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Abstract 35 

Cadmium (Cd) adversely affects plant growth, necessitating the development of effective 36 

strategies to mitigate its toxicity for sustainable agriculture. This study evaluates the 37 

effectiveness of zinc oxide (ZnO) quantum dots (QDs), nanoparticles (NPs), and bulk particles 38 

(BPs) in promoting the growth of Allium sativum L. and alleviating Cd stress. The synthesised 39 

ZnO particles were characterised using FE-SEM, FTIR, XRD, Raman and fluorescence 40 

spectroscopy to confirm their structural and optical properties. Treatment with ZnO particles 41 

significantly improved overall growth and photosynthetic parameters, and reduced Cd 42 

bioaccumulation and oxidative stress. QDs demonstrated the highest efficacy compared to NPs 43 

and BPs. Correlations among the various physiological and biochemical parameters were 44 

established through mathematical modelling, encompassing clustered heatmap analysis, the 45 

Pearson correlation mapping, and principal component analysis. Additionally, the 46 

environmental risk quotient (RQ) assessment of Cd indicated an enhanced ecological safety 47 

following the incorporation of ZnO particles. The findings clearly demonstrate that the size of 48 

the particles has a significant impact on the efficacy of ZnO. In summary, this research 49 

underscores the crucial role of ZnO particle dimensions in promoting plant growth and 50 

mitigating Cd toxicity. Furthermore, it emphasises the promise of ZnO QDs as a viable 51 

nanoscale strategy for sustainable agricultural management. 52 

 53 
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1. Introduction 78 

Anthropogenic activities such as smelting, mining, fertiliser production, plastic and dye 79 

manufacturing, have made cadmium (Cd) an environmentally and agronomically hazardous 80 

pollutant [1]. According to the report released by the Agency for Toxic Substances and Disease 81 

Registry (ATSDR), Cd is ranked among the top 10 hazardous substances [2]. High Cd levels 82 

in agricultural soil and groundwater are contributed mainly by phosphate fertiliser, in which 83 

Cd is present as an impurity. Additionally, the use of sewage sludge and biomass ash as 84 

fertilisers contributed significantly to raising Cd levels up to 90 and 30 mg/kg in agricultural 85 

soils, respectively [3, 4]. Owing to its high mobility and solubility in water, Cd can be easily 86 

absorbed by plants and can be accumulated in various aerial parts. Cd is known to be toxic 87 

even at low concentrations and affects plants by disrupting photosynthesis, retarding growth, 88 

and reducing the uptake of essential nutrients [5]. It was reported that Cd supplied at 50 mg/kg 89 

in soil significantly reduced plant height and biomass in 11 out of 20 alfalfa cultivars being 90 

tested [6]. In another study conducted by Rizwan et al. (2008), Cd at 50 and 100 µM reduced 91 

photosynthetic pigment levels, net photosynthetic rate and gas exchange efficiency [7]. 92 

Additionally, it is well-documented that Cd can induce oxidative stress in plants by promoting 93 

the generation of reactive oxygen species (ROS), as supported by the findings presented by 94 

Tao et al. (2013). They demonstrated that Cd exposure (20 – 80 µM) increased 95 

malondialdehyde (MDA) levels and superoxide dismutase (SOD) activity in leaves and roots 96 

of kenaf seedlings (Hibiscus cannabinus L.) [9]. Similarly, Jawad Hassan et al. (2020) reported 97 

that Cd exposure induced oxidative stress and altered the activity of antioxidant enzymes in 98 

sorghum. Nevertheless, Cd contamination in agricultural soils not only affects plants but also 99 

poses a serious health risk to humans through the food chain. Thus, addressing Cd pollution 100 

with robust and sustainable strategies is crucial for safeguarding the terrestrial ecosystem. 101 
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Engineered nanomaterials (ENMs) have garnered significant interest due to their effective 102 

integration into agricultural practices, which enhances plant productivity and facilitates the 103 

efficient delivery of essential nutrients to crops [11]. Among the various nanomaterials, zinc 104 

oxide nanoparticles (ZnO NPs) are extensively investigated due to their unique properties and 105 

potential applications. ZnO nanoforms rank as the third most extensively utilised metal-based 106 

nanomaterials, with global annual production estimates ranging from 550 to 33,400 tons [12, 107 

