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Abstract
Traditional plant medicine is among the most popular and strongest growing forms of alternative medicine. Based on 
ancient healing practices, it still plays a significant role in the treatment of many medical conditions. Its impact significantly 
influenced the creation of therapeutic products by using medical herbs in a continuously growing market. Therefore, it is 
important to properly characterize and differentiate medical plant parts. In this work, a multi-target and suspect screening 
approach for the elemental composition as well as the organic compound profile of different plant parts of Sambucus nigra 
was assessed using inductively coupled plasma-optical emission spectroscopy (ICP-OES) and liquid chromatography coupled 
to high-resolution mass spectrometry (LC-HRMS) to identify potential biomarkers and establish their correlations with the 
total phenolic content (TPC). For the elemental analysis, calcium and potassium were found as the main elements screened 
in the S. nigra plant parts, but with no correlation to the TPC content. In contrast, phosphorus showed a slight correlation 
with the TPC and significant correlations with concentrations of several phenolic compounds. Regarding the organic com-
pound profile, 88 features were tentatively identified with high confidence (levels 1–3), some of them for the first time in S. 
nigra. These compounds are mainly associated with phenolic compounds such as flavonoids or cinnamic acid derivatives, 
among others. Moreover, 18 of these compounds were identified as potential biomarkers to differentiate between plant parts 
(i.e. rutin, quercetin, bergapten, etc.). These findings not only give insights into the characterization of S. nigra but might 
serve as a basis for evaluating individual substances as well as different plant parts regarding their potential hepatoprotective 
characteristics. The LC-HRMS method could serve as a basis for future analyses of medicinal plants, aiming for reduced 
analysis time, high separation performance (especially for phenolic compounds), and better result comparability.
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Introduction

European folk medicine has its roots in ancient Greek, 
Roman, Arabic, and monastic medical theories. Today, 
medicinal plants account for 40% of the world’s pharmaco-
logical products. A prominent tradition in this field is the 
use of native plants, known as medicinal herbs, especially 
for treating common illnesses [1, 2]. Notably, the use of 
herbal medicine among the German population increased 
from 52 to 70% between 1970 and 2010, leading the Euro-
pean market. In Germany, expenditures on herbal medicine 
were around 1 billion € in 2011, about 20% of the total 
over-the-counter drugs and reached an estimated 1.003 
billion € in 2022, according to the German pharmacist 
association (ABDA) [3, 4].

Among these traditional herbal remedies, Sambu-
cus nigra L., commonly known as elderberry, has been 
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extensively used in botanical and pharmaceutical research 
due to its rich composition of bioactive compounds and 
significant health-promoting properties. S. nigra can be 
easily found all over the world as it grows in Europe, North 
America, Asia, and Northern Africa [5, 6]. Besides the 
location, other factors such as the level of maturity, the 
surrounding environment, and weather conditions influ-
ence the constituents of this plant [7].

