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Cardenolides are steroidal glycosides characterized by structural complexity and both medicinal and ecological
relevance, necessitating precise and reliable analytical methods for their detection and quantitation. Although
cardenolide MS/MS fragmentation has been extensively studied, no method has previously enabled simultaneous
detection and quantitation of all glycosides derived from a given genin. In this study, we developed group-

LC-MS/M
MCass sz’ecstmmetry specific MS/MS methods for comprehensive screening of cardenolide glycosides containing 31 distinct genin
MRM backbones, i.e. aglycones. Application of these 31 genin-specific methods enabled detection of more than 300

glycosides in 23 plant species, several of which were represented in multiple tissue types. The approach suc-
cessfully distinguished all genins from each other, including those with identical m/z values at the same time
minimizing false positives from structurally related steroids such as bufadienolides and saponins. Method vali-
dations demonstrated low limits of detection (LOD) and limits of quantitation (LOQ), where the lowest limit of
detection (LLOD) values varied between 1.5 and 74.6 ng/mL, apart from a single outlier exhibiting a substan-
tially higher LLOD. Wide linear ranges were also achieved, with most upper limits of quantitation (ULOQ) be-
tween 1 and 5 pg/mL. Matrix effect and repeatability assessments indicated only minor variation for most
methods. The genin-specific MS/MS strategy enables rapid, high-throughput analysis of cardenolide glycosides
without loss of sensitivity or selectivity, where comparisons with compound-specific methods revealed only
minor differences in analytical performance. These results highlight the robustness and effectiveness of the
group-specific methodology for both qualitative and quantitative applications in cardenolide research.

1. Introduction

Cardiac glycosides are extensively studied specialized metabolites
found in plants, amphibians, and insects [1-3]. These compounds, such
as digoxin, have been employed for decades in the treatment of heart
diseases [4]. Structurally, cardiac glycosides consist of three main
components: a steroid aglycone, a lactone ring, and a sugar moiety. The
combination of the steroid aglycone and the lactone ring forms the genin
structure, which determines the classification of the compound. Spe-
cifically, when the lactone ring contains five carbon atoms, the com-
pound is classified as a cardenolide, whereas a six-carbon lactone ring is
characterized as a bufadienolide [5].

Although cardenolides have been studied for over a century [6], they
still continue to present numerous unresolved scientific questions [7].
They are well-documented in plant families such as Apocynaceae (e.g.,
Nerium oleander) and Plantaginaceae (e.g., Digitalis purpurea) [7].

* Corresponding author.

However, not all cardenolides are fully characterized due to their low
abundance and atypical fragmentation patterns. Additionally, the
growing interest in understanding phytochemical diversity, both from a
biosynthetic and evolutionary ecological perspective, is currently
hampered by “known unknown” compounds [8-11]. The ongoing
deforestation and extinction of plant species pose a significant threat to
biodiversity, potentially leading to the loss of uncharacterized natural
compounds of medical potential and ecological value. Our lack of un-
derstanding of cardenolide diversity highlights the importance of
developing unified detection methods suitable for simultaneously
detecting a broad spectrum of cardenolide glycosides [12].

Mass spectrometry is widely employed for studying cardiac glyco-
sides, as it allows for the precise observation of their characteristic
fragmentation patterns [13-15] (Fig. 1B), i.e. genins and their de-
rivatives formed by loss of functional group(s), such as hydroxyl group
(s). These fragment ions are critical for the structural characterization of
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cardiac glycosides and for the development of targeted MS-based
analytical methods. Despite the understanding of their structures and
fragmentation patterns, there remains a need for more precise and rapid
qualitative and quantitative analytical methods [12]. The vast demand
for selective and sensitive high-throughput screening (HTS) methods has
led to a growing interest in tandem mass spectrometry (MS/MS) due to
its exceptional limits of detection (LOD) and limits of quantitation
(LOQ). MS/MS techniques, such as multiple reaction monitoring
(MRM), have gained prominence for their simplicity and effectiveness in
targeted analyses. Current detection methods for cardiac glycosides,
particularly in medicinal and ecological research, often rely on
compound-specific approaches [13-37]. Indeed, MRM methods have
been widely utilized in the analysis of cardenolides [16-18,20-27,
29-31,34-37] due to their ability to sensitively and selectively detect
them in complex matrices. While compound-specific methods are sen-
sitive, they are labor-intensive and lack the versatility to screen a
broader range of compounds within the same chemical family.

By utilizing well-known fragment ions derived from the same com-
pound group, a group-specific method can be developed [38-40]. For
instance, sugar units are easily cleaved from cardenolide glycosides thus
revealing the genin part to be used as a precursor ion and further frag-
mented into genin-specific product ions (Table 1). Thus, it would be
possible to develop a genin-specific MRM method that would be able to
detect all cardenolide glycosides containing such a genin backbone.
Such a general genin-specific method could thus automatically detect all
known and unknown cardenolides that are based on that genin, without
the need to have separate methods for all of them.

This study introduces novel group-specific MRM methods for the
detection and quantitation of 31 different groups of cardenolide glyco-
sides. The methods employ genin-based fragmentation patterns to
categorize and detect all cardenolide glycosides containing the 31 types
of core structures. A comprehensive method validation is included to
ensure both qualitative and quantitative performance. The primary
innovation lies in the methods ability to simultaneously target entire
compound classes, offering an efficient and selective alternative to
conventional compound-specific approaches. The group-specific strat-
egy presents a new way of analyzing larger entities in a single analysis,
without compromising sensitivity or selectivity.
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2. Materials and methods
2.1. Chemicals and reagents

For the UHPLC-MS analysis solvents used were LC-MS grade aceto-
nitrile (Fisher Chemical (Waltham, MA, USA)), LC-MS grade formic acid
(VWR (Radnor, PA, USA)), and Milli-Q water (Merck Millipore Synergy
UV instrument). HPLC grade methanol (Sigma-Aldrich (St. Louis, MA,
USA)) was used for sample extraction and preparation. Standards were
purchased from Biosynth (Staad, Switzerland), Sigma-Aldrich (Bur-
lington, MA, USA), Extrasynthese (Genay, Bourgogne, France), Phyto-
Lab (Vestenbergsgreuth, Germany), and TCI Europe (Zwijndrecht,
Belgium). Also, isolated standards were obtained from Anurag Agrawal
research group in Cornell University (Ithaca, NY). The isolated standards
were classified into four identification (ID) levels following the frame-
work of Sumner et al. [41], where level 1 represents the highest confi-
dence of characterization and level 4 the lowest. Assignment to ID level
1 required supporting evidence such as accurate mass combined with
MS/MS data, or matching retention time and mass spectra with in-house
reference data. When such data were unavailable, but compound in-
formation was reported in the literature, the compound was assigned to
ID level 2.

2.2. Plant materials

The plant materials used were collected from live plants at the Turku
Botanical Garden (Ruissalo, Turku) and from an Asclepias seed and tissue
collection at Cornell University (Ithaca, NY).

