:4n-1,4,7,15, and 21:3n-4,7,16, with significant levels of 20:2n-7,15 and 21:2n-7,16 as
non-methylene interrupted n-7 dienes [17]. The major fatty acids of lipids in Meretrix lamarckii
and Ruditapes philippinarum were 14:0, 16:0, 18:0, 16:1n-7, 18:1n-9, 18:1n-7, 20:4n-6, 20:5n-3, and
22:6n-3, while those of Mesolinga soliditesta were 16:0, 18:0, 16:1n-7, 18:1n-7, 20:1n-7, 20:1n-13, 20:2n-7,
15 (A5,13-20:2), and 22:2n-7,15 (A7,15-22:2) [18].
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Due to the immensity of the sea aquaculture reservoir, the Vietnamese fishery industry was
ranked very highly. In terms of fish landings from marine fishing areas, Vietnam occupied the 8th
position in 2015 and 2016, reaching a volume of 2.607 and 2.678 million tons respectively [19]. Among
Vietnam'’s highly valued aquatic organisms, the Meretrix lyrata (Sowerby 1851) clam, belonging to the
Veneridae genus, also known as the hard clam, could be found on seashores and in estuarine areas.
Apart from being an export product of high economic value, Meretrix lyrata also acts as a protein source
for domestic consumption [20,21]. Considering the limited data on plasmalogens of bivalve species
and the prevalence of the hard clam in Vietnamese diet, our study, for the first time, aims to report
the fatty acids, lipid classes and phospholipid molecular species of the hard clams Meretrix lyrata S.
The sample was collected in Cua Lo Beach, Nghe An Province, located in the North Central Coast
region of Vietnam and populated with diversified aquaculture and ample clam species, in particular.
We showed that the lipids from clams contained high percentages of PL. In addition, most of the
predominant glycerophospholipid (GP) molecular species, such as phosphatidylethalnolamine (PE),
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (PI) and phosphatidylglycerol
(PG) and sphingophospholipid (ceramide aminoethylphosphonate—CAEP), were identified.

2. Results and Discussion

2.1. Total Lipid

Total lipid (TL) constituted 1.7 & 0.2% of wet weight of the clams. The composition and
content of TL of Meretrix lyrata (Figure 1 and Table 1) was similar to that of other clams investigated
previously [18,22-24]. Overall, hard clam species contained common lipids hydrocarbon and wax
(HW), triacylglycerol (TAG), free fatty acids (FFA), sterol (ST), polar lipid (PoL) and monoalkyl
diacylglycerol (MADAG). In contrast with lipid compositions of cnidarians and coral in which MADAG
accounts for a significant proportion, MADAG component of the hard clam only represents a marginal
content of 1.3 & 0.2 of TL.

HW
MADAG

TG
FFA
— e & PoL
Figure 1. TLC determination of lipid classes of the clams.

Table 1. Composition of main lipid classes (% of total lipid) of the clams.

No. Lipid Class Content (%)
1 Hydrocarbon and wax (HW) 26+0.1
2 Monoalkyl diacylglycerol (MADAG) 1.3+02
3 Triacylglycerol (TG) 11.7 £ 0.3
4 Free fatty acids (FFA) 18.6 £ 0.8
5 Sterols (ST) 202 +05
6 Polar lipid (PoL) 457 £ 0.6
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The findings for PoL levels in the total lipids of the hard clam are similar to those of other studies
which have investigated lipid profiles and phospholipids. In addition, this result also highlights the
seasonal variation of PoL content in clam. Specifically, the analyzed hard clams, which were collected
in summer, exhibited a lower PoL content in comparison to those of other clam species collected in
other seasons [25,26].

Regarding other lipid classes, TAG, FFA and ST were the major lipid classes in the non-polar
lipid, representing 11.7%, 18.6% and 20.2% of TL respectively. This observation was in good agreement
with previous publications of other clam species [22-24]. Notably, the content of FFA was found to be
high in hard clam, suggesting possible involvement of lipase enzymes in the intestinal organs in the
hydrolysis of TAG into FFA. The presence of sterols in hard clam is also consistent with the ubiquity of
the lipid class in most marine organisms, which plays many key roles, such as presenting in membrane
composition [26,27].

2.2. Fatty Acids in Total Lipids

Twenty-six fatty acids in the lipid sample of hard clam were found with the number of carbon
atoms ranging from 14 to 22 (Table 2). Major FA were Acid 16:0, 16:1n-7, 18:0, 18:1n-9, 20:4n-6
(arachidonic acid AA), 20:5n-3 (EPA) and 22:6n-3 (DHA), respectively accounting for 16.0, 6.3, 5.0, 4.7,
3.8,7.8, and 12.0% of the total FA content. Saturated fatty acids occupied 26.3% of total FA content.

Table 2. Fatty acid composition (% of total) of clams.

R.t (min) Area Content (%)
Y. SAFAs 1,971,006 26.3
14:0 * 3.748 291,352.4 3.9
16:0 * 5.491 1,197,827 16.0
17:0 * 6.812 105,581.2 14
18:0 * 8.686 376,245.5 5.0
¥, MUFAs 1,191,078 15.9
16:1n-7 * 5.863 469,554.2 6.3
18:1n-9 * 9.228 355,129.6 4.7
18:1n-7 * 9.378 147,985.6 2.0
20:1n-11 15.324 99,722.7 1.3
20:1n-9 * 15.511 42,9954 0.6
20:1n-7 * 15.875 75,690.3 1.0
¥. PUFAs 2,831,606 37.7
16:3n-3 7.292 56,506.2 0.8
18:2n-6 * 10.411 63,571.7 0.8
18:3n-3 12.383 77,148.8 1.0
18:4n-3 * 13.518 80,259.3 1.1
20:2n-6 * 17.775 108,771.3 1.4
20:3n-6 19.233 31,176.5 0.4
20:4n-6 * 20.617 283,411 3.8
20:4n-3 * 23.19 36,235.8 0.5
20:5n-3 * 24.929 588,733 7.8
21:3n-3 28.661 85,752.1 1.1
21:5n-6 29.156 144,854.4 1.9
21:5n-3 33.552 53,585.8 0.7
22:4n-6 * 36.426 115,438.2 1.5
22:5n-6 39.584 96,337.1 1.3
22:5n-3 * 44249 161,865.8 22
22:6n-3 * 48.476 901,545.1 12.0
Octadecanal @ 7.882 808,630.9 10.8
Other P 702,316.4 9.4

* Fatty acids were identified by GCMS and GC. ? Fatty aldehyde was determined as its dimethylacetal derivatives by
GC and GCMS. ? 15:0, i-16:0, 16:1n-5, i-17:0, a-17:0, i-18:0, 17:3n-6, a-19:0, 19:0, 18:3n-6, 19:1n-9, 19:1n-7, 20:0, i-21:0,
a-21:0, 20:3n-3, hexadecanal, hexadecenal, octedecenal. SAFAs: saturated fatty acids. MUFAs: monounsaturated
fatty acids. PUFAs: poliunsaturated fatty acids.
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Monounsaturated fatty acids (MUFA) accounted for 15.9% of total FA content and 29.6% of
unsaturated fatty acids. Two major MUFA in the composition were C16 and C18 MUFA. Regarding
polyunsaturated fatty acids (PUFA), content of PUFA represented 37.7% and 70.7% of total FA
content and total unsaturated fatty acids respectively. Among PUFA, three C18 PUFA were found
including18:2n-6, 18:3n-3 and 18:4n-3. However, C18 PUFA only accounted for 2.9% of the total FA
content. In addition, the percentages of n-6 PUFA (w-6) were 11.2% of total FA. The figure for n-3
PUFA (w-3) was approximately 26.5%. Highly unsaturated fatty acids (HUFA) accounted for 32.1% in
total and 59.9% in unsaturated fatty acids.

These results were similar to those of various reports [23,28,29]. In the composition, several
odd-chain acids were found in small quantities and methyl-branched FA including i-16:0, i-17:0,
a-17:0, i-18:0 and i-21:0 were detected as trace amounts. Among many long-chain DMA produced
by plasmalogen PL under acid methanolysis of clam lipids, octadecanal dimethylacetal was the
major DMA and amounted to 10.8% of FA composition. Three FAs with 21 carbon atoms were
identified, including 21:3n-3, 21:5n-6 and 21:5n-3 and accounted for 1.1, 1.9, and 0.7% of FA, respectively.
According to a previous study [26], 6,9,12,15,18-Heneicosapentaenoic acid (21:5n-3) (HPA), was
shown to exhibit stronger inhibition for arachidonic acid synthesis from alpha-linoleic acid and
dihomo-gamma-linolenic acid in hepatoma cells.

2.3. Fatty Acids in Fractions of Phospholipid

As shown in Table 3, GC analysis indicated that the fractions of phospholipid of the clams
contained a high proportion of SAFAs. Saturated fatty acids exist dominantly in CAEP, at 75.8%.
This figure was more than twice as much as of PS + PI. The figures for PE + PG and PC were lower, at
40.5, and 52.2% respectively. The abundance of SAFAs in the FA composition of CAEP was consistent
with the molecular species content of 16:0, 17:0, and 18:0 acid, which were reported later in this study
and totaled at 67.1% of CAEP from hard clam (Table S6).

Compared with the lipids recovered from the other clam species [17], the FA composition
results of hard clam were also similar regarding DMA in PE and PC fraction. To be specific, both
studies suggested that DMAs were non-existent in FA composition of PC in investigated clam species.
In addition, present results also showed that CAEP fraction contains no DMA and PE is the only
fraction which contains all three DMAs including of 16:0, 17:0 and 18:0 DMA, with corresponding
contents of 0.4, 1.2, and 11.3%. In fractions of PS + PI, only 17:0 DMA and 18:0 DMA exists at 1.5%
and 14.6% respectively. Thus, two kinds of phospholipid formula species contained in PE and PS were
plasmenyl and diacyl phospholipids and two phospholipid formula species of PC includes plasmanyl
and diacyl glycero phospholipids.

Table 3. Fatty acid composition (% of each type phospholipid) of clams.

Fraction PE + PG PC CAEP PS + PI
3. SAFAs 40.5 52.2 75.8 325
14:0 4.3 nd nd 0.7
16:0 22.0 36.9 57.0 129
17:0 3.2 4.1 43 2.1
18:0 11.0 9.9 13.0 16.2
20:00 nd 1.3 1.5 0.4
3. MUFAs 253 14.4 11.3 225
16:1n-7 10.9 3.6 nd 1.2
18:1n-9 8.4 7.9 8.5 9.5
18:1n-7 3.5 1.5 0.4 0.7
20:1n-11 1.1 0.5 0.3 74
20:1n-9 0.6 0.5 0.7 1.2
20:1n-7 0.8 0.4 1.4 2.5
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Table 3. Cont.

