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ABSTRACT: Heavy metal pollution has become a pervasive environmental issue a
ecting numerous regions world-
wide. Recently, there has been signi�cant attention given to the application of nano-enabled technologies with the
purpose of enhancing plant development and alleviating heavy metal stress. �is study aimed to illustrate the potential
of zinc oxide nanoparticles (ZnO-NPs) to enhance the morphological traits of D. huoshenense exposed to cadmium
(Cd) stress. �e chemical structure and elemental composition of the ZnO-NPs were characterised by a series of
analyticalmethods, includingX-ray di
raction,UV-Vis spectrometry, XPS, andTEM.Plant samples usedwere collected
at 0, 5, and 15 days in order to assess physiological and biochemical parameters under di
erent Cd treatments. ZnO-
NPs administered in pot experiments have been shown to enhance plant proliferation through the modulation of Cd
enrichment levels. �e results revealed that ZnO-NPs enhanced plant growth by increasing soluble sugars and proline
levels, enhancing activities of antioxidant enzymes (SOD, POD, CAT, APX) and reducing electrolyte leakage (EL)
and malondialdehyde (MDA) content. Furthermore, ZnO-NPs enhanced the net photosynthetic rate, transpiration,
stomatal conductance, and chlorophyll content in leaves subjected to Cd stress at the 10-day sampling stage. Exogenous
ZnO-NPs signi�cantly elevated the expression of genes associated with �avonoid biosynthesis, potentially facilitating
the accumulation of medicinal compounds to mitigate Cd stress. Taken together, these �ndings provide a novel
perspective on the strategies employed by medicinal plants in response to Cd.

KEYWORDS: Zn oxide nanoparticles; cadmium; plant physiology; photosynthesis; antioxidant enzymes;Dendrobium
huoshenense

1 Introduction

Heavy metals are present in over 5 million contaminated sites worldwide.�is global issue has received
much attention because of the recent rapid industrialization and urbanization, widespread mining, frequent
use of agrochemicals, and inadequate or nonexistentwastemanagement [1,2].�eMinistry of Environmental
Protection in China has reported that heavymetal contamination a
ects over 19% of agricultural soil reports,
indicating an ongoing increase in heavy metal contamination of farmland soil in both China and India [3].

Copyright © 2025�e Authors. Published by Tech Science Press.
�is work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/Phyton
https://www.techscience.com/
http://dx.doi.org/10.32604/phyton.2025.070778
https://www.techscience.com/doi/10.32604/phyton.2025.070778
mailto:lanniao812329218@163.com
mailto:aamir@sjtu.edu.cn


3428 Phyton-Int J Exp Bot. 2025;94(11)

Heavy metals have gained public attention in recent years due to their frequent presence in food and human
blood at elevated concentrations. Abiotic and biotic processes both mobilize heavy metals in soils. Plant
growth is signi�cantly impacted by heavy metal stress, which in turn has a direct and indirect e
ect on
human health through the food chain [4]. Various plant species have varying responses to heavy metal
stress. Despite the fact that most agricultural plants eliminate heavy metals from their systems or limit
their movement to parts that aren’t meant for human consumption, rice is an exception because its grains
absorb high concentrations of these metals [5]. D. huoshanense contains very little heavy metal pollution in
its natural habitat. Currently, most D. huoshanense plants are cultivated under forests or arti�cially. Some
varieties cultivated in mining areas (Jinzhai county) have excessive levels of Pb or Cd, which has brought
unprecedented disaster to the local ecological environment and the industry. �e excessive heavy metals
primarily detected in D. huoshanense are cadmium and lead. �ese heavy metals pose a serious threat to
the quality and safety of traditional Chinese medicines due to the polluted environment in which they
grow, including contaminated stones and other substrates. ZnO reduces Cd accumulation by enhancing
the antioxidant capacity, mitigating Cd damage to cells, and promoting the binding of Cd to pectin in the
cell wall, which enhances �xation and reduces transport to the aerial parts. Additionally, it inhibits the
activity of genes that transport Cd by regulating the expression of metal-binding proteins and antioxidant
enzyme genes [6]. Study has shown that applying a zinc and selenium mixture to the leaves of rice can
increase the binding e�ciency of Cd to pectin and promote Cd �xation in �ag leaf cell walls. �is process
enhances cadmium �xation in leaves and reduces Cd content in rice grains. Additionally, these mixtures can
upregulate genes related tometal-binding proteins and antioxidant enzymes while downregulating themetal
transport genes [7]. Furthermore, ZnO-NPs signi�cantly enhanced photosynthesis, osmotic regulation, and
antioxidant levels inHibiscus syriacus, reducing root cell damage. Electron microscopy observation revealed
that cadmium primarily accumulated in the root epidermis and cortex, with localized accumulation in the
xylem. Treatment with ZnO-NPs signi�cantly reduced the extent of Cd-induced ultrastructural damage in
the roots [8]. �ese results suggest that ZnO signi�cantly reduces Cd transport in the xylem.

�equality ofmedicinal plants is impacted by heavymetal stress, which rare earth elements can success-
fully mitigate. One of the most prevalent and dangerous environmental issues with soil pollution nowadays
is heavy metal pollution [9]. A�er entering the soil, pollutants make it di�cult for soil microorganisms to
break down. As a result, they can easily build up in the soil and be absorbed by crops, which can put people’s
health at risk due to the rise in issues with agricultural product safety and quality [10]. Elevated toxicity
levels of cadmium (Cd) and lead (Pb) hinder plant growth and cause necrosis. Cd toxicity disrupts plants
by hindering carbon �xation and lowering chlorophyll content, which reduces photosynthetic e�ciency.
Exposure to Cd and Pb in soil causes osmotic stress in plants by decreasing leaf relative water content,
stomatal conductance, and transpiration, ultimately resulting in physiological harm to the plants [11–13].
In the last few decades, nanoparticles have attained more attention in various human endeavors, including
agriculture, food production, and medicine. In agriculture, Cu, Fe, Si, and Zn metal nanoparticles have
been used in fertilizers, growth enhancers, pesticide formulations, and nanocarriers to see how they a
ect
crop growth and make plants more resistant to heavy metals [14,15]. ZnO-NPs stand out among applied
nanoparticles due to their unique characteristics and modes of action [16]. Renowned for its exceptional
solubility, zinc oxide (ZnO) releases zinc ions, which are critical for mitigating heavy metal stress’s e
ects.
�is is explained by zinc’s crucial function inmetabolic pathways that a
ect how plants react to stress [17,18].
Zinc is a crucial trace element for plant growth and development, and it signi�cantly a
ects a wide range
of plant physiological processes [19,20]. It a
ects auxin levels, vegetative and reproductive organs, and the
rate at which seeds germinate. In addition, zinc has a positive e
ect on potassium concentration, growth
parameters, antioxidant activity, and the concentrations of sodium and phosphorus in plants. Zinc’s e
ect
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on tryptophan synthase activity is linked to how it controls auxin levels [21]. Zinc also a
ects sugar transport
and photosynthesis in plants, which controls the metabolism of carbohydrates. Carbonic anhydrase is a zinc
metalloenzyme essential to photosynthesis, which shows a positive relationship between plant zinc levels and
its activity. Zinc’s role in starchmetabolism also impacts plant sugar transportation. Zinc de�ciency has been
shown to increase sugar content while decreasing starchmetabolism in broad beans. Sustaining an ideal zinc
concentration can promote plant development and increase resilience to adversity [22].