2.3. Sample extraction and preparation

Freeze-dried and ground plant samples were weighted 20 mg to 2 mL
Eppendorf tubes. 1400 pL of methanol was added to the Eppendorf
tubes, shaken for 5 min in Vortex, and stored overnight at 4 °C. The
samples were then shaken in a planary shaker for 3 h, centrifuged, and
decanted to new 2 mL Eppendorf tubes. To the Eppendorf tubes con-
taining the plant material, another batch of 1400 pL of solvent was
added and the previous steps were repeated. The extracts were dried in a
vacuum concentrator at 20 °C. The extracts were resuspended to 500 pL
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Fig. 1. Proposed fragmentation pattern of digitoxin (A) and its genin digitoxigenin (B).



Table 1

Cardenolide standards used in the study, reporting the information from low-resolution (Xevo TQ) and high-resolution mass spectrometer (Q-Orbitrap). The numbers in bold mark high abundance in 20-120 V
cone voltages. Only the isolated standards have been classified according to Sumner et al., 2007 classification system with ID level 1-4 [41], indicated as superscripts after the compound name (e.g., Lab-
riformin?). All the exact mass calculations were done according to ESI + ions.

Low-resolution MS (Xevo TQ) High-resolution MS (Q-Orbitrap)
General information
ESI+ ESI- ESI+ ESI- Genin
RT UV max . - . . " . CHI- - . . . - Molecular Exactmass  Exact mass Error . Moleeular Fragmentation pattern
Name (i) oy MW IM+H] [M+Na] M-H,0+H] M-H] [M+HCOOH-H] [M+H] [M+NH] M-H,0+H] [M+HCOOH-H] formula (measuredy  (caleutnteay  "PE oo Name [G+H] P, ol

375.25190, 357.24131,
7.07 241 618.7 619.4 641.4 663.6 619.34627 663.33812 C34Hso010 618.33899  618.34040 10 -2.267 Digitoxigenin 375.25190 CxHy04 339.23094, 321.22019,
135.11676, 121.10129
439.23164, 421.22089,
403.21049, 385.19989,
Ouabain octahydrate 1.10 221 584.7 585.4 607.3 567.3 583.3 629.6 585.28925 629.28120 CxHaO12 584.28197  584.28328 8 -2.227 Ouabagenin 439.23164 CHiy05 373.20032, 367.18942,
355.18943, 349.17950,
337.17881, 319.16850
375.25190, 357.24131,
Digitoxin 5.86 227 764.9 7875 763.6 809.7 765.43908 809.43202 CyHeO13 764.43180  764.43470 10 -3.773 Digitoxigenin 37525190 CxHyuOs 339.23094, 321.22019,
135.11676, 121.10129
375.25190, 357.24131,
Odoroside A 5.62 226 518.7 519.4 541.4 501.3 517.7 563.5 519.33076 563.32213 C30Ha07 518.32348  518.32436 8 -1.676 Digitoxigenin 375.25190 CxuHy04 339.23094, 321.22019,
135.11676, 121.10129
391.24674, 373.23646,
355.22583, 337.21526,
323.19954, 309.22058,
307.20554
391.24674, 373.23646,
355.22583, 337.21526,
323.19954, 309.22058,
307.20554
391.24674, 373.23646,
355.22583, 337.21526,
323.19954, 309.22058,
307.20554
391.24674, 373.23646,
1419 8 -2.321 Periplogenin 391.24674 C2:H3405 355.22583, 337.21526,
319.20513
405.22608, 387.21557,
369.20502, 359.22077,
351.19471, 341.21049,
333.18403, 323.19995
375.25190, 357.24131,
Digitoxigenin 5.07 224 3745 3752 397.2 357.3 3734 4195 375.25204 419.24343 C3H3:04 37424476 37424571 7 -2.521 Digitoxigenin 375.25190 C23H3404 339.23094, 321.22019,
135.11676, 121.10129
391.24674, 373.23646,
355.22583, 337.21526,
323.19954, 309.22058,
307.20554

24-di-0-
acetylneriifolin

Digoxin 4.62 225 780.9 781.5 803.6 763.7 779.6 825.5 781.43498 825.42738 CyiHe:O1s 780.42770  780.42961 10 -2.435 Digoxigenin 391.24674 CH140s

Digoxigenin 3.26 223 390.5 3912 4133 3733 389.4 4354 391.24669 435.23831 C3H3405 390.23941  390.24063 7 -3.094 Digoxigenin 391.24674  CxH3uOs

Lanatoside C 4.57 227 985.1 1007.7 983.7 1029.7 985.49805 1029.49058 CioH76020 984.49077  984.49300 12 -2.254 Digoxigenin 391.24674 C2:Hs405

Emicymarin 4.62 224 550.7 551.4 5733 5333 549.4 595.4 551.32018 595.31262 C3oHisOo 550.31290

@
b

0.

Strophanthidin 3.97 222 404.5 4053 387.2 4274 4033 4494 405.22611 449.21751 C23H306 40421883 404.21989 8 -2.604 Strophanthidin 405.22608 C23H3,06

Deslanoside 422 225 943.1 965.6 941.7 987.9 943.48747 987.48006 CyH7019 942.48019  942.48244 11 -2.370 Digoxigenin 391.24674 C23H3405

2'-O-acetylneriifolin/
Cerberin

375.25190, 357.24131,

6.01 233 576.7 | 5774 599.4 559.5 5753 621.3 577.33592 621.32778 CHisO 576.32864  576.32984 9 -2.060 Digitoxigenin 37525190 CxHuOs 339.23094. 32122019

405.22608, 387.21557,
369.20502, 359.22077,
351.19471, 341.21049,
333.18403, 323.19995
405.22608, 387.21557,
369.20502, 359.22077,
351.19471, 341.21049,
333.18403, 323.19995
405.22608, 387.21557,
369.20502, 359.22077,
351.19471, 341.21049,
333.18403, 323.19995

K-strophanthoside 3.75 223 8729 895.6 8715 917.4 890.43490 917.40179 CiHeO10 889.42762  889.43073 10 -3.487 Strophanthidin -~ 405.22608  Cx3Hz.06

Convallatoxin 3.89 222 550.6 551.4 573.3 549.4 595.4 551.28414 595.27547 C2Hax010 550.27686  550.27780 9 -1.694 Strophanthidin 405.22608 CH306

Cymarin 4.73 223 548.7 549.3 571.4 5473 593.4 549.30454 593.29622 C30Hw0s 548.29726  548.29854 9 -2.311 Strophanthidin 405.22608 CxH106
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Periplocin

Lanatoside B

Periplogenin

Neriifolin
(17B-neriifolin)

Labriformin®

Voruscharin®

Uscharin®

Frugoside?

Glycosylated frugoside’
Glucopyranosyl
aspecioside’

Glucopyranosyl
allomethylosyl
syriogenin'

C-3" epi-syrioside!

Calactin®

Calotropin®

Aspecioside!