13]. The anticipated environmental levels of ZnO NPs are estimated to range between 76 and 108 

760 µg/L in aquatic environments and from 3.1 to 31 mg/kg in terrestrial soils [14]. The 109 

application of ZnO NPs to promote plant growth and productivity has a long-standing history 110 

in agricultural practices. For example, treating wheat seeds with a concentration of 10 mg/L of 111 

ZnO NPs has been shown to enhance the vigour index and improve germination rate. Seed 112 

priming with ZnO NPs also enhanced the level of photosynthetic pigments [15]. In another 113 

investigation, the foliar application of ZnO NPs at 50 and 100 mg/L improved the growth of 114 

both tomato and Sophora alopecuroides plants [16]. Similarly, the application of 1.5 mg/L of 115 

ZnO NPs to chickpea plants resulted in improved biomass and shoot dry weight, which can be 116 

attributed to low ROS generation resulting in lesser membrane damage [17]. Alongside NPs, 117 

bulk particles (BPs) have also been used to improve plant health, but their effect on plant 118 

growth is often insignificant compared to nano-scale forms [18, 19]. Although NPs and BPs 119 

have numerous applications in agriculture, their usage is limited by their prolonged sonication 120 

duration, low adsorption capacity, and low solubility in water, making quantum dots (QDs) a 121 

more favourable alternative for improving plant productivity [20–22]. In addition to traditional 122 

nano-ZnO, there has recently been enhanced emphasis on ZnO QDs (2-20 nm), attributed to 123 

their diverse functional groups, improved biocompatibility, and enhanced solubility in water. 124 

Their utilisation spans multiple biological domains, including biomedical applications, sensor 125 
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technology, and agriculture, making their entry into agricultural ecosystems unavoidable [23]. 126 

Studies have indicated that ZnO QDs demonstrate a superior capacity to stimulate plant growth 127 

and enhance productivity relative to ZnO NPs. For example, the foliar spraying of 50 mg/L 128 

ZnO QDs on pumpkin increased its biomass by 24.6% and also enhanced the levels of 129 

photosynthetic pigments and nutrients [24]. Similarly, Sun et al. (2023) reported that the foliar 130 

application of 50 mg/L of ZnO QDs increased the fresh weight, plant height, and protein levels 131 

in tomatoes. In another study, it was demonstrated that the foliar spraying of ZnO QDs on 132 

lettuce in the range of 50-500 mg/L increased the plant biomass and chlorophyll content at 133 

lower concentrations (50-100 mg/L), while adversely affecting the plant growth by inducing 134 

oxidative stress at higher concentrations (200-500 mg/L) [23]. Recent research has 135 

demonstrated that the utilisation of ZnO NPs is effective in mitigating heavy metal stress, 136 

particularly in reducing Cd toxicity and regulating its absorption in plants. The application of 137 

ZnO NPs at 100 mg/L via foliar treatment alleviated Cd stress in wheat by enhancing the 138 

activity of leaf antioxidant enzymes. Similarly, the foliar spraying of ZnO NPs at 50 mg/L 139 

alleviated Cd stress by regulating photosynthetic efficiency and antioxidant defence 140 

mechanisms in rice and tomato. Although numerous studies have investigated the role of ZnO 141 

NPs in mitigating Cd stress, there remains a notable research gap regarding the application of 142 

ZnO QDs for addressing Cd stress, which requires further exploration. In addition, the 143 

evaluation of size-dependent effects of ZnO particles on the growth and physiology of Cd-144 

challenged plants requires critical investigations to gain insights into how particle size could 145 

significantly influence the stability, accumulation, and their underlying effects.  146 

In this research, Allium sativum L. (garlic) serves as a model plant to examine the influence of 147 

