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Abstract

Thyme (Thymus vulgaris L.) is a widely cultivated aromatic and medicinal plant valued
for its culinary use, essential oils, and diverse bioactive compounds with nutritional and
pharmaceutical significance. Zinc biofortification using nanoparticles (NPs) represents a
promising approach for improving the nutritional value of aromatic and medicinal plants.
This study evaluated the effects of foliar application of ZnO nanoparticles (ZnO NPs) on
growth, biomass production, and mineral composition of thyme grown under controlled
conditions. Plants were treated three times at seven-day intervals with ZnO NP suspensions
at0, 30, 60, and 90 mg L~ (43; 86 and 129 pg Zn plant~! respectively). Foliar Zn application
did not significantly affect plant height, branching, shoot length, fresh or dry biomass, or
derived morphological indices, although Zn60 showed the highest plant height and biomass
per branch. In contrast, Zn accumulation showed a pronounced dose-dependent response.
Zn concentration increased from 31.83 mg kg~! in the control to 68.41 and 99.94 mg kg™!
under Zn60 and Zn90 treatments, representing approximately 2.15- and 3.14-fold higher Zn
concentrations, respectively. Foliar treatments also modified the concentrations of several
macro- and micronutrients, while Fe and Cu remained relatively stable. Zinc concentration
was positively correlated with Fe, N, Cu, S, and Ca, while Fe and Cu concentrations re-
mained relatively stable across treatments. In general, ZnO NP foliar application effectively
enhanced Zn accumulation in thyme without significantly compromising plant growth,
indicating its potential for agronomic biofortification.

Keywords: Thymus spp.; zinc; biofortification; mineral composition; plant growth

1. Introduction

Medicinal, culinary, and aromatic herbs have always been an integral part of human
diet, prevention, and treatment, especially in the time when medicine was not so devel-
oped [1-5]. Today, alongside all synthetically obtained active substances, people are more
and more turning to plants as the best and natural source of secondary metabolites [6-9].
Thyme, which belongs to the Lamiaceae family, is a perennial plant species used around
the world in various industries like the culinary and pharmaceutical industries, all be-
cause it is a rich source of secondary metabolites that possess antioxidant, antibacterial,
and anti-inflammatory properties [10-12]. The chemical profile of thyme essential oils is
mostly characterized by a high proportion of monoterpenes, especially phenolic compounds
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like thymol and carvacrol, whose concentrations can vary depending on chemotype, geo-
graphical origin, and agrotechnical measures [13,14]. Due to all these biologically active
compounds, thyme is today increasingly investigated as a great potential natural preserva-
tive and functional ingredient in the food industry [15,16].

With growing demand for natural products and the concept of a ,green pharmacy,”
agrotechnical measures that do not just enhance the yield but also the nutritional quality of
thyme is becoming a topic of strong scientific interest [17,18]. Although food today is mostly
globally available, deficiency of essential microelements, also known as , hidden hunger,”
still remains a really serious health issue affecting millions of people, especially in developing
countries. Deficiencies in zinc (Zn) are linked to weakened immunity, growth disorders,
cognitive deficits, and an increased risk of chronic diseases [19-21]. Traditional ways to
combat these deficiencies, such as oral supplements and industrial fortification of processed
food or using biofortified plants for functional food products [22], are often expensive,
need constant application, and are difficult to access for rural populations that rely on their
own agricultural production [23-25]. As a sustainable and budget-friendly alternative,
agronomic biofortification has emerged as a process of enhancing the concentration of target
nutrients in edible plant parts through fertilization during cultivation [26,27]. Unlike genetic
biofortification, which takes a long time and involves breeding, agronomic biofortification
allows a quick adjustment of microelement doses according to soil conditions and crop
requirements [28-30].

Zinc plays crucial yet distinct roles in plant physiology and crop quality. Zinc is an
essential micronutrient needed for the activity of numerous enzymes (e.g., dehydrogenases,
RNA polymerase), protein synthesis, cell membrane maintenance, and growth regula-
tion [31]. Zinc (Zn), which is regarded as a crucial micronutrient for plants, is considered
to be a vital micronutrient for plants. Zn has a significant role in the biochemistry and
metabolism of plants owing to its significance and toxicity for biological systems at specific
Zn concentrations, i.e., insufficient or harmful above the optimal range. It contributes to sev-
eral cellular and physiological activities of plants and promotes plant growth, development,
and yield. Zn is an important structural, enzymatic, and regulatory component of many pro-
teins and enzymes. Consequently, it is essential to understand the interplay and chemistry
of Zn in soil, its absorption, transport, and the response of plants to Zn deficiency, as well
as to develop sustainable strategies for Zn deficiency in plants. Zn deficiency appears to be
a widespread and prevalent issue in crops across the world, resulting in severe production
losses that compromise nutritional quality. Considering this, enhancing Zn usage efficiency
is the most effective strategy, which entails improving the architecture of the root system,
absorption of Zn complexes by organic acids, and Zn uptake and translocation mechanisms
in plants.