Thus, the exploration of S. nigra’s phytochemical 
profile is not only vital for understanding its therapeutic 
potential but also crucial for food science and nutrition. 
The berries are rich in anthocyanins, flavonoids, and other 
polyphenols that provide potent antioxidant properties and 
a wide range of biological activities. These include anti-
cancer, immunomodulatory, antibacterial, antiallergic, and 
antiviral effects [8, 9]. These properties support traditional 
applications, such as infusions for respiratory infections 
[10], as well as modern uses, such as natural colorants 
and functional ingredients in jams, jellies, yogurts, syrups, 
concentrated juices, and for flavoring alcoholic beverages, 
including bitters and wine [11]. Furthermore, the bioactive 
composition of S. nigra has been associated with prevent-
ing degenerative diseases, such as cardiovascular disor-
ders, cancer, inflammatory conditions, and diabetes [12], 
highlighting its importance in nutrition and preventive 
medicine. Recent studies have significantly contributed 
to a better understanding of the phytochemical composi-
tion of this plant, providing an in-depth analysis of the 
essential oils and aroma [13], the dynamic changes in the 
total phenolic content (TPC), as well as anthocyanin accu-
mulation and antioxidant activity during various growth 
stages and growing forms of the plant. Antioxidant activity 
is usually determined by DPPH free radical scavenging 
capacity assays with Trolox equivalents and Folin-Cio-
calteu assays for the estimation of (poly)phenol content 
[14–17]. Several studies highlighted the predominant pres-
ence of flavonoids, particularly rutin, in elderberry fruits, 
underscoring their role in the plant’s antioxidant activ-
ity [14, 18]. Secondary metabolite constituents and their 
health benefits are also gaining more interest in the sci-
entific community, including antioxidant, anticancer, and 
wound healing effects as well as antibacterial activities for 
capacity to inhibit the development of fungus strains and 
also ex situ activity for the protection of excised almond 
stems [18–20]. Notably, research has shown the effective-
ness of extracts from S. nigra, particularly from its flowers, 
in neuroprotection and the modulation of oxidative stress 
in SH-SY5Y cells [21]. Although there are some studies 
related to berries and flowers, there is still a lack of knowl-
edge about the potential use of other parts of the plants 
such as leaves or bark. Using the whole plant may be of 
interest in the context of maximizing resource efficiency 
and minimizing the environmental impact in line with 

the principles of circular economy and waste prevention 
[22–25]. Therefore, underutilized plant parts such as the 
leaves and bark of S. nigra may offer untapped potential 
to contribute to sustainable development and innovative 
health solutions. On the other hand, the origin of the plant 
has been usually correlated with both the elemental com-
position as well as the antioxidant activity, offering the 
potential to study potential correlations between elemental 
composition and antioxidant activity [26].

The aim of this work is to differentiate the various parts 
of the European Sambucus nigra plant based on their phe-
nolic profiles, elemental composition, and antioxidant poten-
tial. Therefore, elemental analysis and comprehensive and 
detailed analysis of the phenolic compounds, known for their 
free radical scavenging properties and potential health ben-
efits, have been carried out by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and liquid chro-
matography coupled to high-resolution mass spectrometry 
(LC-HRMS). Additionally, metabolic relevant elements 
were compared with literature known phenolic activities. 
Combined with a suspect screening approach, differences in 
bioactivity between different plant parts of Sambucus nigra 
were discovered. Characterization of the phenolic compound 
profile is crucial for identifying biomarkers that could aid in 
the differentiation of S. nigra plant parts of European origin.

Material and methods

Materials and reagents

PTFE filters with a 0.20 µm pore size and a diameter of 
13 mm provided by Macherey-Nagel (in Düren, Germany) 
were used. Formic acid Optima (LC/MS) with a purity 
of over 99% from Fisher Scientific (Schwerte, Germany), 
methanol of HPLC LC-MS grade from VWR Chemicals 
(Rosny-sous-Bois-cedex, France), and ethanol 99.7% purity 
(v/v) HPLC grade from VWR (Darmstadt, Germany) were 
acquired. Ammonium formate in LC-MS grade was sourced 
from Sigma Life Science (Steinheim, Germany) while dime-
thyl sulfoxide with 99.9% purity was bought from Alfa Aesar 
(Kandel, Germany). Ultrapure water used was produced 
by Satorius Arium Pro VF system (Goettingen, Germany) 
with 18.2 M Ω cm−1 conductivity. A mix of 19 analytical 
standards was selected to increase the identification level 
of selected compounds. Apigenin was provided by Cayman 
Chemical Company (Michigan, USA). Bergapten (99%) was 
obtained from Extrasynthèse (Genay, France) while chloro-
genic acid (95%), curcumin (65%), DL-phenylalanine (99%), 
gallic acid (97.5–100%) and (±)-naringenin (95%), p-cou-
maric acid (98%), n-vanillylnonanamide (97%), quercetin 
hydrate (95%), rutin trihydrate (99%), trans-ferulic acid 
(99%), vanillic acid (97%), and vanillin (97%) were obtained 
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from Sigma-Aldrich (Steinheim, Germany). Stock standards 
were generally prepared in methanol at 10 µM and stored 
at −20 °C prior to use. For phenylalanine, curcumin, ber-
gapten, and quercetin hydrate, a 9:1 (v/v) mixture of MeOH/
DMSO was used due to poor solubility.