Dendrobium species is a highly esteemed traditional Chinese medicine with an extensive history of
medicinal use [23,24]. However, the genus contains a number of species with widely di
ering qualities.
D. huoshanense is a distinguished endemic epiphytic orchid species acknowledged as a national geographical
indication product inChina.�is plant ismainly found in theDabieMountains and their environs, especially
in Huoshan County in Anhui, China [25]. �e main ingredients in D. huoshanense are polysaccharides,
alkaloids, �avonoids, bibenzyl, phenanthrene, and other substances. Di
erent types of ingredients have
di
erent regulatory and pharmacological activities [26,27]. Many studies have shown that it has many
bene�ts, such as protecting the liver, reducing in�ammation, �ghting free radicals, preventing cataracts
and glycation, slowing down the aging process, �ghting tumors and rheumatoid arthritis, and preventing
atherosclerosis [28,29]. �e healing properties of D. huoshanense come from its active ingredients, which
are �avonoids, sesquiterpenes, and polysaccharides. �is is an important way to judge the quality of the
plant. Its diverse chemical composition and wide-ranging pharmacological e
ects have attracted much
attention, but they also pose di�culties for future study [2,30]. Heavy metal stress may a
ect the synthesis
and accumulation of active components such as polysaccharides, alkaloids, and phenolic compounds in
Dendrobium plants. For example, cadmium and lead may in�uence the molecular structure, content, and
biological activity of polysaccharides by inducing oxidative stress, interfering with enzyme activity, or
altering secondary metabolic pathways [31,32]. Studies have shown that heavy metal stress may lead to
enhanced activity of antioxidant enzymes in plants to counteract oxidative stress, which may indirectly
a
ect the pharmacological activity of polysaccharides or alkaloids [33,34]. Additionally, heavy metal stress
typically triggers oxidative stress, and plants may respond by increasing antioxidant substances (such as
polysaccharides and phenolic compounds) or enzyme activity. However, high-concentration heavy metal
stress may disrupt the antioxidant system, reducing the plant’s antioxidant capacity and thereby a
ecting its
medicinal value.Heavymetal cadmiummay interferewith the immune-modulating function ofDendrobium
o�cinale polysaccharides by activating pro-in�ammatory pathways or inducing apoptosis [35]. Studies indi-
cate that under heavy metal stress, the molecular weight and glycosylation composition of polysaccharides
in plants may change, leading to reduced activation capacity in immune cells and thereby a
ecting anti-
in�ammatory e
ects [36]. Additionally, D. huoshanense may exhibit growth inhibition under heavy metal
stress. Chloroplast genome studies indicate that photosynthesis-related genes may be a
ected by heavy
metals, leading to reduced photosynthetic e�ciency and consequently decreased accumulation of secondary
metabolites [6]. Although a sizable amount of literature has been written summarizing the Dendrobium
genus, a dearth of thorough literature speci�cally addresses heavy metal stress on D. huoshanense [6,37].
�e foliar application of ZnO-NPs under heavy metal stress in D. huoshanense has not been fully explored.
�erefore, it is crucial to decrease the amount of metal stress (Cd and Pb) that D. huoshanense absorbs from
the soil when under metal stress, as this issue is likely to worsen in the future. �is experiment aims to
�nd out how well foliar-applied ZnO-NPs a
ect the uptake of Cd from the soil into the shoots of plants. It
was thought that applying ZnO-NP from outside the plant would increase the e�ciency of photosynthetic
processes and lower the buildup of Cd and Pb in plants that were stressed, which would lead to better growth.
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2 Materials and Methods

2.1 Preparation and Characterization of the ZnO-NPs

Previous study have been employed to use the high-purity anhydrous ZnCl2 powder as a precursor
to produce ZnO through synthesis. �e ZnCl2 was obtained from Sigma-Aldrich (Lot No.: 429430, Purity
≥ 99.995%), a reputable provider of chemicals for the purposes. KOH, a necessary reagent in the synthesis
process, was obtained from Taian Luchen Chemical Co., Ltd. (Lot No.: P431767, Purity ≥ 99.95%). Both
reagents were utilised in their original form, without undergoing any additional puri�cation or alteration.
�e synthesis and all associated procedures were conducted using deionised water, guaranteeing the removal
of any contaminants that could potentially impact the quality of the �nal ZnO product. �e production
of ZnO was carried out utilizing a hydrothermal process, a widely recognized methodology for creating
nanostructured materials. �e procedure commenced by accurately measuring the quantities of ZnCl2 and
KOH, which were subsequently dissolved in 70 mL of deionized water. �e solution was meticulously
blended to guarantee the full dispersion of the reagents and to create a homogeneous reaction environment.
�e dispersionmethod is achieved by uniformly stirring with a homogenizer. A�er the solution was created,
it wasmoved into a 100mL stainless-steel autoclave.�e autoclave, speci�cally engineered to endure elevated
pressures and temperatures, was subsequently hermetically sealed and heated to a precise temperature of
190○C.�e reaction was sustained at this temperature for a period of 6 h, facilitating the interaction between
ZnCl2 and KOH to produce ZnO. Once the reaction was �nished, the autoclave was le� to cool down to
the temperature of the surrounding environment. �e resultant solid, identi�ed as ZnO, was subsequently
gathered and underwent a sequence of rinses using deionized water. �e washing process was repeated
iteratively to guarantee the elimination of any remaining reactants or by-products, e
ectively neutralizing
the precipitate. A�er the washing operation, the ZnO precipitate was subjected to drying in an oven at a
temperature of 80○C for a duration of 24 h. �e drying process was essential in eliminating any residual
moisture from the sample. A�er being dried, the ZnO was pulverized using a mortar and pestle for a
duration of 20 min to provide a �ne and uniform powder that is appropriate for subsequent characterization
and analysis.