Applying Zn foliar on aromatic plants, including thyme, has shown that it can increase
tissue zinc concentrations while also modulating essential oil biosynthesis. For example,
Asle Mohammadi et al. [32] reported that foliar zinc application (2%) significantly increased
thyme essential oil yield and thymol content (up to 54.4%), and p-cymene content increased
by 7% even under nitrogen deficiency conditions. On the other hand, selenium, although
not considered essential for all plants, acts as a powerful antioxidant protecting the plant
from oxidative stress caused by abiotic factors (drought, salinity, heavy metals) [33,34].
Studies on related species of the Lamiaceae family, such as basil (Ocimum basilicum) and
sage (Salvia officinalis), showed that selenium biofortification can increase plant antioxidant
capacity and stimulate the accumulation of phenolic compounds [35,36].

Recent research draws attention to the potential of microelement nano-forms, which ex-
hibit higher uptake efficiency and lower phytotoxicity compared to conventional salts [37,38].
For example, Hegab [39] found that foliar application of nano-zinc (100 mg L™!) increased
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thyme growth and productivity even under desert soil conditions, while Pandiyan et al. [40]
showed that selenium can be reduced into biologically active nanoparticles in thyme, show-
ing how, in a good way, these species correspond with selenium metabolism. Also, similar
positive effects of foliar ZnO NP application were reported by Mohit Rabary et al. [41] in
several medicinal plants, including valerian, chicory, purple coneflower, and withania. The
authors state that the highest concentration tested (3 g L~! ZnO NPs) generally resulted in
the maximum improvements in plant growth, biomass accumulation, and photosynthetic
pigments, although the level of the response depended on plant species.

We hypothesized that foliar application of ZnO nanoparticles would increase Zn
accumulation in thyme biomass in a concentration-dependent manner, while maintaining
plant growth and biomass production without significant adverse effects. Taking it all
into account, the aim of this study was to evaluate the effects of foliar application of ZnO
nanoparticles at different concentrations on the morphological traits, growth, biomass
production, mineral composition, Zn accumulation, and apparent Zn recovery efficiency
of thyme (T. vulgaris L.) grown under controlled conditions. These results are intended to
determine whether ZnO nanoparticles can increase Zn concentration in the aboveground
biomass of thyme without adversely affecting plant growth and to identify a concentration
that provides an effective balance between Zn enrichment and plant performance.

2. Materials and Methods
2.1. Plant Cultivation

The experiment was conducted from March to June 2026 at the Faculty of Agro-
biotechnical Sciences Osijek, Josip Juraj Strossmayer University of Osijek, Croatia. Thyme
seeds were sown on 25 March 2026 in plastic seedling trays (30 x 50 x 4.5 cm) containing
60 individual cells arranged in a 6 x 10 configuration. Klasmann Potgrond H growing
substrate (Klasmann-Deilmann GmbH, Geeste, Germany) was used both at the beginning
of the experiment and after transplanting the plants into individual pots. The exact Zn
concentration of the commercial substrate was not specified by the manufacturer. The same
substrate batch was used for all treatments. After sowing, the plants were maintained under
controlled conditions at 23 £ 1 °C and irrigated daily with water to maintain adequate
substrate moisture. Irrigation was performed individually for each pot, without the use
of a drip or trickle irrigation system. Irrigation volume was not used as an experimental
factor and the exact amount of water applied per pot was therefore not recorded. After two
months of growth, the plants were transplanted into individual plastic pots (20 x 8 cm)
on 25 May 2026. Pots were distributed across the growing area and periodically reposi-
tioned to minimize positional effects. The experiment consisted of four biological replicates
per treatment, with 30 plants in each replicate, resulting in a total of 120 plants per foliar
treatment. The first foliar treatment was applied on the same day, on 25 May 2026.