For the elemental analysis of S. nigra, 65% nitric acid 
from Fisher Chemical (Schwerte, Germany), 30% hydrogen 
peroxide from AppliChem GmbH (Darmstadt, Germany), 
Teflon vessels from CEM (Kamp-Lintfort, Germany), ICP 
elemental standards (including Al, Ca, Fe, K, Mg, Na, P, 
S, Si, Y) at 1000 mg/L concentrations as salts dissolved in 
2–3% HNO3, and yttrium as an internal standard from Merck 
(Darmstadt, Germany) were used.

Sample collection

The dried parts of S. nigra L., including flowers, berries, 
leaves, and bark, from the years 2020 and 2021 from Poland 
and Bosnia were purchased (Herbathek, Berlin, Germany 
& Alfred Galke GmbH, Bad Grund, Germany), and from 
year 2023 plants were collected from different German loca-
tions (Essen, Haltern am See and Marl). After removing any 
extraneous matter, the plant material was washed and finely 
ground to a powder with a coffee mill.

The control of the harvesting process and storage condi-
tions is highly relevant to minimizing differences in the met-
abolic profile of the plant. Thereby, flowers were collected 
at midday by cutting a branch and harvesting leaves and 
flowers from it. After harvesting, the flowers were dried with 
a desiccator in the dark for about two weeks, then separated 
from their clusters and stored in a dark place until extraction 
at room temperature. Flowers from Haltern were harvested 
in a park on June 13, 2023, while flowers from Marl were 
harvested on June 17, 2023, in a highly industrialized area. 
Barks and roots from the plants collected in Essen were har-
vested on July 31, 2023, in an urban area. For more details, 
see supporting information Table S1.

Sample treatment

A microwave-assisted extraction (MAE), using a previ-
ously optimized extraction method for different parts of S. 
nigra plant [27], was used. Briefly, 125 mg of ground plant 
material was extracted with 5 mL of solvent. The extraction 
solvent consisted of different proportions of ethanol/water 
depending on the plant part: for flowers, leaves, and bark, 
the ethanol/water ratio was 40:60 (v/v) and for berries the 
ratio was 20:80 (v/v) [22]. The extraction was carried out 
using a Mars 6 (CEM, Kamp-Lintfort, Germany) microwave 
system at the optimal extraction conditions (55 °C and 400 
W for 5 min). Afterwards, the samples were centrifuged for 
10 min and filtered through a PTFE filter to remove solid 
particles. Filtered extracts were stored in glass vials with lids 

at −20 °C for short-term and −80 °C for long-term storage 
prior to analysis.

Microwave digestion for ICP‑OES analysis

0.5 g of the ground samples was placed in Teflon vessels 
previously rinsed with nitric acid. Then, 6 mL of 65% nitric 
acid and 2 mL of 30% hydrogen peroxide were added into 
the Teflon vessel and digested using a microwave. A blank 
was prepared in parallel, treated the same way as the sample 
but without the sample addition. The microwave program 
consisted of a 15 min ramp to a final temperature of 200 °C, 
while holding 600 W microwave power, followed by 15 min 
at a constant temperature of 200 °C. After digestion, the 
sample was diluted to a final volume of 50 mL with water.

