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A B S T R A C T

The quantum of nutrients supplied for efficient Rosemary plant growth and high-quality essential oil (EO) yield is 
relatively high, posing an environmental hazard. Therefore, developing nutrient management strategies that 
reduce environmental impact while maintaining or enhancing Rosemary plant growth, bio-fortification, sec
ondary metabolite content, and EO yield is imperative. In this line, this work reports a simple mechanical milling 
strategy that enables low-dosage foliar application of nanosized macro-nutrient and micro-nutrient particles for 
extraordinary Rosemary plant growth, bio-fortification, enhanced secondary metabolites, and high-quality EO 
yield even at a considerably lower nutrient supply. Even for a much lower dosage than the recommended dosage, 
a considerable increase in the total plant weight and in nitrogen (N), iron (Fe), manganese (Mn), zinc (Zn), and 
copper (Cu) content in plant shoots, in excellent correlation with their enhanced availability on the surface of the 
nanosized nutrient particles, is achieved. More importantly, an increase in the concentration of 1,8-cineole (a key 
metabolite in EO and the quality descriptor of EO) in EO extracted from the plants cultivated using nanoscaled 
nutrients at much lower inputs is achieved. The enhanced concentration of 1,8-cineole is attributed to the 
increased presence of Zn, Mn, and Cu, which elicit specific pathways for synthesizing 1,8-cineole in plants. This 
work offers a simple, scalable, sustainable alternative strategy to conventional high-nutrient-input agricultural 
practices.

1. Introduction

Rosemary (Rosmarinus officinalis L.) is a fragrant evergreen Lam
iaceae shrub renowned worldwide for its phytotherapeutic attributes 
(Afshar et al., 2022; Ali et al., 2020; Ribeiro-Santos et al., 2015). 
Although native to the Mediterranean region (Heinrich et al., 2006; 
Ulbricht et al., 2010), it is also cultivated in non-native regions primarily 
to meet the exiguous domestic consumption (Hammer and Junghanns, 

2020; Rathore et al., 2022). Of late, Rosemary’s cultivation in 
non-native regions has gained popularity due to a substantial increase in 
demand from the food, cosmetic, and pharmaceutical industries. 
Consequently, farmers in these regions want to expand the cultivation of 
Rosemary and find methods to increase its yield. Prudent nutrient 
management during their cultivation is one viable method for the suc
cess (i.e., adaptation, expansion, and maturation) of Rosemary-like 
crops in non-native lands (Shan et al., 2022). This method of 
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supplying vital nutrients results in enhanced soil fertility, augments crop 
productivity and quality, preserves nutrient equilibrium, and bolsters 
resistance to local environmental stress, pests, and diseases (Chen et al., 
2023; Weinmann et al., 2023). Typically, the common macro-nutrients, 
namely, Nitrogen (N), Phosphorus (P), and Potassium (K) are provided 
for leaf growth and overall plant health; root development, flowering, 
and fruiting; and water intake and nutrient absorption, respectively 
(Chen et al., 2023; Grusak and DellaPenna, 1999; Shan et al., 2022; 
Weinmann et al., 2023). Similarly, the micro-nutrients, namely, zinc 
(Zn), iron (Fe), copper (Cu), manganese (Mn), boron (B), and molyb
denum (Mo), are provided to improve the overall health of the plants 
and avoid any physiological disorders (Chen et al., 2023; Grusak and 
DellaPenna, 1999; Shan et al., 2022; Weinmann et al., 2023). In culti
vating the Rosemary crop in non-native lands, locally recommended 
dosages of macro- and micro-nutrients are applied to improve the 
herbage and oil yield (Ayoob et al., 2023; Mehrabani et al., 2018; 
Mwithiga et al., 2022; Puttanna et al., 2010). By applying NPK (a pop
ular commercial fertilizer and the source of macro-nutrients) (Ayoob 
et al., 2023; Mwithiga et al., 2022; Puttanna et al., 2010), and Zn (one of 
the micro-nutrients) (Mehrabani et al., 2018), the Rosemary crop yield 
significantly improved in terms of its essential oil (EO) yield and 
metabolite content in the extracted oil. However, although very effec
tive, NPK must be applied in huge quantities (100–300 kg/ha annually) 
to cultivate Rosemary (Ayoob et al., 2023; Mwithiga et al., 2022; Put
tanna et al., 2010). On the other hand, micro-nutrients do not need to be 
applied in the same quantity as NPK, but applying these even in a slight 
excess can be toxic to the soil where the plants are cultivated (Grusak 
and DellaPenna, 1999). In this context, nano-fertilizers emerged to 
improve crops’ yields by improving crops’ nutrition and nutrient use 
efficiency (NUE) even with substantially low fertilizer input (Bekah 
et al., 2025; Ding et al., 2023; Jakhar et al., 2022; Lowry et al., 2024; 
Mim et al., 2025; Pudhuvai et al., 2025). If made small enough, the 
nano-fertilizer particles can directly infiltrate the outer layers of plant 
cells, facilitating a significantly enhanced effectiveness in nutrient up
take and NUE (Guo et al., 2018).