�e synthesized ZnO powder was subjected to various characterization procedures to assess its
structural, optical, and morphological properties. In a 100-mL �ask, the required amount of ZnO-NPs was
diluted in 10 mL of ddH2O to make a stock solution with a concentration of 100 mg/L. �e ddH2O was
subsequently added to the �ask until it reached a total volume of 100 mL. �e previously outlined process
involved preparing the additional concentrations of 10 and 50mg/L by diluting the stock solution [38].�eX-
ray di
raction (XRD) analysiswas utilized to determine the crystal structure of ZnO.�emeasurementswere
conducted utilizing a D8 Advance Da Vinci X-ray di
ractometer, which was equipped with monochromatic
CuKα radiation, with λ = 1.5406Å [39,40]. XRDpatternswere employed to con�rm the absence of impurities
in the ZnO material and to determine the size of the crystalline particles and the parameters of the crystal
lattice. Bragg’s Law determines the relationship between the 2-theta values and the corresponding Miller
indices (hkl), represented as nλ = 2dsin θ. In this equation, λ represents the wavelength of the X-rays
and represents the interplanar spacing, θ represents the di
raction angle (half of the 2-theta value), and it
represents the order of di
raction. �e d-spacing for each peak was determined by utilizing Bragg’s Law,
which involves calculating the 2-theta values and applying the formula d = λ/2sin θ.�e optical properties of
ZnOwere examined using a Lambda 750SUV-Vis spectrometer [38,41].�eUV-Vis absorption spectra were
recorded across a suitable wavelength range to analyze the optical absorption of ZnO-NPs. �e Kubelka-
Munk method was used to �nd band gap energy of ZnO.�is is a well-known way to estimate the band gap
using data on di
use re�ectance. XPS was employed to examine the elemental composition and chemical
state of the ZnO.�is approach yielded comprehensive data on the surface chemistry of ZnO, encompassing
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the precise oxidation states of zinc and oxygen within the material. �e morphology and particle size of
the ZnO were examined through transmission electron microscopy (TEM). �e TEM test was analyzed
with a Hitachi JEM microscope, which produced high-resolution ZnO-NPs with their sizes, shapes, and
locations [42,43]. �ese characterization methods fully understood the structural, optical, and chemical
properties of the synthesized ZnO, proving its suitability for a wide range of potential applications [44].

2.2 Plant Material, Growth and Experimental Design

D. huoshanensematerials were purchased from Douhuzhilu Technology Co., Ltd. (Taipingfan County,
Huoshan, China) in October 2023. Two-year-old D. huoshanense plants were selected as experimental
material. �e experiment was conducted at Shanghai Jiaotong University, with a temperature of 20 ± 5.0○C
and a humidity of 70% RH ± 10%. �e D. huoshanense stems utilized in this study were kept in a growth
chamber. �e plants were subsequently cultivated at a temperature of 25○C ± 2○C with a photoperiod
of 12/12 h (day/night, 30 µmol⋅m−2⋅S−1). Uniformly grown seedlings of D. huoshanense were placed in
white polyethylene pots measuring 12 cm in height and 13 cm in diameter. �e cultivation took place
in a natural setting, with above-ground spraying for stress and regulation and to ensure ventilation with
the outside world. Before treatment, the plants were given a week to get used to their new surroundings.
Plants in di
erent groups were sprayed above ground during the experiment every day between nine and
ten in the morning. Four plants with three replications for each gradient were placed in a big tray and
four concentration gradients of ZnO-NPs (0, 20, 40, 50, and 100 mg/L) were used in this experiment
to observe the potential impacts of NPs. Best concentration of ZnO-NPs was selected on the basis of
preliminary experiments. ZnO-NPs at concentration of 50 mg/L were used to uncover the potential impacts
of NPs. To evaluate pertinent indices, samples were taken 0, 10 and 15 days a�er Cd treatment. �e MDA,
polysaccharide content, and physiological characteristicsweremonitored to determine the appropriate heavy
metal concentration.�e plants were sprayedwith 50mg/L ZnO-NPs a�er a 10-day treatment with 200mg/L
Cd under normal growth conditions. First, ten and ��een days a�er spraying, relevant indices were sampled,
measured, and the average values were recorded [9].

2.3 Determination of Pigment Content and Photosynthetic Parameters

�e methods outlined in the previous study were slightly modi�ed to measure the amounts of
carotenoids and chlorophylls [45]. �e upper leaves of D. huoshanense were chosen, the edges and midribs
were cut o
, the leaves were dried with gauze, and then rinsed with distilled water.�e leaves were diced into
0.5 * 0.5 cm pieces, and 0.1 g of evenly distributed sample leaves were weighed. Fivemilliliters of 80% acetone
were added to a large test tube sealed with tape containing the weighed sample leaves. �e extract was put
into a 25 mL brown volumetric �ask following a 24-h extraction period in the dark. �e extraction process
was carried out four times until the leaves turned white, adding 5 mL of acetone (80%) to the test tube each
time. A 25 mL �nal volume adjustment was made. A spectrophotometer measured the optical density of
80% acetone at 663 and 645 nm as a blank control.�emeasurements were then used to calculate the leaves’
chlorophyll content.�e calculation formula of chlorophyll contentwas obtained by the 80% acetonemethod
as follows. Chla, Chlb, TotalChl and Car are chlorophyll a, chlorophyll b, total chlorophyll and carotenoids,
respectively.

Chla = 12.21 (A663) − 2.81 (A646) (1)

Chlb = 20.13 (A646) − 5.03 (A663) (2)

TotalChl = Chla +Chlb (3)

Car = [1000 (A470) − 3.27 (Chla) − 104 (Chlb)] /229 (4)
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�e gas exchange parameters were determined following the established method with minor modi�ca-
tions. �e German WALZ MINI-PAM-II Photosynthesis Yield Analyzer (E
eltrich, Germany) was used to
measure various leaf �uorescence parameters. A pot of D. huoshanense was moved from the greenhouse to
indoor conditions, and another pot of plants subjected to di
erent treatments (Cd, ZnO-NP, Cd+ZnO-NP)
was selected. Leaf clips were attached in similar positions, and the samples were dark-adapted for 20 min.
Subsequently, the leaf �uorescence parameters were measured with the chlorophyll �uorescence meter set
to the FW/Fm con�guration. �e net photosynthetic rate (Pn), stomatal conductance (Gs), internal CO2

concentration (Ci), and transpiration rate (Tr) were measured from the fourth mature leaf.

2.4 Proline and Soluble Sugar Contents Estimation

�eproline contents weremeasured according to the well-established protocol withminor changes. For
this analysis, 80% ethanol was used to create fresh leaves (0.5 g), which were then incubated for one hour
at 80○C in a water bath. Following centrifugation, the solution was put in an incubator; a�er removing the
supernatant, 5% phenol and 0.5 mL of distilled water were added. A�er an hour of incubation, 2.5 mL of
sulfuric acid was added, and the absorbance at 490 nmwasmeasured with a spectrophotometer.�e content
of soluble sugars was assessed using the phenol-sulfuric acid method.

