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SUMMARY 
Research background. As food production faces major challenges, modern agricultur-

al practices are increasingly focused on conserving resources, reducing negative environ-
mental impacts and sustainably producing food with a high content of health-promoting 
phytochemicals. During production, many factors can affect the quality and chemical 
composition of a final food product. Proper selection of cultivating conditions, especially 
a balanced nutrition, can significantly increase nutritional value and result in foods with 
strong biological and functional properties. Stinging nettle is a rich source of minerals, 
vitamins, pigments, phenols and other bioactive compounds and can be consumed as a 
green leafy vegetable with beneficial effects on human health. Therefore, the aim of this 
study is to determine the nutritional quality and antioxidant capacity of stinging nettle 
leaves under the influence of different nutrient solution (NS) treatments and three harvest 
cycles. 

Experimental approach. The experiment was conducted in a floating hydroponic sys-
tem in which treatments with different nutrient solutions were applied and three harvest 
cycles were carried out. After each harvest, the following treatments were applied: treat-
ment 1 – depletion of nutrient solution by adding water, treatment 2 – supplementation 
of nutrient solution by adding initial nutrient solution and treatment 3 – correction of nu-
trient solution by adding nutrients. Among the bioactive compounds, minerals, ascorbic 
acid, phenols and photosynthetic pigments content, as well as antioxidant capacity were 
analysed spectrophotometrically, while individual phenols were determined by liquid 
chromatography. 

Results and conclusions. Different nutrition solution treatments and the number of har-
vest cycles had a significant effect on the content of the analysed bioactive compounds. 
The highest mass fraction (on fresh mass basis) of total phenols expressed as gallic acid 
equivalents (377.04 mg/100 g), total flavonoids expressed as catechol equivalents (279.54 
mg/100 g), ascorbic acid (112.37 mg/100 g) and pigments (total chlorophylls 1.84, and to-
tal carotenoids 0.36 mg/g) as well as the highest antioxidant capacity expressed as Trolox 
equivalents (35.47 µmol/g) were recorded in the samples supplemented with nutrient 
solution (treatment NS2) and analysed after the third harvest. 

Novelty and scientific contribution. This is the first time that stinging nettle leaves have 
been produced in a floating hydroponic system by controlled plant nutrition. We have set 
this type of nutritional manipulation with multiple harvest cycles as an innovative tech-
nique for the production of novel food with improved nutritional value that can be con-
sumed as green leafy vegetables. 

Keywords: sustainable food production; food quality; plant nutrition; bioactive com-
pounds; antioxidant capacity 

INTRODUCTION 
Food production faces numerous problems and global challenges due to the pro-

nounced consequences of climate change, which has led to more frequent droughts, 
floods, natural disasters, soil degradation and arable land loss (1). Today, food production 
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is one of the main contributors to global warming through 
the emission of greenhouse gasses and soil and water pollu-
tion through the misuse of chemical fertilizers and pesticides 
(2,3). Thus, there is increasing urgency for a stronger focus on 
adapting the food production chain to sustainable solutions. 
One of the main objectives of the strategy of European Union 
and Circular Economy Action Plan (CEAP) (4) is to reduce pres-
sure on natural resources and ensure sustainable production. 
Another challenge for food production is to provide a grow-
ing population with an adequate amount of nutrient-rich 
food. 

The nutritional, functional and biological properties of 
foods of plant origin primarily depend on the content and 
composition of phytochemicals with significant antioxidant 
activity. Stinging nettle (Urtica dioica L.) is a plant species that 
has been known for its nutritional and medicinal properties 
since ancient times (5). Nettle has a great potential in food 
processing for the production of food supplements, tinctures 
and capsules (6) and as a source of green pigments for food 
colouring (7). It is also used in the pharmaceutical, cosmetic 
and textile industries. All parts of the plant contain large 
amounts of different bioactive compounds, but leaves are the 
richest source, which is why they are intended for consump-
tion as a green leafy vegetable (6). Nettle leaves contain: car-
bohydrates, dietary fibre, protein, fatty acids (mostly palmit-
ic and linoleic acids), vitamins (A, B group vitamins, C, D, E and 
K), minerals (especially P, Ca, Mg and Fe), photosynthetic pig-
ments (chlorophyll a and b, carotenoids), amino acids, organ-
ic acids, tannins, terpenoids and phenols (8,9). Determined 
individual phenolic compounds are: caffeic, coumaric, chlo-
rogenic, hydroxybenzoic, vanillic and quinic acids, as well as 
caffeic and quinic acid derivatives and rutin, quercetin and 
kaempferol (8-10). The complex chemical composition and 
antioxidant capacity are responsible for the proven specific 
biological effects of stinging nettle. Pharmacological studies 
showed antioxidant, antimicrobial, anti-inflammatory, anti-
diabetic, hepatoprotective, antitumour (5,8,9,11) and other 
properties of stinging nettle. However, the chemical compo-
sition of nettle leaves can vary significantly depending on the 
origin of the plant material. Nowadays, nettle is usually tradi-
tionally collected from the wild, but this plant material is of 
questionable quality and has inconsistent chemical composi-
tion. In addition, nettle can absorb increased amounts of 
heavy metals and nitrates from the soil, making it unfavour-
able for consumption (9,12). Controlling abiotic and biotic fac-
tors and managing production conditions can significantly 
improve the quality and safety of stinging nettle. 

The floating hydroponics is a production technique that 
offers solutions to overcome the above-mentioned problems 
related to food production. It allows a reduced use of fertiliz-
ers and pesticides, which has a strong impact on food safety 
and prevents food contamination. Continuous control of  
abiotic factors and more efficient use of water and nutrients  
can result in higher nutritional quality of the raw material by 
ensuring favourable chemical composition (9,12). Floating 

hydroponics is a soilless technique of growing plants using a 
nutrient solution that provides precise and balanced plant 
nutrition according to the specific needs of the plant species. 
Controlled nutrition can affect the amount of nitrogen, which 
is important because excessive amounts of nitrogen can pose 
an environmental problem, but also negatively affect food 
nutritional quality by reducing the accumulation of phenolic 
compounds, ascorbic acid and other bioactive compounds 
(13-15). A very important advantage of floating hydroponics 
is also the possibility of multiple harvest cycles, which ulti-
mately leads to higher food production while preserving the 
nutritional value of the raw material.

Considering the above, the aim of this study is to deter-
mine the content of bioactive compounds and antioxidant 
capacity under the influence of the management of different 
nutrient solutions and three harvest cycles. 

MATERIALS AND METHODS

Plant material

Fresh nettle leaves were collected from the cultivated 
stinging nettle grown at the University of Zagreb, Faculty of 
Agriculture, Department of Vegetable Crops, Zagreb, Croatia. 
The experiment was conducted in a floating hydroponic sys-
tem during the autumn-winter growing season 2021/2022 in 
a heated greenhouse. The amount of 50 nettle seeds (B&T 
World Seeds, Paguignan, France) was sown per plate opening 
in polystyrene boards filled with inert perlite (Europerl d.o.o., 
Samobor, Croatia), on 26 August 2021. After six days of ger-
mination under optimal conditions (temperature 20-25 °C, 
relative humidity 60-70 %), the boards were relocated into 
three basins filled with Johnson’s nutrient solution (JNS) con-
taining in mg/L: KNO3 250.99, KH2PO4 142.7, K2SO4 0, Ca(NO3)2× 
4H2O 501.5, MgSO4×7H2O 256.25, 13 % FeEDTA 12.8, H3BO3 
1.32, CuSO4×5H2O 0.026, MnSO4×4H2O 0.79, ZnSO4×7H2O 0.11 
and Na2MoO4×2H2O 0.018; electrical conductivity 1.5 mS/cm, 
pH=5.8–6.2. JNS was used to prevent excessive accumulation 
of nitrates because it has a lower nitrate content than other 
commercial nutrient solutions. Originally, basin 1 and basin 
2 were filled with JNS prepared independently of the chemi-
cal composition of the water, and basin 3 was filled with JNS 
adjusted according to the chemical analysis of the water. 
Since stinging nettle can regrow after harvest, three harvest 
cycles were carried out manually before flowering: on 3 No-
vember 2021, 11 January 2022 and 10 March 2022. After each 
harvest, treatments with different nutrient solutions (NS) 
were applied by refilling basins to replace the drop level of 
JNS. In the first nutrient solution treatment (NS1), water was 
added to basin 1 (depletion of nutrient solution), in the sec-
ond nutrient solution treatment (NS2), the initial JNS was add-
ed to basin 2 (supplementation of nutrient solution), and in 
the third nutrient solution treatment (NS3), a chemical analy-
sis was performed, based on which the amount of nutrients 
was added to basin 3 to match the composition of the initial 
solution (correction of nutrient solution). Due to the depletion  
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of nutrient solution with water, NS1 contained lower concen-
tration of minerals, especially nitrogen, while the supplemen-
tation and correction treatments contained higher concen-
trations of N and other minerals. Also, greenhouse abiotic 
factors (air temperature and relative humidity) were moni-
tored regularly throughout the experiment, so plants were 
grown under controlled conditions. After each harvest me-
chanical impurities were removed from the plant raw mate-
rial, leaves were separated from the stems and fresh leaves 
were immediately analysed.

 

Determination of physicochemical properties 

According to the CIELAB method, the chromaticity pa-
rameters of the fresh nettle leaves (L*, a*, b*, C and h°) were 
measured using a colorimeter (ColorTec PCM+; PCE Instru-
ments, Southampton, UK). Fifteen leaves were measured, 
with five leaves representing one replicate, for a total of three 
replicates per treatment. The L* value represents the light-
ness of the sample from black to white on a scale from 0 to 
100 where 0–50 indicates dark and 51–100 indicates light, 
while a* and b* values represent chromaticity, i.e. the pres-
ence of red or green and blue or yellow, respectively.