Therefore, nano-NPK preparation and its foliar application to 
enhance Rosemary crop yield, if any, were undertaken in this work. 
Additionally, the non-availability (only that of Zn is available) 
(Mehrabani et al., 2018) of literature on using micro-nutrients in the 
cultivation of the Rosemary crop prompted us also to take up the 
preparation of nanosized particles of micro-nutrient mixture (MNM) and 
their systematic testing in combination with nanosized particles of NPK 
to enhance the Rosemary crop yield in terms of its EO yield and 
metabolite content in the extracted oil, if any. A simple mechanical 
milling method was used to prepare nano-NPK and nano-MNM particles. 
It may be noted that the higher the content of 1,8-cineole, a predominant 
metabolite in the Rosemary EO, the greater the oil quality (in both 
native (Dhouibi et al., 2023) and non-native (Laiq-ur-Rahman et al., 
2007) cases). The subsequent objective was to see if applying nanosized 
nutrients increases the proportion of 1,8-cineole in the extracted Rose
mary EO. This work’s experimental observations and corresponding 
analyses demonstrated that applying nanosized NPK and MNM particles 
led to extraordinary Rosemary plant growth, biofortification, and a 
high-quality Rosemary EO yield at substantially low nutrient input. The 
analyses also established the correlation between the enhanced yield 
and the standard plant growth descriptors (and nutrients’ supply and 
their use). This work lays the groundwork for developing easy strategies 
to apply nanosized nutrients, thereby maximizing plant growth and 
yield while minimizing fertilizer usage.

2. Materials and methods

2.1. Preparation of nanosized NPK and MNM particles

The commercial fertilizers, 19:19:19 NPK, and micro-nutrient mix 
(Utkarsh Combi-2) were procured from IFFCO (India) and Utkarsh 

Agrochem Pvt. Ltd. (India). These fertilizers were independently milled 
using a high-energy shaker mill (8000D Mixer/Mill, SPEX SamplePrep 
LLC, USA). In each case, a balls-to-fertilizer ratio of 5:1 by weight was 
considered. Before milling the samples, the stainless steel (SS) milling 
jars were thoroughly cleaned following the standard operating proced
ures. Dry milling was carried out using SS balls for 45 min. The milled 
fertilizers were characterized to check for size reduction and changes in 
surface composition (compared with the as-procured fertilizers) and 
were used for Rosemary plant growth experiments.

2.2. Characterization of samples

JEOL JEM-F200 transmission electron microscope (TEM), operated 
at an accelerating voltage of 200 kV, was used to record the feature sizes 
of the as-processed samples to assess the quantum of size reduction due 
to milling. Fourier transform infrared (FTIR) spectroscopy was per
formed to check for surface compositional changes in the as-processed 
samples. IR transmission and absorbance data were collected and 
analyzed according to the standard procedure for all samples (Baudot 
et al., 2010; Jayawardena et al., 2021). To assess any changes in 
composition due to size reduction, the attenuated total reflectance 
(ATR)-FTIR transmission spectra of all the samples were recorded using 
the iD7 Thermo Scientific Nicolet 5 spectrometer, while the absorbance 
spectra were recorded using the PerkinElmer Frontier spectrometer. The 
FTIR spectra were collected in fingerprint and diagnostic wavenumber 
ranges. The X-ray photoelectron spectroscopy (XPS) data of all the 
samples were recorded and analyzed to understand the bonding struc
ture on the surfaces of as-processed fertilizer particles compared with 
the as-procured fertilizers (Moulder et al., 1992). The XPS data were 
recorded using Thermo-Fisher Scientific’s K-Alpha XPS system with a 
resolution of ~0.5 eV. Surface charge compensated data was analyzed 
by peak-fitting using the Gaussian or Voigt profiles, depending on the 
original spectral profile. Only the best-fit data was considered for 
analysis. XPS data were analyzed to quantify the nutrients on the sur
faces of Nano-NPK and Nano-MNM particles compared with NPK and 
MNM particles. The colloidal stability of the Nano-NPK and Nano-MNM 
suspensions was determined by analyzing the respective zeta potential 
data. The suspensions were prepared by dispersing Nano-NPK and 
Nano-MNM particles in DI water. Zeta potential measurements were 
carried out using Anton Paar’s Litesizer 500 analyzer.

2.3. Plant growth experiments and analysis

One-month-old Rosemary saplings, maintained in a suitable green
house without any fertilizer supply, were considered for plant growth 
experiments. Standard pot experiments were conducted with three 
saplings per pot. Foliar application of the fertilizers (i.e., spraying the 
fertilizers directly on the leaves) was used. Different dosages of fertil
izers were provided to the plants: i) recommended dosage (RD) - the 
application of a blend of NPK (i.e., the macro-nutrients) and the MNM (i. 
e., the micro-nutrients) of 250 ppm each (positive control), which the 
local farmers use to cultivate the Rosemary crop, and ii) new dosage 
(ND) – the application of a blend of mechanically milled NPK and the 
MNM of 0.25, 2.5, 25, 50, 75, 100, and 125 ppm each corresponding to a 
dosage of 0.1, 1, 10, 20, 30, 40, and 50 % of RD. All dosages were 
administered every four weeks for three months under greenhouse 
conditions. The fertilizers were sprayed in the early morning hours until 
the leaves of the plants were drenched. Rosemary plants were also 
grown by providing only water (i.e., without any fertilizers) under 
greenhouse conditions. The plant growth experiments were conducted 
with 3 replicates for each dosage. Standard practices were followed to 
harvest the plants and quantify their growth and development charac
teristics, including shoot and root lengths, total fresh and dry weights, 
and nutrient availability in the plants. Before estimating the nutrient 
availability in the plants, the harvested plants were thoroughly cleaned 
with water and dried in a hot air oven at 40◦C for 2 h. The well-cleaned 
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random shoot samples were used to estimate the nutrient availability. 
The availability of four nutritional elements, Fe, Zn, Ca, and Mg, was 
estimated by nitric acid and hydrogen peroxide digestion accompanied 
by inductively coupled plasma optical emission spectrometry (ICP-OES, 
Teledyne Leeman Labs, HD Prodigy) (Wheal et al., 2011). The sulfuric 
acid-selenium digestion method was used to estimate the total nitrogen 
using the SKALAR SAN+ + SYSTEM Continuous Flow Analyzer 
(Sahrawat et al., 2002). The acquired data were subjected to the 
one-way analysis of variance (ANOVA) (Table Supplementary Material
(SM)1), followed by Duncan’s Multiple Range Test (DMRT), to measure 
differences between pairs of least-squares (LS) means (Mosa et al., 
2021). A least significant difference of 0.05 % was selected and 
measured using Lumivero’s XLSTAT to compare the different LS means.