2.2. Preparation of Nanoparticle Suspensions

Zinc oxide nanoparticles (ZnO NPs, 99% (metal basis); particle size 20-30 nm; Alfa
Aesar, Ward Hill, MA, USA) were used to prepare the suspensions. No additional charac-
terization of particle size distribution, hydrodynamic diameter, polydispersity index, zeta
potential, or suspension stability was performed in the present study. Appropriate amounts
of the nanoparticles were weighed using an analytical balance and dispersed in distilled
water. Individual treatments contained ZnO NPs at concentrations of 30, 60, and 90 mg L1
To obtain homogeneous nanoparticle dispersions, each suspension was sonicated for 15 min
using a UP400St ultrasonic homogenizer (Hielscher Ultrasonics GmbH, Teltow, Germany;
rated power, 400 W; frequency, 24 kHz). Sonication was performed at an amplitude setting
of 70% (A = 70%) in continuous mode without pulse intervals (C = 100%).
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2.3. Foliar NPs Zn Treatment

Foliar treatments were initiated on 25 May. At the beginning of foliar treatments,
plants were approximately 15 cm tall and were at an advanced vegetative growth stage,
corresponding approximately to BBCH 29-30 according to the BBCH scale (Biologische
Bundesanstalt, Bundessortenamt und Chemische Industrie) [42]. Foliar applications were
performed using a standard household hand-trigger spray bottle adjusted to produce a
fine mist, delivering 0.6 mL per full trigger actuation. Each thyme plant received one full
trigger actuation, applied from above to the aerial parts of the plant. Foliar treatments
were applied three times at 7-day intervals, on 25 May, 1 June, and 8 June 2026. Therefore,
plants received a total of 1.8 mL of foliar ZnO NPs per plant (0.6 mL in 3 sprays). The final
harvest was carried out on 15 June 2026, seven days after the last foliar application. Control
plants were sprayed with distilled water following the same application schedule. The
7-day interval between foliar applications was selected to allow repeated treatment during
the active vegetative growth stage and is consistent with treatment intervals previously
used for repeated foliar applications in T. vulgaris [43,44]. The timing of harvest in thyme
experiments varies according to the experimental objective. The final harvest was performed
seven days after the last application to assess the cumulative short-term response to the three
foliar treatments while minimizing additional changes associated with plant development.

2.4. Harvest and Morphological Measurements

At the end of the experiment, 11 plants were randomly selected from each treatment
for morphological measurements and were used as individual observations (n = 11 per
treatment; 44 plants in total).

Plant height (PH, cm) was measured from the substrate surface to the highest point of
the plant. The number of lateral branches (LB) was counted manually, while the length of
the longest shoot (LSL, cm) was measured using a ruler graduated in millimeters (precision:
1 mm). After harvest, the fresh mass of the whole aboveground plant (FM, g plant~!) was
determined immediately using an analytical balance with a readability of 0.01 g. For dry
mass determination, plant samples were dried in a forced-air oven at 70 °C for 72 h and
subsequently weighed. Drying was performed in a laboratory oven (Kambi¢ d.o.0., Semig,
Slovenia) at 70 °C for 72 h. The obtained value was expressed as dry mass (DM, g plant™!).

In addition to the directly measured traits, several derived morphological indices were
calculated to better describe plant architecture and biomass distribution (Table 1).

Table 1. Derived morphological indices used to describe plant architecture and biomass distribution.

Index Abbreviation Formula Description

Branching index BI BI = LB/PH Number of lateral branches relative to plant height
Fresh biomass index FBI FBI = FM/PH Fresh biomass per unit of plant height

Dry biomass index DBI DBI = DM/PH Dry biomass per unit of plant height

Relative shoot length RSL RSL = LSL/PH Longest shoot length relative to total plant height
Fresh mass per branch ~ FMB FMB = FM/LB Fresh biomass allocated per lateral branch

Dry mass per branch DMB DMB =DM/LB  Dry biomass allocated per lateral branch

Note: PH—plant height (cm); LB—number of lateral branches; LSL—longest shoot length (cm);
FM—fresh mass (g plant™'); DM—dry mass (g plant™).

2.5. Macro and Micro Elements Status

Before drying, the aboveground plant material was carefully rinsed with deionized
water to remove possible residues of the foliar ZnO suspension from the plant surface. For
elemental analysis, the aboveground plant material from all 30 plants within each biological
replicate was pooled to form one composite sample, to ensure sufficient dry biomass for
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elemental analysis. Thus, four independent composite biological samples were obtained for
each treatment (n = 4). The plant material was dried, ground and thoroughly homogenized.

Dried plant material was ground to a fine powder using an ultracentrifugal mill (Retsch
ZM 200, Haan, Germany). For mineral element determination, 500 mg of each sample was
transferred into Teflon digestion vessels, followed by the addition of 8 mL of 65% HNO;
and 2 mL of 30% H,0O,. Samples were digested using a microwave digestion system (CEM
Mars 6, CEM Corporation, Matthews, NC, USA). After digestion, the solutions were filtered
and diluted to a final volume of 50 mL with deionized water.

The concentrations of Na, Mg, P, S, K, Ca, Mn, Fe, Cu, and Zn were determined by
inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7800, Agilent Technologies,
Santa Clara, CA, USA). Na, Mg, P, S, K, and Ca concentrations were expressed as g kg~!
dry matter, whereas Mn, Fe, Cu, and Zn were expressed as mg kg~! dry matter.