Using a standard laboratory procedure according to the 
AOAC International (16), total dry matter content (DM/%) was 
determined by drying in an oven at 105 °C to constant mass. 
Potentiometric titration with sodium hydroxide solution 
(c=0.1 mol/L) was used to determine total acid content (TA/%) 
according to AOAC (16). To determine total dry matter and 
acid content, six measurements were made with two mea-
surements representing a replicate, for a total of three repli-
cates per treatment.

 

Determination of mineral composition

The dry matter of plant leaves was determined gravimet-
rically in a drying oven (ST-360T; INKOLAB d.o.o., Zagreb, Cro-
atia) at 105 °C to constant mass (17). The dry samples were 
digested in a microwave oven (ETHOS 1; Milestone S.r.l., Sor-
isole, Italy) with concentrated HNO3 and HClO4 acids. In di-
gested samples calcium, magnesium, iron, zinc, manganese, 
copper and molybdenum were determined by atomic ab-
sorption spectrometer (Solar M5; Thermo Fisher Scientific, 
Winsford, UK), while boron was determined spectrophoto-
metrically (Evolution 60S; Thermo Fisher Scientific) using 
azomethine-H method (16). All analyses were carried out in 
triplicates. 

 

Determination of ascorbic acid content

Titration with 2,6-dichlorophenolindophenol (DCPIP) was 
used to determine the ascorbic acid (AA) content according 
to the standard AOAC method (16). The plant material (ap-
prox. 3.5 g samples) was mixed and homogenised with 100 
mL of φ(oxalic acid)=2 % and filtered through a Whatman  
filter paper no. 591. A volume of 10 mL of the filtrate was 

titrated with freshly prepared DCPIP until a specific pink co-
lour appeared that remained stable for several minutes. Anal-
yses for all treatments were carried out in three replicates. 
The final AA content of the tested samples (in mg/100 g) was 
calculated according to the following equation:

	 w(AA)=(V·f/m)·100	 /1/

where V is the volume of used DCPIP (mL), f is the factor of the 
DCPIP (mg/mL) and m is the sample mass in the filtrate used 
for titration (g).

 

Determination of phenolic compounds

For determination of the total phenolic compounds, the 
plant material was first extracted with φ(ethanol)=80 %. The 
extraction was performed according to the following proce-
dure: samples (10.00±0.01) g were homogenised with 40 mL 
of 80 % EtOH, heated to boiling point and refluxed for 10 min. 
After filtration, another 50 mL of 80 % EtOH were added and 
the process was repeated as described by Dujmović et al. (18). 
The extracts were used for the determination of total pheno-
lic (TPC), total flavonoid (TFC), total non-flavonoid (TNFC) 
content and antioxidant capacity. 

Polyphenolic compounds were determined according to 
the method described by Ough and Amerine (19), based on 
the reaction with Folin-Ciocalteu reagent, performed in trip-
licate. For TPC determination, the reaction mixture was pre-
pared in a 50-mL volumetric flask in the following order: 0.5 
mL extracts, 30 mL distilled water, 2.5 mL V(freshly prepared 
Folin-Ciocalteu reagent):V(water)=1:2 and 7.5 mL saturated 
Na2CO3 solution and made up to the mark with distilled wa-
ter. The prepared reaction mixture was left for 2 h at ambient 
temperature with occasional shaking and then the absorb-
ance of the extracts was determined spectrophotometrically 
(1900i; Shimadzu, Kyoto, Japan) at a wavelength of 750 nm 
using distilled water as a blank. Gallic acid was used as an ex-
ternal standard, and TPC was expressed in milligrams of gallic 
acid equivalents (GAE) per 100 g fresh mass. 

For the determination of TNFC, chemical reactions were 
performed as follows: 10 mL ethanolic extract, 5 mL V(H-
Cl):V(EtOH)=1:4 and 5 mL formaldehyde (p.a.) were placed 
into a 25-mL volumetric flask and the obtained solutions 
were blown with nitrogen. Further procedure followed the 
protocol described by Dujmović et al. (18). TFC was calculated 
as the difference between the amount of TPC and TNFC and 
expressed in milligrams of catechol equivalents (CCE) per 100 
g fresh mass. 

 

Identification and quantification of individual phenols 
by high-performance liquid chromatography 

Following the modified method described by Otles and 
Yalcin (20), high-performance liquid chromatography (HPLC) 
was used for separation, identification and quantification of 
individual phenolic compounds from fresh stinging nettle 
leaves. Among the individual phenolic compounds, caffeic, 
coumaric, ellagic and ferulic acid and naringin were analysed. 
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Phenols were extracted by homogenisation of (1.00±0.01) g 
fresh leaves with 10 mL of φ(MeOH)=80 % using a laboratory 
homogeniser (UltraTurax T-18; IKA, Staufen, Germany) and 
further homogenised in closed vessels in an ultrasonic bath 
(RK 103H; Bandelin, Berlin, Germany) at 50 °C for 30 min. After 
the first filtration of the extracts through Whatman filter pa-
per no. 591, they were filtered again through Chromafil poly-
amide filters. The HPLC analyses of phenolic compounds 
were performed using LC Nexera (Shimadzu) equipped with 
a photodiode array and fluorescent detector (RF-20Axs), an 
automatic injector and LabSolution software. Selected indi-
vidual phenolic compounds and their standards were sepa-
rated on a Nucleosil® 100-5 C18 (5 µm, 250 mm×4.6 mm i.d.) 
column (Macherey-Nagel, GmbH, Düren, Germany). Analyti-
cal conditions, with minor modifications, were set up accord-
ing to Repajić et al. (21) using the same mobile phases, flow 
rate and applied sample volume. The analyses were per-
formed at 23 °C and the duration of the single run was 45 min. 
The gradient profile (A/B)/% was as follows: at 0 min 90/10, at 
25 min 60/40, at 30 min 30/70 and then after 35 min to 45 min 
90/10. All determinations were performed in duplicate. Phe-
nols were detected at wavelengths ranging from 220 to 360 
nm and identified based on their retention times compared 
to commercial standards (Sigma-Aldrich, Merck, Steinheim, 
Germany). Quantification of individual phenolic compounds 
was carried out by calculating the external standard using the 
equation based on the calibration curves for caffeic acid, cou-
maric acid, ellagic acid, ferulic acid and naringin, respectively:

	 y=13159.9∙x+12112.7 R2=0.9998	 /2/

	 y=2551.11·x+2349.01 R2=0.9999	 /3/

	 y=33829.1·x–6862.97 R2=1.0000	 /4/

	 y=27461.5·x–90059.3 R2=0.9870	 /5/

	 y=3941.28·x–30329.7 R2=0.9914	 /6/

and was expressed as mass fraction (mg/100 g). The calibra-
tion curves were generated using different concentrations (2, 
10, 40 and 100 µg/mL) of the standard solution mixture, also 
injected in duplicate. 

 

Determination of the photosynthetic pigment content

For the determination of photosynthetic pigments, ap-
prox. 0.2 g of fresh leaves were weighed and mixed with a 
total volume of 15 mL of acetone (p.a.) in three steps using a 
laboratory homogeniser (UltraTurax T-18; IKA) as previously 
described by Dujmović et al. (18). Pigment compounds were 
determined according to the method described by Holm (22) 
and Wettstein (23). Total chlorophylls (TCh), chlorophyll a 
(Chl_a), chlorophyll b (Chl_b) and total carotenoids (TCa) 
were determined in three replicates and absorbance values 
were measured spectrophotometrically (1900i; Shimadzu) at 
wavelengths of 662, 644 and 440 nm using acetone (p.a.) as 
a blank. The pigment content was calculated by including the 
measured absorbance values in the Holm–Wettstein equa-
tions below and the results were expressed in mg/g:

	 w(Chl_a)=9.784·A662 nm−0.990·A644 nm	 /7/

	 w(Chl_b)=21.426·A644 nm−4.65·A662 nm	 /8/

	 w(TCh)=5.134·A662 nm+20.436·A644 nm	 /9/

	 w(TCa)=4.695·A440 nm−0.268·TCh	 /10/

 

Determination of antioxidant capacity

Antioxidant capacity was determined by two different 
methods: the ABTS assay previously described by Miller et al. 
(24) and the FRAP assay according to Benzie and Strain (25). 
The same ethanolic extracts prepared for the detection of 
phenols were also used for the determination of antioxidant 
capacity. Measurements for both methods were performed 
in three repetitions. All chemical materials: ABTS (2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)), TPTZ (2,4,6-tripy
ridyl-s-triazine), and Trolox (6-hydroxy-2,5,7,8-tetramethylchro
man-2-carboxylic acid) were purchased from Sigma-Aldrich, 
Merck (St. Louis, MO, USA).

The ABTS assay is a colorimetric method that measures 
the ability of antioxidants to scavenge the generated ABTS•+ 
radical cation compared with a Trolox (water-soluble vitamin 
E analogue) as an equivalent antioxidant standard. Trolox 
stock standard solution (2.5 mM) was prepared in φ(etha
nol)=80 %. The ABTS•+ radical cation was generated a day be-
fore the analyses by mixing 88 µL of a 140 mM K2S2O8 and 5 
mL of a 7 mM ABTS solution and allowed to stand at room 
temperature in the dark for 16 h. On the day of the analyses, 
the ABTS solution was prepared as described by Dujmović et 
al. (18). The addition of the antioxidants (sample extracts) re-
duced the ABTS•+ to ABTS and the reaction was manifested 
by discolouration of the blue–green solution. After 5 min of 
incubation at ambient temperature, the absorbances were 
measured spectrophotometrically (1900i; Shimadzu) at 734 
nm. As a blank, 96 % ethanol was used and final results were 
calculated based on a calibration curve and expressed as 
µmol of Trolox equivalents (TE) per gram of sample.