2.4. Rosemary oil extraction and analysis

The EO samples were extracted from shade-dried leaves using Cle
venger’s apparatus through steam distillation, and the oil yield was 
monitored in different cases. Then, the metabolites in the EO samples 
were analyzed using the Agilent 8860 GC system equipped with a 
58 cm× 54 cm x 49 cm column. The injector and detector temperatures 
were set to 250◦C, with N2 as the carrier gas. The injection volume was 1 
μL. The retention time was estimated and determined using the stan
dards (Merck, Germany).

3. Results and discussion

The TEM images (Fig. 1) of the milled commercial NPK (Figs. 1(a) 
and 1(b)) and MNM (Figs. 1(c) and 1(d)) samples showed nanoscale 
features, implying that the particle size decreased. It may be noted that 
the average particle size of the as-procured fertilizers (i.e., both NPK and 
MNM) is ~2 μm. In the case of the milled NPK, the finest features that 
could be resolved were 2–5 nm in size (Fig. 1(b)). However, these fea
tures consisted of larger nanoparticles, ~100–200 nm in size (Fig. 1(a)). 
In the case of the milled MNM, the finest features that could be resolved 
were ~20–50 nm in size (Figs. 1(c) and 1(d)). Therefore, the milled 
samples were correspondingly named Nano-NPK and Nano-MNM. The 
size reduction mechanism of NPK and MNM particles was similar to that 
of other inorganic materials. It involves various physical processes such 
as impact, shear, compression, and attrition (Pohshna et al., 2020; 
Suryanarayana, 2001). However, due to their mechanically soft nature, 

the milling time and energy input (in terms of milling speed, size of 
milling balls, milling media, type of milling, etc.) (Pohshna et al., 2020; 
Suryanarayana, 2001) as indicated by suitable modelling outcomes were 
considerably low to achieve an optimal size reduction. In the present 
case, the optimal time required to achieve the nanosized particles was 
less than one hour (while other milling parameters are modest), corre
lating well with the expected outcomes for soft materials.

The NPK sample considered in this work consisted of water-soluble 
19 % N (~4 % nitrate nitrogen, ~4.5 % ammoniacal nitrogen, and 
~10.5 % urea nitrogen), 19 % P2O5, and 19 % K2O by weight as the 
source of macro-nutrients, which plants take up as NH+

4 /NO−
3 , 

H2PO−
4 /HPO2−

4 and K+ ions when NPK is foliar sprayed (Chen et al., 
2023; Grusak et al., 1999; Shan et al., 2022; Weinmann et al., 2023). The 
MNM sample considered in this work was composed of Ethyl
enediaminetetraacetic acid (EDTA) as the chelating agent and ~4 % Zn, 
~2 % Fe, ~0.5 % Mn, ~0.54 % B, ~0.3 % Cu, and ~0.1 % Mo by 
weight as the micro-nutrients. However, the constituent water-soluble 
salts in the commercial MNM sample were undisclosed. Nonetheless, it 
is well-known that Zn, Fe, Cu, Mn, B, and Mo are taken up by plants as 
Zn2+, Fe2+ or Fe3+, Cu2+, Mn2+, B(OH)

−
4 and H2BO−

3 , and MoO− 2
4 ions 

when MNM is foliar sprayed (Chen et al., 2023; Grusak and DellaPenna, 
1999; Shan et al., 2022; Weinmann et al., 2023). The ATR-FTIR spectra 
of Nano-NPK particles were compared with NPK particles in Fig. 2. The 
bands in the region 1300–1500 cm− 1 (shown in Fig. 2(a)) correspond to 
the IR absorption due to different deformation and stretching modes in 
NH+

4 and NO−
3 , while the one at ~828 cm− 1 corresponds to the 

Fig. 1. TEM images of (a-b) Nano-NPK and (c-d) Nano-MNM particles.
Fig. 2. ATR-FTIR spectra of NPK and Nano-NPK in (a) fingerprint and (b) 
diagnostic regions.
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absorption due to the symmetric stretching mode in NO−
3 (Wu et al., 