Instrumentation

The LC-MS setup consisted of a 1290 Infinity II Multisam-
pler (G7167B), a 1290 High Speed Pump (G7120A), a 1920 
MCT (G7116B), and 1290 DAD FS (G7117A) coupled to 
a 6546 LC/Q-TOF equipped with a DUAL-AJS ESI source 
(Agilent Technologies, Santa Clara, CA, USA). The chro-
matographic separation was achieved using a Kinetex® PFP 
100 Å column (100 × 2.1 mm I.D; 1.7 µm) equipped with 
a 5 mm PFP guard column (Phenomenex, Torrance, CA, 
USA). For positive ESI ionization, a mixture of water (A) 
and methanol (B) both with 0.1% (v/v) of formic acid was 
used, while for negative ion mode experiments, a mixture of 
water (A) and methanol (B) with 5 mM of ammonium for-
mate was used. The column was kept at a constant tempera-
ture of 50 °C and throughout the analysis and the flow was 
set at 0.4 mL min−1. The optimized gradient program was as 
follows: 5% B (held 1.6 min), up to 35% B at 2.6 min; up to 
40% B at 6 min (held 1 min) up to 45% B at 10.5 min; up to 
75% B at 11 min; up to 100% B at 17.5 min (held 2.5 min) 
and goes back to initial conditions for a total run time of 
22 min. The injection volume was 5 µL. The QTOF operated 
in full scan-data dependent MS/MS acquisition mode cover-
ing a mass range from 100 to 1700 Da in both positive and 
negative ion modes. For the ion source, gas temperature was 
set to 320 °C, drying gas flow to 8 L min−1, nebulizer pres-
sure to 35 psi, sheath gas temperature to 350 °C, and sheath 
gas flow to 11 L min−1. The spray voltage was adjusted to 
3500 kV. The MS analyzer acquired both profile and cen-
troid data, with a medium isolation window (~ 4 m/z) for 
MS/MS analysis. Collision energy was determined using a 
formula accounting for m/z with a slope of 4.8 and an offset 
of 6. The setup involved conducting MS/MS experiments on 
the 10 highest recorded signal intensities every 1.35 s, with 
a threshold of 2000 counts and a relative intensity of at least 
0.01% of the total spectrum. Once a mass had been meas-
ured 12 consecutive times and an MS2 spectrum had been 
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acquired, this specific mass was excluded from selection for 
0.5 min. MassHunter Workstation LC/MS Data Acquisition 
10.1 software was used for instrument control of the LC-MS 
setup, while MS-Dial 4.9 and MetaboAnalyst 6.0 were uti-
lized for data processing and analysis.

Selected elements are quantified using a 5900 ICP-OES 
(Agilent, Santa Clara, CA, USA) instrument. The read time 
was set to 5 s, the RF power set to 1.3 kW, and the stabi-
lization time of 10 s. The instrument was operated in Syn-
chronous Vertical Dual View (SVDV) mode with a viewing 
height of 8 mm. The nebulizer flow rate was 0.8 L min−1, 
the plasma flow was 13 L min−1, and the auxiliary flow 
was set to 2.0 L min−1. The injection pump rate was set 
to 6.4 mL min−1. A screening was conducted on the plant 
samples to identify suitable wavelengths for element detec-
tion (see supplementary information, Table S2). The wave-
lengths and the concentration ranges were selected based on 
their peak symmetry, intensity, and their interference with 
wavelength from other elements (see supplementary infor-
mation). To quantify the elements, calibration curves were 
generated using yttrium as internal standard at 0.6 µg mL−1. 
The samples were diluted in a ratio of 1:10 with 2% nitric 
acid, and the internal standard was added afterwards. During 
the analysis, 5 measurements per sample were repeated at a 
pump speed of 12 rpm.