The Fe(III) reducing antioxidant power (FRAP) assay mea-
sures antioxidant potential in samples through the reduction 
of Fe(III) to Fe(II) ion at pH=3.6, reducing colourless Fe(III)-
tripyridyltriazine (Fe(III)-TPTZ) to an intensely blue coloured 
Fe(II)-tripyridyltriazine complex (Fe(II)-TPTZ). Fresh working 
FRAP reagent was prepared by mixing 0.3 M acetate buffer, 
a solution of 10 mM TPTZ reagent in 40 mM HCl, and 20 mM 
FeCl3·6H2O in a ratio 10:1:1. For reaction, distilled water (960 
µL), sample extracts (320 µL) and FRAP reagent (8320 µL) were 
well mixed. The same reactions were prepared for the blank, 
except that 80 % EtOH was used instead of the sample ex-
tract. The prepared mixtures were incubated for 5 min at 37 
°C in a water bath, while absorbance was measured spectro-
photometrically (1900i; Shimadzu) at 593 nm. Trolox was used 
as the antioxidant standard and stock standard solution (2 
mM) was prepared in 80 % ethanol. Results were expressed 
as µmol TE per g of sample.



Food Technol. Biotechnol. 61 (4) 451–464 (2023)

455October-December 2023 | Vol. 61 | No. 4

Statistical analyses 

The cultivation experiment was set according to the ran-
domized complete block design with three replicates and all 
laboratory analyses were also performed in triplicate. The ob-
tained results were statistically analysed using PROC GLM in 
SAS software system, v. 9.3. (26), subjected to two-way anal-
ysis of variance (ANOVA) and expressed as mean values. Mean 
values were compared by t-test (LSD) and considered signif-
icantly different at p≤0.05. Different letters indicate signifi-
cant statistical differences between samples. 

RESULTS AND DISCUSSION 

Physicochemical properties of fresh stinging nettle leaves

The analysed chromaticity parameters showed the high-
est L* values measured for nettle leaves during depletion of 
nutrient solution by adding water (NS1) after the second and 
third harvests with an average value of 45.85 (Table 1). These 
leaves were significantly lighter than all other samples. Neg-
ative a* values represent green colour and in all three treat-
ments the greenest leaves were measured after the first har-
vest and in the depletion treatment (NS1) after the third 
harvest with an average value of 15.06. Positive b* values 
were measured in all treatments, indicating the presence of 
yellow colour. The results of this study showed that among 
the tested factors, only the treatment with nutrient solution 
(NS) had a significant effect on L* values, while both individ-
ual factors, NS treatment and number of harvests (HN) had a 
significant effect on a* and b* values. The determination of 
chromaticity parameters is important because colour is one 
of the first properties of food products that consumers notice 
to determine sensory characteristics, flavour, ripeness and 

freshness (27). It is also an initial indicator of photosynthetic 
pigment accumulation. 

Dry matter (DM) is accumulated through photosynthesis, 
by which plants produce sugars, which are then converted to 
a diverse organic compound that constitutes about 95 % of 
plant dry mass (28). In this study, the highest DM content was 
observed after the second harvest cycle in NS2 (supplemen-
tation, 23.41 %) and NS3 (correction, 23.96 %) treatment (Ta-
ble 2). The lowest values were measured in all NS treatments 
after the first harvest, suggesting that DM content can be in-
creased by applying multiple harvest cycles, which is con-
firmed by Westwood and Mulcock (29). Analysis of the sig-
nificance of the factors showed that both individual factors, 
nutrient solution (NS) and harvest number (HN), and their in-
teraction (NS×HN) had a significant effect on DM content. The 
DM content of plant tissues can be affected by several other 
factors, such as genetic characteristics, ecological factors 
(temperature and humidity), precipitation, pollution (30) and 
mostly growing conditions, especially biogenic mineral nu-
trition. Paulauskienė et al. (31) determined that the leaves of 
the wild stinging nettle contained 20.48–24.41 % DM de-
pending on the harvest time, while Radman et al. (32) report-
ed DM amount of 20.11 % in cultivated nettle leaves. Both 
mentioned DM values are similar to those obtained in this 
research after the second and third harvest while the DM con-
tent after the first harvest was lower regardless of the NS con-
tent. This trend might be a consequence of lower accumula-
tion of nutrients such as N and P, which is in accordance with 
the study of Akter et al. (33). In terms of green leafy vegeta-
bles, stinging nettle can be considered to have high DM con-
tent compared to other species such as spinach (6.3–11.2 %) 
(34), leaf turnip (13.4–14.1 %) and kale (14.7–20.6 %) (29). Since 

Table 1. Chromaticity parameters of fresh stinging nettle leaves cultivated under the different nutrient solution treatments and determined after 
three harvest cycles

Treatment
L* a* b* C* h°

First harvest
NS1 (44.1±2.3)ab (-15.3±0.7)c (25.3±1.9)a (29.6±2.0)a (121.3±1.1)cd

NS2 (43.2±2.4)abc (-14.7±0.6)c (22.6±1.6)a (27.0±1.8)a (123.0±1.3)bc

NS3 (43.3±1.5)abc (-15.5±0.9)c (23.6±2.0)a (28.3±2.1)a (122.7±1.65bc

                          Second harvest
NS1
NS2
NS3

(45.9±4.6)a

(40.3±2.0)bc

(40.9±2.0)bc

(-13.5±1.5)bc

(-11.6±2.6)ab

(-11.9±2.0)ab

(25.3±4.4)a

(16.1±3.1)b

(17.6±3.9)b

(28.7±4.2)a

(19.8±4.0)b

(21.2±4.4)b

(118.4±4.2)e

(125.6±0.9)a

(124.1±1.3)ab

                          Third harvest
NS1
NS2
NS3

(45.8±1.8)a

(39.9±1.6)c

(40.5±1.0)bc

(-14.66±0.04)c

(-11.7±1.3)ab

(-11.1±1.1)a

(25.2±1.0)a

(17.51±2.1)b

(15.7±1.8)b

(29.2±0.8)a

(21.0±2.4)b

(19.2±2.1)b

(120.2±1.0)de

(123.7±0.3)abc

(125.2±0.5)ab

ANOVA 0.0447 0.0059 0.0007 0.0011 0.0003
LSD 4.0681 2.4125 4.6124 5.0578 2.499
NS
HN

0.0031
ns

0.0242
0.0006

≤0.0001
0.0043

0.0002
0.0023

≤0.0001
ns

NS×HN ns ns ns ns 0.0206

Results are expressed as mean value±standard deviation. Different letters indicate significant differences between mean values. L*=lightness, 
a*=green–red components, b*=blue–yellow components, C*=chroma, h°=hue, NS1=first nutrient solution treatment (depletion), NS2=second 
nutrient solution treatment (supplementation), NS3=third nutrient solution treatment (correction); significance of factors and their interactions: 
NS=nutrient solution, HN=number of harvest cycles, NS×HN=nutrient solution and number of harvest cycles; ns=not significant
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DM content is an indicator of nutritional potential and food 
quality, the high DM value obtained in our research shows 
high nutrient content of nettle leaves. It is worth mentioning 
that plant materials with a higher DM, i.e. lower water con-
tent, have a longer shelf life, better storability and sensory 
characteristics.

Organic acids from plants are a class of nutrients with 
acidic properties that have numerous beneficial effects on 
human health, such as anti-inflammatory and immunopro-
tective effects as well as stimulation of calcium absorption 
and prevention of neurodegenerative diseases (35). The re-
sults of this study showed that regardless of the NS treatment, 
the highest total acid (TA) content was observed after the 
second, and the lowest after the first harvest (Table 2). The 
NS treatment had a significant effect on the TA content with 
the highest values on fresh mass basis observed in NS3 (cor-
rection) after the second harvest (0.11 %). Different results can 
be explained by the complex and different affinity of the min-
erals from nutrient solutions to the acidic environment, 
whereas organic acids can make P and Fe complexes more 
soluble and available to plants, but also reduce nitrate uptake 
(36). The composition and level of organic acids varies in dif-
ferent food and plant tissues depending on the species, cul-
tivar, age of the plant, tissue type, environment pH and stress 
conditions (35). This study showed that organic acid content 
can also be affected by different NS treatments and number 
of harvest cycles. The analysis of the significance of different 
factors and their interactions showed that both individual 

factors (NS and HN) and the combination of these two factors 
(NS×HN) had a significant effect on the TA values.