ZnO particles of varying sizes (QDs, NPs, and BPs) on plant growth and their potential role in 148 

mitigating Cd stress. A. sativum roots were exposed to ZnO particles ranging from 1.25-20 149 
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mg/L concentrations. Among these, the 10 mg/L concentration was found to be optimal and 150 

was subsequently used for alleviating Cd stress.  Garlic is a high-value food crop with a rich 151 

culinary and medicinal heritage. Due to its short chromosome number (2n = 16), easy 152 

propagation, high sensitivity, and ability to absorb and accumulate heavy metals from the 153 

environment, A. sativum serves as an excellent bioindicator to understand the dynamics of 154 

heavy metal-induced damage in food crops. This understanding is crucial for developing 155 

innovative strategies to alleviate abiotic stress, ultimately ensuring food safety and quality. 156 

Following an extensive review of the existing literature, the authors contend that this study 157 

represents the first investigation into the size-dependent impacts of ZnO particles (QDs, NPs 158 

and BPs) on a food crop (garlic) at environmentally relevant concentrations. This research 159 

addresses a critical gap in the literature by elucidating the distinct biological responses elicited 160 

by various forms of ZnO particles in an edible plant. The current study examines these 161 

responses under both normal growth and Cd-stress conditions, thereby providing insights into 162 

nano-plant interactions to improve nutrient delivery and food safety. The primary focus of this 163 

research involved, i) evaluating the individual effects of QDs, NPs, and BPs on various growth 164 

and oxidative stress parameters of A. sativum and analysing the effect of leached Zn2+on the 165 

major growth and stress parameters of A. sativum, ii) evaluating the role of the differently-sized 166 

ZnO particles (QDs, NPs, and BPs) in mitigation of Cd stress, iii) examining the accumulation 167 

of Zn and Cd in A. sativum roots, iv) evaluating the environmental risk associated with Cd, 168 

both individually and in the presence of ZnO particles. Variations in plant growth and 169 

physiological responses were evaluated using several biological indicators, including cell 170 

viability, levels of oxidative damage, photosynthetic performance, and activity of antioxidant 171 

enzymes. This research presents an innovative and sustainable strategy to mitigate Cd stress, 172 
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thereby preserving food quality and protecting human health while ensuring a seamless, clean 173 

continuum from agricultural production to consumption. 174 

2. Materials and methods 175 

2.1 Chemicals used  176 

Zinc oxide bulk powder (< 5 µm particle size) was procured from Sigma-Aldrich, and CdSO4. 177 

8H2O was purchased from SRL. The treatments involving CdSO4 will be referred to as Cd 178 

hereafter. Details of other chemicals and solvents used in this study are provided in 179 

Supplementary Information (Methods S1).  180 

2.2 Synthesis and Characterisation of ZnO particles  181 

2.2.1 Synthesis of ZnO QDs and NPs 182 

The protocol for the synthesis of ZnO QDs and NPs was adopted from Saber et al. (2025) and 183 

Al-luhaibi and Sendi. (2022). Details of the synthesis methods are provided in Supplementary 184 

Information (Methods S2). 185 

2.2.2 Physico-chemical characterisation of ZnO particles (in the presence and absence of 186 

Cd)  187 

The ZnO particles (QDs, NPs, and BPs) were characterised by FE-SEM, FTIR, XRD, Raman 188 

and fluorescence spectroscopy. Furthermore, zeta potential and contact angle measurements 189 

were performed using a zeta analyser and a goniometer, respectively, by dispersing the samples 190 

in Hoagland nutrient solution. The detailed description of various characterisation techniques 191 

is provided in the Supplementary Information (Methods S3).   192 

2.3 Stock preparation and exposure concentrations 193 

A stock suspension of 100 mg/L ZnO particles (QDs, NPs, and BPs) dispersed in Milli-Q water 194 

was prepared by ultrasonication for 20 min, and a 200 mg/L stock suspension of Cd was 195 

prepared. For the pristine studies, the working concentrations of QDs, NPs, and BPs were fixed 196 
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at 1.25, 2.5, 5, 10 and 20 mg/L, which lie within the environmentally relevant concentration 197 

(ERC) of  Zn nanoforms [14]. To evaluate the EC50 value for Cd, concentrations of 0.5, 1, 2, 198 

4, 8, 16, and 32 mg/L were employed, corresponding to the available Cd concentrations in soil 199 