QA/QC and data processing

To ensure quality control, pooled samples from the respec-
tive plant parts were used for data filtering. QC samples were 
measured to monitor consistency in signal intensity across 
different days. The injections followed a specified sequence, 
which was subsequently reviewed for potential carryover. 
For quality assurance, the Q-TOF underwent daily mass 
calibration with ESI-L low concentration tune mix (Agilent, 
Santa Clara, CA, USA) and blanks were analyzed between 
each plant part sample, with triplicate measurements per-
formed to ensure accuracy and repeatability. Before applying 
the suspect screening to the workflow, it was validated with 
the determination of the limit of identification (LOI). The 
LOI serves as a critical benchmark in the qualitative assur-
ance of HRMS methodologies, showing the minimum quan-
tity of a molecule that can be confidently identified [28]. The 
application of LOI in global suspect screening analysis prac-
tices exhibits a lack of standardized protocols, with multiple 
approaches and criteria in its determination [28–30]. In this 
work, analytes were only classified as “identified” if tandem 
MS spectra were obtained. To estimate the LOI, standards 
were diluted to different concentrations (10 µM, 5 µM, 1 µM, 
0.5 µM, 0.1 µM, 0.05 µM, 0.01 µM, and 0.005 µM) and 
analyzed in triplicate by LC-HRMS.

Suspect compounds underwent several data filtering 
steps. First, all features that showed no intensity in one of 

the QC samples were filtered out. Then, all data with a rela-
tive standard deviation (RSD) higher than 35% within the 
QC pool samples were eliminated. The third filter step elimi-
nated all features for which no MS2 spectra was recorded. 
Further, all data to which no molecular formula could be 
assigned were sorted out. This resulted in the elimination 
of all “unknowns” or level 5 features [31]. To increase the 
confidence of the annotations (up to level 2a or 3), experi-
mental MS/HRMS spectra were compared with MassBank 
of North America (MoNA) with a required minimum mass 
spectral similarity of 85%. Finally, if the standard was avail-
able, upgrade to level 1 was achieved for matching retention 
time (± 1 min) and MS/HRMS spectra (> 85%). Estimated 
anthropogenic compounds were eliminated afterward. For 
data treatment of tentatively identified compounds, Metabo-
Analyst software was used for Pareto scaling and normaliza-
tion by sum to improve the reliability of the statistical data 
analysis [32, 33].

Results and discussion

Validation of the elemental analysis by ICP‑OES

Accurate and comparable results require reliable elemental 
analysis. The objective of the experiment was to validate 
the analytical method by establishing concentration ranges. 
The establishment of these ranges was expected to enable 
accurate calibration. To validate the elemental analysis, a 
preliminary screening to estimate the concentration range 
for the samples was conducted. Based on these results, exter-
nal calibration was performed and quality parameters were 
determined (supplementary information, Table S3). The lim-
its of detection (LOD) and limits of quantification (LOQ) 
calculated as 3 and 10 times the signal-to-noise ratio for the 
ten analyzed elements ranged from 3.9 µg·L−1 to 129 µg·L−1 
and from 10 µg·L−1 to 430 µg·L−1, respectively. The detec-
tion capability is comparable to that of other studies on plant 
samples utilizing green extraction methods [34].

Validation of target and suspect chemical 
characterization workflows for the LC‑HRMS analysis 
of main compounds present in S. nigra

In order to ensure the reliability of the non-target screen-
ing workflow, it was crucial to evaluate its detection capa-
bilities and overall analytical performance. The limits of 
detection, quantification, and identification serve to define 
the sensitivity and confidence of compound identification. 
The validation of the non-target screening workflow was 
achieved through the determination of its detection capa-
bility. Figure 1 shows the distribution of LODs, LOQs, and 
LOIs obtained for the target compounds. The selection of 
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these compounds was made on the premise that they had 
been identified as level 3 during the workflow. The LOIs 
throughout the study were primarily established as the 
lowest concentration where MS/MS spectra were acquired, 
ensuring a confident identification [29, 30]. Figure 1 illus-
trates the comparability and correlation between these 
limits, being notable that, overall, the LOI approximately 
corresponds to the LOQ. Quercetin and Myricetin are not 
properly validated because of the low ionization efficiency 
by LC-ESI-HRMS. Therefore, they were left out for the 
box and whisker plot.