Fraction PE + PG PC CAEP PS + PI
Y. PUFAs 149 29.9 9.1 22.7
16:3n-3 0.9 0.8 nd nd
18:2n-6 0.9 1.0 2.1 1.5
18:3n-3 1.2 0.5 0.1 nd
18:4n-3 0.8 0.6 nd nd
20:2n-6 nd 1.2 0.2 nd
20:3n-6 nd 0.7 0.3 nd
20:4n-6 1.7 24 1.7 5.8
20:4n-3 nd 0.3 nd nd
20:5n-3 29 3.8 1.2 14
21:3n-6 nd 2.6 0.8 nd
21:3n-3 2.2 0.4 0.2 49
21:5n-6 nd 0.8 0.3 nd
21:5n-3 nd 0.1 1.1 nd
22:4n-6 nd 1.0 nd 0.7
22:5n-6 1.1 0.9 nd 1.5
22:5n-3 nd 1.8 nd 1.3
22:6n-3 3.2 11.0 1.0 55
> DMAs 129 16.0
16:0 0.4 nd nd nd
17:0 1.2 nd nd 1.5
18:0 11.3 nd nd 14.6
Other 6.3 3.5 3.8 6.3

nd: not detected or under 0.1% of fatty acid composition in each type phospholipid. SAFAs: saturated fatty
acids. MUFAs: monounsaturated fatty acids. PUFAs: poliunsaturated fatty acids. DMAs: dimethylaxetal.
PE: Phosphatidylethanolamine. PC: Phosphatidylcholine. PS: Phosphatidylserine. PI: Phosphatidylinositol.
PG: Phosphatidylglycerol. CAEP Ceramide aminoethylphosphonate.

2.4. Molecular Species of Phospholipid

Molecular species of polar lipids from the hard clam were determined following the previously
described HRMS fragmentations of PL standards [30]. TL of Clams contained 48.96% of polar
lipids (PoL) (Table 1). PoL have got glycolipid and phospholipid. Especially in the hard clams,
phospholipid dominated, with six types of phospholipids, including phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (PI) and phosphatidylglycerol
(PG) and Ceramide aminoethylphosphonate (CAEP). The molecular species and qualification of each
phospholipid were performed by HPLC-HRMS [31].

Among phosphatidylethanolamine (PE) of clams, we determined 28 constituents. Alkenyl
acyl glycerophosphoethanolamine (ethanolamine plasmalogen PlsEtn) was the major component
in PE, with 80.3% of total PE species (Table S1), followed by PE 40:6 (m/z (M+) 776.5556), at 17.13%,
Plasmalogen PE 36:1 (m/z (M+) 730.5794), at 15.4%, and PE 40:2 (m/z (M+) 784.6161), at 10.3%.

PlsEtn can be characterized according to their MS and MS/MS data. The signals of positive
quasi-molecular ions [M + HJ*, cluster ions [M + H + C¢H;5N]* and negative quasi-molecular ions
[M — H]~ were observed in the HRMS spectra of all components of formula species of PE. For instance,
we detected signals of negative quasi-molecular ions [M — H] ™ at m/z 728.5544 ([C41H7»NO;P]~,
calculated 728.5594, different 0.00556), positive quasi-molecular ions [M + H]* at m/z 730.5794
([C41Hg1NO7P]*, calculated 730.5751, different 0.00488), and positive cluster ions [M + C¢HysNJ*
at m/z 831.6822 ([C47HgsN,O7P]*, calculated 831.6955, different 0.01277) of PE 36:1 (Figure 2).

From the the MS?~ spectrum of the ions [M — H]~ of PE 36:1, one signal corresponding to one
carboxylate anion of 18:1 was detected at m/z 281.2466. For the plasmalogen, the fatty acid (FA)
anion ([RCOO] ™) can only be liberated from the sn-2 position due to the ankenyl linkages at the sn-1
position [32]. Therefore, three possible molecular species including plasmenyl p18:0/18:1. Component
PE 36:1 was identified as alkenyl acyl glycerophosphoethanolamine, p18:0/18:1 PIsEtn (Figure S1).
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Figure 2. HPLC-HRMS (a) and fragmentation of PE 36:1(b—MS*, c—MS~, d—MS?").

Diacyl glycerophosphoethanolamine only accounted for 19.7% of total PE species. For an
unknown PL containing two FAs, MS and MS/MS data also are needed to determine the two individual
FAs esterified at the sn-1 and sn-2 positions of the glycerol backbone.

For example, for the unknown PE with measured m/z of 730.5411 (quasi-molecular
ion (M +H]")), PE 35:2 could tentatively be deduced according to the previously described
formulae [30,31]. The MS2~ spectrum of the ions [M — H]~ of component PE 35:2 contained the
signal of two carboxylate anion of 18:1 at m/z 281.2466 and 17:1 at m/z 267.2315 (Figure 3 and
Figure S2). The component PE 35:2 was determined as diacy glycerophosphoethanolamine, 18:1/17:1.

The choline glycerophospholipids (ChoGpl) of clams is summarized in Table S2. Among 26
components, 9 of which constituted more than 51% of total ChoGpl. The percentage of diacyl glycero
phosphatidylcholine was twice as abundant as PakCho in total PC, at 69.3% in comparison with 30.7%.

The signals of positive quasi-molecular ions [M + H]J*, negative formate molecular ions [M +
HCOO]™ and cluster ions [M — CH3]~ were observed in the HRMS spectra of all components of
formula species of PC. Formate molecular ions ([M + HCOO] ™) of each component lost methyl formate
at the MS?~ stage (Figure 4). For instance, with the highest percentage at 16.0%, PC 38:6 formed
negative acetylated molecular ions [M + HCOO]~ at m/z 850.5571, positive quasi-molecular ions
[M + H]* at m/z 806.5637 and cluster ions [M — CH3] ™ at 790.5373 corresponding to composition
[C47Hg1NO1oP]~ (calculated850.5598, different 0.00326), [C46HgiNOgP]* (calculated806.5700, different
0.00573) and [C45H77NOgP] ™ (calculated 790.5387, different 0.00193), respectively (Figure 4).
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Figure 4. Fragmentation of PC (38:6): a—HPLC-HRMS, b—MS"; ¢c—MS™ of fragmentation 850.5490
and 790.5301; d, e—MS2~ of fragmentation 850.5490 and 790.5301.
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At the MS?~ stage, the ions at m/z 850.5571 eliminated a molecule of C;H,O, (methyl formate)
and formed ions at m/z 790.5303, suggesting the formation of the quasi-molecular negative ions
by the addition of formate ion to the lipid molecule. On MS?~ of component lost methyl formate,
two carboxylate anion of 22:6 at m/z 327.2228 (calculated 327.2324, different 0.0105) and 16:0 at m11/z
255.2286 (calculated 255.2324, different 0.00435) were observed (Figure 4 and Table S3). Normally,
the sn-2 of PL is the preferred position for PUFAs [32]. Therefore, PC 38:6 was characterized as diacy
glycerophosphocholine 16:0/22:6.

Among phosphotidylserine PS of clams, we determined 18 constituent components (Table S3).
Alkenyl acyl glycerophosphoserine was the major component in PS, with 11 components occupying
81.0% of total PS species.

All components of formula species of PS had a signal of negative quasi-molecular ions [M — H] .
On the other hand, positive quasi-molecular ions did not form. The MS?~ spectrum of [M — H]~ of
each component contained a signal of characteristic ion [M-H-C3HsNO,] ™ corresponding to the loss
of serine group (Figure 5). This was a specific fragmentation difference from the fragmentations of
negative quasi-molecular ions of PE.
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Figure 5. Fragmentation of PS (38:1): a—MS ™, b—MS%~.

For example, PS 38:1 formed negative quasi-molecular ion [M — H] ™ at 800.5756 ([C44HgsNOoP] ™,
calculated 800.5805, different 0.00549). On MS?~, the absence of serine (713.6436) and serine and
acyl groups (403.2605) was observed. However, signal of fatty acid was not detected (Figure 54).
The component PS 38:1 was determined as alkenyl acyl glycerophosphoserine, p18:0/20:1.

Diacyl glycerophosphoserines only accounted for 19% of total PS species. On the MS?~ of signal
negative quasi-molecular ion [M-H] ~ at 836.5402 ([C46H79NO10P]-, mass 836.5402, different 0.00451),
the signal lost serine (749.4945) and lost simultaneously serine and acyl groups (419.2543) and one
carboxylate anion of fatty acid 18:0 at m/z 283.2521 (Figure 6 and Figure S5). The component PS 40:5
was determined as diacy glycerophosphoserine, 18:0/22:5.

Among phosphotidylinositol PI of clams, we determined 10 components (Table S4). In addition,
Alkenyl acyl glycerophosphoinositol was absent in PI. All ten components PI were diacyl
glycerophosphoinositol with fatty acids 16:0. 17:0, 18:0, 19:0, 20:1, 20:4, 20:5.

The molecular species of clam PtdIns indicated the formation of both negative and positive
quasi-molecular ions [M — H] . In addition, MS2- fragmentation of the ions [M — H] of
PtdIns also reveals the presence of several characteristic ions such as PI 40:5 (Figure 7 and
Figure S6). The fragmentation 911.5593 had formula [C49HgsO13P]~, calculated 911.5650 (different
0.00620). The MS?>~ spectra of component PI 40:5 also contained signals corresponding to the
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quasi-molecular ion, whose inositol, acyl groups and carboxylate anion of fatty acid have been
simultaneously lost. In addition, fragmentation 297.0467 was quasi-molecular ion that lost diacyl
groups. This fragmentation was important in determining the molecular species of PI.
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Figure 7. Fragmentation of PI (40:5): a—MS™, b—MS?~.

The component PI 40:5 (Figure S6) was determined as diacy glycerophosphoinositol 20:1/20:4.

We determined a single component, which was isomers of PG 32:0 constituting
phosphatidylglycerol (PG) (Table S5).

PG 32:0 was described as follows (Figure 8 and Figure S7). The MS2- spectra of component PG
32:0 contained signals corresponding to the negative quasi-molecular ion 721.4975 ([C3gHy71O10P] ™,
calculated 721.5020, different 0.00501). On MS?~, we obtained fragmentations of carboxylate anion of
fatty acid 16:0 (255.2304) with the simultaneous absence of glycerol and acyl groups (391.2255).
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Figure 8. Fragmentation of PG (32:0): a—MS~, b—MS?~.

The component PG 32:0 (Figure S7) was determined as diacy glycerophosphoglycerol 16:0/16:0.

Fifteen molecular species of CAEP were determined (Table S6). In mass spectra of all molecular
species, we observed signals of negative quasi-molecular ions [M — H]~, positive quasi-molecular
ions [M + H]* and positive quasi-molecular ions [M + Na]*.