2007). The bands at ~1147, ~1080, and ~785 cm− 1 and in the region 
~440–469 cm− 1 correspond to the IR absorption due to symmetric 
stretching modes of O − P − O in PO2 units, symmetric stretching mode of 
PO3−

4 tetrahedra, symmetric stretching mode of P − O − P, and bending 
mode of O = P − O, respectively (Chahine et al., 2004; Magdas et al., 
2008; Salim et al., 1995; Shih et al., 1999). The bands at ~3426, ~3333, 
and ~1590 cm− 1 correspond to IR absorption due to stretching vibra
tions of N − H in urea (Timón et al., 2021), as shown in Fig. 2(b). The IR 
band at ~1667 cm− 1 corresponds to absorption due to C––O stretching 
vibration in urea (Timón et al., 2021), as shown in Fig. 2(b). The 
ATR-FTIR spectra of Nano-MNM particles were compared with those of 
MNM particles shown in Fig. 3. The IR absorption bands (Fig. 3(a)) at 
~438, ~466, ~534, and ~641 cm− 1 correspond to Zn − O (Xiong et al., 
2006), Cu − O (Kayani et al., 2015), Fe − O (Namduri and Nasrazadani, 
2008), and Mn − O vibrations (Yang et al., 2005). The band at 
~466 cm− 1 also corresponds to Mn − O (Buciuman et al., 1999). The 
band at ~847 cm− 1 corresponds to Mo = O (Nazri and Julien, 1992), 
and the one at ~1324 cm− 1 corresponds to B − O stretching (Bellamy 
et al., 1958). The bands at ~927, ~1324, ~1395 (Fig. 3(a)), and 
~1585 cm− 1 (Fig. 3(b)) correspond to absorption due to C − C axial 
deformation, NH+angular deformation, C − O vibrations, and asym
metrical axial deformation of COO− in EDTA (Magdalena et al., 2018).

FTIR spectral analysis revealed that the bonding structures in the 
Nano-NPK and Nano-MNM particles were intact, implying that size 
reduction did not result in detrimental compositional changes. Addi
tionally, the increased IR absorbance (Figs. SM1 and SM2) in the case of 
Nano-NPK and Nano-MNM samples compared with their bulk counter
parts confirmed the increased number of surface bonds, a typical 
consequence of size reduction (Baudot et al., 2010; Jayawardena et al., 
2021).

Further, in the X-ray photoelectron survey spectra (Fig. 4(a)) of NPK 
and Nano-NPK particles, N, P, K, and O peaks were observed (Moulder 
et al., 1992), and in the case of MNM and Nano-MNM particles, Zn, Fe, 
Cu, Mn, B, Mo, N, and O peaks (Fig. 4(b)) were observed (Moulder et al., 
1992), consistent with the original nutrient composition and FTIR 
analysis. A careful analysis of the high-resolution scans of individual 
nutrients revealed interesting changes in the surface contents (especially 
those representative of macro- and micro-nutrients) of Nano-NPK and 
Nano-MNM particles. It may be noted that the unindexed X-ray photo
electron spectral peaks in Fig. 4(a) and (b) correspond to the elements in 
the carrier/chelating and undisclosed substances in the original samples. 
The quantitative analysis of XPS data of Nano-NPK and Nano-MNM 
(compared with their respective counterparts) showed subtle changes 
in the spectral features of certain elements, implying surface recon
struction (i.e., variations in the local electronic structure around the 
atoms on the surface and sub-surface (within a depth of a few to 10 nm)) 
in Nano-NPK and Nano-MNM samples, a consequence of size reduction 
(Baer and Engelhard, 2010; Fairley et al., 2021). On first look, it was 

Fig. 3. ATR-FTIR spectra of MNM and Nano-MNM in (a) fingerprint and (b) 
diagnostic regions.

Fig. 4. X-ray photoelectron survey spectra of (a) NPK and Nano-NPK and (b) 
MNM and Nano-MNM samples.
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observed that the intensities of most spectral signals from the main el
ements (i.e., the nutrients) decreased, contrary to the generally antici
pated increase in intensities in nano-counterparts. This was attributed to 
increased adventitious atoms (here, C, O, and other unindexed atoms in 
the carrier/chelating substances) on the surface and sub-surface regions 
of Nano-NPK and Nano-MNM particles (Baer and Engelhard, 2010; 
Fairley et al., 2021). This scenario helps enhance the efficiency of car
rier/chelating substances.

The quantitative analysis (Fig. SM3) in the binding energy (BE) range 
of 396–408 eV (corresponding to N 1 s X-ray photoelectron signal) 
revealed that the Peak Area by Integrating Dat% (Area IntgP) values 
were ~60.4 %, ~21.5 %, and ~18 % for N (Urea), N (Ammoniacal) and 
N (Nitrate) in the case of the NPK sample, while they were ~38.5 %, 
~39 %, and ~22.5 %, respectively, in the case of the Nano-NPK sample, 
implying increased presence of ammoniacal and nitrate N on the sur
faces of Nano-NPK particles compared with that of NPK particles, which 
in turn implying enhanced availability of ammoniacal and nitrate N for 
the plants to uptake. Since plant leaves uptake N in the NH+