For target analysis, the method showed a good linearity 
(R2 > 0.948) along the working range (> LOD), see Table 1. 
Besides, precision, determined as the relative standard devi-
ation (n = 3), and trueness, calculated as the relative error 
between the experimental and the calculated concentration, 
were lower than 30% and 41% at 1 µM and 12% and 46% at 
10 µM, respectively.

Analysis of samples

Element distribution of European S. nigra

The elemental distribution and total phenolic content (TPC) 
of Sambucus nigra were analyzed in roots, bark, leaves, flow-
ers, and berries collected from various European regions. 
The targeted elemental analysis focused on physiologically 
relevant elements, while the TPC measurements aimed to 
explore potential links between mineral composition and 
bioactivity across plant parts and locations. As shown in 
Fig. 2, the average distribution of elements varies signifi-
cantly between different plant parts, as for location between 
the flowers only slight changes in K and S concentrations are 
observed (see supplementary information, Table S4). In gen-
eral, Ca, K, P, Mg, and S showed the highest concentration 
differences within the plant parts. Calcium was abundant 

in roots, bark, and leaves, especially shape defining plant 
parts, suggesting its role in structural support [35]. Potas-
sium showed the highest concentrations in flowers and ber-
ries, likely supporting fruit formation and water transport, as 
already seen in diverse plants [36]. Magnesium was promi-
nent in flowers and leaves, indicating roles in photosynthesis 
and enzyme activation [37], while its high concentration in 
roots suggests essential functions in enzymatic processes, 
structural stability, nutrient transport, and chlorophyll syn-
thesis, as it is a building block of it [29, 38]. Phosphorus is 
crucial for DNA/RNA synthesis [39], the highest concentra-
tion is found in flowers and fruits and also with higher levels 
in roots and leaves, indicating roles in nutrient uptake, root 
development, and energy transfer [39, 40]. Sulfur was highly 
concentrated in leaves and flowers, supporting protein syn-
thesis and enzyme activation [41].

It has been observed that variations in soil and environ-
mental conditions may influence element concentrations 
[42]. These trends provide valuable insights into the physi-
ological needs and environmental interactions of the various 
parts of the S. nigra plant. Therefore, the elemental com-
position of S. nigra plants from different geographical ori-
gins was analyzed. Within the different European samples, 
the main difference was found in bark and flower extracts. 
Especially potassium and sulfur varied between the flow-
ers, which indicates differences within the soil of the plants. 
The bark from Essen shows elevated levels of aluminum, 
calcium, and iron, indicating this plant’s need for structural 
support. Aluminum could also be an indicator of possible 
contamination, as the wild-grown samples from Essen are 
harvested in urban areas [43]. The concentration of each 
element in the different parts of the analyzed plants is shown 
in Table S4.

Further, Wetzel et al. [27] showed that S. nigra flowers 
exhibit the highest total phenolic content, followed by ber-
ries, with the bark showing the lowest bioactivity. Interest-
ingly, the phenolic content could be correlated with the 
antioxidant activity. In this work, the TPC of the extracts 
obtained for each part of S. nigra was measured. In Fig. 3, 
TPC results for the plant extracts are shown. These results 
show a similar trend to those already published in the lit-
erature [17, 18, 27]. Interestingly, structural support ele-
ments like calcium appear to have an inverse relationship 
with bioactivity, as indicated by the high levels of calcium 
(63%) in the bark and (37%) in the roots. After statisti-
cal analysis, the TPC showed a slight but not significant 
correlation (Pearson Correlation Coefficient (PCC)) with 
the concentration of phosphorus (0.51) and silica (0.55), 
whereas there was no significant correlation with the con-
centrations of other elements. Due to relatively low PCC 
values, this could be an indication that these elements do 
not have a primary influence on the total phenolic content 
within the plant parts.