For example, we had signals of negative quasi-molecular ions [M — H]~, at m/z 685.5565
([C39H78N»O5P]~, calculated 685.5648, different 0.00888), positive quasi-molecular ions [M + HJ*
at m/z 687.5830 ([C39HggN2OsP]*, calculated 687.5805, different 0.00306), and positive adductions
[M + Na]* at m/z 709.5627 ([C39H79N,OsNaP]*, calculated 709.5619, different 0.00082) of CAEP 37:1
(Figure 9).
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Figure 9. Fragmentation of CAEP (37:1): a—MS*, b—MS~, c—MS?~.

The MS?~ spectrum of [M — H]~ of CAEP which was sphingolipid signified a specific
fragmentation similar to the fragmentations of negative quasi-molecular ions of glycerophospholipids
(Figure S8). On MS?~, we obtained carboxylate anion fragmentation of fatty acid 18:0 (283.2572).
In addition, [M — H]~ lost a neutral fragment amounted to 266.2567 and formed a single ion at
419.2980. Other fragmentations are also explained in Figure S8.
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3. Materials and Methods

3.1. Material

The colonies of the clams were collected in May 2017 in Cua Lo beach, Cua Lo town, Nghe An
provine, Vietnam.

The samples were transported immediately to the Institute of Natural Products Chemistry,
Vietnam Academy of Science and Technology. Then, the shells and the meat were separated and stored
at —5°C.

3.2. Total Lipid Extraction

Soft tissue of clams was crushed and total lipid (TL) was extracted using modified Blight-Dyer
extraction technique [31]. To be specific, lipids were extracted by homogenizing with the
CHCl3/CH30H solution (1:2, v/v) (30 mL per 10 g of clams wet weight) in 6 h, at 30 °C. The obtained
homogenate was filtered, and the residue was repeatedly extracted (6 h, 30 °C) in CHCl3 (20 mL) a
second time. After extraction, the homogenates were then mixed and separated into layers by adding
20 mL of HyO. The lower layer was evaporated and the obtained TL obtained was dissolved in CHCl3
and stored at —5 °C.

3.3. Analyses of Lipid Classes

To determine lipid class compositions, the extracted lipids were first dissolved in chloroform
(10 mg/mL) and then spotted onto the one-dimensional thin-layer chromatography (TLC) using the
pre-coated silica gel plates (6 cm x 6 cm) Sorbfil PTLC-AF-V (Sorbfil, Krasnodar, Russia). The first
development of the plate was carried out with n-hexane/diethyl ether/acetic acid (85:15:1, v/v/v)
for full length. Then, the plate was redeveloped with CHCl3/CH3OH (2:1, v/v) for 5% length.
Subsequently, the plates were air-dried, sprayed with 10% H,SO,/CH3OH and heated at 240 °C for
10 min. An image scanner (Epson Perfection 2400 Photo, Epson, Suwa, Japan) operating in grayscale
mode was employed to obtain chromatograms. For determination of lipid percentages, band intensity
was evaluated using an image analysis program (Sorbfil TLC Video densitometer, Krasnodar, Russia).

3.4. Separation of Phospholipid Classes

The TLC plates used in this study were 10 x 10 cm glass-backed HPTLC Silica gel 60 plates
(Merck, Darmstadt, Germany). Prior to sample loading, the plates were activated at 110 °C for at least
90 min and allowed to cool to room temperature in a vacuum desiccator. One dimensional TLC was
employed to analyze phospholipids with the solvent system of chloroform-methanol-25% aqueous
ammonia-benzene (65:30:6:10, v/v/v/v) [33]. Phosphomolybdate spray reagent for detection was
prepared following a previous study [34].

Spots from TLC plates was eluted by the following procedure. First, for each phospholipid,
corresponding band was scraped from the plate developed twice in 1st direction with the
aforementioned solvent system. Second, elution was performed with chloroform-methanol (1:1, v/v).

3.5. Analyses of Fatty Acids

To obtain fatty acid methyl esters (FAME), the lipids were treated with 2% H;SOy4 in CH30OH
in a screw-capped vial (2 h, 80 °C) under air and purified by TLC development in hexane-diethyl
ether (95:5, v/v). FAME were analyzed with GC at 210 °C and identified with reference to authentic
standards and a table of equivalent chain lengths [35]. Injector and detector temperatures were 240 °C.

To confirm structures of FA, corresponding FAME were analyzed with GC-MS and resulted
spectra were matched with the NIST library and FA mass spectra archive [36]. Temperature of the
GC-MS analysis initiated at 160 °C and then progressed at 2 °C/min to 240 °C which was kept constant
for 20 min. Injector and detector temperatures were 250 °C.
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3.6. Analysis of Molecular Species of Phospholipids

Phospholipids were analyzed with high performance liquid chromatography-high resolution
mass spectrometry (HPLC-HRMS) to identify and quantify chemical structures of molecular species
of phospholipids.

The high performance liquid chromatography (HPLC) separation of PL was performed at the
constant content of (CoHs)3N/acid formic (0.08:1, v/v) in the solvent system [37] that allowed carrying
out efficient ionization in ESI conditions and obtaining a stable ion signal by the simultaneous
registration of positive and negative ions. For polar lipids, HPLC separation was performed using the
binary solvent gradient consisted of solvent mixture A: n-hexane/2-propanol/acid formic/(CoHs)3sN
(82:17:1:0.08, v/v/v/v) and mixture B: 2-propanol /H,O/acid formic/(CoHs)3N (85:14:1:0.08, v/v/v/v).
The gradient started at 5% of mixture B, and its percentage was increased to 80% over 25 min.
This composition was maintained for 1 min before being returned to 5% of mixture B over 10
min and maintained at 5% for another 4 min (the total run time was 40 min). The flow rate was
0.2 mL/min. Polar lipids were detected by high resolution mass spectrometry (HRMS) and identified
by a comparison with authentic standards using a Shimadzu LCMS Solution control and processing
software (v.3.60.361, Shimadzu, Kyoto, Japan). The quantification of individual molecular species
within each polar lipid class was carried out by calculating the peak areas for the individual extracted
ion chromatograms [38].

3.7. Instrumental Equipment

The GC analysis was carried out on a Shimadzu GC-2010 chromatography (Kyoto, Japan) with
a flame ionization detector on a SUPELCOWAX 10 (Supelco, Bellefonte, PA, USA) capillary column
(B0 m x 0.25 mm x 0.25 um). Carrier gas was He at 30 cm/s. The GC-MS analysis was performed
with a Shimadzu CMS-QP5050A instrument (Kyoto, Japan) (electron impact at 70 eV) with a MDN-5s
(Supelco, Bellefonte, PA, USA) capillary column (30 m x 0.25 mm ID). Carrier gas was He at 30 cm/s.

The HPLC-HRMS analysis of polar lipids was performed with a Shimadzu Prominence liquid
chromatograph equipped with two LC-20AD pump units, a high pressure gradient forming module,
CTO-20A column oven, SIL-20A auto sampler, CBM-20A communications bus module, DGU-20A3
degasser, and a Shim-Pack diol column (50 mm x 4.6 mm ID, 5 um particle size) (Shimadzu, Kyoto,
Japan). Lipids were detected by a high resolution tandem ion trap—time of flight mass spectrometry
with a Shimadzu LCMS-IT-TOF instrument (Kyoto, Japan) operating both at positive and negative
ion mode during each analysis at electrospray ionization (ESI) conditions. Ion source temperature
was 200 °C, the range of detection was m/z 200-1600, and potential in the ion source was —3.5 and
4.5 kV for negative and positive modes, respectively. The drying gas (N;) pressure was 200 kPa. The
nebulizer gas (N) flow was 1.5 L/min.

4. Conclusions

Lipid analysis of the present study revealed that the total lipid in hard clam (Meretrix lyrata)
occupies 1.7 #= 0.2% of wet weight and that six lipid classes consisting of hydrocarbon and wax (HW),
triacylglycerol (TAG), free fatty acids (FFA), sterol (ST), polar lipid (PoL) and monoalkyl diacylglycerol
(MADAG) were detected. Among these classes, the proportion of PoL and MADAG accounted for
the highest, at 45.7%, and the lowest, at 1.3% of total lipid, respectively. In addition, the ratios of
PUFA /SAFA was 1.4. The total percentage of n-3 PUFA (w-3) and n-6 PUFA (w-6) was relatively high,
at 38.4% of total FA.

To our knowledge, this is the first report to determine chemical structures and quantities of
molecular species of phospholipid, in general, and phosphoethanolamines in particular, on the hard
clams Meretrix lyrata from Cua Lo beach, Nghe An province, Viet Nam. Five types glycerophospholipid
were identified: PE, PC, PS, PI and PG. One type sphingophospholipid was identified to be CAEP.
Ninety-eight molecular species were identified in polar lipids of the clams. Alkenyl acyl forms of
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glycerophospholipids predominated in the molecular species determined. PE 36:1 (p18:0/18:1), PC 38:6
(16:0/22:6), PS 38:1 (p18:0/20:1), P1 40:5 (20:1/20:4), PG 32:0 (16:0/16:0) and CAEP 34:2 (16:2/d18:0)
were the major molecular species.
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Abbreviations

AA Arachidonic acid

CAEP Ceramide aminoethylphosphonate

ChoGpl Choline glycerophospholipids

DHA Docosahexaenoic acid

DMA Dimethylacetal

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

FFA Free fatty acids

GC Gas chromatography

GCMS Gas chromatography—mass spectrometry
HPA Heneicosapentaenoic acid

HPLC-HRMS High performance liquid chromatography-high resolution mass spectrometry
HRMS High resolution mass spectrometry

HUFA Highly unsaturated fatty acid

HW Hydrocarbon and wax

LC-PUFA Long-chain polyunsaturated fatty acid
MADAG Monoalkyl diacylglycerol

MS Mass spectrometry

MS/MS Mass spectrometry / Mass spectrometry (or tandem mass spectrometry)
MUFA Monounsaturated fatty acid

NMI-PUFA Non-methylene interrupted polyunsaturated fatty acid
PakCho 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholine
PC Phosphatidylcholine

PE Phosphatidylethalnolamine

PG Phosphatidylglycerol

PI Phosphatidylinositol

PL Phospholipid

PIsEtn Ethanolamine plasmalogen

PoL Polar lipid

PS Phosphatidylserine

PtdIns Phosphatidylinositol

PUFA Poly-unsaturated fatty acid

SAFA Saturated fatty acid

ST Sterol

TAG Triacylglycerol

TL Total lipid

TLC Thin-layer chromatography

USAFA Unsaturated fatty acid
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Abstract: The quality and safety of food are important guarantees for the health and legal rights of
consumers. As an important special fruitcrop, there are frequently shoddy practices in the kiwifruit
(Actinidia chinensis) market, which harms the interests of consumers. However, there is lack of
rapid and accurate identification methods for commercial kiwifruit varieties. Here, twelve common
commercial varieties of kiwifruit were morphologically discriminated. DNA barcodes of chloroplast
regions psbA-trnH, rbcL, matK, rpoB, rpoC1, ycflb, trnL and rpl32_trnL(UAG), the nuclear region At103
and intergenic region ITS2 were amplified. Divergences and phylogenetic trees were used to analyze
the phylogenetic relationship of these twelve commercial kiwifruit varieties. The results showed
that matK, ITS2 and rpl32_trnL(UAG) can be utilized as molecular markers to identify CuiYu, JinYan,
HuangJinGuo, ChuanHuang]Jin, HuaYou, YaTe, XuXiang and HongYang. This provides experimental
and practical basis to scientifically resolve kiwifruit-related judicial disputes and legal trials.