2.5 Determination of Lipid Peroxidation and Electrolyte Leakage

To determine the malondialdehyde (MDA) concentration in D. huoshanense, 0.5 g of plant tissue was
subjected to centrifugation at 8000–13,000× g and 4○C following homogenization in phosphate bu
er at a
pH of 7.8. �iobarbituric acid (TBA) and 5% trichloroacetic acid (TCA) were added to an MDA reaction
solution.A�er adding 2.5mLof the reactionmixture to 1.5mLof enzyme extract, an aliquotwas prepared and
promptly transferred from the water bath to an ice bath a�er 15 min at 95○C. A�er a 10-min centrifugation at
4800× g, the sample’s absorbance was assessed at two wavelengths: 532 and 600 nm [46]. Di
erent treatment
of D. huoshanense leaves were soaked in deionized water for 1 h, and the initial conductivity value was
recorded. �e samples were then stirred and measured every two hours for a total of 24 h. Finally, the
samples were boiled for 15 min, and the maximum conductivity was measured a�er cooling, allowing for the
calculation of electrolyte leakage from the leaves.

2.6 Antioxidant Enzymatic Activity Assays

To test the antioxidant enzymes, 0.5 g of leaf tissue was mixed together in a 50 mM phosphate bu
er
(pH 7.0) solution with 1% polyvinylpyrrolidone. �e mixtures were centrifuged at 15,000× g for 10 min at
4○C. �e supernatant was collected to test the activities of enzymes including ascorbate peroxidase (APX),
superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). A detailed procedure is provided
elsewhere [47].

2.7 qRT-PCR Analysis

�e total RNA was extracted using a QIAGEN kit (QIAGEN, Germany). Gel electrophoresis and a
NanoDrop 2000c spectrophotometer (�ermo Fisher Scienti�c, USA) were used to assess the quality of the
RNA samples. �e PrimeScript™ II 1st Strand cDNA Synthesis Kit (TaKaRa, Dalian, China) was used to
perform RT-PCR. Actin was used as an internal control gene. �e qRT-PCR primers were designed using
Primer Premier 5.0 and are presented in Table S1. �e expression levels were calculated using the 2−∆∆Ct

method [48].
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2.8 Statistic Analysis

One-way ANOVA and t-tests were performed using SPSS so�ware (version 25.0) to determine the
signi�cance di
erences between each two groups. For all phenotypic and gene expression analyses, the
signi�cance level was obtained by comparing the Cd-treated group with the other groups. �e asterisks
indicate a signi�cant di
erence between the two sample groups (p-value < 0.001).

3 Characterization of ZnO-NPs Property

�e XRD analysis of ZnO con�rmed that it has a hexagonal wurtzite structure (Fig. 1). �e crystallo-
graphic identi�cation of ZnOwas con�rmed by correlating the di
raction peaks with the powder di
raction
�le #36-1451. �e Miller indices (hkl) measured for ZnO are (100), (002), (101), (102), (110), (103), (200),
(112), (201), (202), and (003). �ese indices correspond to particular di
raction angles of 31.99○, 34.63○,
36.40○, 47.70○, 56.80○, 62.99○, 66.58○, 68.14○, 69.28○, 72.70○, and 77.10○, respectively. �e lattice parameters
for ZnO in the hexagonal wurtzite structure are roughly 3.249 Å for the a-axis, which is the length of the
hexagonal base, and around 5.206 Å for the c-axis, which is the height of the hexagonal prism.�e c/a ratio,
which is about 1.597, denotes the proportional dimensions of the unit cell and impacts the material’s physical
characteristics [49,50]. �e determined volume of the unit cell (V) is approximately 8.51 Å.�e bulk density
of ZnO is approximately 5.606 g/cm3, accounting for any holes or pores within the material. It indicates
the mass of the substance per unit volume. �eoretical density, in the absence of any porosity, is roughly
5.606 g/cm3, calculated based on the crystal structure and lattice characteristics (Fig. 1a).

Figure 1: Spectral and structural analysis of ZnO-NPs: (a) Xrd spectra; (b) Tauc’s plots of ZnO NPs Tauc’s plots;
(c) UV-Vis spectra of ZnO NPs

�e spectrum shows that ZnO-NPs strongly absorb light in the ultraviolet (UV) range (Fig. 1c). �is is
a unique property of ZnO because it has a large energy gap. �e absorption diminishes signi�cantly when
the wavelength extends beyond the UV zone, signifying a reduction in absorption as the light shi�s into the
visible spectrum.�e optical band gap energy of the ZnONPswas determined.�e band gap energy of ZnO-
NPs was calculated using the Tauc plot, based on UV-Vis absorption data, and found to be approximately
3.43 eV, which is theoretically expressed by Eq. (5):

(αhv)n = Ahv − Eg (5)
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�e constant values A, h, n, α, and Eg represent Plank’s constant, light frequency, absorption coe�cient,
and band gap energy, respectively. �e Tauc plot was created by graphing the quantity vs. the photon energy
hv (Fig. 1b). �e value of Eg is obtained from the intersection point. �e band gap energy of the ZnO-
NPs was determined to be approximately 3.43 eV using this study. �e observed band gap of 3.43 eV is
slightly higher than that of bulk ZnO (3.2–3.37 eV), which is consistent with quantum con�nement e
ects
reported in nanoscale ZnO [51,52]. ZnO-NPs exhibit a wide optical band gap of 3.43 eV, making them ideal
for optoelectronic applications like UV light emitters and photodetectors [52].

�e XPS was conducted to investigate the elemental composition and chemical state of the synthesized
ZnO-NPs (Fig. 2).�e survey scan of ZnONPs indicated the presence of Zn andO as themain components,
indicating the successful production of ZnO (Fig. 2a). �e oxidation states of these components display
the high-resolution XPS spectrum for the Zn 2p region (Fig. 2b). �e spectrum plays a crucial role in
determining the chemical state of zinc in the ZnO-NPs. �e Zn 2p spectrum usually exhibits two separate
peaks that correspond to the spin-orbit doublet of Zn 2p electrons: Zn 2p3/2 and Zn 2p1/2. �e initial
maximum, corresponding to the Zn 2p3/2 level, is detected with a binding energy of around 1021.65 eV. �e
presence of this peak in the ZnO lattice is indicative of the presence of zinc in the divalent state (Zn2+). �e
second peak, which corresponds to the Zn 2p1/2 level, is located at a binding energy of around 1044.78 eV,
with a 23.13 eV separation, con�rming the Zn2+ oxidation state.�e disparity in energy between the Zn 2p3/2
and Zn 2p1/2 peaks aligns with the established values for ZnO, providing more evidence that zinc mostly
resides as Zn2+ within the nanoparticle structure.

Figure 2: Elemental composition and chemical state of ZnO-NPs. (a) XPS survey spectra; (b) high-resolution spectra
of Zn 2p and (c) O1s

�e high-resolution O1s XPS spectrum was analyzed to examine the chemical states of oxygen in the
ZnO-NPs. �e deconvoluted O1s spectrum was displayed (Fig. 2c). �e O1s spectrum commonly displays
several peaks due to the diverse chemical surroundings of oxygen atoms in the sample.�e peak at 531.80 eV
can be attributed to the oxygen atoms in areas of the ZnO lattice that lack su�cient oxygen or to the hydroxyl
group o�en present on the surface of ZnO-NPs. �ese surface species re�ect the inherent surface reactivity
of ZnO, which is particularly signi�cant for applications in photocatalysis and biomedical systems [53–55].