[28]. Based on the EC50 data, highly toxic concentrations (10 and 20 mg/L) of Cd were chosen 200 

for further studies involving the binary mixtures of Cd and ZnO particles. An optimal dose of 201 

10 mg/L of QDs, NPs, and BPs was maintained throughout the binary exposure experiments, 202 

pertaining to the significant stimulatory effect observed. Therefore, in this study, any reference 203 

to the concentrations of QDs, NPs, and BPs in the binary exposure experiments will specifically 204 

pertain to a concentration of 10 mg/L. 205 

 Garlic cloves (Allium sativum L.) germinated in half-strength Hoagland nutrient medium were 206 

used for the bioassays. All the assays were performed after 120 h of interaction in Hoagland 207 

nutrient medium supplemented with ZnO particles (QDs, NPs, and BPs) and their binary 208 

mixtures with Cd. During the interaction period, the plants were maintained at 25 ± 2 ºC with 209 

a 16:8 h light:dark photoperiod, and the set of cloves grown in Hoagland nutrient medium 210 

served as the control group [29]. Further, ZnSO4.7H2O (1.23 × 10-4 mol/L) served as the ionic 211 

control which is equivalent to 10 mg/L of Zn on particle mass basis. The detailed composition 212 

of the Hoagland nutrient medium is given in the Supplementary Information (Table S1).  213 

2.4 Determination of EC50, cytotoxicity, and accumulation of Zn and Cd   214 

The cell viability of A. sativum root cells exposed to pristine QDs, NPs, and BPs and their 215 

mixtures with Cd was determined by the Evans blue staining method [30]. The details of the 216 

adapted procedure are outlined in the Supplementary Information (Methods S4). The EC50 of 217 

Cd and its mixtures with QDs, NPs, and BPs was determined by testing several concentrations 218 

of Cd ranging from 0.5 to 32 mg/L in combination with 10 mg/L of ZnO particles. Additionally, 219 

the effect of leached Zn2+ on cell viability was assessed at 10 mg/L.  220 
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To quantify the uptake of Zn and Cd in A. sativum roots, the protocol adapted from Rossi et al. 221 

(2017) was followed [32]. More details regarding the procedure are provided in the 222 

Supplementary Information (Methods S5). 223 

2.5 Determination of mitotic index 224 

The protocol followed by Mangalampalli et al. (2018) was adopted to determine the mitotic 225 

index in the actively dividing cells of A. sativum using the acetocarmine stain. Regarding the 226 

procedure, details are provided in the Supplementary Information (Methods S6). 227 

2.6 Root length measurement 228 

After 120 hours of interaction, the changes in the root length of A. sativum exposed to QDs, 229 

NPs, and BPs and their mixtures with Cd were evaluated by measuring the root lengths from 230 

each replicate, and the values were then compared with those of the control [34].  231 

2.7 Determination of changes in root morphology 232 

Roots exposed to pristine ZnO particles and their mixtures with Cd were carefully excised at 233 

the tips, measuring 1-2 cm and were subjected to vacuum oven drying at 60 ºC for 48 h. 234 

Following this, the roots were then coated with gold and analysed for the changes in their 235 

morphology using FE-SEM (Thermo Fisher FEI Quanta 250 FEG) coupled with Energy 236 

Dispersive X-ray spectrometer (EDS) [35].  237 

2.8 Visualisation of suberin deposition through fluorescence microscopy  238 

The changes in suberin deposition lining the Casparian strip are visualised using Nile red 239 

staining, following the procedure described by Waduwara et al. (2008). The details of the 240 

procedure followed are briefed in the Supplementary Information (Methods S7). 241 

2.9 Evaluation of oxidative stress markers  242 
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The protocols outlined by Giri and Mukherjee. (2022) and Kumar et al. (2023) were followed 243 

to determine the total ROS and the degree of lipid peroxidation. The details of the procedure 244 

are provided in the Supplementary Information (Methods S8). 245 

Evaluation of antioxidant enzyme activity 246 

Superoxide dismutase (SOD) enzyme activity was assessed using the protocol described by 247 

Aebi. (1974), and catalase (CAT) enzyme activity was determined by the protocol mentioned 248 

by Zhang et al. (2014). A comprehensive description of the procedure is provided in the 249 