Glucopyranosyl-
methylallosyl
12-deoxy aspecioside’

Glucopyranosyl
syriobioside’

Syrioside'

Deacetyltanghinin*

Cerdollaside®

17a-neriifolin*
(uzarigenin digitaloside)

Tanghinin*

5.60

4.18

3.70

4.86

4.66

3.03

4.20

3.46

4.78

545

223

227

222

224

220

224

221

222

221

219

220

222

221

225

220

223

222

219

238

237

245

696.8

985.1

390.5

534.7

617.7

589.7

587.7

536.7

698.8

712.3

698.8

7243

532.6

532.6

550.3

696.3

726.3

724.3

548.4

550.4

534.7

590.5

986.7

391.2

5354

6183

590.4

5883

5374

699.4

713.6

699.5

5333

5333

551.3

697.4

7273

7253

549.4

551.4

591.4

719.5

1007.9

5174

6123

610.2

559.3

721.4

735.5

721.6

7475

555.3

555.3

5733

719.4

749.7

7474

571.4

573.4

5174

613.4

967.7

4133

5574

600.3

5724

570.3

5194

681.4

681.4

707.5

5153

533.3

679.4

709.5

707.5

5314

533.5

557.4

695.5

389.2

616.3

588.4

586.3

535.4

697.4

7115

697.4

7235

5314

531.4

549.3

695.5

725.5

723.5

547.2

549.5

533.4

589.1

741.5

1029.8

662.3

6343

632.3

581.3

743.6

743.4

769.5

§71.5

5774

595.3

741.6

771.5

769.4

593.5

595.3

579.5

985.49763

391.24671

535.32567

618.23481

590.27671

588.26121

537.30469

699.35716

713.33633

699.3563

533.27307

533.27307

551.28423

697.34140

549.30494

5132078

535.32569

591.31528

714.40427

742.32595

709.30471

707.28879

741.36982

1029.49135

435.23819

57931764

662.22798

634.26847

632.25274

581.29614

743.34896

757.32794

743.34841

769.29158

577.26463

577.26501

595.27535

741.33343

771.30658

769.29301

593.29629

595.31174

57931719

635.30670

CsHscO13

CisH17e020

CH3:05

CiHaOs

C31HNOwS

C3HaNOsS

Cs51HyNOsS

C2sHas09

CisHs014

CssHs2015

CssHsiO14

C3sHasO16

CayHaoO9

Ca9HagOo

C20Hi2010

CisHs2014

CisHsiO16

CisHysO16

C3Hw09

C3HaO9

Cs0HagOs

CxHiO10

713.39699

984.49035

390.23943

53431839

617.22753

589.26943

587.25393

536.29741

698.34988

712.32905

698.34902

741.31867

532.26579

532.26579

550.27695

696.33412

708.29743

706.28151

548.29766

550.31350

53431841

590.30800

713.39864

984.49300

390.24063

53431927

617.22947

589.27094

587.25529

536.29854

698.35136

712.33063

698.35136

741.32079

532.26724

532.26724

550.27780

696.33571

708.29933

706.28368

548.29854

550.31419

53431927

590.30910

10

-2.306

-2.680

-3.043

-1.634

-3.127

-2.549

-2.302

-2.083

-2.106

-2.197

-3.335

-2.843

-2.699

-2.699

-1.531

-2.269

-2.660

-3.050

-1.583

-1.232

-1.597

-1.850

Periplogenin

Gitoxigenin

Periplogenin

Digitoxigenin
Labriformin
genin
Calotropagenin/
Anhydrocalo-
tropagenin
Calotropagenin/

Anhydrocalo-
tropagenin

Coroglaucigenin

Coroglaucigenin

Aspecioside
genin

Syriogenin

Syrioside genin

Calotropagenin/
Anhydrocalo-
tropagenin
Calotropagenin/
Anhydrocalo-
tropagenin

Aspecioside
genin

Deoxy
aspecioside genin

Syriobioside
genin

Syrioside genin

Tanghinigenin

8p-hydroxy-
digitoxigenin

Uzarigenin

Tanghinigenin

391.24674
391.24674
391.24674
375.25190

417.18911

405.22644
/
387.21560
405.22644

/
387.21560

391.24674
391.24674
405.22624
391.24674

435.19983

405.22644
/
387.21560
405.22644
/

387.21560

405.22624

389.23132

437.21602

435.19983

389.23140
391.24679
375.25190

389.23140

CH340s

C3H3405

Cy3H305

C23H304

CaH07

CxH304/
Ca3H3005

C33H3405

CxH0s

CxH306

CasH105

Cy3Hi05

CyH3O4/
Ca3Hi05

CasH306

CxH0s

CxH0g

CaHi0g

CxH10s

CxH340s

Co3H304

CxH20s

391.24674, 373.23646,

355.22583, 337.21526,

323.19952,319.20513,
309.22048

373.23646, 355.22583,
337.21526,319.20513

391.24674, 373.23646,
355.22583, 337.21526,
323.19952,319.20513,
309.22048
375.25190, 357.24131,
339.23094, 321.22019,
135.11676, 121.10129
417.18911, 399.17935,
381.16922, 363.15796,
353.17389, 335.16309,
325.17882,307.16812
405.22644, 387.21560,
369.20514, 351.19550,
341.21072, 333.18390,
323.19980, 305.18967
405.22644, 387.21560,
369.20514, 351.19550,
341.21072, 333.18390,
323.19980, 305.18967
391.24664, 373.23632,
355.22585, 337.21524,
325.21530
391.24664, 373.23632,
355.22585, 337.21524,
325.21530
405.22624, 387.21560,
369.20512, 351.19463,
333.18407, 323.19995

391.24674, 373.23646,
355.22583, 337.21526

417.18985, 399.17938,
381.16879, 363.15820,
353.17371, 335.16351,
321.14835 307.16919
387.21560, 369.20514,
351.19550, 341.21072,
33318390, 323.19980,
305.18967
38721560, 369.20514,
351.19550, 341.21072,
333.18390, 323.19980,
305.18967
405.22624, 387.21560,
369.20512, 351.19463,
333.18407, 323.19995

389.23132, 371.22092,
353.21048, 335.19979

437.21602, 419.20544,
401.19513, 383.18436,
365.17352, 347.16306,
337.17877, 319.16840
417.18985, 399.17938,
381.16879, 363.15820,
353.17371,335.16351,
321.14835 307.16919
389.23140, 371.22090,
353.21046, 335.19976,
325.21550,307.20504
391.24679, 373.23645,
355.22596, 337.21540,
323.19954, 309.22057
375.25190, 357.24131,
339.23094, 321.22019,
135.11676, 121.10129
389.23140, 371.22090,
353.21046, 335.19976,
325.21550,307.20504

* Impurity

found from 2’-O-acetylneriifolin
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of methanol and shaken in Vortex for 5 min. Prior to UHPLC-DAD-MS
analysis, the samples were filtered with 0.20 pm polytetrafluoro-
ethylene (PTFE) filters.