Total nitrogen (N) was determined in dried and finely ground plant samples using a
Skalar carbon/nitrogen analyzer (Skalar Analytical B.V., Breda, The Netherlands). Total
nitrogen was determined according to the Dumas combustion principle using thermal
conductivity detection. Results were expressed as percentages of dry matter.

2.6. Zn Uptake and Recovery Efficiency (RE)

Zinc uptake per plant was calculated based on the Zn concentration in the dry plant
material and the dry mass of the aboveground biomass:

Zn uptake (ug plant_l) = Cz, (mg kg_l) x DM (g plant_l)

where Cy,, is the Zn concentration in dry plant material and DM is the dry mass per plant.
The foliar treatments were applied three times, with 0.6 mL of suspension applied per
plant during each application, resulting in a total application volume of 1.8 mL plant~.
Therefore, for ZnO nanoparticle concentrations of 30, 60, and 90 mg L1, this corresponded to
0.054, 0.108, and 0.162 mg ZnO plant~!, respectively. The amount of elemental Zn supplied
with ZnO NPs was calculated considering the molecular mass of ZnO and the declared
purity of the product. The molecular mass of ZnO was calculated from the atomic masses of
Zn (65.38 gmol~!) and O (16.00 g mol 1), giving 81.38 g mol~!. Thus, Zn represents 80.34%
of the ZnO molecular mass. Considering the declared ZnO purity of 99%, the Zn 30, Zn 60,
and Zn 90 treatments supplied approximately 43, 86, and 129 ug Zn plant~!, respectively.

Thus Zn recovery efficiency (RE) was calculated as:
Zn uptake

o — treatment
ZnRE (%) = Zn applied

- Znuptakec(Jntrol <100

where Zn uptake ey caiment aNd Zn uptake . represent Zn accumulation in treated and
untreated plants, respectively, and Zn applied represents the amount of elemental Zn
applied by foliar treatment.

2.7. Statistical Analysis

The experiment included four experimental replicates per treatment. Morphological
analyses were based on 11 individual plants per treatment (n = 11), resulting in 44 observa-
tions in total. For elemental composition, four independent composite biological samples
per treatment were analyzed (n = 4), each consisting of pooled aboveground plant material
from 30 plants.

A one-way analysis of variance (ANOVA) was performed in SAS Enterprise Guide
7.1 [45] to evaluate the effect of foliar Zn treatments on elemental composition and mor-
phological traits of thyme. Zn treatment (Zn 0, Zn 30, Zn 60, and Zn 90) was considered as
the single fixed factor. When significant differences were detected, treatment means were
separated using the least significant difference (LSD) test at p < 0.05.
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3. Results
3.1. Morphological Parameters of Thyme

Foliar Zn treatment did not significantly affect any of the measured or derived mor-
phological traits of thyme (p > 0.05) (Table A1, Appendix A). However, some differences
among treatments were observed. Plant height showed the strongest response, with the
highest value recorded under Zn 60 (28.8 + 1.15 cm), followed by Zn 30 (27.0 £+ 1.99 cm)
and the control (25.2 + 1.27 cm), while the lowest plants were observed under Zn 90
(23.5 £ 0.96 cm). Although this effect was not statistically significant, the ANOVA indicated
a tendency toward treatment-related differences (F = 2.64, p = 0.0626).

A similar tendency was observed for biomass allocation per branch. (Table 2) Fresh
biomass per branch (FMB) was highest in Zn 60 plants (0.14 + 0.009 g branch~1), followed
by Zn 30 (0.13 £ 0.012 g branch!), whereas both the control and Zn 90 treatments showed
values of approximately 0.11 g branch~! (F = 2.50, p = 0.0732). Dry biomass per branch
(DMB) followed a comparable pattern, reaching 0.03 + 0.003 g branch~! under Zn 60 and
Zn 30, compared with approximately 0.02 g branch™! in the control and Zn 90 treatments
(F=2.40,p = 0.0820).

Table 2. Morphological traits of thyme as affected by foliar Zn treatment. Values are presented as
mean = standard error (SE).