Keywords: food safety; kiwifruit (Actinidia chinensis); molecular identification; phylogeny;
DNA barcode

1. Introduction

The quality and safety of food are important guarantees for the health and legal rights of
consumers. Kiwifruit (Actinidia chinensis), also called ‘the king of fruits’, is an important economical
crop because of its exceedingly high content of ascorbic acid (vitamin C), dietary fiber, nutritional
minerals compositions and other health beneficial metabolites [1]. China, the origin of kiwifruit,
possesses the largest planted area of kiwifruit in the world. According to statistics, in 2016, the
national kiwifruit cultivation area reached 0.365 million acres, and the output was 2.15 million tons
(China Industry Report Network) [2] Since the commercial establishment of kiwifruit, its classification
has been controversial. These kiwifruits, named with geographical indications, cannot represent
the species of kiwifruit. Besides, many commercial varieties vary greatly in market demand and
price due to differences in taste and nutritional value. Therefore, there are frequent problems in the
kiwifruit industry, such as false labelling, and lack of origin confirmation and identification. In order
to protect consumer rights, we are looking for ways to quickly and accurately identify the commercial
varieties of kiwifruit in the market and scientifically resolve judicial disputes and legal trials. However,
morphological-based identification methods have great difficulties for non-professionals, and the
methods of omics or chemistry are complex, time consuming and susceptible to environmental
factors [3,4].

Molecules 2019, 24, 888; d0i:10.3390/ molecules24050888 209 www.mdpi.com/journal /molecules



Molecules 2019, 24, 888

The DNA barcoding technique is a quick and effective molecular marker technology for
classification and identification of organisms by using a standard gene region [5]. Since Hebert
et al. recommended mitochondrial cox1 gene as a DNA barcode for animal species identification in
2003 [5], it has been widely and effectively applied in the classification, identification, and phylogenetic
analysis of thousands of species [6,7]. DNA barcode technology is an ideal identification method
because of its accurate identification and simple operation. To date, the Consortium for the Barcode of
Life (CBOL) formally proposed chloroplast markers rbcL and matK as the core barcodes for plant species
identification [8]. Noncoding intergenic spacer psbA-trnH barcode was used to identify species of
medicinal pteridophytes and members of Dendrobium of Orchid [9,10]. ITS2 was selected as a standard
barcode for identifying medical plants [11]. Two chloroplast genome markers, coding rpoB and rpoC1
were utilized to discriminate 92 species in 32 diverse genera of land plants [12]. ycf1b was reported as
the most variable plastid genome region and can serve as a core barcode of land plants [13]. trnL was
chosen as the barcoding gene for reference library constructing and high-throughput sequencing for
wetland plants [14]. At103 (Mgprotoporphyrin IX monomethyl ester cyclase) developed by Li et al. [15]
as universally amplifiable marker for phylogenetic reconstructions and that together with matK to be
used to distinguish toxic hybrids form parental species [16]. Fu et al. [17] found that rpI32_trnL (UAG)
had a greater degree of variation and could be used as the core barcode sequence of cherry plants.
These genes have the potential to be as powerful as mitochondrial CO1 gene in identifying species [10].
However, as far as we have been concerned, there have been no reports on DNA barcode for common
kiwifruit commercial varieties in the market. Previous studies have provided us with reference to
the feasibility of using DNA barcodes to identify kiwifruit commercial varieties. Lee et al. made use
of ITS2 to identify the varieties and provenances of Taiwan’s domestic and imported made teas [18].
Enan and Ahmed using chloroplast DNA barcode psbK-psbl spacers for identification of Emirati date
palm (Phoenix dactylifera L.) varieties (cultivar-level) [19]. Jaakola et al. successfully identified the
blueberry varieties “Northcountry” and “Northblue” using DNA barcode technology combined with
high-resolution dissolution profiles [20]. Through DNA barcodes, He et al. authenticated cultivars of
Angelica anomala Ave’-Lall [21].

Single nucleotide polymorphism (SNP) is a single nucleotide variation with a specific and
determined genetic location in at least 1% of the population [22]. SNP is one of the richest and
most stable genetic polymorphisms in the genome, which is suitable for solving the differences
between closely related species [23]. SNP typing has been successfully used to conveniently and
accurately identify plant origin [24], medicinal plants [25], and bacteria [26].

In this study, we attempted to use the morphological method combined with molecular biological
methods for rapid cultivar identification of twelve kiwifruit commercial varieties in China. SNP typing
method was evaluated by using ten candidate DNA barcoding markers (chloroplast genome psbA-trnH,
rbcL, matK, rpoB, rpoC1, ycflb, trnL and rpl32_trnL(UAG), the nuclear region At103 and intergenic region
ITS2), which were used for molecular identification. This study will not only lay a foundation for
phylogenetic analysis but also provides experimental and practical basis for the rapid identification
of kiwifruit.

2. Results

2.1. Morphological Identification

In order to enable consumers to visually identify the commercial varieties of kiwifruit in the first
place, by referring to the classification criteria of “Flora of China”, the morphology of 12 commercial
kiwifruit were analyzed. We mainly made statistics on fruit type, fruit shape, fruit size, peel color,
peel spots, hair presence, hair length, hair softness and hardness, hair shedding, pulp color, pulp taste,
seed color, seed number and shape, beak prominence, beak diameter, fruit picking time and so on.
The results are shown in Figure 1 and Supplementary Table S1. The 72 samples of the 12 commercial
varieties of kiwifruit were harvested from 150-160 days after pollination. Their fruits are all bacca.
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The shape of the fruit is mostly cylindrical and spherical. HuangJinGuo and ChuanHuang]in are
long oval. JinYan is cylindrical. HongYang is short cylindrical and CuiYu is oblate cone. Statistical
analysis of fruit size showed that the fruit size of FengXianLou is the largest, followed by HuangJinGuo,
CuiXiang, and HongYang is the smallest. For the peel, only CuiYu has no spots on the peel surface,
other commercial varieties all have spots. The color of mostly commercial varieties” peel is brown.
The fruit peel of HuangJinGuo, ChuanHuang]Jin and JinYan is yellower. The peel of HongYang is
greenish. Hair analysis found that the skin of HuangJinGuo, ChuanHuangJin, CuiYu and HongYang
have no hair, other commercial varieties all have hair. QinMei and HaiWoDe have very dense hair on
the surface. HuaYou has few hair on the surface. The surface of FengXianLou has the longest hair, soft
and easy to fall off. HuaYou'’s surface hair is the shortest and easy to fall off.

External  Longitudinal i
shape Tail

a Huang Jin Guo . ;

b Cuii Xiang

¢ Qin Mei

d Xu Xiang

e Hua You

f Feng Xian Lou

g YaTe

h Hai WoDe

i CuiYu

j Chuan Huang Jin

k Hong Yang

I Jin Yan

Figure 1. External and internal forms of twelve commercial kiwifruit. (a) HuangJinGuo, (b) CuiXiang,
() QinMei, (d) XuXiang, (e) HuaYou, (f) FengXianLou, (g) YaTe, (h) HaiWoDe, (i) CuiYu, (j)
ChuanHuang]in, (k) HongYang, (1) JinYan. Each variety contains external shape, longitudinal shape,
head, tail, crosscut shape. Scale bar represents 6 mm.
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All statistical results are in Supplementary Table S1. For the color of the flesh, the HongYang
is the easiest to distinguish, which has a radial red color in the pulp center. The flesh color of
HuangJinGuo, ChuanHuangJin and JinYan are yellow. The flesh color of HuaYou is yellow-green and
other commercial varieties are all green. The fruit of HuangJinGuo, ChuanHuang]in, JinYan, CuiXiang,
HuaYou, CuiYu are sweet, no sour taste, and other commercial varieties are sweet and sour. Most of
the seeds are dark brown and flat oval. HaiWoDe has the largest number of seeds, and HuangJinGuo
has the fewest seeds. Statistical results are in Supplementary Table S1. Kiwifruit has a beak at the top.
Except CuiXiang and HongYang, the beaks of other commercial varieties are prominent. The longest
beak exists on HuangJinGuo, followed by QinMei, and HongYang has the smallest beak.

The above analysis shows that HongYang is the most discernible variety by the peel color and
flesh color. JinYan is easy to identify because of its yellow peel and flesh. The shape of CuiYu is similar
to that of HuangJinGuo, while there are differences between them. The surface of CuiYu has no spots
and its flesh is green. The surface of HuangJinGuo is spotted and its flesh is yellow. Therefore, CuiYu
is easier to be distinguished. The hair of Huayou is short and small and its flesh is yellow-green, which
made it easier to be discriminated. FengXianLou is a long cylindrical shape with many hairs easy to
fall off makes it easy to be identified. It is not easy to distinguish HuangJinGuo and ChuanHuang]in.
CuiXiang, QinMei, XuXiang, YaTe and HaiWoDe all have green pulp, but the shape of CuiXiang is
slightly flat, and its beak is the smallest and not prominent. CuiXiang is sweet, while QinMei, XuXiang,
YaTe and HaiWoDe are sour and sweet. YaTe’s skin is white and brown compared with QinMei,
XuXiang and HaiWoDe. QinMei is greener than XuXiang and HaiWoDe. For ordinary consumers,
XuXiang and HaiWoDe are relatively difficult to be differentiated.