2.4. UHPLC-DAD-ESI-TQ-MS

Waters triple quadrupole (TQ) mass spectrometer Xevo® was used
for the development of the multiple reaction monitoring (MRM)
methods. The UPLC™ (Waters Corp., Milford, MA, USA) linked to the
mass spectrometer consisted of a binary pump, column oven, diode
array detector (DAD), and an automatic sample manager. The column
used was an Acquity UPLC® BEH phenyl column 130 4, 1.7 pm, 2.1 mm
x 100 mm (Waters Corporation, Wexford, Ireland) where the flow rate
was set to 0.5 mL/min. The gradient consisted of two eluents acetonitrile
(A) and 0.1 % aqueous formic acid (B) where between 0 and 2 min 15 %
A in B, 2-5 min 15-45 % A in B (linear gradient), 5-7 min 45-65 % A in
B (linear gradient), and 7-13.5 min column wash and stabilization.
Ultraviolet-Visible (UV-Vis) data was collected from 190 to 500 nm.
Injection volume was set to 5 pL (full loop). Ionization of the compounds
was done by electrospray ionization (ESI) where the capillary voltage
was set to 1.80 kV and cone voltage to 30 V. Cone gas flow rate was set to
100 1/h and desolvation gas flow rate was set to 1000 1/h. Both the cone
gas and the desolvation gas were nitrogen (N3). Source temperature was
set to 150 °C where the ion guides voltage was set to 3.00 V and des-
olvation temperature was set to 650 °C. Collision gas used was argon.
Column oven temperature was set to 40 °C and the sample manager’s
temperature was set to 20 °C.

2.5. UHPLC-DAD-HESI-Q-Orbitrap-MS

High-resolution mass spectrometry data was obtained with a hybrid
quadrupole-Orbitrap mass spectrometer (QExactive™, Thermo Fisher
Scientific GmbH, Bremen, Germany). The UPLC™ (Waters Corp., Mil-
ford, MA, USA) coupled to the mass spectrometer included a binary
pump, column oven, diode array detector (DAD), and an automatic
sample manager. The column used was an Acquity UPLC® BEH phenyl
column 130 10\, 1.7 pm, 2.1 mm x 100 mm (Waters Corporation, Wex-
ford, Ireland) where the flow rate was set to 0.5 mL/min. The gradient
consisted of two eluents acetonitrile (A) and 0.1 % aqueous formic acid
(B): 0-2 min 15 % A in B, 2-5 min 15-45 % A in B (linear gradient), 5-7
min 45-65 % A in B (linear gradient), and 7-13.5 min column wash and
stabilization. UV-Vis data was collected from 190 to 500 nm. Injection
volume was set to 5 pL (full loop). The mass spectrometric analysis was
performed using full scan method with the mass/charge area set to
100-1500 Da and the resolution set to 70,000. Additionally, a TopN7
method was employed for MS analysis, where seven ions with the
highest relative abundance were selected and fragmented using three
different normalized collision energies. In positive ionization mode the
selected normalized collision energies were 10, 30, and 50 eV and in
negative ionization mode the selected normalized collision energies
were 30, 50, and 80 eV. The resolution for the TopN7 method was set to
17,500. The compounds were ionized using heated electrospray ioni-
zation (HESI), with the capillary temperature set to 380 °C. Nitrogen gas
(N3) was used for both the sheath gas flow rate (60 units) and the aux gas
flow rate (20 units). The cone and additional gases were also nitrogen
(N3), with the spray voltage set to 3.00 kV and the temperature of the
aux gas heater set to 300 °C. The column oven temperature was set to at
40 °C and the sample manager’s temperature was set to 20 °C.

2.6. Method development and validation

The method development consisted of optimization of cone voltages
(CV) and collision energies (CE), which were done for the precursor ions
and product ions at concentrations between 40 and 100 pg/mL. CVs and
CEs were optimized based on the peak height using Waters MassLynx
software (version V4.2 SCN982). CVs were optimized at six energies in
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intervals of 20 V (V) between 20 V and 120 V and in intervals of 10 V
between 10 V and 60 V. CEs were optimized at ten energies in intervals
of 5 electron volts (eV) between 5 eV and 50 eV.

Method validation consisted of solubility and stability measure-
ments, purity assessments, dilution series, repeatability, and matrix ef-
fect measurements. The solubility measurements were done with 50 %
and 75 % aqueous methanol and 100 % methanol. The stability was
tested for a period of 24 h at 20 °C and for a period of 3 weeks at —20 °C.
A 12-point dilution series of the commercial standards was analyzed in
triplicate with concentrations ranging from 100 pg/mL to 7.9 pg/mL. A
6-point dilution series of isolated standards was analyzed with a single
injection per concentration ranging from 25 pg/mL to 250 pg/mL. Iso-
lated standards were weighed with an accuracy of +10 %, correspond-
ing to a weighing uncertainty of +£0.01 mg for a mass of 0.1 mg. Limit of
detection (LOD) was calculated according to equation LOD = 3.3 x ¢/8S,
and limit of quantitation (LOQ) was calculated according to equation
LOQ = 10 x o¢/S, where ¢ is the standard error of y-intercept and S is
slope [42]. Additionally, LOD values were evaluated by visual inspec-
tion, where the lowest visually seen signal was determined as LOD [42].
The linear range was determined through visual inspection and by sce-
dasticity, i.e. the measured points residuals error from the calibration
curve’s linear trend [42-44]. Intra-run repeatability measurements were
conducted with 10 parallel injections at concentrations of 1.25 pg/mL
and 50 pg/mL for commercial standards and 0.625 pg/mL and 25 pg/mL
for isolated standards. The matrix effect was calculated according to
equation ME (%) = B/A x 100 [45], where B is the area of the compound
in a spiked sample and A is the area of the compound in a standard
solution. The matrix effect was assessed at concentrations of 1.25 pg/mL
and 50 pg/mL for commercial standards and 0.625 pg/mL and 6.25
pg/mL for isolated standards. The matrix effect plant extract consisted of
a mixture of leaf samples of Aesculus hippocastanum, Lythrum salicaria,
Geum urbanum, Punica granatum, Chamaenerion angustifolium, Salix
phylicifolia, Terminalia chebula, Ribes nigrum, and needles of Larix spe-
cies. Digoxin was used as an external standard in dilution series and
repeatability measurements. The ratio of qualitative and quantitative
(quan/quan) transitions were calculated from 1 to 3 pg/mL concentra-
tion for standards. The methods selectivity was tested with 32 saponin
standards, 5 bufadienolide standards, and 39 plant species containing
one or more of the following parts: leaf, seed, stem, flower, and berry.

3. Results and discussion
3.1. Identification of cardenolides with MS and UV

Cardiac glycosides, particularly cardenolides, are characterized by
distinct fragmentation patterns observable through MS and MS/MS
analyses [14,15,21] (Fig. 1 and Table 1). Ultraviolet (UV) detection with
220-230 nm wavelength range [21,46,47] has also been employed for
the identification of cardenolides; however, due to their weak chromo-
phores, they are often overlapped with other compounds in the sample
matrix.

Initial analyses of standards and plant samples were conducted using
full scan MS and PDA detection. It should be taken into account that PDA
detection is effective to cardiac glycosides only at high concentrations, i.
e. greater than 1 pg/mL, and in standard solutions (Table S1-52). Both
positive and negative ionization modes were employed for MS detection,
revealing that positive ionization should be prioritized for the detection
of cardenolides, since it produced more characteristic ions for carde-
nolides with higher intensities (Figures S1-S33). Common ions detected
in positive ionization full scan analysis include the protonated molecule
[M+H]" together with its water fragment [M—H,0 + H] " and adducts
such as [M+Na]™ and [M + NH4]" (Table 1). In contrast, negative
ionization typically yields the deprotonated molecule [M—H] ™ and its
formic acid adduct [M + HCOOH-H]~ (Table 1). The utilization of both
ionization modes facilitates a more expedient characterization process,
as only one or two adducts are generally observed in positive mode and



V. Fock et al.

in negative mode. Additionally, it has been noted that the formic acid
adduct is typically also detected for saponins, but not for most of the
other specialized metabolite types. By cross-referencing the adducts
obtained from both ionization modes, the molecular weight of the
compound can be determined.