Supplementary Information (Methods S9). 250 

2.10 Photosynthetic parameters 251 

2.10.1 Measurement of chlorophyll and carotenoid levels 252 

The chlorophyll and carotenoid levels were analysed by adapting the protocol mentioned by 253 

Dey et al. (2019). The complete description of the procedure followed is given in the 254 

Supplementary Information (Methods S10). 255 

2.10.2 Measurement of Chlorophyll fluorescence 256 

The maximum quantum yield of photosystem II (Fv/Fm) and the apparent electron transport rate 257 

(ETR) in the shoot were measured using the protocol described by Elshoky et al. (2021). 258 

Further details are mentioned in the Supplementary Information (Methods S11). 259 

2.11 Effect on soluble sugars and protein levels 260 

 The soluble sugars and protein levels in the root cells were estimated based on the protocol 261 

followed by Krishnaraj et al. (2012). Additional details are provided in the Supplementary 262 

Information (Methods S12). 263 

2.12 Environmental risk assessment  264 
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The present research aims to propose a risk quotient (RQ) for assessing the ecological hazards 265 

of Cd in the soil environment. The RQ is a conventional approach for evaluating the risk that 266 

pollutants present to the soil ecosystem. The RQ for Cd was determined using the formulae: 267 ܲܰܥܧ = ா஼50஺ி                           (i) 268 

ܴܳ = ொ஼௉ோ஼                                                                                                                             (ii) 269 

In this study, the measured environmental concentrations (MEC) were sourced from existing 270 

literature [44–48]. The predicted no-effect concentration (PNEC) was derived from the EC50 271 

values, applying an assessment factor (AF) for the evaluation. For this analysis, the AF was 272 

established at 1000, following the guidelines set by the European Chemicals Agency for 273 

evaluating acute toxicity [49]. The EC50 values of Cd were calculated both with and without 274 

the presence of ZnO particles.  275 

2.13 Quality Assurance  276 

All chemicals used in this study were of analytical grade. Ultrapure water (resistivity ≥ 18.2 277 

MΩ⋅cm) was used for stock solution preparation, which was performed in sealed containers to 278 

prevent contamination. Glassware was acid-washed with 10% HNO3 and rinsed with ultrapure 279 

water. All procedures were conducted with sterilised instruments, and stock suspensions of 280 

ZnO particles and Cd were freshly prepared before each exposure experiment. To ensure 281 

colloidal stability and hydrodynamic size of the ZnO dispersions, zeta and DLS measurements 282 

were conducted immediately after sonication and before the exposure study. To minimise 283 

contamination during handling, laboratory coats, safety goggles, and nitrile gloves were worn. 284 

All experiments were performed in a sterile environment, using only healthy garlic bulbs for 285 

the biochemical assays to maintain consistent physiological health among replicates. 286 

 2.14 Statistical analysis 287 
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All toxicological experiments were conducted in triplicate (n = 3) and are presented as the 288 

mean ± standard deviation (SD). One-way ANOVA, followed by Bonferroni post-hoc tests, 289 

was performed using GraphPad Prism version 10.5.0 (673) to determine the significance level 290 

between the test samples and the control. Only results with p < 0.05 were considered 291 

statistically significant. All the graphs were made using GraphPad Prism and OriginPro 2025b 292 

software. To assess the effect of Cd in the presence and absence of ZnO particles on Allium 293 

sativum, cluster heatmap and Pearson correlation matrix analyses were carried out, along with 294 

principal component analysis (PCA), using OriginPro 2025b. 295 

3. Results  296 

3.1 Physico-chemical characterisation of ZnO particles and their interactions with Cd 297 

Fig. 1. FTIR spectra of A-i: ZnO QDs, A-ii: Cd, A-iii: QD + Cd, B-i: ZnO NPs, B-ii: Cd, 298 

B-iii: NP + Cd, C-i: ZnO BPs, C-ii: Cd, C-iii: BP + Cd. XRD spectra of D) pristine ZnO 299 
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QDs, Cd and QD + Cd, E) pristine ZnO NPs, Cd and NP + Cd, F) pristine ZnO BPs, Cd 300 

and BP + Cd. Raman spectra of G) pristine ZnO QDs, Cd and QD + Cd, H) pristine ZnO 301 