2.2. Analysis of Variable Sites in Different Commercial Varieties

The sequencing results showed that the product length of rbcL, matK, psbA-trnH, ITS2, rpoB, rpoC1,
trnL and rpl32_trnL(UAG) are 743 bp, 889 bp, 502 bp, 491 bp, 512 bp, 529 bp, 193bp and 1010 bp,
respectively. Sequences of rbcL, psbA-trnH, rpoB, rpoC1 and trnL have no difference in these twelve kiwi
commercial varieties (Supplementary Figure S1). ycflb and At103 get no results of amplification. The
amplification efficiency of 72 ITS2 sequences is 100%. Sequencing results showed that the sequences of
6 repetitive samples from each commercial variety are consistent and stable. There are two haplotypes
in ITS2 sequence. Bases at 115 bp, 132 bp and 310 bp of HuangJinGuo, ChuanHuang]Jin and HongYang
are “C”, that of the other nine commercial varieties are “T”. Bases at 206 bp and 215 bp of HuangJinGuo,
ChuanHuang]Jin and HongYang are “G”, that of the other nine commercial varieties are “A” (Figure 2a,
Table 1 and Supplementary Table S2).
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CGTRCAGTACTTTTGTGTTTACGAGCCARRGT TCTAGCACAAGAARGTCGAAGTATATACTTTATTCGATACARACTCGTTTTTTTTAAGGATCCGCTATGATAATGAGARAGATTTCTATATATACGCC
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CGRRTC CCAGACTGGCTTAC TRRGACGTTACARAATTTCGCTTTATAC TATGGTATC
CGRAATCGGTCAATAATATCAGAATCGGATARATCGGCCCAGACTGGCTTACTARCGGGATGTCCTARGACGT TACARAATTTCGCTTTATACAAGGATCCAATCAGAGGAATAATTGGARCTATGGTATC
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ARACTTCTTARTAGCATTTCCTATTAGAAS CGTRCCATTGARGGGTTTARTCGCACACTTGRARGATAGCCCAGRRAGTCGH
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ARACTTCTTARTAGCATTTCCTATTAGAARTGARTTTTCTAGCATTTGACTCCGTACCATTGARGGGTTTARTCGCACACTTGARAGATAGCCCAGARRGTCGAGRGAGTGATTAGATARTTGGTTTATC
ARACTTCTTARTAGCATTTCCTATTAGAARTGARTTTTCTAGCATTTGACTCCGTACCATTGARGGETTTAATCGCACACTTGARAGATAGCCCAGAARGTCGAGRGAGTGATTAGATARTTGGTTTATC

391 400 a0 420 430 440 450 460 a7 480 430 500 510 520

TGRRTCCTTCCTGGTTGACACCAC ATTGCCAGARATTGAC CRTTTATTC GTCCCTTT TICCTTGATACCTARCAT
TGARTCCTTCCTGGTTGACACCACATGTARRRRTAACATTGCCAGARATTGACARGATAATATTTCCAT TTATTCATTARRAGAGACGTCCCTTT TGARGCCARRRTTGAATTTCCTTGATRCCTARCAT
TGARTCCTTCCTGGTTGRCACCACATGTARRRATAACATTGCCAGRARTTGACAARGATARTATTTCCATTTATTCATTAARAGAGACGTCCCTTTTGARGCCARARTTGARTTTCCTTGATACCTARCAT
TGARTCCTTCCTGGTTGRCACCACATGTARRRATAACATTGCCAGRARTTGACARGATARTATTTCCATTTATTCATTARARGAGACGTCCCTTTTGARGCCARRRTTGAATTTCCTTGATRCCTRACAT
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TGARTCCTTCCTGGTTGRCACCACATGTARARATAACATTGCCAGRARTTGACARGATARTATTTCCATTTATTCATTARAAGAGACGTCCCTTTTGARGCCARRRTTGAATTTCCTTGATACCTRACAT
TGARTCCTTCCTGGTTGACACCACATGTARRRRTRACATTGCCAGARATTGACARGATAATATTTCCAT TTATTCATTARRAGAGACGTCCCTTTTGARGCCARRATTGAATTTCCTTGATACCTARCAT
TGARTCCTTCCTGGTTGRCACCACATGTARRRATAACATTGCCAGRARTTGACARGATARTATTTCCATTTATTCATTAARAGAGACGTCCCTTTTGARGCCARARTTGARTTTCCTTGATACCTARCAT
TGARTCCTTCCTGGTTGRCACCACATGTARRRATAACATTGCCAGRARTTGACARGATARTATTTCCATTTATTCATTARARGAGACGTCCCTTTTGARGCCARRRTTGRATTTCCTTGATRCCTRACAT
TGARTCCTTCCTGGTTGRCACCACATGTARARATAACATTGCCAGRARTTGACARGATARTATTTCCATTTATTCATTAARAGAGACGTCCCTTTTGARGCCARARTTGARTTTCCTTGATACCTARCAT
TGARTCCTTCCTGGTTGACACCACATGTARRRRTAACATTGCCAGARRT TGACARGATAATATTTCCATTTATTCATTARARGAGACGTCCCTTTTGARGCCARAATTGAATTTCCTTGATACCTARCAT
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RARTGCATGAARGGATCCTTGAACARCCATARRATGTCCTGAAARTCCTTAGTARRAACT TTTACAARATGT TCGATTTTTCCATAGARATAGAT TCGTTCARGARRGGTTCCAGARGATATTGATCGTAR
ARTGCATGAARGGATCCTTGAACARCCATARRATGTCCTGAAARTCCTTAGTARRAACT TTTACAARATGT TCGATTTTTCCATAGARATAGAT TCGTTCAAGAARGGTTCCAGARGATATTGATCGTAA
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RARTGCATGAARGGATCCTTGAACARCCATARRATGTCCTGAARRTCCTTAGTAARAACT TTTACAARATGTTCGATTTTTCCATAGARATAGATTCGTTCAAGAARGGTTCCAGAAGATATTGATCGTAA
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ATGAGARGATTGGT TGCGGAGA N lﬁ:ﬁ E llﬁ Dﬁﬁﬁ ENDRWENTW AT TATATAGGRACAARGARRRATCTTTGATTTCTTTTTGARRRRGARRRACTAGATTTCTTTGGAGTARTACGA
ATGAGARGATTGGTTGCGGAGARARACGARGATAGATTCGGAT TCACATACATGAARAT TATATAGGARCARGARRRRTCTTTGATTTCTTTTTGARARAGAARARCTAGAT TTCTTTGGAGTRATACGA
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ATGAGARGATTGGTTGCGGAGAR \CATGARAATTATATAGGARCARGARARATCTTTGATTTCTTTTTGARRRAL TTGGAGTARTACGA
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ATGAGARGATTGGTTGCGGAGARARACGARGATAGATTCGGAT TCRCATACATGAAART TATATAGGAF RRARTCTTTGATTTCTTTTTGARARAGAARARCTAGAT TTCTTTGGAGTRATACGA
ATGAGARGATTGGTTGCGGAGARARACGARGATAGAT TCGGATTCACATRACH TIiﬁﬂﬂﬂTTRI‘MHEENREMENNNRMETTTEBTYT TTTTTGAARRRGARARACTAGATTTCTTTGGAGTARTCCGA
ATGAGAAGATTGGTTGCGGAGAARAACGARGATAGAT TCGGATTCACATACATGARRATTATATAGGARCAAGARRRAATCTTTGATTTCTTTTTGARRRAGARARACTAGATTTCTTTGGAGTAATACGA
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GTATTCCARTTACGATACTCGTGARGAARRARTCGTAATARATGCARRGARGRAGCATCTTTTRCCCARTAGCGARGAGTTTGARCCARGATTTCCAGATGGACTGGET
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Figure 2. Cont.
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CAGTTCCARAAAAACGTACT TCTATAGCARRRAAGCGTATTCGTARAAATAT T TGGRRRRGGARAGCATATTGGGCAGCCT TARRAGC T TTTTCAT TAGGARRATCTC

CAGTTCCAAAAAAACGTACT TCTATAGCARY
CRGTTCCARRARRACGTACTTCTRTAGCAA

T TECAAARACOTACTTCATRGCA GTATTCGTARRRATATT TGGARAAGGARAGCATAT TGGGCAGCCTTARAAGCTTTTTCAT TAGGARF

TR AT TR AR AT TCE AR T TGOAAAGoARAGCATHT TOGCAGCLTTAMAOLTTTTTCATTHGGHARRTCTC
CAGTTCCARAAAAACGTACTTC TATAGCARRRRAGCGTATTCGTARARATATTTGGARRAGGARRGCATATTGGGCAGCCT TARAAGC T TTTTCAT TAGGARRATCTC
CAGTTCCARAAAAACGTACTTC TATAGCARRRRAGCGTATTCGTARARATAT T TGGARRAGGARRGCATATTGGGCAGCCT TARAAGC T TTTTCAT TAGGARRATCTC
CAGTTCCARAAAAACGTACTTC TATAGCARRRRAGCGTATTCGTARARATATTTGGARRRGGARRGCATATTGGGCAGCCT TARRAGC T TTTTCAT TRGGARRATCT
CAGTTCCARAAAAACGTACTTC TATAGCARRRRAGCGTATTCGTARARATAT T TGGARRRGGARAGCATATTGGGCAGCCT TARRAGC T TTTTCAT TAGGARRATCTC
CAGTTCCARAAAAACGTACT TCTATAGCARRRAAGCGTATTCGTARARATAT T TGGARRAGGARAGCATATTGGGCAGCCT TARRAGCTTTTTCAT TAGGARRATCTC

A AG T
CAGTTCCARAARAACGTACTTCTATAGCARRRAAGCGTATTCGTARARATATTTGGARRAGGARAGCATATTGGGCAGCCT TARRAGCTTTTTCATTAGGARRATCTCT
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TTTTTTGTGCGACARRCARAACARATAAGTARTCARAAGT TGTARTARTCTGAATCGACT TGATTCARRRAGTTGGCTART TTCATTTARAATATARARTTCATAAT!
\TRRRATTCATAAT

ATTAC
ATTAC
CCATTACCTS

TACTGTTTTG6A

IRCARRRCARATARGTAATCAAAAGT TGTARTARTC TGARTCGACTTGAT TCAARARGT TGGCTARTTTCATTTARE

TTTTTTGTGCGACARRCARRACARATARGTARTCARARGT TGTARTARTCTGARTCGACT TGATTCARRRRGT TGGCTART TTCATTTAARATATARARTTCATART
TTTTTTGTGCGACARACARRACARATARGTARTCARAAGT TGTARTARTCTGAATCGACT TGATTCARRRRGTTGGCTART TTCATTTAARATATARARTTCATAAT

TCARS
TTTTTTGTGCGACARRCARRACARATARGTARTCARAAGT TGTARTARTCTGARTCGACT TGATTCARRRRGT TGGCTART TTCATTTAARATATARART TCATAAT

TTTTTTGTGCGACARACARRACAAATARGTAATCARAAGT TGTARTARTCTGARTCGACT TGATTCARRRRGT TGGCTART TTCATT TAARATATARARTTCATAAT
TR ARG AT AT TGTRATAATC TGAATCOACT TGATICARRRAGT GG TAATTCATT TRAGAIATAARAT TCATAAT
TTTTTTGTGCGACARRCARAACAAATARGTAATCARAAGT TGTARTARTCTGAATCGACT TGATTCARRRAGTTGGCTAAT TTCATTTARAATATARART TCATAAT!
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TTTTTTGTGCGACARRCARRY ARTCARRAGTTGTAATAATCTGAATCGACTTGATTCARRRAGTTGGCTARTTTCATTTARAATATARARTTCATART!
T aCAARCAAACAAAT ARG AT CARARGT A AT TGRAT oA TCATY CARAAATCECTAATTCAT T ARAATATAARYTTCATAAT
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AT AT AT G T AT TG TACTGARTTCT AR TTTCTTTEARAAMGATARACTT
TARTCARTATGARATGGAATTCTTTTCGATCTTATGAT! \TARTAATTCTTATGTTTACTGAATTCTARARAARACTTTTC!
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Figure 2. DNA barcode sequence alignment of 12 commercial kiwifruits. (a) ITS2 sequence alignment
491 bp; (b) matK sequence alignment 889 bp; (c) rpl32_trnL(UAG) sequence alignment 1010 bp.
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Table 1. SNP site information for two DNA barcodes.