�e results showed that the ZnO-NPs have diameters that range from30 to 200 nm, showing a broad size
dispersion of the particles (Fig. 3a). �e ZnO-NPs displayed many morphologies, such as hexagonal prisms,
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slender rods, almost spherical shapes, and irregular forms. A more comprehensive structural examination
of the ZnO-NPs was carried out utilizing high-resolution transmission electronmicroscopy (HR-TEM).�e
HR-TEM image, which speci�cally targeted solitary ZnO NPs, yielded essential information regarding the
crystalline structure of the particles. �e HR-TEM investigation identi�ed distinct lattice spacings of 0.135
and 0.129 nm in the ZnO-NPs. �e values mentioned represent the crystallographic planes (002) and (101)
of the hexagonal wurtzite structure of ZnO (Fig. 3b). �e remarkable feature is the detection of elongated
particles with a signi�cant ratio between length and width, which are aligned parallel to the c-axis. �is
discovery indicates that the formation of crystals in these ZnO-NPs primarily happens along the c-axis. �e
parallel alignment of the (002) and (101) planes with the c-axis provides additional evidence of the directional
growth of the ZnO nanorods [56].

Figure 3: TEM analysis of ZnO-NPs. (a) TEM image and (b) HR-TEM analysis of ZnO NPs

3.1 E
ect of ZnO-NPs on Physiological Attributes

Heavy metal stress resulted in a signi�cant reduction in plant growth and development. In this study,
the hexagonal ZnO-NPs were used to facilitate D. huoshanense seedlings grow when they were under heavy
metal stress. Compared to non-treated plants, excessive Cd stress had a negative impact on the seedlings,
as shown by decreased vitality, lower biomass, leaf browning, and premature aging. Under Cd stress,
D. huoshanense seedlings signi�cantly reduced their fresh weight and dry weight shoots. �e application of
ZnO-NPs alone and in conjunction with Cd stress led to a signi�cant increase in fresh and dry weights and
shoot and root lengths under both natural and Cd stress conditions. Compared to the control group, Cd
treatment inhibited the growth ofD. huoshanense to some extent, with the average number of roots and fresh
weight of stem segments reduced by 20% and 45%, respectively. However, a�er the application of ZnO-NP,
the growth conditions of D. huoshanense signi�cantly improved, nearly matching the growth level of the
control (Fig. 4).

Figure 4: Impact of ZnO-NPs on D. huoshenense development under cadmium stress. CK: group treated with water,
Cd: group treated with 200 mg/L Cd, ZnO-NPs: group treated with 50 mg/L ZnO-NPs, Cd+ZnO-NPs: group treated
with 200 mg/L Cd and 50 mg/L ZnO-NPs
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3.2 E
ect of ZnO-NPs on Chlorophyll Contents under Cd Stress

Cd stress at a 200 mg/L concentration individually decreased the chlorophyll content in plants relative
to the control group (Fig. 5A). ZnO-NPs in�uenced the concentrations of both chlorophyll.�e Chl content
peaked on the seventh day a�er the 100 mg/L NPs treatment, and it was considerably di
erent from the
CK and control values (p < 0.05). At the same time, the concentration of Chl peaked at 0.41 mg/g, which
means that it increased 1.41 times over CK.Heavymetal stress signi�cantly decreased the carotenoid contents
compared with the control. When ZnO-NPs were added to D. huoshanense, the amount of carotenoids
increased compared to the CK group that was no treatment (Fig. 5B).

Figure 5: Impact of ZnO-NPs on chlorophyll pigments under Cd stress. (A) Chlorophyll contents; (B) Carotenoid
contents. �e data represent the mean ± standard deviation (Student’s t-test ***p < 0.001) between the treated and
control group with three replicates (n = 3)

3.3 E
ect on Proline and Soluble Sugar Contents under Cd Stress

Under heavy metal stress, D. huoshanense leaves showed a signi�cant rise in proline content as the
Cd concentration rose (Fig. 6). As the heavy metal level increased to 200 mg/L, the proline level in
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D. huoshanense leaves exhibited a signi�cant decrease compared to the CK group (p < 0.01).When compared
to single heavy metal treatments, the proline content in D. huoshanense leaves rose signi�cantly (p < 0.05)
during ZnO-NPs treatments at 5 days, 10 days, and 15 days. Pro content in D. huoshanense leaves was
marginally elevated compared to the control, only at a concentration of 50 mg/L and a treatment duration of
15 days for ZnO-NPs. �e results demonstrated that the presence of ZnO-NPs resulted in a 17% increase in
proline content compared to control plants.�e concentration of ZnO-NPs caused the soluble sugar content
to peak (Fig. 6A). It was demonstrated that zinc could induce the production of soluble sugars, even at low
concentrations. �e evidence indicated that zinc exposure manifested a cumulative e
ect, characterised by
an enhancement in its impact on soluble sugar production over time. �e levels of soluble sugar exhibited
variation during the initial 15-day period of zinc treatment across all experimental groups (Fig. 6B).

Figure 6: Impacts of ZnO-NPs on osmotic substances under Cd stress in D. huoshanense. (A) Soluble sugar contents;
(B) Proline contents. �e data represent the mean ± standard deviation (Student’s t-test ***p < 0.001) between the
treated and control group with three replicates (n = 3)
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3.4 E
ects of ZnO-NPs on H2O2 and MDA Level under Cd Stress

�eMDA content in shoots was quanti�ed to examine the damage in�icted by oxidative stress on cell
membranes. In our current �ndings, the MDA contents considerably increased when Cd was applied to
D. huoshanense (Fig. 7A). Conversely, the amendedZnONPs decreased theMDAcontent.�eMDAcontent
was at its lowest during the ZnO-NPs treatment. Zinc signi�cantly impacted its MDA content. On day 5,
the MDA content decreased in the treatment of ZnO-NP compared to the control group. Meanwhile, the
MDA content on days 5–15 was identical under 200 mg/L Cd stress. In the last step, ZnO-NPs with metal
stress were added to a slowly changingMDA content.�is shows that highmetal stress doses greatly increase
MDA production. �us, Cd stress had a negative impact on D. huoshanense. However, from day 5 to day
15, there was a trend toward a decrease in MDA in relation to the ZnO-NPs concentration. When applied
with 200 mg/L of Cd concentration, the leaves of D. huoshanense had a much higher MDA content than
the CK group. �ese di
erences were statistically signi�cant (p < 0.05). Under extreme stress, the MDA
content in D. huoshanense leaves gradually dropped as the concentration of ZnO-NPs treatment increased,
reaching its lowest value (p < 0.05) a�er 5, 10, and 15 days, respectively. Cd stress increased the amount of
electrolyte leakage (EL) inD. huoshanense compared to the control group (Fig. 7B).�e results indicated that
an extended duration of Cd treatment corresponded to an increased stimulatory e
ect on D. huoshanense

and enhanced EL. On day 5, the H2O2 concentration in D. huoshanense gradually escalated with prolonged
metal exposure, peaking on day 15, surpassing the levels observed in the control group. On day 15, the EL
level under heavy metal stress attained a maximum value exceeding that of the control group. Nonetheless,
the EL level content markedly diminishes under metal stress following ZnO-NPs treatment compared to
CK treatment.