High-resolution mass spectrometry was employed to further char-
acterize the compounds and to match molecular formulas with an error
margin of less than 5 ppm. The most abundant ions for the cardenolide
standards used in the present work at positive and negative ion mode are
presented in Table 1. In negative ionization, the formic acid adduct [M
+ HCOOH-H] ™ was frequently the most abundant at cone voltages (CV)
between 20 and 40 V, while at higher CVs, the deprotonated molecular
ion became more abundant. Conversely, in positive ionization, the most
abundant ions were typically [M+H]" and [M+Na]". The protonated
molecular ion was most abundant at approximately 20 V CV for com-
pounds with molecular weight less than 600 Da. For compounds with
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molecular weight exceeding 600 Da, the most abundant ions were either
[M-+H]" or [M+Na] ™", with occasional detection of [M—H50 + H]™, as
observed in labriformin and uscharin (Table 1). For compounds with
molecular weight exceeding 700 Da, [M+Na]* was generally the most
abundant adduct at CVs ranging from 40 to 100 V (Table 1 and
Table S3).

The molecular weight did no significantly influence the retention
times of cardenolides, as their lipophilic and hydrophilic properties are
primarily caused by the steroidal structure of the genin and its func-
tional groups. That was noted in the LC-MS analysis, where the carde-
nolides typically eluted between 2 and 7 min under the gradient
described in chapter 2.4, except ouabain and glucopyranosyl aspecio-
side which eluted at 1.10 and 1.84 min, respectively (Table 1). On the
other hand, the acetylated compounds 2'-O-acetylneriifolin and 2',4"-di-
O-acetylneriifolin exhibited the highest retention times, 6.01 and 7.07
min, respectively (Table 1). Besides acetylation, the presence of sugar

Ouabagenin

Adynerigenin

Canarigenin

HO'

HO HO

A16-adynerigenin A16-anhydrogitoxigenin

Hydroxycalotropagenin

Fig. 2. Structures of the 31 cardenolide genins that are detected by the developed group-specific MS/MS methods after glycoside fragmentation in the ion source.
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units and varying genins influenced retention times [14,48,49]. For
instance, comparing the retention times of digoxigenin and digitoxi-
genin, the additional hydroxyl group in digoxigenin increases the hy-
drophilicity of the genin resulting in a lower retention time. The same
phenomenon was observed in the retention times of digoxin and digi-
toxin (Table 1), which share identical sugar moieties.

3.2. Fragmentation patterns of cardenolides

Positive ionization displays crucial information for the genins frag-
mentation pattern. These fragmentation patterns are consistent across
all cardenolides, where cleavages of water, methane, ethanol, formic
acid, acetic acid, and formaldehyde are common (Fig. 1, Table 1,
Figures S1-533, and Figures S34-5S63). Additionally, positive ionization
enables the observation of sugar unit cleavages, allowing for the deter-
mination of their molecular weights. In most cases, the sugar fragments
are clearly visible in the full scan MS spectra. Also, the characteristic five
carbon lactone ring is seen as the m/z 85 ion. In contrast, the negative
ionization primarily yields the deprotonated genin ion [G—H] ™, with
minimal fragmentation observed.

The fragmentation patterns of genins provide valuable structural
information. For example, if only a loss of n x 18 Da (n > 1) is observed,
it indicates that the genin contains only hydroxyl group(s) and no other
functional group(s). Moreover, when the hydroxyl group is located at
the 16p-position, as in gitoxigenin (Fig. 2), its cleaved readily from the
genin, resulting in low abundance or complete absence of the genin ion.
If a loss of formaldehyde is detected, current evidence from structurally
characterized genins indicates that the formaldehyde must be located at
the 19-position [50,51], as observed in corotoxigenin and calo-
tropagenin (Fig. 2 and Figures S49 and S47). Similarly, loss of formic
acid appears to occur predominantly at the 16-position, exemplified by
gitaloxigenin (Fig. 2 and Figure S55) or at the 19-position [52]. On the
other hand, acetic acid has been detected at multiple positions, making it
difficult to predict the exact site of the group based on fragmentation
[50,51]. Genins with identical molecular weights and molecular for-
mulas often produce indistinguishable fragmentation patterns in full
scan MS, making it difficult to differentiate them. However, in some
cases, unique fragmentations can provide structural clues. For instance,
genins with an m/z of 391 in positive ionization (Fig. 2 and
Figures S34-541) typically do not exhibit ethanol loss. Therefore, if a
fragment corresponding to ethanol cleavage is present, the candidate
structures can be narrowed down to a small subset—specifically, can-
nogenol and coroglaucigenin (Fig. 2).

3.3. Development of the MRM methods

The highest relative abundances of the protonated genin ions were
typically observed at relatively low CVs, i.e. 20-30 V. For most genins
and their fragment ions, the optimal CV ranged from 20 to 40 V. Ex-
ceptions included the genins syrioside, labriformin, and syriobioside,
which required a higher CV of 50 V to achieve maximal intensity
(Table 2). Ideally, compounds sharing the same molecular weight genin
would exhibit similar optimal CVs, thereby eliminating the need to
include separate methods for each genin. This would help avoid either a
reduced number of data points per peak or the need to implement
multiple injections to cover all the MRM methods. Nevertheless, nearly
all compounds sharing the same molecular weight genin showed similar
CV optimization curves, yielding over 80 % of their maximal intensity at
the selected CV. In cases where the signal intensity at the chosen CV fell
below this threshold, an alternative CV was applied to ensure sufficient
sensitivity. For instance, CV optimization measurements suggested that
the optimal CVs for gomphoside genin were 20 V higher than for other
m/z 391.2 and m/z 373.2 precursor ions. However, the MRM data
revealed that the highest relative abundances for m/z 391.2 and m/z
373.2 precursor ions were all obtained with identical CVs, i.e. 20 and 30
V, respectively (Table 2).
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CE optimizations revealed only minor differences between com-
pounds sharing identical molecular weight precursor ion. For multiple
product ions, two CE values were initially selected and evaluated to
determine which yielded the strongest overall signal—or whether both
CEs were required. As expected, the optimized CE values followed
conventional behavior, with higher CE values corresponding to greater
differences between precursor and product ion m/z values. MRM
methods were eventually tested using various combinations of CVs and
CEs, from which the best parameters were determined (Table 2 and
Table S3). The selection of the best MRM transitions also included the
screening of 3-8 precursor ions per genin and 2-8 product ions per
precursor ion. The final decision for the best transitions was based on
signal intensity and/or method validation performance.