0.001 0.01 0.1 1 10

LOD

LOQ

LOI

[µM]

Fig. 1   Analytical quality figures of merit box and whiskers plot
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LC‑HRMS non‑target chemical characterization of organic 
compounds

A non-targeted chemical characterization of the second-
ary metabolites present in the extracts obtained from the 
nine samples was analyzed. This leads to 164,821 detected 
features. The filtering process resulted in 497 features for 
all plant parts. Afterwards, principal component analysis 
(PCA) and partial least squares discriminant analysis (PLS-
DA) were carried out (see supplementary information Fig-
ure S1) to identify features that can potentially differentiate 
plant parts. The top 200 distinguishing features in positive 
ion mode, together with an additional 41 features identi-
fied in negative ion mode, were examined. After removal of 

features tentatively identified as anthropogenic compounds, 
as well as the merging of isomeric features, the final dataset 
comprised 121 individual features, 88 (73%) being classified 
as level 3 or higher, as shown in supplementary information 
Table S5. The main compound classes tentatively identified 
are summarized in Fig. 4. Thirty-six of those could be clas-
sified as phenolic compounds.

Flavonoids and cinnamic acids are both subclasses of 
phenolic compounds; both contribute to plant defense mech-
anisms and to their associated health benefits, such as their 
anti-inflammatory activities [7].

Among all the compounds tentatively identified, 18 could 
be classified at level 1, 20 at level 2, and 50 at level 3 accord-
ing to the Schymanski scale [31]. Compounds identified as 
level 1 were quantified in the respective plant parts (see sup-
plementary information, Table S6). Many of the compounds 
identified at level 1 could be classified as phenolic com-
pounds. Some of these were rutin and its precursor querce-
tin, which have been strongly associated with antioxidant 
activities [44, 45].

Among the level 1 identified compounds, it is important 
to highlight that, to the best of our knowledge, this is the 
first time that bergapten, coumarin, curcumin, and vanillin 
are identified in S. nigra.

In order to evaluate the most representative compounds 
from each plant part, a PC analysis of those 18 compounds 
identified at level 1 was performed. Based on the PCA, the 
18 level 1 identified compounds showed the potential to be 
used as biomarkers to differentiate plant parts, as seen in 
Fig. 5. These biomarkers could be used for the identifica-
tion of the plant parts used for the preparation of different S. 
nigra-based herbal medicines.

Further, the TPC was correlated with the quantified phenolic 
compounds showing a high and significant correlation (PCC 
0.62, p-value 0.073). The correlation can be increased to a 
PCC of 0.91 (p-value of 0.00062) by excluding flower samples 

Fig. 2   Average element distri-
bution in % of total value for the 
respective S. nigra plant parts
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obtained from Poland. This suggests that the Polish samples 
have a unique composition and differ from the other samples, 
possibly due to specific phytochemical differences or environ-
mental factors influencing phenolic compound production.

The PCC for chlorogenic acid, a phenolic compound 
highly associated with free radical scavenging abilities and 
that was observed at high concentration in the samples, 
was at 0.88 with a p-value of 0.00016. Rutin (PCC at 0.94; 
p-value 0.00015), a flavonoid, directly correlates with TPC 
and was found in flowers and leaves, and contributes sig-
nificantly to the elevated TPC in berries. Caffeic acid (PCC 
0.89; p-value 0.0013) was a compound that presented high 
concentration in flowers, leaves, and bark samples; therefore, 
it further contributed to the TPC value, as well as vanil-
lic acid (PCC 0.83; p-value 0.0054), present in flowers and 
leaves. However, ferulic acid (PCC 0.04), primarily found 
in bark and leaves, gallic acid (PCC −0.20), most abundant 
in berries, and coumaric acid (PCC 0.20) deviate from this 

general correlation. Only coumaric acid has another signifi-
cant correlation with a PCC of 0.67 and a p-value of less 
than 0.05. The other compounds have no significant correla-
tion. These findings suggest that while most phenolic com-
pounds contribute positively to the total phenolic content in 
S. nigra, certain compounds such as gallic and ferulic acid 
may play a more context-dependent or structurally distinct 
role within the plant’s phenolic network, possibly due to dif-
ferences in biosynthesis pathways or compartmentalization; 
also, the correlation could change under different extraction 
conditions.