 

Mineral composition of fresh stinging nettle leaves

Minerals are important components of the diet, respon-
sible for maintaining health, normal growth and develop-
ment (37), and their specific amounts are required for the 
proper functioning of body systems. Since they must be con-
sumed through the diet, it is necessary to pay attention to the 
mineral-rich sources as their deficiency can have noticeable 
adverse effects on human health (38). Leafy vegetables are 
generally considered a rich source of minerals (37), but their 
amount and bioavailability depend strongly on the vegetable 
species. Table 3 shows the mass fraction of selected biogen-
ic elements (minerals) in fresh nettle leaves expressed on 
fresh mass basis. Ca and Mg are important minerals involved 
in muscle contraction, formation of bones and teeth, decreas-
ing blood pressure and LDL cholesterol and preventing os-
teoporosis. They are also cofactors in many enzymatic reac-
tions necessary for protein synthesis, nerve function and 
many others (39). The highest Ca requirement is during the 
growth phase in childhood and during lactation. Regardless 
of the NS treatment, the highest mass fractions (on fresh mass 
basis) of Ca (2106 mg/100 g) and Mg (333 mg/100 g) in nettle 
leaves were found after the second, while the lowest mass 
fractions were found after the first harvest. NS treatment had 
a significant effect on Ca and Mg content in fresh stinging 
nettle leaves, with the highest values measured during NS1 
(depletion). Ca and Mg tend to accumulate in more mature 
than in young plants (40), while studies also show that Ca and 
Mg mass fractions in plant tissues strongly depends on water 
availability and salinity. Under the conditions of lower water 
availability and higher salinity, Ca uptake is lower due to re-
duced absorption and transpiration (41). It is worth noting 
that according to FAO and WHO (42), the recommended Ca 
intake for adult men and women is 1000 mg/day, which can 
be provided by consuming 47.5–130 g of the nettle leaves ob-
tained in this study. The recommended daily Mg intake is 
190–220 for adult women and 224–260 mg/day for adult men 
(42), which can be achieved by consuming 100 g of nettle 
leaves obtained from all treatments of second and third har-
vest cycles. Some sources rich in Ca from leafy vegetables are 
kale and watercress with average Ca mass fractions of 100 
and 150 mg/100 g, respectively (39), and good Mg sources are 
spinach and kale with average values of 53 and 30 mg/100 g, 
respectively (43), which is significantly lower than the results 
for Ca and Mg in fresh stinging nettle leaves obtained in this 
study. Thus, nettle leaves can also be considered a rich source 
of Ca and Mg.

The iron mass fraction in fresh nettle leaves was signifi-
cantly affected by the number of harvests and the NS treat-
ments (Table 3), with the highest Fe mass fraction on fresh 
mass basis, without significant difference, found after the sec-
ond and third harvest cycles in NS2 (supplementation) and 
NS3 (correction) with an average value of 2.21 mg/100 g. 

Table 2. Total dry matter (DM) and total acid (TA) content of stinging 
nettle cultivated under different nutrient solution treatments and 
determined after three harvest cycles

Treatment
DM/% TA/%

First harvest
NS1 (13.5±0.3)f (0.05±0.01)ef

NS2 (15.5±0.3)e (0.06±0.01)de 

NS3 (15.1±0.3)e (0.08±0.01)bc

 Second harvest
NS1 (21.7±0.2)c (0.09±0.01)bc

NS2 (23.4±0.7)a (0.07±0.01)cd 

NS3 (24.0±0.3)a (0.11±0.01)a 

Third harvest
NS1 (21.6±0.2)c (0.09±0.01)ab 

NS2 (22.5±0.4)b (0.04±0.01)f

NS3 (17.8±0.2)d (0.07±0.02)cd

ANOVA ≤0.0001 ≤0.0001
LSD 0.5782 0.0173
NS ≤0.0001 ≤0.0001
HN ≤0.0001 ≤0.0001

NS×HN 0.0003 0.0003

Results are expressed as mean value±standard deviation. Different 
letters indicate significant differences between mean values. 
NS1=first nutrient solution treatment (depletion), NS2=second 
nutrient solution treatment (supplementation), NS3=third nutrient 
solution treatment (correction); significance of factors and their 
interactions: NS=nutrient solution, HN=number of harvest cycles, 
NS×HN=nutrient solution×number of harvest cycles 
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Fresh spinach and kale, as known sources of high content of 
Fe, contain on average 2.8 and 1.7 mg/100 g Fe, respectively 
(43), which are similar values to those of the nettle leaves from 
this study. However, it should be noted that Fe from vegeta-
bles has low bioavailability. Although some dietary factors, 
such as ascorbic acid and proteins, can increase Fe bioavail-
ability, others, such as Ca, phytates and polyphenols inhibit 
Fe absorption (44). Regardless of its bioavailability, Fe is an 
essential element for almost all living organisms as it partici-
pates in a variety of metabolic processes, including oxygen 
transport, DNA synthesis and electron transport (38). Anoth-
er mineral essential for human metabolism is Zn, whose mass 
fraction in nettle leaves also significantly varied depending 
on the number of harvest cycles and NS treatments. Zn mass 
fraction in nettle leaves was significantly higher after the sec-
ond and third harvests than after the first harvest regardless 
of NS treatment. Given the NS treatment, Zn mass fraction on 
fresh mass basis was the highest after all harvest cycles in NS1 
(0.41, 0.60 and 0.91 mg/100 g), where only the water was re-
plenished. As other studies have shown, the Fe and Zn con-
tent in plants strongly depends on several factors, such as 
water availability, pH, salinity, temperature, maturity stage, 
etc. (40), with the content of both increasing mainly with high-
er water availability and lower salinity. For comparison, the 
nettle leaves produced in this study are a much better source 
of Zn than some other leafy vegetables such as kale (0.44 
mg/100 g) and spinach (0.7 mg/100 g) (43). In addition to Fe 
and Zn, there are other trace elements that the human organ-
ism needs in smaller quantities, but which play an important 
role: manganese, copper, boron and molybdenum. Accord-
ing to the results, Mn (1.27 mg/100 g) and Cu (0.23 mg/100 g) 

had the highest values after the second harvest during NS3 
(correction). The highest mass fractions of B and Mo were also 
found after the second harvest. The highest mass fraction on 
fresh mass basis for B was 1.15 mg/100 g in NS2 (supplemen-
tation) and for Mo 0.05 mg/100 g in NS3 (correction). Some 
other researchers studied the mineral content of stinging 
nettle and also pointed out the high value of nettle leaves as 
a rich source of minerals (9,32). This study showed that the 
tested factors (NS and HN) and their combination (NS×HN) 
significantly affected the content of each analysed mineral 
except for Mo, on whose content NS had no effect. The up-
take of mineral nutrients by plants can also be influenced by 
the type of cultivation, temperature, light, oxygen concentra-
tion, nutrient concentration and plant development among 
others. It is important to emphasise that, in addition to these 
factors, antagonisms between individual macro- and micro-
nutrients and genetic characteristics also play an important 
role (37,40,41). 

 

Ascorbic acid content of fresh stinging nettle leaves

Ascorbic acid (AA) is an important free radical scavenger 
that can prevent their harmful effects on organisms and is a 
cofactor for numerous enzymes in plant and human metabo-
lism. The strong antioxidant activity of AA is the best-known 
property, as it is often used to prevent different diseases and 
as an additive in food storage (45). The accumulation of AA in 
plants can be influenced by various factors such as climatic 
conditions (especially light intensity and temperature), envi-
ronmental stress, genotypic differences, cultivation practices, 
maturity, harvesting methods (45) and plant nutrition. 

Table 3. Mineral content of fresh stinging nettle leaves cultivated under different nutrient solution treatments and determined after three har-
vest cycles

Treatment
w/(mg/100 g)

Ca Mg Fe Zn Mn Cu B Mo
First harvest

NS1 (767±16)d (114.7±5.5)f (1.33±0.01)e (0.41±0.01)d (0.13±0.01)h (0.19±0.01)c (0.66±0.05)d (0.03±0.01)e

NS2 (863±63)d (129.9±0.2)ef (1.65±0.08)d (0.29±0.01)f (0.50±0.02)f (0.17±0.01)c (0.71±0.02)d (0.03±0.01)e

NS3 (813±9)d (136.8±0.2)e (1.97±0.03)b (0.37±0.01)e (1.08±0.02)b (0.21±0.02)b (0.85±0.01)c (0.03±0.01)de

                        Second harvest
NS1 (2106±147)a (333±7) a (1.79±0.02)c (0.60±0.01)b (0.16±0.01)g (0.21±0.01)b (0.79±0.06)c (0.05±0.01)ab

NS2 (1725±174)b (279±13)b (2.19±0.01)a (0.45±0.01)c (0.85±0.01)c (0.21±0.01)b (1.15±0.03)a (0.04±0.01)bc

NS3 (1671±49)b (291±3)b (2.20±0.07)a (0.45±0.01)c (1.27±0.01)a (0.23±0.01)a (1.09± 0.03)ab (0.05±0.01)a

                      Third harvest
NS1 (1328±25)c (247±9)c (1.00±0.03)f (0.91±0.03)a (0.80±0.01)d (0.13±0.01)d (0.70±0.01)d (0.04±0.01)d

NS2 (1237±11)c (220±6)d (2.05±0.03)b (0.39±0.02)de (0.60±0.02)e (0.07±0.01)f (1.03±0.01)b (0.04±0.01)cd

NS3 (813±9)d (229±8)d (2.24±0.02)a (0.37±0.01)e (0.80±0.02)d (0.10±0.01)e (0.84±0.01)c (0.03±0.01)de

ANOVA ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001
LSD 194.4 15.369 0.1017 0.0323 0.0297 0.0148 0.0748 0.0077
NS ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ns
HN ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