3.4. Method validation

3.4.1. Solubility and stability

Prior to method validation, all analytical standards were evaluated
for solubility and stability. Stability testing was conducted to ensure that
the compounds remained chemically stable during extended analysis
periods and under storage conditions. Stability was assessed at three
time points: immediately after preparation (0 h), after 24 h, and after 3
weeks. Samples stored at 20 °C were analyzed at 0 and 24 h, while those
stored at —20 °C were evaluated after 24 h and again after 3 weeks.
Solubility testing aimed to determine the optimal solvent system for
maximizing signal intensity and ensuring suitable chromatographic
peak shape. Three solvent compositions were tested: 50 % and 75 %
aqueous methanol and 100 % methanol. The solubility was evaluated at
the same time points and temperatures than in the stability study. Across
all standards, 50 % aqueous methanol consistently yielded the best re-
sults in terms of signal intensity and peak shape. Furthermore, all
compounds demonstrated sufficient stability for 24 h at 20 °C and for at
least 3 weeks at —20 °C.

Purity assessments were performed for each standard, as none were
100 % pure. For some compounds, purity data were provided by the
supplier. For example, the purity of ouabain was reported based on
moisture content determined by loss on drying, while digoxigenin,
cymarin, k-strophanthoside, lanatoside B, strophanthidin, and con-
vallatoxin were assessed using Karl Fischer (KF) titration. Other com-
mercial standards—excluding 2',4"-di-O-acetylneriifolin, odoroside A,
emicymarin, and 2'-O-acetylneriifolin—had reported purity values that
did not include water content analysis by loss on drying or KF titration.
For standards without reported purity percentages, purity was deter-
mined using UHPLC-DAD data at maximum absorption wavelength for
cardenolides, i.e. 219-220 nm or 229-230 nm. Consequently, the actual
analyte concentrations used for repeatability and matrix effect experi-
ments did not precisely correspond to the theoretical concentration of, e.
g., 50 pg/mL, which assumes 100 % purity. Actual concentrations were
corrected according to the purity of each compound, and used for all
quantitative calculations. In cases where the purity was below 70 %, a
more concentrated stock solution was prepared to ensure that the final
concentration approached the intended nominal value, except for im-
purities in 2'-O-acetylneriifolin (Table 1).

3.4.2. Linearity, LOD, and LOQ

All standards showed linearity by UV 220 nm wavelength detection
across a concentration range of approximately 0.1-1 pg/mL to 100 pg/
mL, with the exception of digitoxigenin, which exhibited linear range up
to 50 pg/mL. The visually determined LOD for all standards corre-
sponded to the 6th highest measurement point, i.e. approximately
0.3-0.4 pg/mlL, although calculated LOD values ranged from 0.15 to
1.39 pg/mL. In contrast, full scan MS in positive ionization mode did not
yield acceptable linearity due to heteroscedasticity and/or insufficient
number of measurement points in linear range, except for 17a-neriifolin,
convallatoxin, deacetyltanghinin, and ouabain (Tables S1-S2). Howev-
er, on average LOD values derived from full scan MS were slightly lower
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Table 2

Group-specific MRM methods optimized cone voltages (CVs) for precursor ions (m/z) and optimized collision energies (CEs) for product ions (m/z), qualitative and
quantitative (qual/quan) transition ratios, and intra-run repeatability’s relative standard deviations (RSD). Intra-runl was analyzed from 0.625 to 1.25 pg/mL and
intra-run2 was analyzed from 25 to 50 pg/mL. The intra-run repeatability measurements were conducted solely on standard compounds.

Genin MW Precursor ion Ccv Product ion CE qual/quan Intra-runl RSD Intra-run2 RSD
(m/z) W) (m/z) (eV) (area, %)" (%) (%)
Digitoxigenin/uzarigenin 374.5 375.2 20 339.2 10 3.6 2.2
293.2 20 12+ 2 10.7 3.6
357.2 40 105.0° 45 11+5 10.3 2.3
Calotropagenin/anhydrocalotropagenin 404.5/386.5 387.2 40 91.0 50 4+ 4 9.3 3.7
341.2 40 161.0 15 3.1 2.1
91.0° 45 20+5 2.9 1.6
Tanghinigenin 388.5 389.2 20 91.0 50 13+ 4 21.1 5.4
371.2 30 353.2 10 5.4 3.0
125.0° 30 96 +1 6.4 2.9
Cannogenin 388.5 389.2 20 91.0 50 19
371.2 30 353.2 10
91.0° 50 43
Corotoxigenin 388.5 389.2 20 91.0 50 12+7
371.2 30 353.2 10
91.0" 50 26+ 4
Deoxy aspecioside genin 388.5 389.2 20 91.0" 50 39 10.0 2.9
371.2 30 353.2 10 71 5.1 1.3
125.0 30 3.2 2.6
A®-adynerigenin 370.5 371.2 30 353.2 10 22
125.0° 30 13
91.1 50
Strophanthinidol 406.5 407.2 20 371.2" 10 32+1
371.2 30 353.2 10
91.0 50 63 + 26
Coroglaucigenin 390.5 391.2 20 325.2° 15 61 + 15 3.6 1.8
153.0 20 12+ 2 7.6 3.2
373.2 30 355.2 10 4.1 2.2
Digoxigenin 390.5 391.2 20 355.2" 10 147 +133° 4.4 2.1
373.2 30 355.2 10 4.1 1.7
91.0 50 31+7 9.8 3.3
Periplogenin 390.5 391.2 20 355.2" 10 326 + 178° 2.1 1.5
373.2 30 355.2 10 2.9 2.0
91.0 50 31+6 5.2 1.7
Gitoxigenin 390.5 391.2 20 355.2 10 5+3 23.6 11.7
373.2 30 355.2 10 11.1 6.4
91.0° 50 77 + 30 11.9 3.7
Syriogenin 390.5 391.2 20 355.2 10 4.3 2.0
373.2 30 355.2" 10 146 3.7 1.3
91.0 50 53 2.2 1.3
Gomphoside genin 390.5 373.2 30 355.2 10
91.0 50 38
Sarmentogenin 390.5 391.2 20 355.2" 10 97
373.2 30 355.2 10
91.0 50 47
8p-hydroxy-digitoxigenin 390.5 391.2 20 355.2" 10 45 + 31
373.2 30 355.2 10
91.0 50 75 + 25
Cannogenol 390.5 391.2 20 355.2 10
325.2" 15 54
373.2 30 91.0 50 54
Adynerigenin/A'®-anhydrogitoxigenin 372.5 373.2 30 355.2 10
91.0 50 56 + 15
Canarigenin 372.5 373.2 30 355.2 10
91.0 50 53
Gitaloxigenin 418.5 419.2 20 373.2 10
373.2 30 355.2" 10 55+ 4
91.0 50 29+ 6
Aspecioside genin 404.5 405.2 20 369.2 10 3.8 2.0
125.0 35 22+2 5.6 2.0
Strophanthidin 404.5 405.2 20 369.2 10 3.1 1.3
359.2" 10 101+ 8 3.8 1.7
125.0 35 58 + 10 5.2 2.0
Oleandrigenin 432.5 433.2 20 373.2 10
337.2 20 26 +5
373.2 30 91.0° 50 44+£5
Syrioside genin 434.5 417.2 50 381.2" 20 23 +12 15.5 3.6
399.2 50 281.0 15 43 +10 8.8 2.7
381.2 50 157.0 25 6.2 4.2
Labriformin genin 416.5 417.2 50 381.2" 20 2 16.6 5.1
399.2 50 281.0 15 38 2.8 2.3
381.2 50 157.0 25 3.5 1.2