Parameter Zn 0 Zn 30 Zn 60 Zn 90
Directly measured traits
PH (cm) 252+13 27.0+£20 288+ 1.2 235+ 1.0
LB (no.) 284126 235+24 23.7+£29 28.6 £3.3
LSL (cm) 219+14 198+ 13 212+1.0 188 £ 1.7
FM (g plant~!) 3.06 + 0.26 2.99 +0.32 3.24 + 0.37 297 +0.23
DM (g plant~!) 0.61 + 0.05 0.60 + 0.06 0.65 + 0.08 0.59 + 0.05
Calculated morphological indices
BI (branches cm™1) 1.16 £ 0.13 0.88 + 0.07 0.85+0.11 1.22 +0.14
FBI (g cm™1) 0.13 £ 0.02 0.11 £0.01 0.11 £ 0.02 0.13£0.01
DBI (g cm™1) 0.030 + 0.003 0.020 + 0.003 0.020 + 0.003 0.030 £ 0.003
RSL 0.91 £ 0.10 0.76 + 0.06 0.75 + 0.05 0.80 + 0.07
FMB (g branch™!) 0.110 £ 0.006 0.130 + 0.012 0.140 % 0.009 0.110 + 0.009
DMB (g branch™1) 0.020 £ 0.000 0.030 £ 0.003 0.030 £+ 0.003 0.020 + 0.003

Note: PH—plant height; LB—number of lateral branches; LSL—longest shoot length; FM—fresh
mass; DM—dry mass; Bl—branching index; FBI—fresh biomass index; DBI—dry biomass index;
RSL—relative shoot length; FMB—fresh mass per branch; DMB—dry mass per branch.

The branching index (BI) was numerically highest under Zn 90 (1.22 £ 0.14 branches
cm~!) and in the control (1.16 + 0.13 branches cm™!), while lower values were recorded
under Zn 30 (0.88 + 0.07 branches cm~!) and Zn 60 (0.85 + 0.11 branches cm™!). This
difference also remained below the level of statistical significance (F = 2.35, p = 0.0866).
In contrast, the number of lateral branches, longest shoot length, total fresh and dry mass,
biomass indices, and relative shoot length showed only minor variation among treatments
and were not significantly affected by Zn application (p > 0.05).

3.2. Macroelements Status

The one-way ANOVA showed significant treatment effects on several macroelements
(Table A2, Appendix A). Significant differences were observed for N (F = 3.56, p = 0.0473,
R? = 0.471), K (F = 6.00, p = 0.0097, R? = 0.600), and Ca (F = 3.58, p = 0.0468, R? = 0.472).
Among the macroelements, the strongest treatment effect was observed for K. Significant
treatment effects were also reported for P, Mg, and S according to the values presented in
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Table A2, Appendix A. As shown in Figure 1a, total N concentration ranged from 1.68%
in Zn 30 to 2.20% in Zn 90, with an overall mean of 1.95%. The Zn 90 treatment had the
highest N concentration, while Zn 30 had the lowest value.
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Figure 1. Effect of Zn treatments on the concentration of selected macroelements and Na in thyme:
(a) Nitrogen (N), (b) Phosphorus (P), (¢) Potassium (K), (d) Calcium (Ca), (e) Magnesium (Mg),
(f) Sulfur (S), and (g) Sodium (Na). Different lowercase letters indicate significant differences among
treatments according to the LSD test at p < 0.05. Vertical bars represent the standard error (SE).
The grey bar represents the overall mean across treatments. Blue bars represent the mean values of
individual treatments, while the grey bar represents the overall mean of the experiment.
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For P, the Zn 30 treatment had a significantly lower concentration (2.23 g kg™!) com-
pared with Zn 0, Zn 60 and Zn 90, which showed similar values (Figure 1b). A similar
response was observed for K and Ca. The lowest K concentration was recorded in Zn 30
(27.90 g kg~!), while the other treatments ranged from 32.95 to 33.88 g kg~! (Figure 1c).
The Zn 30 treatment also had the lowest Ca concentration (5.01 g kg~!), whereas the highest
value was found in Zn 90 (6.37 g kg~!) (Figure 1d).

Mg concentration was highest in Zn 60 (2.83 g kg™!) and lowest in Zn 30 (2.31 gkg™!)
(Figure le). A similar trend was observed for S, where Zn 60 had the highest concentration
(1.83 g kg™!) and Zn 30 the lowest (1.53 g kg™!) (Figure 1f).

Na concentration showed a different response. The highest value was recorded in Zn 90
(253 gkg™1), followed by Zn 0 (2.42 g kg™!), while significantly lower values were observed
in Zn 30 and Zn 60 (1.71 and 1.96 g kg™, respectively) (Figure 1g). In general, the Zn 30
treatment generally resulted in lower concentrations of most measured macroelements,
while the response at higher Zn rates depended on the individual element.

3.3. Microelements Status

For the analyzed microelements, the treatment effect was most pronounced for Zn
(F =71.02,p < 0.0001, R? = 0.947), indicating that 94.7% of the variation in Zn concentration
was explained by the treatment (Table A2, Appendix A). A significant effect was also
observed for Mn (F = 5.54, p = 0.0128, R? = 0.581), whereas Fe (F = 0.07, p = 0.9724) and
Cu (F =1.24, p = 0.3390) were not significantly affected by the treatment.