Figure 7: (Continued)
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Figure 7: E
ect of ZnO-NPs on MDA level and electrolyte leakage. (A) MDA; (B) Electrolyte leakage. �e data
represent themean ± standard deviation (Student’s t-test ***p < 0.001) between the treated and control group with three
replicates (n = 3)

3.5 Impact of ZnO-NPs on the Activity of Antioxidant Enzymes

To investigate how ZnO-NPs amendment impacts Cd-induced toxicity, the antioxidant enzymatic
defense system SOD, POD, CAT, and APX were measured. In the current study, the antioxidant enzymes
were stimulated by Cd stress, compared to ZnO-NPs alone and the untreated control treatment (Fig. 8). �e
SOD content decreased at the start of the Cd stress time interval and began to increase a�er 10 days. �e
results demonstrate that heavymetals �rst activate antioxidant enzymes to cope with abiotic stress tolerance.
�e amount of SOD in D. huoshanense leaves gradually went up over the course of 5 to 15 days of ZnO-
NPs treatment. �e trend in the SOD activity of leaves from days 10 to 15 was comparable to that of the
treated control at a 200mg/L heavymetal concentration and the ZnO-NPs alone (Fig. 8A). Consequently, the
application of ZnO-NPs concentrations to D. huoshanensemay enhance the production of SOD, which can
neutralize the free radicals generated by Cd stress.�e elevated concentrations of Cd resulted in the absence
of antioxidant enzyme production, which consequently led to the accumulation of free radicals. �e activity
of SOD in D. huoshanense leaves exposed to a concentration of 200 mg/L of metal stress was signi�cantly
reduced in comparison to the control group (p < 0.05). �e activity of SOD under heavy metal treatment
exhibited an initial increase followed by a subsequent decrease over time. A�er 10 and 15 days of treatment,
the highest levels of SOD, POD, and CAT activities were seen at a concentration of 50 mg/L ZnO-NPs under
heavy metal stress. �ese levels were signi�cantly di
erent (p < 0.05) from other treatments and the control
group (Fig. 8B). �e antioxidant enzymes drastically varied with amended ZnO-NPs under Cd stress.

As the duration of ZnO-NP treatment increased, PODandCAT activities trended upward. Interestingly,
compared to the control group, the treatment groups’ CAT activities were noticeably higher (Fig. 8B,C). On
day 5, the ZnO-NPs treatment groups had signi�cantly higher CAT activities, which peaked in the �nal
condition and did better than both treated and untreated CK. POD activities also showed notable shi�s on
days 10 and 15, consistent with the patterns seen in other antioxidant enzymes (Fig. 8B). Consequently, the
modi�ed ZnO-NPs treatment substantially enhanced CAT and POD levels in D. huoshanense. Signi�cant
di
erences (p < 0.05) were found between the CAT activity ofD. huoshanense leaves that were treated with a
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single Cd and the control (Fig. 8C).�e CAT activity ofD. huoshanense leaves exhibited an increasing trend
with elevated concentrations of ZnO-NPs under Cd conditions. A�er being treated with ZnO-NPs for 5 and
10 days, the activities of antioxidant enzymes peaked (p < 0.05) at a ZnO-NPs concentration of 50 mg/L,
compared to Cd treatment alone and the CK group. Furthermore, the APX was examined to assess oxidative
damage in D. huoshanense. APX was not signi�cantly di
erent between the CK and zinc treatment groups
on day 5 (Fig. 8D). On day 14, extended treatment and concentrations exceeding 100 µmol/L resulted in an
elevation of APX content relative to the control group (p < 0.05). �e peak concentration was 3.39 times
greater than the value documented in CK group.�eAPX levels weremarkedly elevated following treatment
with ZnO-NPs at 15 days compared to the control group. �e results indicate that applying ZnO-NPs under
Cd stress enhanced the activity of all antioxidant enzymes.

Figure 8: E
ect of ZnO-NPs on antioxidant enzymatic activities. (A) SOD, (B) POD, (C) CAT, (D) APX. �e data
represent themean± standard deviation (Student’s t-test ***p < 0.001) between the treated and control group with three
replicates (n = 3)

3.6 Impact of ZnO-NPs on the D. huoshanense Photosynthesis

Cd stress signi�cantly reduced chlorophyll contents. ZnO-NPs supplemented with metal improved
the photosynthetic pigments and strengthened the defense system. Based on remarkable �ndings, we
investigated the ZnO-NPs amended with heavy metal stress on the net photosynthesis rate. Current results
revealed that exposure to heavy metal stress signi�cantly decreased the net photosynthesis rate. ZnO-NPs
alone and appliedwithCd enhanced Pn,Gs, Tr, andCi compared to treated andCKgroup (Fig. 9). Compared
to the control, ZnO-NPs amended with metal treatment showed a signi�cant increase in photosynthetic
e�ciency. Over a treatment period of 5–15 days, the net Pn gradually increased (Fig. 9A). A single 200 mg/L
heavymetal application signi�cantly damaged the photosystem. ZNO-NPs increased the net photosynthesis
rate, suggesting that zinc may have a dose-dependent impact on the photosystem mechanism. �e study
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examined the highest recorded value of Pnwhen ZnO-NPswere applied under conditions of Cd stress. Being
a key component of chloroplasts, Zn promotes the production of chlorophyll, which is positively associated
with photosynthesis rate. Similarly, the application of ZnO-NPs under Cd stress signi�cantly increased Tr
and Gs compared to both the treated control and the ZnO-NPs alone application (Fig. 9B,C). In comparison
with untreated control and alone ZnO-NPs treatments, the activity of Tr andGs was found to be signi�cantly
reduced at the �rst treatment time at day 5. At 10 and 15 days, both values tend to be increased, respectively,
except Ci (p < 0.05). D. huoshanense exposed to Cd stress signi�cantly reduce Ci (Fig. 9D). �e Ci level at
�rst increased and decreased with treatment time compared to all other groups under supplementation of
ZnO-NPs amended heavy metal stress.