(continued on next page)
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Table 2 (continued)

Talanta 298 (2026) 128867

Genin MW Precursor ion Ccv Product ion CE qual/quan Intra-runl RSD Intra-run2 RSD
(m/z) W) (m/z) (eV) (area, %)" (%) (%)
Syriobioside genin 418.5 419.2 50 401.2° 15 60 19.4 5.8
401.2 40 91.0 45 52 26.9 4.1
383.2 50 365.2 15 8.6 4.1
Ouabagenin 438.5 439.4 30 385.2 15 85 20.3 2.8
355.2 20 13.0 4.3
385.2 40 169.0° 30 31 21.8 5.4
Hydroxycalotropagenin 402.5 403.2 40 339.2" 15 15+6
385.2 40 141.0 45 20+5
367.2 50 349.2 15

Repeatability measurements for cerdollaside (8f-hydroxydigitoxigenin) were not conducted due to insufficient analyte purity.
@ The ratio of qualitative and quantitative areas (qual/quan) and their average =+ relative standard deviation (RSD) between different compounds derived from the

same genin.
Y Qual2 product ion.
¢ Qual/quan high standard deviation due to a single compound.

than those obtained by UV detection, ranging from approximately 0.04
to 0.65 pg/mL. Visual and calculated LOD values for full scan MS were
largely consistent across all compounds, ranging from approximately
0.05 to 1.4 pg/mL (Tables S1-52).

The group-specific MRM methods exhibited significantly improved
sensitivity, with LOD and LOQ values 10-100 times lower than those
obtained by UV or full scan MS (Fig. 3). The lowest LOD and LOQ values
were measured for digoxigenin, odoroside A, and neriifolin. These
compounds also exhibited lower upper limits of quantitation (ULOQ), i.
e. 0.3 pg/mL or 0.06 pg/mL, compared to other compounds, which
significantly affected the calculated detection limits. Furthermore,
anhydrocalotropagenins compounds calactin and calotropin exhibited
lower lowest limits of detection (LLODs) (18 ng/mL and 10 ng/mL,
respectively) compared to nitrogen-containing cardenolides voruscharin
and uscharin, which had LODs of 51 ng/mL and 25 ng/mL, respectively
(Fig. 3B and Table S4).

Linearity was achieved for all the MRM transitions. The average
ULOQ for most standards ranged between 1 and 5 pg/mL, with a few
exceptions. In the case of digoxigenin, all MRM transitions had a ULOQ
of 0.06 pg/mL (Table S11), while odoroside A’s and neriifolin’s ULOQ

A 0.100
0.090
0.080 |
3 0070
£
=
3
8 0.060
B
g
S 0050
o
&}
0.040
0.030
0.020
0.010
0.000
Digoxigenin, Digitoxigenin Strophanthidin Tanghinigenin =~ Ouabagenin
Periplogenin,
Gitoxigenin

Genin

B os0

was 0.29 pg/mL and 0.33 pg/mL (Table S13), respectively. Conversely,
syriobioside genins all transitions showed the highest ULOQ among all
the compounds, reaching a concentration of 18.25 pg/mL (Table S9).

Visual LOD values were determined by identifying the lowest con-
centration in the dilution series where a signal was still observable [42].
These values were then compared with calculated LOD values. A notable
difference between visual and calculated LOD values was observed in
cases where the ULOQ exceeded 10 pg/mL (Tables S4-S15). In other
cases, the two methods agreed closely, supporting the reliability of the
chosen LOD and LOQ calculation formula for MRM data.

Alternative LOD and LOQ formulas were also tested, such as LOD =
3.3 x 6/S, and LOQ = 10 x ¢/S, where ¢ is the standard error of re-
siduals (y-axis) and S is slope [42]. This formula resulted in significantly
higher LOD and LOQ values, approximately 4-5-fold for commercial
standards and 2-fold for isolated standards [44]. Another formula
included blank samples signals, i.e. LOD = (mean(y0) + 3.3 x S(y0) —
a)/b, where y0 is the blank samples signal area, S is standard deviation,
and a intercept [44]. The formula produced either negative or unreal-
istically low detection limits due to the near zero signal of blanks, a
known limitation of highly selective methods like MRM, which have a
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Fig. 3. Calculated lowest limit of detection (LLOD) values for commercial standards (A) and isolated standards (B), grouped by genin. The LLOD values represent the
average for all compounds sharing the same precursor ion, with error bars indicating the minimum and maximum values.
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significantly lower background signal in contrast to full scan MS.

Notably, the group-specific LOD and LOQ values closely aligned with
those obtained by compound-specific MRM methods (Tables S4-518).
The largest difference was observed for syriobioside, where the LLOD for
the group-specific MRM was 0.48 pg/mL, whereas the compound-
specific MRM yielded a significantly lower LLOD of 3.12 ng/mL—over
100-fold lower. For other compounds, the difference in LLOD between
group- and compound-specific methods remained below 60 ng/mL and
under a 10-fold difference, with the exception of glucopyranosyl aspe-
cioside and glucopyranosyl-methyallosyl 12-deoxy aspecioside
(Tables S8, S10, S16). Additionally, the ULOQs showed only minor
variation between the two approaches, typically differing by just one
concentration level or none.

3.4.3. Repeatability

Intra-run repeatability was assessed at two different concentrations.
For the majority of methods, the relative standard deviation (RSD) of the
quantitative transitions was below 6 % at both concentrations, with only
two transitions exceeding a 10 % RSD at the lower concentration
(Table 2). These two cases corresponded to gitoxigenin and ouabagenin,
and the observed variability was attributable to single com-
pound—Ilanatoside B for gitoxigenin and ouabain for ouabagenin. In
contrast, qualitative transitions exhibited higher variability, particularly
at lower concentrations. This was most pronounced in the secondary
qualitative transitions, which are primarily intended for confirmation of
analyte identity rather than for quantification or calculation of qual/
quan ratios.

The qual/quan ratios showed relatively minor variation across
compounds, supporting the methods reliability for accurate cardenolide
characterization. Although high RSDs were observed in the qual2/quan
ratios for digoxigenin and periplogenin, the RSDs were caused by a
single compound in each case, where in digoxigenin’s case the high RSD
was caused by digoxigenin compound and with periplogenin the high
RSD was due to emicymarin. Excluding these compounds, the qual2/
quan ratios for digoxigenin and periplogenin would have been 81 % + 3
% and 428 % + 7 %, respectively (Table 2).