Iron concentration varied only slightly among Zn treatments, ranging from 67.39 mg kg~
in Zn 0 to 72.14 mg kg~! in Zn 90, with an overall mean of 69.36 mg kg~! (Figure 2a). There
were no significant differences among treatments were observed. A similar response was
found for Cu, where values ranged from 4.72 mg kg~! in Zn 30 to 5.57 mg kg~! in Zn 90
(Figure 2b).

69.36 .

[$1]
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JIII‘JIIIM
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Figure 2. Effect of Zn treatments on the concentration of selected microelements in thyme: (a) Iron
(Fe), (b) Copper (Cu), (c¢) Manganese (Mn), and (d) Zinc (Zn). Different lowercase letters indicate
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significant differences among treatments according to the LSD test at p < 0.05. Vertical bars represent
the standard error (SE). The grey bar represents the overall mean across treatments. Blue bars
represent the mean values of individual treatments, while the grey bar represents the overall mean of
the experiment.

Biofortification treatments of NPs Zn significantly affected Mn concentration in thyme
(Figure 2c). The lowest value was recorded in Zn 30 (40.69 mg kg~!), while Zn 0 and Zn
60 showed the highest concentrations, 57.32 and 57.45 mg kg~!, respectively. Zn concen-
tration showed the clearest response to increasing Zn application (Figure 2d). The lowest
concentrations were found in Zn 0 and Zn 30, with 31.83 and 34.45 mg kg™, respectively.
Zn concentration increased to 68.41 mg kg™! in Zn 60 and reached the highest value of
99.94 mg kg~! in Zn 90. The overall mean Zn concentration was 58.66 mg kg~'.

3.4. Zn Accumulation and Apparent Recovery Efficiency

Foliar ZnO NP application clearly increased Zn accumulation in thyme plants (Table 3).

Table 3. Calculated Zn uptake and apparent Zn recovery efficiency in thyme following foliar applica-
tion of ZnO nanoparticles.

_ Zn Concentration Zn Uptake Zn Applied

1 [
Treatment DM (g Plant™) (mg kg1 (#g Plant-1) (pg Plant-1) ZnRE (%)
Zn0 0.61 31.83 19.45 - -

Zn 30 0.60 34.45 20.61 42.95 2.70
Zn 60 0.65 68.41 4429 85.90 28.92
Zn 90 0.60 99.94 59.42 128.85 31.02

Note: DM, dry mass; ZnRE, apparent Zn recovery efficiency. Zn uptake and ZnRE were calculated
from treatment mean values. The amount of Zn applied was calculated considering the total foliar
application volume (1.8 mL plant™!), the stoichiometric Zn fraction in ZnO (80.34%), and the declared
purity of ZnO nanoparticles (99%).

Calculated Zn uptake increased from 19.45 pg plant~! in the control to 59.42 ug plant !
in Zn 90, corresponding to an approximately threefold increase. Apparent Zn recovery
efficiency was low at Zn 30 (2.70%) but increased markedly at Zn 60 (28.92%) and Zn 90
(31.02%). Although Zn 90 resulted in the highest Zn uptake, the relatively small increase in
ZnRE compared with Zn 60 indicates that increasing the ZnO NP concentration from 60 to
90 mg L~! provided only a limited additional improvement in recovery efficiency.

4. Discussion

Zinc is an essential micronutrient involved in numerous enzymatic and metabolic
processes, but stimulation of vegetative growth after Zn application is strongly dependent
on the initial Zn status of the plant, application rate, species, and growing conditions. In the
present study, foliar application of ZnO NPs resulted in a clear concentration-dependent
increase in Zn accumulation in thyme, while plant growth and biomass production remained
largely unaffected. This separation between the nutritional response and the morphological
response represents one of the main findings of the present study. None of the measured
or derived morphological traits differed significantly among treatments, although plant
height and biomass allocation per branch showed some numerical variation. In particular,
plants treated with 60 mg L~! ZnO NPs had the highest mean plant height and fresh and
dry mass per branch, whereas the highest concentration, Zn 90 mg L1, did not further
improve these traits. These results indicate that the applied ZnO NP concentrations were
generally well tolerated by thyme and that substantial Zn enrichment could be achieved
without a measurable penalty in aboveground biomass production.
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In other aromatic and medicinal plants, Salachna et al. [46] found that ZnO NP appli-
cation has sometimes increased biomass. For example, ZnO nanoparticles enhanced leaf
biomass and Zn accumulation in red perilla, particularly at relatively low concentrations,
whereas foliar ZnO NP application to dragonhead increased Zn bioaccumulation together
with biomass and secondary metabolite production. Similarly, Rossi et al. [47] reported
a pronounced effect of foliar ZnO NP application in coffee (Coffea arabica L.), where leaf
Zn concentration reached 1267.1 mg kg‘1 DW, compared with 344.1 mg kg‘1 DW after
ZnSO, application and only 53.6 mg kg~! DW in the control. The authors attributed the
greater effectiveness of ZnO NPs to their enhanced penetration and absorption by leaf
tissues. Similarly, Ahmed et al. found foliar application of ZnO NPs significantly improved
the growth, nutrient uptake, yield, and fruit quality of tomato (Solanum lycopersicum L.),
with 100 mg L~! ZnO NPs increasing yield by approximately 200% compared with the
control. Moreover, ZnO NPs were more effective than conventional Zn fertilizer, indicating
their greater efficiency as a foliar Zn source. Reshma and Meenal [48] reported that foliar
application of biosynthesized Zn nanoparticles improved growth, yield, and Zn accumu-
lation in amaranth, with 10 mg L~! providing the highest plant height and fresh biomass
together with improved Zn use efficiency.