4 and NO−
3 

forms, their enhanced availability on the surfaces of Nano-NPK particles 
facilitated supplying more N at less fertilizer input. It may also be noted 
that the order of efficient and quick uptake by the plant leaves is N 
(Nitrate) > N (Ammoniacal). Therefore, enhanced availability of N 
(Nitrate) and N (Ammoniacal) may also improve the NUE at less fertil
izer input. However, supplying more than sufficient N (Ammoniacal) 
through foliar spraying can harm plant growth (Britto and Kronzucker, 
2002; Esteban et al., 2016; Liu and von Wirén, 2017; Shilpha et al., 
2023). However, no such detrimental observations were made regarding 
plant physiology or growth characteristics. In fact, if NH+

4 toxicity is 
mitigated, N (Ammoniacal) should be the preferred form of N supply to 
plants because it is more energy- and metabolically- efficient than N 
(Nitrate) because its intrinsic form is ready for use in amino acid 
metabolism (Jackson et al., 2008; Mokhele et al., 2012). The quantita
tive XPS analyses in the BE ranges of 127–134 eV (corresponding to P 2p 
X-ray photoelectron signal from P2O5) (Fig. SM4) and 288–296 eV 
(corresponding to K 2p X-ray photoelectron signal from K2O) (Fig. SM5) 
revealed slightly decreased peak intensities in the case of Nano-NPK 
compared with NPK, implying that the slightly reduced availability of 
P and K on the surfaces of Nano-NPK particles, as reflected in the 
available P and K values measured in harvested Rosemary plant shoots. 
The N 1S (Fig. SM3), P 2p (Fig. SM4), and K 2p (Fig. SM5) X-ray 
photoelectron signals in the case of Nano-NPK were slightly shifted to 
the lower BE side compared with NPK, indicating that the surface 
chemical environment of the former (as indicated by FTIR analysis) has 
changed (Baer and Engelhard, 2010; Fairley et al., 2021).

The quantitative analysis (Fig. SM6) in the BE range of 
1015–1050 eV (corresponding to Zn 2p X-ray photoelectron signal) 
revealed that the Area IntgP values were ~66.16 % and ~33.84 % for 
2p3/2 and 2p1/2 in the case of the MNM sample, while they were 
~41.6 % and ~58.37 %, respectively, in the case of the Nano-MNM 
sample, implying the increased presence of Zn (in the higher oxidation 
state, i.e., in the form of Zn2+ containing compound) on the surface of 
Nano-MNM particles because Area IntgP value is directly proportional to 
the number of atoms contributing to 2p1/2 peak. Also, Zn2+ exhibits a 
higher BE for the 2p1/2 peak, as shown in Fig. SM6. More importantly, 
enhanced availability of Zn in the Zn2+ state is most desirable for the 
plants to efficiently uptake Zn when Nano-MNM is foliar-sprayed. An 
interesting revelation in this work is the substantial increase in the 
availability of Cu (in +2 oxidation state) on the surface of Nano-MNM 
particles. In the case of MNM particles, Cu was not discernible even 
though 0.3 % by weight is present in them, implying poor Cu surface 
availability. Figure SM7 shows the detection of Cu 2p1/2 and Cu 2p3/2 
signals in the case of Nano-MNM and their absence in the case of MNM. 
The high-resolution scan in the BE region of 227–235 eV revealed that 
the typical Mo 3d (3d3/2 and 3d5/2) signals could not be resolved in both 
the MNM and Nano-MNM cases, likely because Mo is present at only 

0.1 % by weight, which was probably below the detection limitation. 
The Mo 3d peak might be present but greatly broadened due to the local 
chemical environment on the surfaces of MNM and Nano-MNM parti
cles, making it difficult to distinguish. Even though Mo is indicated in 
Fig. 4(b), the confidence level is poor because the instrument did not 
resolve Mo 3d XPS signals, while Mo 3p XPS signals in the BE range 
395–401 eV had a strong interference with N 1 s signals (corresponding 
to the presence of EDTA). However, the Mo 3p3/2 XPS signal could be 
resolved using peak-fitting (Fig. SM8), indicating its presence (in the +6 
oxidation state) on the surface of MNM and Nano-MNM particles. The 
quantitative analysis (Fig. SM9) in the BE range of 40–55 eV (corre
sponding to Mn 3p and Fe 3p X-ray photoelectron signals) revealed that 
the Area IntgP values were ~86.36 % and ~13.64 % for Mn 3p and Fe 
3p in the case of the MNM sample, while they were ~85.32 % and 
~14.68 %, respectively, in the case of the Nano-MNM sample, implying 
the slightly increased presence of Fe on the surface of Nano-MNM par
ticles. Figure SM10 shows the detection of B 1 s signals in the BE range 
184–196 eV in both MNM and Nano-MNM samples. However, in the 
Nano-MNM sample, the B 1 s signal corresponding to B (Bromide) could 
not be resolved using peak-fitting, implying that the B (Boric acid) 
content significantly increased on the surface of Nano-MNM particles. 
This observation w.r.t B showed enhanced availability of suitable B form 
for plants to uptake it. The change in the surface presence of Zn, Cu, Fe, 
Mn, and B in Nano-MNM is reflected in their availability in harvested 
Rosemary plant shoots.