SNP Site Information (bp)

Variety

ITS2 matK rpl32

115 132 206 215 310 534 777 285 385 662 768 837 841 852
HuangJinGuo C C G G C A A T T T A A A A
ChuanHuangJin C C G G C A A T T T A A A A
HongYang C C G G C A A T T C A A A A
CuiiXiang T T A A T A A T T T A A A A
QinMei T T A A T A A T T T A A A A
JinYan T T A A T G A T T T A A A A
CuiYu T T A A T A C A A T A A A A
HaiWoDe T T A A T A A T T T A A A A
YaTe T T A A T A A T T T G A A A
FengXianLou T T A A T A A T T T A A A A
HuaYou T T A A T A A T T T A C T A
XuXiang T T A A T A A T T T A A A T

For matK, the amplification efficiency of 72 matK sequences is 100%. Sequencing results showed
that the sequences of 6 repetitive samples of each commercial variety are consistent and stable. There
are three haplotypes in matK sequences. Bases at 534 bp of JinYan are “G”, which of the other eleven
commercial varieties are “A”, and bases at 777 bp of CuiYu are “C”, the other eleven commercial
varieties are “A” (Figure 2b, Table 1 and Supplementary Table S3). The amplification efficiency of 72
rpl32_trnL(UAG) sequences is 100%. There are six haplotypes in rpl32_trnL(UAG) sequence. Bases at
285 bp and 385 bp of CuiYu are “A”, that of the other 11 commercial varieties are “T”. Bases at 662 bp
of HongYang are “C”, that of the other 11 commercial varieties are “T”. Bases at 768 bp of YaTe are
“G”, that of the other 11 commercial varieties are “A”. Bases at 837 bp and 841 bp of HuaYou are “C”
and “T”, respectively, that of the other 10 commercial varieties are “A”. Bases at 852 bp of XuXiang are
“T”, that of the other 11 commercial varieties are “A”. (Figure 2c, Table 1 and Supplementary Table S4).

2.3. K2P Genetic Distance Analysis

Genetic distances of all samples were calculated by using the MEGA 7.0 [27] software
(Pennsylvania State University, USA). The results of ITS2, matK, rpl32_trnL(UAG) and
ITS2+matK+rpl32_trnL(UAG) are shown in Supplementary Table S6. For ITS2, there is no difference
among Huang]inGuo, ChuanHuang]Jin and HongYang. The genetic distance between them and
nine other commercial varieties is 0.01. There is no difference among the nine commercial varieties
(Supplementary Table S5a). For matK, the genetic distance between JinYan and CuiYu is 0.002, and
between JinYan and other 10 commercial varieties is 0.001. The genetic distance between CuiYu and
other 10 cultivars is 0.001, and there is no difference among the other 10 cultivars (Supplementary
Table S5b). For rpl32_trnL(UAG), the genetic distance between HuaYou and HongYang, YaTe, XuXiang
is 0.003. The genetic distance between HuaYou and JinYan, CuiXiang, FengXianLou, ChuanHuang]in,
HaiWoDe, QinMei and HuangJinGuo is 0.002. The genetic distance between HongYang and CuiYu
is 0.003. The genetic distance between HongYang and YaTe, XuXiang is 0.002. The genetic distance
between HongYang and JinYan, CuiXiang, FengXianLou, ChuanHuang]Jin, HaiWoDe, QinMei and
HuangJinGuo is 0.001. The genetic distance between CuiYu and YaTe, XuXiang is 0.003. The genetic
distance between CuiYu and JinYan, CuiXiang, FengXianLou, ChuanHuang]Jin, HaiWoDe, QinMei
and HuangJinGuo is 0.001. The genetic distance between JinYan and YaTe, XuXiang is 0.001. There
is no difference between JinYan and CuiXiang, FengXianLou, ChuanHuang]in, HaiWoDe, QinMei
and HuangJinGuo. The genetic distance between CuiXiang and YaTe, XuXiang is 0.001. There
is no difference between CuiXiang and FengXianLou, ChuanHuang]Jin, HaiWoDe, QinMei and
HuangJinGuo. The genetic distance between YaTe and XuXiang is 0.002. There is no difference
between YaTe and FengXianLou, ChuanHuang]in, HaiWoDe, QinMei and HuangJinGuo. The genetic
distance between FengXianLou and XuXiang is 0.001. There is no difference between FengXianLou and
ChuanHuang]Jin, HaiWoDe, QinMei and Huang]inGuo. The genetic distance between ChuanHuang]in
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and XuXiang is 0.001. There is no difference between ChuanHuang]Jin and HaiWoDe, QinMei and
HuangJinGuo. The genetic distance between HaiWoDe and XuXiang is 0.001. There is no difference
between HaiWoDe and QinMei and HuangJinGuo. The genetic distance between QinMei and XuXiang
is 0.001. There is no difference between QinMei and HuangJinGuo. The genetic distance between
HuangJinGuo and XuXiang is 0.001 (Supplementary Table S5c). For ITS2+matK+rpl32_trnL(UAG),
the genetic distance between YaTe and JinYan is 0.001. The genetic distance between XuXiang and
YaTe, JinYan is 0.001. There is no difference between QinMei and YaTe, JinYan, XuXiang. There is no
difference between HaiWoDe and YaTe, JinYan, XuXiang, QinMei. There is no difference between
CuiXiang and YaTe, JinYan, XuXiang, QinMei, HaiWoDe. The genetic distance between HuaYou
and YaTe, JinYan, XuXiang, QinMei, HaiWoDe, CuiXiang is 0.001. There is no difference between
FengXianLou and YaTe, JinYan, XuXiang, QinMei, HaiWoDe and CuiXiang. The genetic distance
between FengXianLou and HuaYou is 0.001. The genetic distance between CuiYu and YaTe, JinYan,
XuXiang, HuaYou is 0.002. The genetic distance between CuiYu and QinMei, HaiWoDe, CuiXiang,
FengXianLou is 0.001. The genetic distance between HuangJinGuo and YaTe, JinYan, XuXiang, HuaYou,
CuiYu is 0.003. The genetic distance between HuangJinGuo and QinMei, HaiWoDe and CuiXiang,
FengXianLou is 0.002. The genetic distance between HongYang and YaTe, JinYan, XuXiang, QinMei,
HaiWoDe, CuiXiang, HuaYou, FengXianLou is 0.003. The genetic distance between HongYang and
CuiYu is 0.004. There is no difference between HongYang and CuiYu. The genetic distance between
ChuanHuang]Jin and YaTe, JinYan, XuXiang, HuaYou, CuiYu is 0.003. The genetic distance between
ChuanHuangJin and QinMei, HaiWoDe and CuiXiang, FengXianLou is 0.002. There is no difference
between ChuanHuang]Jin and HuangJinGuo, HongYang (Supplementary Table S5d).

2.4. Phylogenetic Analysis

ITS2, matK and rpl32_trnL(UAG) sequences and ITS2+matK+rpl32_trnL(UAG) combination
sequences were tested 1000 times by bootstrap method to build NJ phylogenetic tree (Figure 3 and
Supplementary Figure S2). Phylogenetic analysis of ITS2 gene sequences (Figure 3a and Supplementary
Figure S2a) showed that HuangJinGuo, ChuanHuangJin and HongYang were clustered into one
group, and the other nine commercial varieties were grouped into another category. For the matK
gene sequences, JinYan and CuiYu were separately distinguished, and the other ten commercial
varieties were clustered into one category (Figure 3b and Supplementary Figure S2b). Figure 3c and
Supplementary Figure S2c indicated that, using rpl32_trnL(UAG), HuaYou, YaTe, XuXiang, HongYang,
CuiYu could be distinguished from the other seven commercial varieties, respectively.

For ITS2+matK+rpl32_trnL(UAG), CuiYu, JinYan, YaTe, XuXiang, HuaYou, HongYang,
HuangJinGuo and ChuanHuang]Jin can be distinguished from the other four commercial varieties,
respectively(Figure 3d).
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Figure 3. Phylogenetic analysis of 12 kiwifruit commercial varieties. (a) Analysis of ITS2 sequence
fragments; (b) Analysis of matK sequence fragments; (c) Analysis of rpl32_trnL(UAG) sequence
fragments; (d) Analysis of ITS2+matK+rpl32_trnL(UAG) sequence fragments.

3. Discussion

The accurate classification of kiwifruit is one of the problems in the current kiwifruit plant resource
utilization and market regulation. It is very difficult to classify kiwifruit only by morphology, because
many shapes of kiwifruit are very close that requires the participation of professionals. If the suitable
DNA barcode can be screened for kiwifruit, it is very meaningful to classification and identification,
resource protection, variety selection and market regulation of kiwifruit.

In this study, 72 samples of 12 commercial varieties were collected in the market. We firstly
conducted a morphological analysis of twelve kiwifruit commercial varieties that are easily confused in
the market. Suggestions for morphological identification are proposed. By referring to the classification
criteria of “Flora of China (http:/ /foc.iplant.cn/)”, the morphology of 12 commercial kiwifruit was
analyzed in Supplementary Table S1. We mainly made statistics on fruit type, fruit shape, fruit size,
peel color, peel spots, hair presence, hair length, hair softness and hardness, hair shedding, pulp color,
pulp taste, seed color, seed number and shape, beak prominence, beak diameter, fruit picking time
(Supplementary Table S1). The analysis results showed that HongYang is most discernible by the peel
color and flesh color. Therefore, the expensive HongYang, whose price is 4 to 5 times than that of
QinMei, HuaYou, YaTe and HaiWoDe in the market, can be identified morphologically. JinYan whose
price is 3 to 4 times than that of QinMei, HuaYou, YaTe and HaiWoDe in the market, is easy to identify
because of its yellow peel and flesh. The shape of CuiYu is similar to that of HuangJinGuo, while there
are differences between them. The surface of HuangJinGuo is spotted and its flesh is yellow. Therefore,
CuiYu is easier to be distinguished. The hair of Huayou is short and small and its flesh is yellow-green,
which made it easier to be discriminated. FengXianLou is a long cylindrical shape with many hairs easy
to fall off makes it easy to be identified. It is not easy to distinguish HuangJinGuo and ChuanHuang]Jin.
CuiXiang, QinMei, XuXiang, YaTe and HaiWoDe all have green pulp, but the shape of CuiXiang is
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slightly flat, and its beak is the smallest and not prominent. CuiXiang is sweet, while QinMei, XuXiang,
YaTe and HaiWoDe are sour and sweet. YaTe’s skin is white and brown compared with QinMei,
XuXiang and HaiWoDe. QinMei is greener than XuXiang and HaiWoDe. For ordinary consumers,
XuXiang and HaiWoDe are relatively difficult to be differentiated. As the identification of morphology
is very demanding on the professional, there are limitations in the identification of morphology.