Figure 9: E
ects of ZnO-NPs on net photosynthesis index inD. huoshanense under Cd stress. (A) Photosynthesis rate;
(B) Transpiration rate; (C) CO2 intake; (D) Stomata conductance. �e data represent the mean ± standard deviation
(Student’s t-test ***p < 0.001) between the treated and control group with three replicates (n = 3)

3.7 E
ects of ZnO-NPs on the Expression of Stress-Related Genes

�e leaves of D. huoshanense contain structure-rich �avonoids, an important secondary metabolite.
�e expression of genes associated with �avonoid biosynthesis in D. huoshanense stems at various growth
stages has been further investigated (Fig. 10). Most genes encoding PAL, OMT, C4H, CHS, and CHI were
upregulated in the upstream following the combined application of Cd and ZnO-NPs from one and two
years grown D. huoshanense. Compared with Cd alone, Cd treatment combined with ZnO-NPs induced
the expression of CHS, PAL, and OMT genes more e
ectively (Fig. 10A,B,F). �is combined treatment
increased the expression of C4H at an early stage (5 days) but inhibited its expression at a later stage
(15 days) (Fig. 10C). FLS facilitates the hydroxylation of �avonoids, producing dihydrokaempferol. In the
two-year-old samples subjected to heavy Cd stress, the expression of FLS-encoding genes was diminished
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compared to ZnO-NPs (Fig. 10D). Cd treatment signi�cantly stimulated the expression of CHI gene, which
was signi�cantly reduced by the addition of ZnO-NPs at a later stage (Fig. 10E). �e results indicated that
six �avonoid synthesis-related genes exhibited speci�c expression patterns.�e expression levels of the PAL,
CHS, FLS and OMT genes were found to be elevated 2.0-fold, 1.8-fold, 1.8-fold and 3.2-fold, respectively, in
the ZnO-NP group in comparisonwith the control group.However, the expression of theC4H gene exhibited
a marked increase of approximately 2-fold on the 5 day, subsequently decreasing to 0.5-fold on the 15 day.
In contrast, Cd treatment signi�cantly increased the expression level of the CHI gene, while the ZnO-NP
alone and Cd+ZnO-NP combined treatments reduced it by 50%, respectively. �is indicates that cadmium
and zinc oxide particles activate most genes of the �avonoid synthesis pathway, which may enhance the
antioxidant e
ects of �avonoids.

Figure 10: E
ect of ZnO-NPs on the expression pattern of stress-related genes involved in �avonoid biosynthesis
pathway. (A) CHS, (B) PAL, (C) C4H, (D) FLS, (E) CHI, (F) OMT. �e data represent the mean ± standard deviation
(Student’s t-test ***p < 0.001, **p < 0.01) between the treated and control group with three replicates (n = 3)
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4 Discussion

�e �eld of agriculture has witnessed an increased focus on nanotechnology, driven by its remarkable
characteristics, including its ability to facilitate heavy metal tolerance in various agricultural crops [3,57,58].
Due to their nanoscale size and greater e�ciency compared to the bulk form of Zn, ZnO-NPs have
emerged as potential micronutrients that can regulate plant growth and development under severe stress
conditions [59]. Zinc plays a vital role in maintaining the stability of biological membranes by interacting
with phospholipids and sulfhydryl groups, especially under stress conditions. In addition, the presence
of heavy metals can adversely a
ect various functions of plants, including physiological, biochemical and
metabolic activities [60]. �e objective of this study is to elucidate the tolerance mechanism of heavy metal
stress in D. huoshanense through foliar application. �e physiological attributes of the plant biomass were
reduced by Cd [61,62]. �e accumulation of heavy metals disrupts the water balance, depriving plants of
water and signi�cantly reducing their growth [63]. Furthermore, accumulation of heavy metal result in
nutritional imbalances and disturbances in physiological processes. �e e
ects of Cd in various crops have
been shown to result in a decrease in biomass and inhibition of root growth in di
erent plants [64,65].
�e concentration of ZnO-NPs is subject to variation depending on the administered dose [66–68]. �is
study demonstrates that ZnO-NPs signi�cantly mitigates the Cd toxicity issue and results in enhanced
plant growth. Chlorophyll content analysis is a valuable method for determining the impact of stress on
various physiological processes, including photosynthesis, plant growth, and biochemical processes [69,70].
In this study, the addition of ZnO-NPs to Cd-treated D. huoshanense plants resulted in an increase in
the levels of chlorophyll and carotenoids. �ese �ndings are consistent with those of previous studies,
which demonstrated that heavy metals signi�cantly inhibit photosynthesis and chlorophyll content. It has
been demonstrated that increased exposure to Cd results in the induction of oxidative stress through the
enhancement of ROS production. Nevertheless, ZnO-NPs have been demonstrated to enhance the pigments
utilised by plants for photosynthesis by mitigating the deleterious e
ects of Cd stress [71–73].

It has been demonstrated that elevated levels of heavy metal stress result in a reduction of total
soluble sugars, proteins, osmolytes, and proline levels. Our results indicated that ZnO-NPs have the capacity
to enhance the levels of sugars and proline concentrations. �is phenomenon can be elucidated by the
observation that photosynthetic activity reached its zenith at a concentration of 100 mg/L, resulting in
excessive accumulation of soluble sugar as a carbon source. �e incorporation of ZnO-NPs has been
observed to facilitate enhanced control of osmotic pressure in the presence of cadmium, thereby resulting
in elevated levels of soluble sugars. �is pattern was consistent with previous �ndings [22,59]. Soluble
sugars are essential osmoregulatory substances that control cytoplasmic osmotic pressure to protect protein
molecules, enzymes, and bio�lms. In our study, we found that the soluble sugars content gradually increased
in response to an increase in ZnO-NPs concentration. Plant cells have been observed to actively sequester
soluble substances such as proteins and sugars in order to mitigate the e
ects of heavy metal stress. �is
process has been shown to reduce the intracellular osmotic potential, thereby ensuring adequate hydration
and facilitating normal cellular physiological functions [74]. Abiotic stresses, including heavy metal stress,
are closely linked to the boosting of ROS. �e initial indicators of heavy metal accumulation in plants are
increased production of ROS and oxidative damage. �ese ROS can induce cellular damage by degrading
proteins, altering genetic material, and causing membrane lipid peroxidation [75,76]. Zinc, an essential
component of antioxidant enzymes, plays a critical role in the scavenging of H2O2 [77]. Our �ndings
demonstrated that heavy metal alone elevated the MDA content and H2O2 level, indicating that membrane
damage peaked during heavy metal stress. However, supplementation with ZnO-NPs led to a signi�cant
decrease in the MDA content and H2O2 level [78–80]. Plants have developed defense mechanisms against
ROS, with antioxidants playing a crucial role in this process (Fig. 11). �e activation of antioxidants is
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intricately associated with defensemechanisms against abiotic stressors. Ascorbic acid, catalase, peroxidases,
superoxide dismutase, and numerous other antioxidants are essential for the detoxi�cation of ROS [81,82].