Figures SM11 and SM12 show the O 1 s XPS signals in both NPK and 
nano-NPK and MNM and Nano-MNM samples, respectively. 
Figure SM11 shows reduced O 1 s peak intensity in the case of Nano-NPK 
compared with NPK, while Figure SM12 shows that the O 1 s peak in
tensity was almost the same in the case of MNM and Nano-MNM, 
implying that unintended surface oxidation was not encountered dur
ing dry milling of the NPK and MNM. Also, as discussed, except for the 
increase in intensity of the XPS signals corresponding to the elements N, 
P, and K (in the case of Nano-NPK compared with NPK), and Zn, Mn, and 
B (in the case of Nano-MNM compared with MNM), no other elements 
showed increase in their signal intensity, implying increase in surface 
availability of N, P, K, Zn, Mn, and B (without unintended oxidation).

Figures SM13 and SM14 show the relative frequency (%) versus zeta 
potential values (in V) of Nano-NPK and Nano-MNM suspensions. The 
mean zeta potential values of Nano-NPK and Nano-MNM suspensions 
are − 39.97 mV and − 32.24 mV, respectively, indicating that the sus
pensions can be classified as stable long-term nanosuspensions (Kamble 
et al., 2022; Serrano-Lotina et al., 2023).

The photographs of the Rosemary plants grown by applying different 
dosages of macro- and micro-nutrients (indicated as ND) of the Nano- 

Fig. 5. Photographs of the representative Rosemary plants grown by foliar 
spraying different dosages of nutrients and harvested after 12 weeks. ND1, 
ND2, ND3, ND4, ND5, ND6, and ND7 correspond to 0.1, 1, 10, 20, 30, 40, and 
50 % of RD. RD is the application of the blend of NPK and the MNM of 250 mg/ 
L each (positive control). UT represents untreated.
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NPK and Nano-MNM and RD are shown in Fig. 5, which also shows the 
untreated (UT) case, wherein only water was supplied. All the plants 
shown in Fig. 5 were harvested after 12 weeks.

Applying specific dosages (ND4-ND7) of Nano-NPK and Nano-MNM 
resulted in visually enhanced herbage (i.e., plant biomass) (Fig. 6). To 
quantify the same, the plant growth characteristics, namely, shoot and 
root lengths and fresh and dry plant weights in each case, were 
measured and shown in Fig. 6. It can be observed from Fig. 6(a) that 
ND5, ND6, and ND7 resulted in an almost 1.5-fold increase in shoot 
length compared with the RD case, and even ND3 and ND4 resulted in 
~1.15–1.3-fold increase in shoot length compared with the RD case. A 
similar trend in the increase of root length (Fig. 6(b)), fresh weight 
(Fig. 6(c)), and dry weight (Fig. 6(d)) was observed. From these obser
vations, it can be inferred that compared with RD, ND of only 20 % of 
the RD was sufficient for enhanced plant growth and development, and 
ND5 (only 30 % of the RD) was optimal among all the dosages when all 
plant growth characteristics are considered simultaneously.

It may be noted that even ND1 (0.1 % of RD) and ND2 (1 % of RD) 
resulted in better plant growth and development than the UT case, 
indicating that there were no compositional changes due to size reduc
tion and, therefore, the nanosized fertilizer particles are still effective in 
plant growth and development. The observations presented in Figs. 5 
and 6 about the enhanced Rosemary plant growth and development 
indicate improved NUE due to the application of the nanosized NPK and 
MNM particles, as hypothesized in the introduction. To confirm and 
quantify the improved NUE, shade-dried shoots of the harvested Rose
mary plants (shown in Fig. 5) were analyzed for macro- and micro- 
nutrient availability. Table 1 shows the quantities of different macro- 
and micro-nutrients available in the shoots of the Rosemary plants. From 
Table 1, it was clear that the nutrient availability (both macro and 
micro) increased in the case of RD compared with the UT case, corre
lating well with enhanced plant growth characteristics due to the in
crease in NUE as a consequence of the application of RD of macro- and 
micro-nutrients. More importantly, Table 1 showed that N (macro- 
nutrient) and Fe, Zn, and Cu (micro-nutrients) content increased in the 
cases of ND5, ND6, and ND7, indicating enhanced NUE by the plants 
even at lower dosages than the RD. This observation also correlates well 
with the enhanced surface availability of N, Fe, Zn, and Cu in the 
respective nanosized nutrient particles, as revealed by X-ray 

photoelectron spectral analysis. For better clarity, N, Fe, and Zn content 
in the shoots of the harvested Rosemary plants as a function of different 
dosages used to grow the Rosemary plants are shown in Fig. 7, which 
clearly shows that the highest average values were observed in the case 
of ND7 (50 % of the RD). However, a closer observation of Table 1 and 
Fig. 7 indicated that ND5 (only 30 % of the RD and 20 % less than ND7) 
was optimal among all the dosages when all the nutrients are considered 
simultaneously.

Further, to assess the yield and quality of the Rosemary oil as a result 
of the application of different dosages of Nano-NPK and Nano-MNM 
compared with the RD of their bulk counterparts, the EO was extrac
ted from shade-dried leaves of all the different plants, and the total oil 
yield and metabolite content in each case were analyzed. Fig. 8 shows 
the Rosemary oil yield (in µL per 100 g of dried leaves) from different 
Rosemary plants. It shows that the Rosemary oil yield is higher in the RD 
case than in the UT case, reiterating the use of supplying macro- and 
micro-nutrients to the plants and, more so, if the dosage can be lower 
than RD (Ayoob et al., 2023; Mehrabani et al., 2018; Mwithiga et al., 
2022; Puttanna et al., 2010). In this regard, it can be observed from 
Fig. 8 that the Rosemary oil yield has increased in the ND3 to ND7 cases 
compared with RD.