Recently, DNA barcodes are often used as a standard for identifying plant species [28,29]. The
DNA region, as an effective barcode, should contain sufficient variability for identification, contain
conserved regions for the development of universal primers and be short enough to be sequenced in
one reaction. In animals, a portion of mitochondrial cytochrome C oxidation enzyme I gene sequence
is often used as a general barcode and is also used in forensic identification [16,28]. Currently, there is
no common area available in plants. In the nuclear and plastid genomes, there are multiple loci were
selected as DNA barcodes in plants [12,30-32].

Ten DNA barcoding rbcL, matK, psbA-trnH, rpoB, rpoC1, ITS2, ycflb, trnL, rpl32_trnL(UAG) and
At103 were explored to quickly and accurately identify twelve kiwifruit commercial varieties in this
study. The primer sequences used for amplification of these ten regions, the length of the products,
and the amplification procedures are listed in Table 2. The psbA-trnH sequence of the intergenic region
is one of the most mutated non-coding regions in the plant chloroplast genome and is often used as
a barcode for material identification [32-34]. However, the results of this experiment found that the
psbA-trnH sequences of the 12 commercial kiwifruits are identical, which means that the psbA-trnH is
not suitable for identifying the 12 commercial kiwifruits. Intergenic region ITS2 (internal transcribed
spacer 2) and the cp gene rbcL may have potential as universal plant barcodes [34]. Three regions matK,
rpoB and rpoC1 were outlined as viable markers for land plant barcoding [33]. CBOL formally proposed
chloroplast markers rbcL and matK as the core barcodes for plant species identification [8]. The results,
in this study, showed that the rbcL, rpoB and rpoC1 sequences of the 12 commercial kiwifruits are
unanimous, which indicates the three barcodes sequences are improper for the identification of the 12
commercial kiwifruits. ycflb was reported as the most variable plastid genome region and can serve as
a core barcode of land plants [13]. At103 together with matK to be used to distinguish toxic hybrids form
parental species [16]. Our results showed that these two DNA barcodes could not be amplified in the
12 commercial varieties of kiwifruit, indicating they are not suitable to be DNA barcodes of kiwifruit.
trnL was chosed as the barcoding gene for reference library constructing for wetland plants [14], whose
amplification results were indistinguishable among the 12 commercial varieties of kiwifruit. Therefore,
trnL could not be used as the barcode to discriminate these 12 commercial varieties of kiwifruit.

There are two SNP sites in the matK sequences of 12 commercial kiwifruits. For matK, bases at 534
bp of Jin Yan are “G”, that of the other eleven commercial varieties are “A”, and bases at 777 bp of Cui
Yu are “C”, that of the other eleven commercial varieties are “A” (Figure 2b, Table 1 and Supplementary
Table S3). It can be applied to distinguish Jin Yan, CuiYu and other 10 commercial varieties. Genetic
distance analysis discovered that the genetic distance between JinYan and CuiYu is 0.002, and between
JinYan and 10 other commercial varieties is 0.001. The genetic distance between CuiYu and other
10 cultivars is 0.001, and there is no difference among the other 10 cultivars (Supplementary Table
S5b). The phylogenetic analysis also found that Jin Yan, CuiYu and other ten commercial varieties is
clustered into three branches. JinYan and CuiYu is separately distinguished from other ten commercial
varieties, respectively (Figure 3b).
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Table 2. Primers and amplification procedures used for PCR in this study.

Gene Length of Amplification
Amplification Primer Name Sequence (5" —3') Amplified P
. Procedure
Region Fragment
94 °C 5 min; [94 °C 308, 54.5 °C
rbeL-F ATGTCACCACAAACAGA o (R
rbel. rbeL-R TCGCATGTACCTGCAGTA 743bp 308,72 °C 455" 35 cycles; 72 °C
10 min; 4 °C 10 min
- matK-F CGTACAGTACTTTTGTGTTTAC 889 94722 é ’;‘;g][g‘; °c fosf/ 752(’ R CC 135)5’
e matK-R ACCCAGTCCATCTGGAAATC P ol" 2o cycles;
min; 4 °C 10 min
At psbA-trnH-F TATGCATGAACGTAATGCT - 9472C0 (5: ’3"(;2];[2‘; ¢ ?057525 g]Sé)S,
psbadtm psbA-trnH-R GCATGGTGGATTCACAAT P OIS yees
min; 4 °C 10 min
s ITS2-F ATGCGATACTTGGTGTG 91b 94722 é I;‘O“S‘][g‘; c ?057525 R gfgs’
ITS2-R GACGCTTCTCCAGACTA P Ol o5 cyces;
min; 4 °C 10 min
o 1poB-F AAGTGCATTGTTGGAACTGG 120 9472C0 (5: ’3“5‘2][2‘; ¢ ?057525 Cclaé)s,
po #poB-R CCCAGCATCACAATTCC P Ol 95 cycles;
min; 4 °C 10 min
94 °C 5 min; [94 °C 308, 54.5 °C
rpoC1-F CAAAGAGGGAAGAT ! : -
rpoC1 oCIR TAAGCATATCTTGAGT 529 bp 305, 72 °C 405]" 35 cycles; 72 °C
10 min; 4 °C 10 min
94 °C 5 min; [94 °C 308, 57.8 °C
rpl32 CAGTTCCAAAAAAACGTACTTC min; 00
I3 tmLUAG) B CTCCTTCOTAAC AGCAGCGT 1010 bp 305, 72 °C 435]" 35 cycles; 72 °C
10 min; 4 °C 10 min
94 °C 5 min; [94 °C 308, 56.5 °C
trnL-F CGAAATCGGTAGACGCTACG o Aners AN
trnL. trnL-R CCATTGAGTCTCTGCACCTATC 193 bp 305,72 °C 30SJ" 35 cycles; 72 °C
10 min; 4 °C 10 min
g wmr TCGACGMCGTOTCTGLT (L S e e
yef1b-R ATACATGTCAAAGTGATGGAAAA T ming 4 °C 10 min 56,5 °C
103 AH103-F CTTCAAGCCMAAGTTCATCTTCTA No result 94722 2‘25“5‘];[2‘; ¢ ?057524 Ccl3[§)s,
A103-R ATCATTGAGGTACATNGTMACATA o resu cycles;

min; 4 °C 10 min 56.5 °C

In addition, ITS2 sequence analysis of 12 commercial kiwifruit results showed that compared to
rbcL, matK, psbA-trnH, rpoB, rpoC1 and trnL, the ITS2 sequence difference is better. It was found that
there are five SNPs in the 491 bp of ITS2 sequence, bases at 115 bp, 132 bp and 310 bp of Huang]JinGuo,
ChuanHuang]Jin and HongYang are “C”, that of the other nine commercial varieties are “T”. Bases
at 206 bp and 215 bp of HuangJinGuo, ChuanHuangJin and HongYang are “G”, that of the other
nine commercial varieties are “A” (Figure 2a, Table 1 and Supplementary Table S2). It can be used
to distinguish HuangJinGuo, ChuanHuang]Jin, HongYang and other 9 commercial varieties. Genetic
distance analysis discovered that for ITS2, there is no difference among HuangJinGuo, ChuanHuang]Jin
and HongYang. The genetic distance between them and other 9 commercial varieties was 0.01. There
is no difference among the nine commercial varieties (Supplementary Table S5a). ITS2 showed more
variable sites than the plastid regions matK and rbcL. This result confirmed that ITS2 showed greater
discriminatory power than plastid regions [35]. Phylogenetic analysis also showed that HuangJinGuo,
ChuanHuang]Jin and HongYang were clustered into one group with the ITS2 sequence, and the other
nine commercial varieties were grouped into another category (Figure 3a).

rpl32_trnL(UAG) had a greater degree of variation and could be used as the core barcode sequence
of cherry plants [17]. rpl32_trnL(LAG) sequence analysis of 12 commercial kiwifruit results showed
that compared to rbcL, matK, psbA-trnH, rpoB, rpoC1, trnL and ITS2, the rpl32_trnL(UAG) sequence
difference is the maximum. It was found that there are six SNPs in the 1010bp of rpl32_trnL(UAG)
sequence. Bases at 285 bp and 385 bp of CuiYu are “A”, that of the other 11 commercial varieties
are “T”. Bases at 662 bp of HongYang are “C”, that of the other 11 commercial varieties are “T”.
Bases at 768 bp of YaTe are “G”, that of the other 11 commercial varieties are “A”. Bases at 837
bp and 841 bp of HuaYou are “C” and “T”, respectively, that of the other 10 commercial varieties
are “A”. Bases at 852 bp of XuXiang are “T”, that of the other 11 commercial varieties are “A”.
(Figure 2c, Table 1 and Supplementary Table S4). It can be used to distinguish CuiYu, JinYan, YaTe,
XuXiang, HuaYou, HongYang, HuangJinGuo and ChuanHuang]Jin from the other four commercial
varieties, respectively. Genetic distance analysis discovered that, for rpl32_trnL(UAG), the genetic
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distance between HuaYou and JinYan, CuiXiang, FengXianLou, ChuanHuang]in, HaiWoDe, QinMei
and HuangJinGuo is 0.002. The genetic distance between HongYang and CuiYu is 0.003. The genetic
distance between HongYang and YaTe, XuXiang is 0.002. The genetic distance between HongYang and
JinYan, CuiXiang, FengXianLou, ChuanHuangJin, HaiWoDe, QinMei and Huang]JinGuo is 0.001. The
genetic distance between CuiYu and YaTe, XuXiang is 0.003. The genetic distance between CuiYu and
JinYan, CuiXiang, FengXianLou, ChuanHuangJin, HaiWoDe, QinMei and Huang]JinGuo is 0.001. The
genetic distance between JinYan and YaTe, XuXiang is 0.001. There is no difference between JinYan
and CuiXiang, FengXianLou, ChuanHuang]Jin, HaiWoDe, QinMei and HuangJinGuo. The genetic
distance between CuiXiang and YaTe, XuXiang is 0.001. There is no difference between CuiXiang and
FengXianLou, ChuanHuang]in, HaiWoDe, QinMei and HuangJinGuo. The genetic distance between
YaTe and XuXiang is 0.002. There is no difference between YaTe and FengXianLou, ChuanHuang]in,
HaiWoDe, QinMei and HuangJinGuo. The genetic distance between FengXianLou and XuXiang is
0.001. There is no difference between FengXianLou and ChuanHuang]Jin, HaiWoDe, QinMei and
HuangJinGuo. The genetic distance between ChuanHuang]in and XuXiang is 0.001. There is no
difference between ChuanHuang]Jin and HaiWoDe, QinMei and HuangJinGuo. The genetic distance
between HaiWoDe and XuXiang is 0.001. There is no difference between HaiWoDe and QinMei and
HuangJinGuo. The genetic distance between QinMei and XuXiang is 0.001. There was no difference
between QinMei and Huang]inGuo. The genetic distance between HuangJinGuo and XuXiang is 0.001
(Supplementary Table S5c). rpl32_trnL(UAG) showed more variable sites than the other plastid regions
matK and rbcL. This result confirmed that pl32_trnL(UAG) showed better discriminatory power than
other plastid regions. Phylogenetic analysis further indicated that HuaYou, YaTe, XuXiang, HongYang,
CuiYu can be distinguished from the other seven commercial varieties, respectively (Figure 3c).