Figure 11: Impact of ZnO-NPs and gene expression analysis under Cd stress. Plant hormones that control the
expression of downstream proteins, such as JA, and SA, improve the detoxi�cation capacity of plants against cadmium
stress. �e regulation methods have been reported thus far, as indicated by the arrows with solid lines; the regulation
methods are still unclear, as indicated by the arrows with dotted lines. Polyline arrows indicate exogenous additions

Plants mitigate damage from reactive oxygen species by enhancing the activity of antioxidant enzymes
and elevating the levels of antioxidant compounds.�e exogenous application of ZnO-NP led to a signi�cant
alteration in the expression levels of relevant antioxidant enzymes withinD. huoshanense, notably at elevated
concentrations. �is phenomenon manifested as a gradual rise in H2O2 and superoxide radical production
within the plant’s leaves, corresponding to heightened zinc levels. Under Cd stress, SOD and CAT, two
common antioxidant enzymes, scavenge free radicals and reactive oxygen species from plants. SOD is a
crucial enzyme that actively scavenges ROS in plants, primarily converting O2 to H2O2. CAT primarily
prevents the accumulation of H2O2 [83]. It was demonstrated that D. huoshanense exhibits a capacity for
self-regulation in response to external stress, with this ability being dose-dependent. Our results indicated
that there was an initial rise in SOD activity with the elevation of ZnO-NPs. In addition, zinc has been
shown utilized in plants to enhance SOD activity, thereby enhancing their resilience to environmental stress.
Increases in zinc content were accompanied by concomitant rises in CAT activity.�is �nding suggested that
the primary function of SOD andCATwas to remove ROS [9].�e process of chelation ofMg ions caused by
heavy metal toxicity impede photosynthesis and chlorophyll production. Increased anthocyanin production
result in apparent chlorosis, diminished growth, necrosis, and leaf reddening, which are indicators of
subsequent chlorophyll breakdown [75,84].

�e application of ZnO-NPs on D. huoshanense improved photosynthesis. Zinc is imperative for plant
photosynthesis, as it constitutes structural components and functions as an enzyme activator [19,70]. �e
application of 50 mg/L of external ZnO-NPs supplemented with heavy metal stress, demonstrated the
highest Pn and Tr. Any �uctuation in zinc concentration, whether an increase or a decrease, resulted in a
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progressive decline in net Pn and Tr. As a result, the optimal concentration of ZnO-NPs was bene�cial for
improving transpiration and photosynthesis of D. huoshanense. �e elevated levels of heavy metal stress
have the capacity to enhance oxidative damage and inhibit the photosystem. However, zinc treatment has
been shown to have a signi�cant impact on the photosynthesis process, whilst simultaneously reducing
oxidative damage [85–87]. �e intercellular CO2 concentration in D. huoshanense leaves reduced under
low ZnO-NPs treatment but rose with elevated zinc concentrations. �is suggests that elevated zinc levels
may impact the CO2 utilization, while optimal concentrations of ZnO-NPs facilitate CO2 utilization. �is
observation is consistent with previous studies [22,88]. As a result, there was a clear correlation between the
net Pn and Gs but a negative correlation between the intercellular CO2 concentrations in D. huoshanense.
Flavonoids possess the capacity to enhance the tolerance of heavy metal stress. Flavonoids are also one of
the key active compounds in D. huoshanense and possess strong antioxidant properties. Previous studies
have shown that ZnO treatment alleviated the inhibitory e
ects of Cd to some extent [89]. �erefore, in
our analysis of stress-related genes, we focused speci�cally on the expression of key genes in the �avonoid
biosynthesis pathway.�e results showed that comparedwith theCKandCdgroups, the combined treatment
of Cd+ZnO-NP could signi�cantly induce the expression of �avonoid biosynthesis pathway genes. �e
majority of the enzyme genes implicated have been cloned and their functions validated in various model
plants [90]. �e expression patterns of the CHS, DFR, FLS, and F3H genes contribute to the process of
synthesizing �avonoids, which in turn protect plants from chromium stress [91]. One of the key components
of the �avonoid biosynthesis pathway is �avonol biosynthesis. FLS is an essential gene in the biosynthesis of
�avonol. It facilitates the hydroxylation of the C-3 position in the �avonoid structure, synthesizing various
�avonols. FLS is extensively conserved in plants and connects the �avonoid synthesis pathway and the
catechin synthesis pathway [92,93]. �is study showed that the application of ZnO-NPs to the leaves of
D. huoshanense resulted in enhanced development, increased the production of photosynthetic pigments,
regulated osmotic stress, and facilitated the elimination of heavy metals. In addition, ZnO-NPs changed
a number of biochemical pathways and the antioxidant system, which helped reduce the e
ects of other
metal stresses.

Although ZnO-NPs have shown promise in agriculture as nanofertilizers, their long-term e
ects on
plant health are complex, with both bene�cial and potentially adverse outcomes depending on factors like
concentration, application method, plant species, and environmental conditions. High doses of ZnO-NPs
can induce oxidative stress, reduce growth, and cause cellular damage [94,95]. ZnO-NPs can alter soil
microbial communities, which may indirectly a
ect plant health. A �eld study indicated that ZnO-NPs
had a promotional e
ect on soil bacteria, unlike Fe3O4-NPs, but long-term accumulation could disrupt
soil ecosystems [96]. Foliar application of ZnO-NPs is a promising strategy for delivering zinc to plants,
but its scalability in �eld conditions faces several challenges and opportunities. Foliar application allows
direct nutrient delivery to leaves, bypassing soil-related limitations like low solubility or �xation [97]. Field
trials indicate that low to moderate doses (e.g., 50–100 mg/L) are e
ective without toxicity, making foliar
application cost-e
ective. However, optimal doses vary by crop and environmental conditions. In addition,
repeated foliar applications may lead to NP deposition in soil or water, potentially a
ecting non-target
organisms. Comprehensive �eld studies are needed to assess long-term environmental and health impacts.

5 Conclusion

ZnO-NPs play an impressive role in promoting plant growth and ameliorating Cd stress in D. huosha-

nense. In this study, 50 mg/L of ZnO-NPs helped plants grow by improving their physiological traits and net
photosynthesis rate and protecting them from oxidative damage caused by Cd stress. ZnO-NPs increased
soluble sugars, proline levels, and activities of SOD, POD, CAT, andAPXwhile decreasing electrolyte leakage
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andMDA content.�ey also enhanced the net photosynthetic rate, transpiration rate, stomatal conductance,
and chlorophyll A and B levels in leaves exposed to Cd stress. Exogenous ZnO-NPs also increased the
expression of genes related to �avonoid biosynthesis, potentially aiding in the accumulation of medicinal
compounds in D. huoshanense. �is study provides a scienti�c reference for the application of ZnO-NPs in
the cultivation of Dendrobium species and the detoxi�cation of heavy metals.
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