In the present experiment, the relatively stable fresh and dry biomass across treatments
suggests that Zn availability was not a major growth-limiting factor under the controlled
growing conditions and that the additional Zn was preferentially reflected in tissue Zn
concentration rather than biomass production.

The most pronounced response to ZnO NP application was observed for Zn concen-
tration in the aboveground biomass. Zn concentration increased from 31.83 mg kg~! in
untreated plants to 68.41 mg kg~! at Zn 60 and 99.94 mg kg~! at Zn 90, corresponding to
increases of approximately 115% and 214%, respectively, compared with the control. Simi-
larly, Nekoukhou et al. [49] reported a dose-dependent increase in leaf Zn concentration in
dragonhead (Dracocephalum moldavica), reaching 152.6 mg kg~! after foliar application of
160 mg L=! ZnO NPs. At the same concentration, ZnO NPs also increased total chlorophyll
to 0.93 g kg~! FW, shoot biomass to 2168 kg ha~!, essential oil content to 3.4 g kg~!, and
essential oil yield to 7.4 kg ha™!, confirming their potential to simultaneously enhance Zn
biofortification and plant productivity.

The increase in Zn concentration in the present study was also reflected in calculated
Zn uptake per plant, which increased from 19.45 g plant~! in the control to 44.29 and
59.42 pug plant~! in the Zn 60 and Zn 90 treatments, respectively. However, apparent Zn
recovery efficiency provides additional insight into the efficiency of the applied Zn. Recovery
was only 2.70% at Zn 30, compared with 28.92% at Zn 60 and 31.02% at Zn 90. Thus,
although Zn 90 produced the highest absolute Zn concentration and uptake, increasing the
concentration from 60 to 90 mg L~! resulted in only a relatively small additional increase
in apparent recovery efficiency. This finding suggests that 60 mg L~! may represent a
particularly efficient treatment in terms of Zn recovered relative to the applied amount,
whereas 90 mg L~! is preferable when maximum Zn enrichment of the plant material is the
primary objective.

In addition to Zn enrichment, foliar ZnO NP application altered the concentrations
of several macro- and micronutrients, demonstrating that the response was not restricted
to Zn alone. An unexpected response was observed at the lowest ZnO NP concentration,
where Zn 30 resulted in lower concentrations of several macroelements compared with the
untreated control. This non-linear response may indicate a transient disturbance in nutrient
uptake or internal nutrient balance at low ZnO NP exposure rather than a simple dose-
dependent effect. At higher ZnO NP concentrations, the concentrations of most elements
returned to or exceeded control levels, suggesting that the interaction between foliar Zn
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application and mineral composition was concentration-dependent. The most distinct
pattern was observed at the lowest ZnO NP concentration, where Zn 30 generally resulted
in lower concentrations of P, K, Ca, Mg, S, and Na than the other treatments. Among
micronutrients, Fe and Cu remained comparatively stable, indicating that the substantial
increase in Zn concentration did not cause a corresponding depletion of these elements.

The contribution of the present study extends beyond confirming that foliar Zn ap-
plication can increase tissue Zn concentration. In thyme, Zn enrichment showed a clear
concentration-dependent response without a significant reduction in vegetative growth or
biomass production. Moreover, the response differed markedly among the tested concen-
trations: 30 mg L~ resulted in only limited Zn enrichment and very low apparent recovery
efficiency, whereas 60 and 90 mg L~! substantially increased Zn concentration and uptake.
Importantly, the relatively small difference in apparent Zn recovery efficiency between
60 and 90 mg L~! suggests that 60 mg L~! may provide a more efficient balance between
Zn input and Zn accumulation, while 90 mg L~! is more suitable when maximum tissue Zn
enrichment is the primary objective. These findings provide concentration-specific informa-
tion for thyme biofortification rather than merely confirming the general effectiveness of
foliar Zn application.