3.4.4. Matrix effect

The matrix effect was evaluated using the formula described in
chapter 2.6, with analyses conducted at two concentration levels using a
mixture of plant extracts. The aim was to determine whether signal in-
tensities significantly deviated from those observed in pure standard
solutions, and to identify the potential causes. For commercial stan-
dards, the matrix effects varied between 89 % and 109 % at 50 pg/mL
and 67-165 % at 1.25 pg/mL across all genin-specific MRM transitions
(Tables S34-43 and Figures S66 and 67). The isolated standards genin-
specific MRM transitions exhibited slightly higher matrix effects. At a
concentration of 6.25 pg/mL, the matrix effects ranged from 50 % to
121 %, and at 0.625 pg/mL the matrix effects ranged between 31 % and
108 % (see details in Tables S20-S33 and Figures S64-S65). The highest
matrix effects were observed for anhydrocalotropagenins MRM transi-
tions for voruscharin, which exhibited matrix effects of 31-40 % at the
lower concentration and 50-51 % at the higher concentration. This
substantial signal suppression is likely due to co-elution with a high
abundance, unidentified compound that interfered with the detection of
voruscharin.

Compound-specific MRMs exhibited similar matrix effects with the
group-specific MRM. The highest matrix effects for commercial stan-
dards was observed for periplocin, with matrix effects of 48 % and 77 %
for m/z 741 > 695 transition at low and high concentrations, respec-
tively (Tables S44-49). Among the isolated standards, voruscharin again
showed the greatest matrix suppression, with 35 % matrix effect for m/z
590 > 158 transition at 0.625 pg/mL concentration and 36 % matrix
effect for m/z 572 > 186 transition at 6.25 pg/mL. On average,
compound-specific MRM transitions showed matrix effects of 87 % and
74 % for commercial standards and isolated standards, respectively, at
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the lower concentrations, indicating generally low matrix interference
except for specific cases such as voruscharin.

3.4.5. Selectivity and specificity

The MRM methods selectivity was tested with tens of plant extracts
that have not been reported to contain cardenolides. None of these ex-
tracts produced false positive signals for any of the group-specific MRM
transitions, indicating a high level of selectivity. However, the speci-
ficity tests showed that certain saponin standards gave false positive
results for syrioside and labriformin genins MRM. Although these stan-
dards triggered all monitored transitions, the qual/quan ratios differed
significantly from those of the actual cardenolide standards. For
example, while syrioside’s quall/quan ratio was similar, its qual2/quan
ratio differed by a factor of ten. These false positives were attributed to
timosaponin Al and AIIl, both of which share the same aglycone, sar-
sasapogenin, with an m/z of 417 in positive ionization—identical to that
of syrioside genin and labriformin genins. Additional specificity as-
sessments using bufadienolide standards revealed false positive signals
for multiple group-specific MRMs, including anhydrocalotropagenin,
corotoxigenin, digitoxigenin and genins syrioside, labriformin, and
gomphoside. Despite these occurrences, the qual/quan ratios observed
for these false positives were significantly different from those of the
actual standards. For instance, a false positive for anhydrocalo-
tropagenin displayed a quall/quan ratio of 12,500 %, whereas the
measured value was 4 % 4 4 % (Table 2). These results demonstrate the
robustness of group-specific methodology without compromising the
methods sensitivity or selectivity.

3.5. Application of the novel methods

The group-specific MRM methods were tested with 54 plant samples
that have been previously reported to contain cardenolides. The
methods showed promising results across all samples, Fig. 4 showing
MRM transitions for 4 samples. In total the methods enabled the
detection of 337 compounds from 54 plant samples, comprising of 23
different plant species (Table S50). Of the 337 compounds, over 100
were distinct, highlighting the advantage of group-specific methodolo-
gies. Furthermore, utilization of the methods enabled the detection of
additional genins—genins that were not used in the method develop-
ment, but shared the same molecular weight as genins already incor-
porated in the methods. These compounds were characterized by HRMS
based on literature data and the identified genins were included to the
methods with their corresponding qual/quan ratios (Table 2). Luckily,
these new types of genin derivatives produced different qual/quan ratios
for the MRM transitions than the genins the methods were originally
developed for (Table 2). This increased the number of genins detectable
by the methods from 26 to 31, expanding their applicability to addi-
tional glycosides.

Identification and characterization of the detected compounds were
verified utilizing high-resolution mass spectrometry, MS/MS, and cross-
referencing the results with previously characterized compounds re-
ported in the literature [12-15,22,53-57]. To convey the level of con-
fidence, compound identities were categorized into four identification
levels (chapter 2.1) [41]. The detection of different compounds can be
seen for instance in Fig. 4A, where the detection of anhydrocalo-
tropagenin (m/z 341 > 161), corotoxigenin (m/z 371 > 353), coro-
glaucigenin (m/z 391 > 325), and coroglaucigenin & gomphoside genin
(m/z 373 > 91) is shown in Asclepias linaria leaf extract.

While previous studies have reported the presence of gitoxigenin in
Nerium oleander, the genin’s characterization was unusual because of the
unexpectedly high intensity of the m/z 391 ion, which is not charac-
teristic of gitoxigenin. Therefore, the genins for compounds 8p-
hydroxydigitoxigenin +144 Da (diginose) and 8p-hydroxydigitoxigenin
+144 Da (oleandrose) was assigned as 8p-hydroxydigitoxigenin and not
gitoxigenin, unlike previous literature has reported (Table S50) [15].
The qual/quan ratios of the MRM transitions also supported the
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Fig. 4. Positive ionization full scan MS (background) overlaid with group-specific MRM chromatograms for Asclepias linaria leaf (A), Digitalis purpurea leaf (B),
Erysimum cheiranthoides flower (C), and Nerium oleander leaf (D). The MRM transitions and their corresponding genins are listed in Table 2.

conclusion.

In the analysis of cardenolides, ambiguity might arise when
attempting to determine the genin structure, due to the possibility of
multiple genins with identical molecular weight and formula. To address
this challenge, a systematic approach was developed to differentiate and
identify genins sharing the same molecular formula. This strategy
consist of four steps: 1) identification of unique fragment ion(s) specific
to a given genin (Table 1 and Figures S34-563), 2) differences in qual/
quan ratios (Table 2), 3) known occurrence of particular genin in certain
plant species or families [5], and 4) tracing the precursor molecular ion
responsible for generating the genin, which can be achieved by, e.g.,
utilizing HRMS data-dependent acquisition mode, such as TopN. If none
of the previously mentioned strategies provide the ability to differen-
tiate the equal molecular weight and formula genins, NMR spectroscopy
or comparison with an external standard is required.

4. Conclusions

All MRM transitions exhibited distinct characteristics, whether
through unique fragments or differing qual/quan ratios with identical
molecular weight genins (Table 2 and Figures S34-S63). The methods
presented false positive results, which were foreseen due to identical
molecular weights, but still resulted in distinct qual/quan ratios. To
verify that the methods do not give any unresolvable positive signals to
unintended compounds, such as saponins and bufadienolides, was a
promising result. This shows that the developed MRM methods can be
utilized to vast screening and quantitation of cardenolides. Moreover,
the identification of more than 300 compounds across 23 plant species
confirmed the method’s applicability to plant sample matrices.

The novel group-specific methodology addresses the limitations of
traditional targeted MS/MS analyses, providing robust tools for quali-
tative and quantitative assessments. The MRM approach demonstrates
high precision and broadness, without sacrificing detection limits or
linearity. This technique paves the way for a more comprehensive and
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efficient exploration of cardenolides, bridging critical gaps in mass
spectrometric analytical methodologies.
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