NS×HN ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 0.0145

Results are expressed as mean value±standard deviation. Different letters indicate significant differences between mean values. NS1=first 
nutrient solution treatment (depletion), NS2=second nutrient solution treatment (supplementation), NS3=third nutrient solution treatment 
(correction); significance of factors and their interactions: NS=nutrient solution, HN=number of harvest cycles, NS×HN=nutrient 
solution×number of harvest cycles; ns=not significant
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The results of this study showed that regardless of the NS 
treatment, the highest AA mass fraction was observed after 
the third harvest cycle and the lowest after the second (Table 
4). Considering the NS treatments, the highest AA mass frac-
tion on fresh mass basis was observed after the third harvest 
cycle in NS2 (supplementation) at 112.4 mg/100 g. This value 
was about 139 % higher than the lowest values observed af-
ter the second harvest cycle in NS2 (47.0 mg/100 g) and NS3 
(48.1 mg/100 g). These results can be explained by the effect 
of N on AA content. As several studies suggest (13,15), a high-
er amount of N leads to a decrease in AA. The highest AA con-
tent in NS2 (supplementation) after the third harvest could 
be due to other minerals present in the nutrient solution, 
since AA is positively related to the concentration of Mg and 
P (46). Radman et al. (15) also obtained multiple harvests of 
field-grown nettles and the results confirmed that an in-
creased number of harvests led to an increase in AA content, 
just as in the present study. Their results showed AA mass 
fractions ranging from 16.0 to 112.8 mg/100 g, with the high-
est AA content corresponding to the highest value obtained 
in our study. The analysis of the significance and interaction 
of the tested factors showed that the NS treatment had no 
significant effect on the AA mass fraction, but the number of 
harvest cycles (HN) and the combination of both factors 
(NS×HN) showed a very high statistical significance. Based on 
the results of this study, it is evident that the stress caused by 
multiple harvest cycles had a greater influence than plant nu-
trition. The AA mass fraction can also vary a lot depending on 
the origin of the raw material. In the harvested wild nettles, 
the AA mass fraction varied from 0.58 to 25.7 mg/100 g (31), 
while Shonte et al. (47) reported values of 94.7 mg/100 g of 

AA for field-grown nettles, which are significantly lower val-
ues than in our treatments. According to the Dietary Refer-
ence Intakes (48) developed by the Food and Nutrition Board 
(Institute of Medicine), the recommended daily intake (RDI) 
of vitamin C is 75–90 mg/day for adult women and men, 
which can be achieved by consuming 67–80 g of nettle leaves 
collected after the third harvest, supplemented with initial 
NS as determined in this study. 

 

Phenolic compounds of fresh stinging nettle leaves

Phenolic compounds play an important role in the pro-
tection and reproduction of plants, but when ingested 
through food, they also have many properties beneficial to 
human health. Their effects are manifested in antioxidant, 
anti-inflammatory, antimicrobial, anticancer, cardioprotec-
tive and antithrombotic properties, as well as protection 
against chronic and neurodegenerative diseases (49). There-
fore, it is essential to determine the content and find mea-
sures that help increase the amount of phenols in plant-
based foods. The phenolic composition of plants is influenced 
by many factors, such as climate, soil, variety, phenophase, 
harvest time, cultivation treatment and applied processes 
(50). 

According to the results, both tested factors (NS and HN) 
and their interaction (NS×HN) had a significant effect on total 
phenolic (TPC), flavonoid (TFC) and non-flavonoid contents 
(TNFC) (Table 4). Regardless of the NS treatment, the highest 
TPC and TFC mass fraction was observed after the third har-
vest cycle with average values, expressed as gallic acid equiv-
alents (GAE), of 280.3 for TPC and 181.3 mg/100 g for TFC. 

Table 4. The mass fraction of ascorbic acid (AA) and phenolic compounds of fresh stinging nettle leaves cultivated under different nutrient solu-
tion treatments and determined after three harvest cycles

Treatment
AA/(mg/100 g) TPC (as GAE)/(mg/100 g) TNFC (as GAE)/(mg/100 g) TFC (as CCE)/(mg/100 g)

First harvest
NS1 (72.9±2.0)d (163.9±0.8)f (88.1±1.9)g (75.9±2.3)f

NS2 (67.1±1.0)d (194.8±2.8)e (99.1±0.7)ef (95.7±2.1)de

NS3 (84.1±2.5)c (202.0±0.9)d (104.6±0.8)d (97.4±0.6)d

                              Second harvest
NS1 (56.1±4.9)e (204.5±1.5)d (115.8±0.2)c (88.7±1.5)e

NS2 (47.0±7.8)f (262.1±1.2)c (128.1±0.8)b (134.0±2.0)c

NS3 (48.1±1.2)f (267.0±2.0)c (139.4±0.7)a (127.6±2.5)c

                             Third harvest
NS1 (95.4±3.4)b (300.1±1.8)b (100.6±1.8)e (199.5±3.6)b

NS2 (112.4±4.8)a (377±11)a (97.5±0.7)f (280±11)a

NS3 (94.6±8.1)b (163.6±0.8)f (99.0±1.2)ef (64.7±1.8)g

ANOVA ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001
LSD 7.5147 6.9634 1.759 7.6369
NS ns ≤0.0001 ≤0.0001 ≤0.0001
HN ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

NS×HN ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

Results are expressed as mean value±standard deviation. Different letters indicate significant differences between mean values. TPC=total 
phenolic content, TNFC=total non-flavonoid content, TFC=total flavonoid content, GAE=gallic acid equivalents, CCE=catechol equivalents, 
NS1=first nutrient solution treatment (depletion), NS2=second nutrient solution treatment (supplementation), NS3=third nutrient solution 
treatment (correction); significance of factors and their interactions: NS=nutrient solution, HN=number of harvest cycles, NS×HN=nutrient 
solution×number of harvest cycles; ns=not significant
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Considering that bioactive substances are increasingly syn-
thesised and accumulated in stressful conditions as a defence 
mechanism of the plant, it is likely that the amounts of TPC 
and TFC were induced by the stress due to multiple harvest 
cycles. Values for TPC, as GAE, ranged from 163.6 to 377 mg/ 
100 g, with the highest TPC (377 mg/100 g) and TFC (280 mg/ 
100 g) observed in the plants subjected to the NS2 treatment 
(supplementation) and analysed after the third harvest cycle. 
For TPC, this was 130 % higher than in the lowest observed 
treatments: first harvest NS1 and third harvest NS3. Due to 
the addition of initial NS and the specific amount of nutrients, 
supplementation (NS2) and correction (NS3) treatments con-
tained higher contents of N and other minerals. Higher N 
amounts can lead to a reduction in phenolic content (14), 
which was the case for TPC, TNFC and TFC in the first two har-
vest cycles. Radman et al. (15) investigated the phenolic con-
tent of conventionally grown nettles in the open-field and 
found that it ranged on fresh mass basis from 349 to 963 
mg/100 g for TPC, which is in agreement with our results. In 
different studies, the TPC of harvested wild nettle leaves var-
ied widely (8,11,31), confirming that environmental factors 
and stress conditions strongly influence phenolic composi-
tion. 

In addition to the total phenolic compounds, some of the 
selected individual phenols were identified and quantified: 
caffeic, coumaric and ferulic acids (group of hydroxycinnam-
ic acids), ellagic acid (group of ellagitannins) and naringin 
(group of flavanone-7-O-glycosides) (Table 5). According to 
the results, caffeic acid was not determined in the stinging 
nettle leaves in this research. The mass fraction of coumaric 
acid was low, in the range of 0.001–0.7 mg/100 g, with the 
highest amount detected after the first harvest in NS1. 

Coumaric acid was not determined in the samples from the 
second harvest. The highest mass fraction of ellagic acid (2.2 
mg/100 g) was found after the first harvest in NS3 (correc-
tion), which was about 8-fold higher than in NS1 and NS3 af-
ter the second harvest. Ferulic acid mass fraction was not sig-
nificantly different after first harvest in NS1 and NS2 and after 
the third harvest in NS2, with an average mass fraction of 5.5 
mg/100 g. The highest naringin mass fraction was observed 
after the second harvest in NS1 (8.4 mg/100 g). Of the indi-
vidual phenolic compounds determined, naringin was the 
dominant compound, probably because it plays an impor-
tant role in leaf development (51). The statistical significance 
of the tested factors showed that different NS manipulations 
had a significant influence on the contents of ellagic and fe-
rulic acids and naringin. The number of harvest cycles had a 
great impact on the contents of coumaric, ellagic and ferulic 
acids, and the combination of factors (NS×HN) significantly 
affected the contents of ellagic and ferulic acids and naringin. 

Some authors identified a wide spectrum of individual 
phenols in nettle with high amounts of chlorogenic, 2-O-caf-
feoylmalic, protocatechuic and α-resorcylic acid as well as 
kaempferol and rutin (8,9,11,21). Repajić et al. (8) identified a 
total of 41 compounds, with cinnamic acids as the most abun-
dant polyphenol group in wild nettle leaves, showing that 
nettle is a very rich source of specific individual phenolic 
compounds. It is important to point out that plant origin and 
environmental factors can strongly influence the composi-
tion and quantity of individual phenolic compounds in nettle 
leaves (8,21). 