Enhanced oil yield was attributed to the increased herbage, resulting 
from enhanced nutrient supplementation through typical fertilizer input 
to Rosemary plants (Ayoob et al., 2023; Puttanna et al., 2010). Here, the 
enhanced nutrient supplementation (as revealed by plant 
shoot-composition analyses) and higher oil yield were achieved by 
applying nanosized nutrients at much lower dosages, reiterating the 
expediency of nano-fertilizers (Guo et al., 2018; Jakhar et al., 2022). 
Additionally, the foliar application of nutrients (also used here) to me
dicinal, aromatic, and other commercial crops gives an added advantage 
(Ahmed et al., 2023a; Ahmed et al., 2023b; Cao et al., 2022; Elmer et al., 
2021; Ghodrati-Tazangi et al., 2023; Hao et al., 2021; Hassanpour
aghdam et al., 2020; Li et al., 2023; Mehrabani et al., 2018; Rostami 
et al., 2021; Reshma and Meenal, 2022; Sharma et al., 2022; Tawfeeq 
et al., 2016; Xu et al., 2023). The foliar application effectively supplies 
nutrients to plants through their leaves, primarily when a quick 
amendment of nutrient deficiencies is needed or when soil conditions 
are suboptimal. However, care must be taken regarding the supply of RD 
to ensure optimal NUE, avoiding the risk of leaf burn or other adverse 

Fig. 6. Plant growth characteristics ((a) Shoot length, (b) Root length, (c) Fresh weight, and (d) Dry weight) of the Rosemary plants (shown in Fig. 5).
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consequences. The quality of Rosemary EO was assessed by analyzing 
the six prominent metabolites, alpha (α)-pinene, beta (β)-pinene, 
camphene, linalool, 1,8-cineole, and camphor, in each dosage case. 
Fig. 9 shows the metabolite contents as a function of different dosages 
used to grow the Rosemary plants. It may be noted that Rosemary EO 
may typically be constituted by 32 compounds, of which 1,8-cineole is 
the most abundant (Dhouibi et al., 2023; Laiq-ur-Rahman et al., 2007). It 

may also be noted that camphor is the second most abundant compound 
in local Rosemary oil (Laiq-ur-Rahman et al., 2007). The distinguishing 
characteristic of the premium Rosemary EO is its elevated concentration 
of 1,8-cineole and reduced levels of α-pinene and camphor (Dhouibi 
et al., 2023; Laiq-ur-Rahman et al., 2007). From Fig. 9, it was observed 
that camphor dominates in the UT case. On the other hand, the supply of 
RD of macro- and micro-nutrients improves the NUE, thereby enhancing 
the Rosemary plant’s physiology (i.e., tissue development and metabolic 
activities), consequently increasing the 1,8-cineole content over 
camphor content in the oil, but with a compromise of increased α-pinene 
content. In correlation with the improved herbage (Figs. 5 and 6), NUE 
(Table 1 and Fig. 7), and Rosemary oil yield (Fig. 8), it can be observed 
from Fig. 9 that the 1,8-cineole content has increased along with the 
decrease in camphor content in ND3 to ND7 cases compared with RD. 
α-pinene content also decreased in ND3, ND4 and ND7 cases compared 
with RD. α-pinene content in the case of ND5 is similar to that of the RD 
case. The anomalous increase in the α-pinene content in ND5 and ND6 
cases has to be further investigated. No prominent observations are 
made regarding the content of other metabolites, β-pinene, camphene, 
and linalool. The highest 1,8-cineole content of about 28 % (> 23 % 
corresponding to local RD) (Laiq-ur-Rahman et al., 2007) was measured 

Table 1 
Macro- and micro-nutrient contents in the shoots of the Rosemary plants (shown in Fig. 5). A summary of the LS mean values calculated by ANOVA followed by DMRT 
using XLSTAT, USA, is shown. The significance of the LS mean values is also shown.

N P K Fe Zn B Cu Mn
Dosage Quantity (ppm)

ND1 12472.135◦ 1113.743◦ 15631.621◦ 2035.202◦ 41.213◦ 22.671◦ 60.518◦ 72.927◦

ND2 13398.998** 1263.094** 14946.098** 2247.841** 38.830** 31.762** 84.646** 69.036**
ND3 12859.986*** 1244.956*** 14785.198*** 2297.306*** 38.914*** 29.440*** 76.457*** 88.000***
ND4 12196.836** 1188.185** 15725.475** 3647.526** 39.111** 30.574** 84.580** 85.333**
ND5 14644.643*** 1317.836*** 15746.302*** 3638.403*** 44.134*** 30.073*** 102.562*** 107.667***
ND6 14148.873*** 1395.627*** 15650.790*** 3844.273*** 42.330*** 30.635*** 96.322*** 111.333***
ND7 14817.901*** 1401.201*** 17179.652*** 3936.995*** 55.359*** 37.227*** 106.499*** 116.000***
RD 13343.029*** 1338.710*** 17703.308*** 2604.550*** 43.912*** 30.081*** 76.736*** 152.667***
UT 12882.866◦ 1066.435◦ 15231.604◦ 2335.722◦ 34.555◦ 27.447◦ 49.956◦ 63.909◦

Pr > F (Model) < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001***

Highly significant differences were observed among treatments for all nutrients tested (p < 0.0001***), indicating strong treatment effects on nutrient uptake and 
accumulation. Categories marked with ***, **, and ◦ denote significance at p < 0.001, p < 0.01, and 0.1 < p < 1 levels, respectively.