Multi-site combination methods based on plastid (chloroplast) sequences are considered as
effective strategies in the identification of plant species [31,33,34]. Therefore, we comprehensively
analyzed the sequences of ITS2, matK combined with rpl32_trnL(UAG), and then found that, for
ITS2+matK+rpl32_trnL(UAG), there is no difference between QinMei and YaTe, JinYan, XuXiang. There
is no difference between HaiWoDe and YaTe, JinYan, XuXiang, QinMei. There is no difference between
CuiXiang and YaTe, JinYan, XuXiang, QinMei, HaiWoDe. The genetic distance between YaTe and
JinYan is 0.001. The genetic distance between XuXiang and YaTe, JinYan is 0.001. The genetic distance
between HuaYou and YaTe, JinYan, XuXiang, QinMei, HaiWoDe, CuiXiang are 0.001. There is no
difference between FengXianLou and YaTe, JinYan, XuXiang, QinMei, HaiWoDe and CuiXiang. The
genetic distance between FengXianLou and HuaYou is 0.001. The genetic distance between CuiYu
and YaTe, JinYan, XuXiang, HuaYou is 0.002. The genetic distance between CuiYu and QinMei,
HaiWoDe, CuiXiang, FengXianLou is 0.001. The genetic distance between HuangJinGuo and YaTe,
JinYan, XuXiang, HuaYou, CuiYu is 0.003. The genetic distance between HuangJinGuo and QinMei,
HaiWoDe and CuiXiang, FengXianLou is 0.002. The genetic distance between HongYang and YaTe,
JinYan, XuXiang, QinMei, HaiWoDe, CuiXiang, HuaYou, FengXianLou is 0.003. The genetic distance
between HongYang and CuiYu is 0.004. There is no difference between HongYang and CuiYu. The
genetic distance between ChuanHuang]in and YaTe, JinYan, XuXiang, HuaYou, CuiYu is 0.003. The
genetic distance between ChuanHuangJin and QinMei, HaiWoDe and CuiXiang, FengXianLou is 0.002.
There is no difference between ChuanHuang]Jin and Huang]inGuo, HongYang (Supplementary Table
S5d). These results suggest that CuiYu, JinYan, YaTe, XuXiang, HuaYou, HongYang, HuangJinGuo
and ChuanHuang]in can also be differentiated by the genetic distance of ITS2+matK+rpl32_trnL(UAG)
combination. We found that the genetic distance between samples of HaiWoDe, FengXianLou, QinMei
and CuiXiang in this study is 0.000, which means that most of them have a unique ITS2, matK and
rpl32_trnL(UAG) sequences. This feature is thus useful for identifying these twelve commercial
varieties and related species, which is similar to previous study [36].

The analysis of SNP loci is an important tool for analyzing small differences between
populations [37-39]. In this study, by analyzing the sequence variable sites of 8 DNA barcodes
including ITS2, psbA-trnH, rbcL, matK, rpoB, rpoC1 and rpl32_trnL(UAG) in 12 commercial kiwifruit,
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stable SNP loci of DNA barcode ITS2 are found between HuangJinGuo, ChuanHuang]in, HongYang
and the other nine commercial varieties. Likewise, DNA barcode matK has stable SNP loci between
JinYan, CuiYu and the other 10 commercial varieties. rpl32_trnL(UAG) has stable SNP loci between
CuiYy, JinYan, YaTe, XuXiang, HuaYou, HongYang, HuangJinGuo and ChuanHuang]Jin and the other
four commercial varieties. The presence of these SNP loci makes the identification of CuiYu, JinYan,
YaTe, XuXiang, HuaYou, HongYang, HuangJinGuo and ChuanHuangJin kiwifruits possible. These
results indicate that intergenic region ITS2 could distinguish HuangJinGuo and HongYang from the
nine other commercial varieties, and matK could be utilized to distinguish JinYan and CuiYu from
10 the other commercial varieties. rpl32_trnL(UAG) could be utilized to distinguish HuaYou, YaTe,
XuXiang, HongYang, CuiYu from the other seven commercial varieties. SNPs of ITS2, matK and
rpl32_trnL(UAG) combining with the current plant DNA barcode systems could be used to accurately
identify kiwifruit, which comprises samples of closely-related or subspecies from different cultivation
areas. These results are good agreements with previous reports [38,39].

In conclusion, morphologically, JinYan, CuiYu, HuangJinGuo and HongYang can be discriminated.
At the molecular level, SNPs based on DNA barcoding intergenic region ITS2 and cp gene matK
and rpl32_trnL(UAG) combined together can distinguish CuiYu, JinYan, YaTe, XuXiang, HuaYou,
HongYang, HuangJinGuo and ChuanHuang]Jin from the other four commercial varieties, respectively,
that is consistent with the results of morphology and better than the results of morphology. These
results will provide an experimental basis for the classification and identification of commercially
available kiwifruits and will offer a theoretical support for scientific trials and forensic botany of
such disputes.

4. Materials and Methods

4.1. Samples Collection and DNA Extraction

Seventy two samples from twelve kiwifruit commercial varieties were collected in this study. Their
names are HuangJinGuo, CuiXiang, QinMei, XuXiang, HuaYou, FengXianLou, YaTe, HaiWoDe, CuiYu,
ChuanHuang]Jin, HongYang and JinYan. Six replicates were randomly selected for each commercial
variety in the local market. According to our survey, the price of HongYang is 4 to 5 times than that of
QinMei, HuaYou, YaTe and HaiWoDe in the market. Similarly, ChuanHuang]Jin, HuangJinGuo and
JinYan, whose price are 3 to 4 times than that of QinMei, HuaYou, YaTe and HaiWoDe. Huang]JinGuo,
CuiXiang, QinMei, XuXiang, HuaYou, FengXianLou, YaTe and HaiWoDe were collected from Shaanxi
province of China. CuiYu, ChuanHuang]in, HongYang and JinYan were collected from Si Chuan
province of China (Detailed information in Supplementary Table S6). Among the 12 commercial
varieties, HongYang is diploid, HaiWoDe is hexaploid, HuangJinGuo, CuiXiang, XuXiang, HuaYou,
CuiYu, ChuanHuang]Jin and JinYan are tetraploid. QinMei, FengXianLou and YaTe are unknown,
which is needed further research. DNA of each kiwifruit was extracted by Plant Genomic DNA
Extraction Kit (Omega, Norcross, GA, USA) according to the manufacturer’s instructions.

4.2. PCR Amplification, Cloning, and Sequencing

PCR primers of DNA barcodes (rbcL, matK, psbA-trnH, ITS2, rpoB, rpoC1, ycflb, trunL,
rpl32_trnL(UAG) and At103) were designed based on DNA barcodes [9-11,16], CBOL Plant Working
Group (2009), China Bole Group (2011) as well as reported chloroplast and genomic sequences of
kiwifruit [40-43]. Primer sequences are listed in Table 1. They were synthesized in BGI (Beijing
Genomics Institute, Beijing, China). Polymerase chain reaction made use of the same reaction
system. Amplification procedures of ten different primer pairs are shown in Table 1. The PCR
products were separated by 1.2~1.5% agarose gel electrophoresis. The remaining PCR products were
recovered and purified. Then, the purified products were ligated into pMD18-T vector (Takara, DaLian,
China) and transformed into DH-5c E. coli. Positive clones were screened and sequenced in Beijing
Genomics Institute.
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4.3. Sequence Alignments and Analysis

Multiple sequence alignment was performed by using the results of psbA-trnH, rbcL, rpoB, rpoC1
and trnL amplification by http://multalin.toulouse.inra.fr/multalin/. (Supplementary Figure S1).
Multi-sequence alignment of ITS2, matK, rpl32_trnL(UAG) and ITS2+matK+rpl32_trnL(UAG) were
carried out by ClustalX 1.8 [44] software (Conway Institute UCD, Dublin, Ireland ), respectively.
Then, the phylogenetic trees of these twelve kiwifruit commercial varieties were reconstructed.
Neighbor-joining (NJ) method of MEGA 7.0 is applied to construct the phylogenetic tree. One
thousand bootstrap resamplings were performed to assess the reliability. The steps are as
follows: Phylogeny /construct/Test Neighbor-joining tree /Nucleotide Sequences/Statistical method:
Neighbor-joining, No. of bootstrap repetitions: 1000, Model: Kimura 2-parameter model, Missing Data
Treatment: Pairwise deletion/compute. The K2P distances between different genetic resources were
calculated by MEGA?7.0. Variation of different commercial varieties was analyzed according to the
genetic distance of each barcode fragment.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1420-3049/24/5/888 /51,
Figure S1: psbA-trnH, rbcL, rpoB, rpoC1 and trnL sequences alignment of 12 commercial kiwifruits. Figure S2:
Phylogenetic analysis of 12 kiwifruit commercial varieties. Table S1: The information of the experimental materials,
Table S2: Phenotypic characteristics of twelve commercial varieties of kiwifruit, Table S3: ITS2 sequence of 72
kiwifruit samples, Table S4: matK sequence of 72 kiwifruit samples. Table S5: rpl32_trnL (UAG) sequence of 72
kiwifruit samples. Table S6: Genetic distance of ITS2, matK, rpl32_trnL(UAG) and ITS2+matK+rpl32_trnL(UAG)
sequences of 12 kiwifruit commercial varieties.
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