Correlation between elemental composition 
and phenolic compound profiles

Moreover, the concentration of elemental composition was 
also correlated with the sum of concentrations of com-
pounds identified as level 1, showing a strong and significant 

Fig. 4   Compound classes of the 
identified compounds (levels 
1–3) in all plant parts, with phe-
nolic compounds within these 
groups marked in light gray

Fig. 5   PCA of plant parts using 
concentration of level 1 identi-
fied compounds as biomarkers
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correlation with phosphorus (PCC 0.71, p-value 0.030) and 
a non-significant correlation with sulfur (PCC 0.54, p-value 
0.16). When looking at individual compounds in Table 2, 
vanillin and ferulic acid show significant correlations with 
Ca and Fe, displaying an opposite trend compared to previ-
ous findings. Interestingly, the gallic acid concentration is 
significantly negatively correlated with magnesium levels, 
indicating an almost inverse relationship. While apigenin, 
coumaric acid, naringenin, rutin, and vanillic acid correlate 
with phosphorus, as expected due to the TPC correlation, 
which might indicate the location of synthesis for e.g., pen-
tose phosphate pathway, shikimic acid pathway, and other 
energy transfer processes with ATP and NADP+ for the 
polyphenolic compounds within the plant [46, 47].

Conclusion

The differentiation of S. nigra plant parts has been achieved 
by using a LC-HRMS approach combined with ICP-OES 
analysis. The elemental distribution within S. nigra varies 
significantly across different plant parts. Flowers and berries 
exhibit high potassium concentrations. Aluminum is more 
concentrated in leaves, bark, roots, and flowers, while its 
content is reduced in berries. Calcium is enriched in roots, 
bark, and leaves, while iron is uniformly distributed, only 
slightly less concentrated in berries. Magnesium is abundant 
in flowers and leaves, whereas phosphorus is more concen-
trated in roots and leaves. Similarly, sulfur levels are higher 
in leaves and flowers. Regional variations, such as differ-
ences in potassium and sulfur levels between flower samples, 
suggest soil and environmental influences. For the non-tar-
geted identification of metabolites present in the sample, 18 
compounds were identified at level 1, 20 at level 2a, 50 at 
level 3, and 33 at level 4. When comparing the results of the 
quantified level 1-identified compounds, a strong correlation 
(PCC 0.91, p = 0.0006) between total phenolic compound 
content (TPC) and quantified concentrations is observed, 
suggesting a unique phytochemical composition due to spe-
cific environmental factors or distinct biosynthetic pathways. 
Several phenolic compounds, i.e., rutin, chlorogenic acid, 
caffeic acid, and vanillic acid, exhibited a high correlation 
with TPC. Phenolic compounds significantly contribute to 
the antioxidant capacity of the samples. In contrast, ferulic 
acid and gallic acid deviate from this trend, showing no sig-
nificant correlation with TPC. An analysis of elemental com-
position reveals no significant correlation between TPC and 
the measured elements. A significant correlation is observed 
between phosphorus and the sum of the intensities of level 1 
phenolic compounds (PCC 0.71, p = 0.03), notably apigenin, 
coumaric acid, naringenin, rutin, and vanillic acid. Vanillin 
and ferulic acid show significant correlations with Ca, Fe, 
and Na, which indicate that they are involved in different 

metabolomic activities than most of the polyphenols. The 
results obtained can serve as a basis for further research 
on the identified compounds and may provide insights into 
plant characterization, metabolic pathways, and potential 
medical applications of S. nigra.
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tary material available at https://​doi.​org/​10.​1007/​s00216-​025-​06112-7.
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