A limitation of the present study is the absence of a conventional Zn fertilizer treatment.
Therefore, the observed responses cannot be attributed specifically to the nanoparticulate
form of Zn, as similar effects may also result from an increased Zn supply from conven-
tional Zn sources. In Hibiscus syriacus, Zhao et al. [50] stated that foliar application of ZnO
nanoparticles showed the strongest growth-promoting effect at 50 mg L~! using 50 nm
particles, while both ZnSO, and ZnO NPs increased leaf Zn concentration; however, ZnO
NPs produced more sustained growth benefits than the conventional Zn fertilizer. In
field-grown winter wheat, Zhang et al. [51] reported that both ZnSO, and ZnO NPs in-
creased grain Zn concentration, but the mean increase was approximately 10 mg kg™!
following ZnO NP application compared with 5 mg kg=! for ZnSO,. However, Salehi
et al. [52] reported that foliar application of ZnO NPs and ZnSO, at 250-2000 mg L~!
caused concentration-dependent responses in bean (Phaseolus vulgaris L.), with the highest
Zn concentrations producing the greatest growth inhibition and stress symptoms, whereas
the lowest ZnSO, dose (250 mg L~!) slightly promoted plant growth and improved physio-
logical and antioxidative responses. Thus, direct comparisons between ZnO nanoparticles
and conventional Zn fertilizers are needed to determine whether the nanoparticulate form
provides any specific advantage. A limitation of the present study is that the physico-
chemical characteristics and stability of ZnO NPs in the prepared suspensions were not
experimentally determined. Therefore, possible changes in particle size due to aggregation
during suspension preparation and application cannot be excluded.

5. Conclusions

The results demonstrate that thyme can accumulate substantial amounts of Zn fol-
lowing foliar application of ZnO nanoparticles without a significant reduction in vegeta-
tive growth or biomass production. The response was strongly concentration dependent:
30 mg L~! produced only limited Zn enrichment and low apparent recovery, whereas
60 and 90 mg L~! markedly increased both Zn concentration and Zn uptake. From an effi-
ciency perspective, the relatively small difference in Zn recovery between Zn 60 and Zn 90
suggests diminishing returns at the highest concentration, despite the continued increase
in tissue Zn concentration. These findings support the potential use of foliar ZnO NPs for
Zn enrichment of thyme biomass. However, because the experiment was conducted under
controlled conditions and focused on a single growth stage and ZnO NP source, further
studies should evaluate a broader concentration range, conventional Zn sources for direct
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comparison, Zn speciation within plant tissues, and the effects on essential oil composition
and other bioactive compounds before practical application can be recommended.
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Appendix A

Table A1. One-way ANOVA for morphological traits of thyme as affected by foliar Zn treatment.

Parameter df F p R?
PH 3 2.64 0.0626 0.165
LB 3 1.00 0.4006 0.070
LSL 3 1.03 0.3889 0.072
FM 3 0.16 0.9210 0.012
DM 3 0.16 0.9210 0.012
BI 3 2.35 0.0866 0.150
FBI 3 047 0.7017 0.034
DBI 3 0.46 0.7123 0.033
RSL 3 1.23 0.3131 0.084
FMB 3 2.50 0.0732 0.158
DMB 3 2.40 0.0820 0.153

Note: PH—plant height (cm); LB—number of lateral branches; LSL—longest shoot length (cm);
FM—fresh mass (g plant™'); DM—dry mass (g plant~!); Bl—branching index (branches cm™);
FBI—fresh biomass index (g cm™'); DBI—dry biomass index (g cm™!); RSL—relative shoot length;
FMB—fresh mass per branch (g branch~!); DMB—dry mass per branch (g branch!).

Table A2. One-way ANOVA for elemental composition.

Parameter df F p R?
N 3 3.56 0.0473 0471
P 3 2.96 0.0448 0.426
K 3 6.00 0.0097 0.600
Ca 3 3.58 0.0468 0.472
Mg 3 2.54 0.0455 0.388
S 3 3.28 0.0487 0.450
Na 3 13.07 0.0004 0.766
Fe 3 0.07 0.9724 0.018
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Table A2. Cont.

Parameter df F p R?
Zn 3 71.02 <0.0001 0.947
Mn 3 5.54 0.0128 0.581
Cu 3 1.24 0.3390 0.236

Note: N—nitrogen (%); P—phosphorus (g kg™!); K—potassium (g kg™!); Ca—calcium (g kg™');
Mg—magnesium (g kg™1); S—sulfur (g kg~!); Na—sodium (g kg~!); Fe—iron (mg kg~!); Zn—=zinc
(mg kg™'); Mn—manganese (mg kg™!); Cu—copper (mg kg™).
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