Hydroxycinnamic acids (such as ferulic, caffeic, sinapic and 
p-coumaric acids), ellagic acid and naringin are a group of com
pounds known to have potent antioxidant, anti-inflammatory, 

Table 5. The mass fractions of individual phenolic compounds in fresh stinging nettle leaves cultivated under different nutrient solution treat-
ments and determined after three harvest cycles

Treatment
w/(mg/100 g)

Caffeic acid Coumaric acid Ellagic acid Ferulic acid Naringin
First harvest

NS1 nd (0.7±0.1)a (1.05±0.05)b (5.6±0.3)a (7.96±0.05)bc

NS2 nd (0.2±0.2)abc (0.8±0.1)bcd (5.39±0.06)a (7.87±0.04)c

NS3 nd (0.6±0.6)ab (2.2±0.2)a (5.1±0.2)ab (8.25±0.05)ab

                          Second harvest
NS1
NS2
NS3

nd
nd
nd

nd
nd
nd

(0.26±0.01)d

(0.29±0.01)cd

(0.28±0.01)d

(3.5±0.1)c

(3.46±0.02)c

(3.43±0.05)c

(8.37±0.03)a

(7.96±0.02)bc

(7.98±0.03)bc

                          Third harvest
NS1
NS2
NS3

nd
nd
nd

(0.1±0.1)bc

(0.2±0.2)abc

(0.001±0.01)c

(0.9±0.4)bc

(0.4±0.2)cd

(0.7±0.5)bcd

(3.9±0.5)c

(5.5±0.4)a

(4.6±0.4)b

(8.27±0.09)ab

(8.2±0.3)abc

(8.1±0.3)abc

ANOVA ns 0.0014 ≤0.0001 ≤0.0001 0.0223
LSD ns 0.4738 0.5562 0.673 0.3722
NS
HN

ns
ns

ns
0.0006

0.0002
≤0.0001

0.0053
≤0.0001

0.0352
NS

NS×HN ns NS 0.0001 0.0001 0.0155

Results are expressed as mean value±standard deviation. Different letters indicate significant differences between mean values. NS1=first 
nutrient solution treatment (depletion), NS2=second nutrient solution treatment (supplementation), NS3=third nutrient solution treatment 
(correction); significance of factors and their interactions: NS=nutrient solution, HN=number of harvest cycles, NS×HN=nutrient 
solution×number of harvest cycles; nd=not determined; ns=not significant
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antimutagenic, anticarcinogenic, antimicrobial and cardio-
protective activities (51,52). Thus, the enhancement of food 
with phenolic compounds, which are one of the most abun-
dant antioxidants in the human diet, is desirable due to their 
beneficial medicinal properties for human health. Additional 
studies to further improve phenolic content of stinging nettle 
are recommended. 

 

Photosynthetic pigment content of fresh stinging  
nettle leaves

In this study, the pigments chlorophyll a (Chl_a), chloro-
phyll b (Chl_b), total chlorophylls (TCh) and total carotenoids 
(TCa) were quantified in the stinging nettle leaves (Table 6). 
Apart from their use as food and pharmaceutical colourants 
(E140) (7), studies have shown that the consumption of chlo-
rophylls and their derivatives may have health-promoting  
effects and provide protection against a variety of diseases. 
Carotenoids also have antioxidant effect and are major pre-
cursors of vitamin A in humans (53). Green leaves are the main 
plant tissue that is the best source of chlorophyll. Based on 
the obtained results, it can be observed that the highest TCh 
and TCa mass fractions were measured in the third harvest 
regardless of the NS treatment (Table 6), which can be ex-
plained by the fact that the plant tries to overcome the stress 
caused by multiple harvest cycles through the accumulation 
of antioxidants. The experimental data also showed that the 
highest mass fraction of all photosynthetic pigments was af-
ter the third harvest in NS2 (supplementation). The highest 
mass fraction of Chl_a (1.21 mg/g) was about 98 % higher 
than the value observed in NS1 (depletion) in the second (0.62 

mg/g) and third harvest cycles (0.61 mg/g). The mass fraction 
of TCh in treatment NS2 was twofold higher than in NS1 after 
the third harvest cycle. After each harvest, the plant had to 
regrow completely, and the increased accumulation of pig-
ments most likely enabled easier photosynthesis and faster 
growth. The addition of water in NS1 reduced the amount of 
N, and the N deficiency disturbed the nutrient balance and 
homeostasis of the plants, which decreased photosynthetic 
pigment content (54). Thus, due to the increased amount of 
N in NS2 and NS3, which is necessary for photosynthesis and 
the synthesis of pigments, the accumulation of TCh and TCa 
probably increased. The studies by Paulauskienė et al. (31) 
and Huang et al. (54) confirm that the content of pigment 
compounds can strongly depend on abiotic factors such as 
harvest time and the concentration of nutrient solution, 
which is in accordance with the present results. 

 

Antioxidant capacity of fresh stinging nettle leaves

Dietary antioxidants prevent oxidative damage caused 
by increased accumulation of reactive oxygen species (ROS) 
and nitrogen species (RNS), thus contributing to disease pre-
vention and many other beneficial effects on human health 
(55). Bioactive compounds in leafy vegetables and other 
foods are responsible for their antioxidant properties. All bio-
active substances analysed in this study are well-known im-
portant antioxidants. Antioxidant compounds found in 
plants and foods are hydrophilic to lipophilic, i.e. polar and 
nonpolar substances. Therefore, two different methods were 
used in this study to determine their antioxidant capacity. The 

Table 6. The mass fraction of photosynthetic pigments of fresh stinging nettle leaves cultivated under different nutrient solution treatments and 
determined after three harvest cycles

Treatment
w/(mg/g)

Chl_a Chl_b TCh TCa 
First harvest

NS1 (0.80±0.01)e (0.40±0.01)c (1.20±0.02)e (0.24±0.01)d

NS2 (0.87±0.02)c (0.36±0.01)e (1.22±0.01)de (0.27±0.01)c

NS3 (0.88±0.01)c (0.36±0.01)e (1.23±0.01)cd (0.30±0.01)b

                                              Second harvest
NS1 (0.62±0.01)g (0.38±0.01)d (1.00±0.01)g (0.21±0.01)f

NS2 (0.95±0.01)b (0.48±0.01)b (1.43±0.01)b (0.27±0.01)c

NS3 (0.84±0.01)d (0.40±0.01)c (1.24±0.01)c (0.27±0.01)c

                                              Third harvest
NS1 (0.61±0.01)g (0.26±0.01)g (0.88±0.01)h (0.23±0.01)e

NS2 (1.21±0.01)a (0.62±0.01)a (1.84±0.02)a (0.36±0.01)a

NS3 (0.72±0.01)f (0.33±0.01)f (1.05±0.01)f (0.24±0.01)d

ANOVA ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001
LSD 0.0141 0.0112 0.0192 0.0033
NS ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001
HN ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

NS×HN ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001

Results are expressed as mean±standard deviation. Different letters indicate significant differences between mean values. Chl_a=chlorophyll 
a, Chl_b=chlorophyll b, TCh=total chlorophylls, TCa=total carotenoids, NS1=first nutrient solution treatment (depletion), NS2=second nutrient 
solution treatment (supplementation), NS3=third nutrient solution treatment (correction); significance of factors and their interactions: 
NS=nutrient solution, HN=number of harvest cycles, NS×HN=nutrient solution×number of harvest cycles
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ABTS tests can easily detect both hydrophilic and lipophilic 
antioxidants, while the FRAP assay is more suitable for hydro-
philic antioxidants.

The highest value for antioxidant capacity, expressed as 
Trolox equivalents (TE), measured after NS2 treatment (sup-
plementation) and the third harvest using the FRAP method 
was 35.47 µmol/g (Fig. 1). This value was 183 % higher than 
the lowest value (first harvest, NS1). The highest values of AA, 
total phenolics and photosynthetic pigments were detected 
after the same harvest cycle and NS treatment when the 
highest values were also recorded using the FRAP method, 
confirming these compounds as very powerful antioxidants. 
Completely different results were observed when using the 
ABTS assay, where the highest antioxidant capacity was de-
termined in NS3 (correction), after the second harvest, with a 
value of 25.09 µmol/g. Different treatments with NS, the num-
ber of harvest cycles and their combination had a very signif-
icant effect on the antioxidant capacity of nettle leaves ac-
cording to the FRAP method. The ABTS test was affected by 
the individual factors, but not by their interaction. 

sustainable and controlled production techniques. There are 
many factors throughout the production process that can af-
fect the nutritional composition and quality of food. Proper 
plant nutrition may be one of the most important first steps 
in manipulating the nutritional value of the final product re-
sulting in foods with significant biological and pharmacolog-
ical properties. This study showed that proper nutrition man-
agement can improve the nutritional quality of stinging 
nettle leaves. To achieve the highest contents of ascorbic 
acid, total phenolics, total flavonoids and photosynthetic pig-
ments, and highest antioxidant capacity, three harvest cycles 
and supplementation with nutrient solution are recommend-
ed. Based on the results, a chemical analysis of the nutrient 
solution after each harvest is not necessary; it is enough to 
add the same initial solution to ensure the highest content of 
bioactive compounds. However, to ensure the highest con-
tent of essential macronutrients important for proper body 
function (Ca and Mg), depletion of nutrient solution by add-
ing water before the second harvest proved to be the best 
treatment. Also, for the consumption of nettle as a green leafy 
vegetable, it is recommended to cultivate it under controlled 
conditions to ensure the safety and quality of the plant ma-
terial available throughout the whole year. 
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rich source of bioactive compounds with high antioxidant 
potential. 

CONCLUSIONS 
Considering the challenges and harmful effects that food 

production leaves on the planet, it is necessary to use 

Fig. 1

https://orcid.org/0000-0002-7527-508X
https://orcid.org/0000-0002-7527-508X
https://orcid.org/0000-0002-5156-2834
https://orcid.org/0000-0002-5156-2834
https://orcid.org/0000-0001-5992-9883
https://orcid.org/0000-0001-5992-9883
https://orcid.org/0000-0002-2708-5214
https://orcid.org/0000-0002-2708-5214


M. DUJMOVIĆ et al.: Increasing Nutritional Quality of Stinging Nettle

October-December 2023 | Vol. 61 | No. 4462

L. Čoga  https://orcid.org/0000-0003-1579-1645 
M. Petek  https://orcid.org/0000-0002-2356-6440 
S. Voća  https://orcid.org/0000-0003-0571-0872 
J. Šic Žlabur  https://orcid.org/0000-0002-3232-585X 

REFERENCES 
  1. 	 Seneviratne SI, Nicholls N, Easterling D, Goodess CM, Kanae 

S, Kossin J, et al. Changes in climate extremes and their im-
pacts on the natural physical environment. In: Field CB, Bar-
ros V, Stocker TF, Qin D, Dokken DJ, Ebi KL, et al., editors. 
Managing the risks of extreme events and disasters to  
advance climate change adaptation. A Special Report of 
Working Groups I and II of the Intergovernmental Panel on 
Climate Change (IPCC). Cambridge, UK: Cambridge Univer-
sity Press; 2012. pp. 109-230.