Fig. 7. (a) N, (b) Fe, and (c) Zn content in the shoots of the harvested Rosemary plants as a function of different dosages used to grow the Rosemary plants.

Fig. 8. Rosemary oil yield versus dosages used to grow the respective Rose
mary plants.
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in the Rosemary oils corresponding to ND6 and ND7 cases. However, in 
the ND7 case, the α-pinene and camphor contents are lower than in all 
other dosage cases, implying that ND7 yields high-quality Rosemary EO. 
The ND7 case may have influenced terpene synthase activity or altered 
the allocation of metabolic precursors within the synthesis pathway, 
favouring specific monoterpene profiles. However, it is important to 
note that there is no mechanistic information in the literature regarding 
nutrient-mediated regulation of monoterpene biosynthesis in Rosemary, 
and the present explanation is based on plausible biochemical reasoning 
supported by studies in other plants, as explained in the next paragraph. 
The ND5 case also results in Rosemary EO with enhanced overall quality 
compared with the RD case.

Recently, it was shown that the foliar application of micro-nutrients 
positively affects 1,8-cineole content in Eucalyptus essential oil (Sakallı 
Ak, et al., 2022). However, such a study has to be conducted in the case 
of Rosemary. The hypothesis posits that all micronutrients, including Fe, 
Zn, Mn, Cu, and B, are directly or indirectly involved in several meta
bolic and gene regulation processes. In plants, 1,8-cineole biosynthesis is 
a composite process that begins with the synthesis of geranyl diphos
phate through the mevalonate (MVA) pathway or methylerythritol 
phosphate pathway, then continues with the cyclization of geranyl 
diphosphate by 1,8-cineole synthase to generate the final product. In 
particular, 1,8-cineole synthase desires metal ions (such as Mn+2) (Xu 
et al., 2023) or Zn+2 (EC no: 4.2.3.108; ENZYME - Enzyme nomenclature 
database of 1,8-cineole synthase. https://enzyme.expasy.org/EC/ 
4.2.3.108) to synthesize 1,8-cineole from its precursor, geranyl 
diphosphate. It is also known that metal ions are essential cofactors in 
several metabolic pathways, including the MVA pathway (Frank and 
Groll, 2017; Kampranis et al., 2007). The Zn2+ ions, apart from their 
association with enzymes as cofactors, may regulate 1,8-cineole syn
thase gene expression by Zn finger transcription factors. Such Zn finger 
transcription factors with Zn2+ ions are shown to be responsible for 
terpenoid biosynthesis (Liu et al., 2023; Pauwels et al., 2008; Van 
Moerkercke et al., 2015). These works strongly suggest that increased Zn 
bioavailability in Rosemary may improve the 1,8-cineole content in the 
corresponding essential oil. In this work, as shown in Table 1, Cu 
bioavailability also increased in Rosemary. In this regard, it was shown 
that enhanced bioavailability of Cu can augment anthocyanin, chloro
phyll, and carotenoid levels (Van Nguyen et al., 2022). The foliar 
application of nanosized Cu micro-nutrients improved critical secondary 
metabolites and the essential oil content in the case of Dragonhead 
plants (Nekoukhou et al., 2023). Additionally, foliar application of 
micro-nutrients can help in biofortification (Nekoukhou et al., 2022), 
which was also observed in this study (Table 1).

4. Conclusions

The conversion of conventional micron-sized nutrient particles into 
nanosized particles through optimized mechanical milling enhanced the 
surface accessibility and reactivity of essential plant nutrients. This 
nanosizing process increased the surface-associated nitrogen, iron, zinc, 
and copper, thereby improving their bioavailability to the plants 

without altering the original chemical composition of the fertilizers. The 
enhanced nutrient availability promoted more efficient nutrient uptake 
and assimilation by the rosemary plants, resulting in improved vegeta
tive growth and a substantial increase in essential oil yield. This study 
demonstrates that nanoscale nutrient carriers enable more effective 
nutrient interaction with the root–soil interface, which in turn stimu
lates the biosynthetic pathways governing terpenoid formation. The 
observed increase in 1,8-cineole content and the associated modulation 
of α-pinene and camphor concentrations indicate that nanoscale 
nutrient delivery can influence the enzymatic balance within the sec
ondary metabolite network of Rosemary. This finding validates the hy
pothesis that particle size–dependent nutrient bioavailability can 
regulate both quantitative and qualitative aspects of plant secondary 
metabolism. The study highlights a novel route for achieving enhanced 
essential oil productivity and compositional tailoring through precise 
control of nutrient formulation at the nanoscale. The implications of this 
work extend to the development of next-generation fertilizer systems 
that ensure high efficiency at reduced dosages, thereby promoting both 
agricultural productivity and environmental sustainability. Future ef
forts should be directed toward establishing direct molecular and his
tochemical evidence of nutrient internalization within plant tissues to 
elucidate the complete mechanistic pathway underlying these effects.
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