  2. 	Li G, Xing J. The present situation of soil pollution in agri-
cultural production and the countermeasures. IOP Conf 
Ser: Earth Environ Sci. 2020;512:012032. 

https://doi.org/10.1088/1755-1315/512/1/012032 

  3. 	Massarelli C, Losacco D, Tumolo M, Campanale C, Uricchio 
VF. Protection of water resources from agriculture pollu-
tion: An integrated methodological approach for the ni-
trates directive 91-676-EEC implementation. Int J Environ 
Res Public Health. 2021;18(24):13323. 

https://doi.org/10.3390/ijerph182413323 

  4. 	A new Circular Economy Action Plan For a cleaner and 
more competitive Europe: Communication from the Com-
mission to the European Parliament, the Council, the Euro-
pean Economic and Social Committee and the Committee 
of the regions. Brussels, Belgium: European Commission; 
2020. Available from: https://eur-lex.europa.eu/legal- 
content/EN/ALL/?uri=COM:2020:98:FIN.

  5. 	Asgarpanah J, Mohajerani R. Phytochemistry and pharma-
cologic properties of Urtica dioica L. J Med Plants Res. 2012; 
6(46):5714-19.

  6. 	Šic Žlabur J, Radman S, Opačić N, Rašić A, Dujmović M, 
Brnčić M, et al. Application of ultrasound as clean technol-
ogy for extraction of specialized metabolites from stinging 
nettle (Urtica dioica L.). Front Nutr. 2022;9:870923. 

https://doi.org/10.3389/fnut.2022.870923 

  7. 	 Bhusal KK, Magar SK, Thapa R, Lamsal A, Bhandari S, Maha-
rjan R, et al. Nutritional and pharmacological importance 
of stinging nettle (Urtica dioica L.): A review. Heliyon. 2022; 
8(6):e09717.

https://doi.org/10.1016/j.heliyon.2022.e09717 

  8. 	Repajić M, Cegledi E, Zorić Z, Pedisić S, Elez Garofulić I, Rad-
man S, et al. Bioactive compounds in wild nettle (Urtica di-
oica L.) leaves and stalks: Polyphenols and pigments upon 
seasonal and habitat variations. Foods. 2021;10(1):190.

https://doi.org/10.3390/foods10010190

  9. 	Opačić N, Radman S, Fabek Uher S, Benko B, Voća S, Šic 
Žlabur J. Nettle cultivation practices—From open field to 

modern hydroponics: A case study of specialized metabo-
lites. Plants. 2022;11(4):483. 
https://doi.org/10.3390/plants11040483 

10. 	Hamad M, Jaafar N, Abbas IS, Zainab S. Comparison of the 
phenolic contents between Urtica dioica and Urtica pilulif-
era cultivated in Iraq by HPLC and HPTLC. Int J Med Res. 
2019;45:111-22.

11. 	 Elez Garofulić I, Malin V, Repajić M, Zorić Z, Pedisić S, Stern-
iša M, et al. Phenolic profile, antioxidant capacity and anti-
microbial activity of nettle leaves extracts obtained by ad-
vanced extraction techniques. Molecules. 2021;26(20):6153. 
https://doi.org/10.3390/molecules26206153 

12. 	 Radman S, Opačić N, Voća S, Petek M, Čoga L, Fabek Uher 
S, et al. Sustainable agricultural practices for nettle cultiva-
tion. In: Šamec D, Šarkanj B, Sviličić Petrić I, editors. Book of 
abstracts of 1st international conference Food & Climate 
Change. Koprivnica, Croatia: University North; 2021. pp. 22.

13. 	 Mozafar A. Nitrogen fertilizers and the amount of vitamins 
in plants: A review. J Plant Nutr. 1993;16(12):2479-506. 
https://doi.org/10.1080/01904169309364698 

14. 	 Nguyen PM, Niemeyer ED. Effects of nitrogen fertilization 
on the phenolic composition and antioxidant properties 
of basil (Ocimum basilicum L.) J Agric Food Chem. 2008; 
56(18):8685–91. 
https://doi.org/10.1021/jf801485u 

15. 	 Radman S, Žutić I, Fabek S, Žlabur J, Benko B, Toth N, et al. 
Influence of nitrogen fertilization on chemical composition 
of cultivated nettle. Emir J Food Agric. 2015;27(12):889-96. 
https://doi.org/10.9755/ejfa.2015-04-089 

16. 	Official Methods of Analysis. Rockville, MD, USA: AOAC In-
ternational; 2002.

17. 	 HRN ISO 11465:2004. Soil quality - Determination of dry 
matter and water content on a mass basis - Gravimetric 
method (ISO 11465:1993+Cor 1:1994). Geneva, Switzerland: 
International Organization for Standardization (ISO); 2004 
(in Croatian).

18. 	Dujmović M, Radman S, Opačić N, Fabek Uher S, Mikuličin 
V, Voća S, Šic Žlabur J. Edible flower species as a promising 
source of specialized metabolites. Plants 2022; 11(19):2529. 
https://doi.org/10.3390/plants11192529 

19. 	 Ough CS, Amerine MA. Methods for analysis of musts and 
wines. New York, NY, USA: John Wiley & Sons; 1988.

20. 	Otles S, Yalcin B. Phenolic compounds analysis of root, 
stalk, and leaves of nettle. Sci World J. 2012:2012;564367.
https://doi.org/10.1100/2012/564367 

21. 	 Repajić M, Cegledi E, Kruk V, Pedisić S, Çınar F, Bursać 
Kovačević D, et al. Accelerated solvent extraction as a green 
tool for the recovery of polyphenols and pigments from 
wild nettle leaves. Processes. 2020;8(7):803. 
https://doi.org/10.3390/pr8070803 

22. 	Holm, G. Chlorophyll mutations in barley. Acta Agric Scand. 
1954;4:457–71.

https://orcid.org/0000-0003-1579-1645
https://orcid.org/0000-0003-1579-1645
https://orcid.org/0000-0002-2356-6440
https://orcid.org/0000-0002-2356-6440
https://orcid.org/0000-0003-0571-0872
https://orcid.org/0000-0003-0571-0872
https://orcid.org/0000-0002-3232-585X
https://orcid.org/0000-0002-3232-585X
https://doi.org/10.3390/ijerph182413323
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2020:98:FIN
https://doi.org/10.3389/fnut.2022.870923
https://doi.org/10.1016/j.heliyon.2022.e09717
https://doi.org/10.3390/foods10010190
https://doi.org/10.3390/plants11040483
https://doi.org/10.3390/molecules26206153
https://doi.org/10.1080/01904169309364698
https://doi.org/10.1021/jf801485u
https://doi.org/10.9755/ejfa.2015-04-089
https://doi.org/10.3390/plants11192529
https://doi.org/10.1100/2012/564367
https://doi.org/10.3390/pr8070803


Food Technol. Biotechnol. 61 (4) 451–464 (2023)

463October-December 2023 | Vol. 61 | No. 4

23. 	von Wettstein D. Chlorophyll lethals and submicroscopic 
morphological changes in plastids. Exp Cell Res. 1957;12(3): 
427–506 (in German).
https://doi.org/10.1016/0014-4827(57)90165-9

24. 	Miller NJ, Diplock AT, Rice-Evans C, Davies MJ, Gopinathan 
V, Milner A. A novel method for measuring antioxidant ca-
pacity and its application to monitoring the antioxidant 
status in premature neonates. Clin Sci. 1993;84:407–12.

25. 	Benzie IF, Strain JJ. The ferric reducing ability of plasma 
(FRAP) as a measure of “antioxidant power”: The FRAP as-
say. Anal Biochem. 1996;239(1):70–6. 
https://doi.org/10.1006/abio.1996.0292 

26. 	SAS/STAT® user’s guide, v. 9.3., SAS Institute, Inc, Cary, NC, 
USA; 2010. Available from: https://support.sas.com/docu-
mentation/onlinedoc/stat/930/.

27. 	 Spence C. On the psychological impact of food colour. Fla-
vour. 2015;4:21. 
https://doi.org/10.1186/s13411-015-0031-3 

28. 	Chapin FS, Eviner VT. Biogeochemical interactions govern-
ing terrestrial net primary production. In: Holland HD, Ture-
kian KK, editors. Treatise on geochemistry. Amsterdam, The 
Netherlands: Elsevier; 2014. pp. 189-216. 
https://doi.org/10.1016/B978-0-08-095975-7.00806-8

29. 	Westwood CT, Mulcock H. Nutritional evaluation of five 
species of forage brassica. Proceedings of J N Z Grassl. 
2012;74:31-8.
https://doi.org/10.33584/jnzg.2012.74.2881 

30. 	Assefa A, Debella A. Review on dry matter production and 
partitioning as affected by different environmental condi-
tions. Int J Adv Res Biol Sci. 2020;7(3):37–46. 
https://doi.org/10.22192/ijarbs.2020.07.03.006 

31. 	 Paulauskienė A, Tarasevičienė Ž, Laukagalis V. Influence of 
harvesting time on the chemical composition of wild sting-
ing nettle (Urtica dioica L.). Plants. 2021;10(4):686. 
https://doi.org/10.3390/plants10040686 

32. 	Radman S, Javornik M, Žutić I, Opačić N, Benko B. Impact of 
different nutrient solution composition on stinging nettle 
growth and mineral content. Acta Horticulturae. 2021;1320: 
157-66.

33. 	Akter S, Briste PS, Rabbani MG, Shamsunnahar, Hoshain S. 
Effect of different levels of nitrogen (N) and phosphorus (P) 
fertilizer on growth and yield of lettuce in coastal zone of 
Bangladesh. Res Agric Livest Fish. 2022;9(2):125-34.
https://doi.org/10.3329/ralf.v9i2.61618 

34. 	Kunicki E, Grabowska A, Sękara A, Wojciechowska R. The 
effect of cultivar type, time of cultivation, and biostimulant 
treatment on the yield of spinach (Spinacia oleracea L.). Fo-
lia Horticulturae Ann. 2010;22(2):9-13. 
https://doi.org/10.2478/fhort-2013-0153 

35. 	Shi Y, Pu D, Zhou X, Zhang Y. Recent progress in the study 
of taste characteristics and the nutrition and health prop-
erties of organic acids in foods. Foods. 2022;11(21):3408. 
https://doi.org/10.3390/foods11213408 

36. 	López-Bucio J, Nieto Jacobo M, Ramirez-Rodriguez VV, 
Herrera-Estrella L. Organic acid metabolism in plants: From 
adaptive physiology to transgenic varieties for cultivation 
in extreme soils. Plant Sci. 2000;160(1):1-13.

https://doi.org/10.1016/S0168-9452(00)00347-2 

37. 	 Rashid M, Yousaf Z, Din A, Munawar M, Aftab A, Riaz N, et 
al. Assessment of mineral nutrient efficiency in genetically 
diverse spinach accessions by biochemical and functional 
marker strategies. Front Plant Sci. 2022;13:889604. 

https://doi.org/10.3389/fpls.2022.889604 

38. 	Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its 
importance for human health. J Res Med Sci. 2014;19(2):164–
74.

39. 	Cormick G, Belizán JM. Calcium intake and health. Nutri-
ents. 2019;11(7):1606. 

https://doi.org/10.3390/nu11071606 

40. 	Maseko I, Ncube B, Mabhaudhi T, Tesfay S, Chimonyo VGP, 
Araya HT, et al. Nutritional quality of selected African leafy 
vegetables cultivated under varying water regimes and 
different harvests. S Afr J Bot. 2019;126:78-84. 

https://doi.org/10.1016/j.sajb.2019.06.016 

41. 	 Sardans J, Penuelas J, Ogaya R. Drought’s impact on Ca, Fe, 
Mg, Mo and S concentration and accumulation patterns in 
the plants and soil of a Mediterranean evergreen Quercus 
ilex forest. Biogeochemistry. 2008;87:49-69.

42. 	Human vitamin and mineral requirements. Report of a joint 
FAO/WHO expert consultation, Bangkok, Thailand. Gene-
va, Switzerland: Food and Agriculture Organization of the 
United Nations and World Health Organization (FAO/
WHO); 2001. pp. 151-229. Available from: https://www.fao.
org/3/y2809e/y2809e.pdf.

43. 	Czarnowska-Kujawska M, Starowicz M, Barišić V, Kujawski 
W. Health-promoting nutrients and potential bioaccessi-
bility of breads enriched with fresh kale and spinach. 
Foods. 2022;11(21):3414. 

https://doi.org/10.3390/foods11213414 

44. 	Piskin E, Cianciosi D, Gulec S, Tomas M, Capanoglu E. Iron 
absorption: Factors, limitations, and improvement meth-
ods. ACS Omega. 2022;7(24):20441-56. 

https://doi.org/10.1021/acsomega.2c01833 

45. 	Paciolla C, Fortunato S, Dipierro N, Paradiso A, De Leonardis 
S, Mastropasqua L, et al. Vitamin C in plants: From functions 
to biofortification. Antioxidants. 2019;8(11):519. 

https://doi.org/10.3390/antiox8110519 

46. 	Abanto-Rodriguez C, Pinedo-Panduro M, Alves-Chagas E, 
Cardoso-Chagas P, Tadashi-Sakazaki R, Santos de Menezes 
PH, et al. Relation between the mineral nutrients and the 
vitamin C content in camu-camu plants (Myrciria dubia) cul-
tivated on high soils and flood soils of Ucayali. Peru Sci 
Agropecu. 2016;7(3):297-304. 

https://doi.org/10.17268/sci.agropecu.2016.03.18 

https://doi.org/10.1016/0014-4827(57)90165-9
https://doi.org/10.1006/abio.1996.0292
https://support.sas.com/documentation/onlinedoc/stat/930/
https://support.sas.com/documentation/onlinedoc/stat/930/
https://doi.org/10.1186/s13411-015-0031-3
https://doi.org/10.1016/B978-0-08-095975-7.00806-8
https://doi.org/10.33584/jnzg.2012.74.2881
https://doi.org/10.22192/ijarbs.2020.07.03.006
https://doi.org/10.3390/plants10040686
https://doi.org/10.3329/ralf.v9i2.61618
https://doi.org/10.2478/fhort-2013-0153
https://doi.org/10.1016/S0168-9452(00)00347-2
https://doi.org/10.3389/fpls.2022.889604
https://doi.org/10.3390/nu11071606
https://doi.org/10.1016/j.sajb.2019.06.016
https://www.fao.org/3/y2809e/y2809e.pdf
https://www.fao.org/3/y2809e/y2809e.pdf
https://doi.org/10.3390/foods11213414
https://doi.org/10.1021/acsomega.2c01833
https://doi.org/10.3390/antiox8110519
https://doi.org/10.17268/sci.agropecu.2016.03.18


M. DUJMOVIĆ et al.: Increasing Nutritional Quality of Stinging Nettle

October-December 2023 | Vol. 61 | No. 4464

47. 	 Shonte TT, Duodu KG, de Kock HL. Effect of drying methods 
on chemical composition and antioxidant activity of un-
derutilized stinging nettle leaves. Heliyon. 2020;6(5):e03938. 
https://doi.org/10.1016/j.heliyon.2020.e03938 

48. 	Institute of Medicine (US) Panel on Dietary Antioxidants 
and Related Compounds. Dietary reference intakes for vi-
tamin C, vitamin E, selenium, and carotenoids. Washington 
DC, USA: National Academies Press; 2000. 
https://doi.org/10.17226/9810 

49. 	Razem M, Ding Y, Morozova K, Mazzetto F, Scampicchio M. 
Analysis of phenolic compounds in food by coulometric 
array detector: A review. Sensors. 2022;22(19):7498. 
https://doi.org/10.3390/s22197498 

50. 	Pratyusha S. Phenolic compounds in the plant develop-
ment and defense: An overview. In: Hasanuzzaman M, Na-
har K, editors. Plant stress physiology - Perspectives in ag-
riculture. London, UK: IntechOpen; 2022.
https://doi.org/10.5772/intechopen.102873

51. 	 Sharma P, Kumar V, Guleria P. Naringin: Biosynthesis and 
pharmaceutical applications. Indian J Pharm Sci. 2019;81(6): 
988-99.
https://doi.org/10.36468/pharmaceutical-sciences.596 

52. 	Teixeira J, Gaspar A, Garrido EM, Garrido J, Borges F. Hy-
droxycinnamic acid antioxidants: An electrochemical over-
view. Biomed Res Int. 2013;2013:251754. 

https://doi.org/10.1155/2013/251754

53. 	Pérez-Gálvez A, Viera I, Roca M. Carotenoids and chloro-
phylls as antioxidants. Antioxidants. 2020;9(6):505. 

https://doi.org/10.3390/antiox9060505 

54. 	Huang WT, Xie YZ, Chen XF, Zhang J, Chen HH, Ye X, et al. 
Growth, mineral nutrients, photosynthesis and related 
physiological parameters of citrus in response to nitrogen 
deficiency. Agronomy. 2021;11(9):1859. 

https://doi.org/10.3390/agronomy11091859 

55. 	Nimse SB, Pal D. Free radicals, natural antioxidants, and 
their reaction mechanisms. RSC Adv. 2015;5(35):27986-
8006. 

https://doi.org/10.1039/C4RA13315C 

56. 	Carvalho AR, Costa G, Figueirinha A, Liberal J, Prior JA, 
Lopes MC, et al. Urtica spp.: Phenolic composition, safety, 
antioxidant and anti-inflammatory activities. Food Res Int. 
2017;99(Part I):485–94. 

https://doi.org/10.1016/j.foodres.2017.06.008 

https://doi.org/10.1016/j.heliyon.2020.e03938
https://doi.org/10.17226/9810
https://doi.org/10.3390/s22197498
https://doi.org/10.5772/intechopen.102873
https://doi.org/10.36468/pharmaceutical-sciences.596
https://doi.org/10.1155/2013/251754
https://doi.org/10.3390/antiox9060505
https://doi.org/10.3390/agronomy11091859
https://doi.org/10.1039/C4RA13315C
https://doi.org/10.1016/j.foodres.2017.06.008

	_Hlk125282735
	_Hlk151383014
	_Hlk125623053
	_Hlk151715200
	_Hlk124413405
	_Hlk125311149
	_Hlk125310267
	_Hlk125318485
	_Hlk152615055
	_Hlk121572577
	_Hlk121610164
	_Hlk121608880
	_Hlk124108288
	_Hlk151713985
	_Hlk124994529
	_Hlk151721751
	_Hlk125298807
	_Hlk126584286
	_Hlk126589874
	_Hlk126848113