NPs, Cd and NP + Cd, I) pristine ZnO BPs, Cd and BP + Cd. 302 

Fig. S1 represents the FESEM images of pristine ZnO QDs, NPs, and BPs and their mixtures 303 

with Cd. The QDs were observed to be well scattered and had a fine, dot-shaped structure with 304 

a size of ~ 15.35 nm. The NPs were found to be spherical in shape with well-defined borders, 305 

measuring around ~ 98 nm in average size. The BPs were found to have an irregular oval shape 306 

with a particle size of ~3 µm. However, after interacting with Cd, the ZnO particles were 307 

observed to undergo agglomeration and appeared as large aggregates. 308 

The FTIR analysis of pristine QDs, NPs, and BPs, as well as their binary mixtures with Cd, is 309 

represented in Fig. 1A-C. In the FTIR spectrum of ZnO QDs (Fig. 1A(ii)), the major peak noted 310 

around 396 cm-1 is ascribed to the stretching vibrations of the Zn-O bond, while for the NPs 311 

(Fig. 1B(ii)) and BPs (Fig.1C(ii)), the peaks corresponding to Zn-O stretching were observed 312 

at 381 and 384 cm-1, respectively. The band at around 1403 cm-1 arises due to the stretching 313 

and bending vibrations of the C-H bond, while for NPs, the C-H absorption peak occurred at 314 

around 1417 cm-1. The absorption band around 1564 cm-1 for QDs can be attributed to the C=O 315 

stretching vibration. In contrast, for the NPs and BPs, the corresponding peaks were observed 316 

at 1527 and 1555 cm-1, respectively. The CdSO4 (Cd) absorption peak around 1085 cm-1 arises 317 

due to the sulphate ions (SO4
2-) undergoing triply degenerate asymmetric stretching (v3), and 318 

the narrow peak centred at around 605 cm-1 is attributed to the Cd-S stretching [50–52].  319 

Fig. 1(D-F) represents the XRD patterns of pristine ZnO particles and their respective mixtures 320 

with Cd. In the XRD patterns of ZnO QDs, NPs, and BPs (Fig.1 D-(ii), E-(ii), and F-(ii)), the 321 

strong and sharp peaks corresponding to (100), (002), (101), (102), (110), (103), (201), and 322 

(202) reflections can be well indexed to the hexagonal wurtzite crystalline phase of the ZnO 323 
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particles supported by standard data (JCPDS File No. 043-0002). In the XRD spectrum of 324 

CdSO4 (Cd), five major peaks corresponding to the (100), (002), (101), (102), and (101) planes 325 

were observed (Fig. 1D-(i)), confirming the crystalline nature of CdSO4 (Cd), which matches 326 

the standard data (JCPDS file No. 41-1049) [53] [54].  327 

Raman analysis was performed to determine the vibrational and crystalline properties of ZnO 328 

particles (Fig. 1 G-I). For the pristine ZnO particles, the fairly narrow peak around ~ 440 cm-1 329 

is attributed to the non-polar optical phonon E2 (high frequency) mode, arising from the 330 

movements of oxygen atoms, which is typical of the wurtzite form of ZnO. In the case of 331 

CdSO4 (Cd), the peak noted around ~ 458 cm-1 is attributed to the bending mode (v2) of the 332 

SO4
2- ion, and the weak peak around ~ 616 cm-1 is due to the triple degenerate oscillations of 333 

the free sulphate ion. The intense peak centred at ~ 1006 cm-1 is characteristic of the SO4
2- ion 334 

and corresponds to the symmetric stretching (v1) mode [55, 56].  335 

Fluorescence quenching analysis (Fig. S2 (A-C)) revealed that the fluorescence spectrum of 336 

pristine ZnO QDs exhibited the highest level of fluorescence emission, followed by NPs and 337 

BPs. Furthermore, the interaction of ZnO particles with Cd did not induce any significant 338 

alterations in the fluorescence properties. This indicates that the adsorption of Cd onto ZnO 339 

QDs, NPs, and BPs does not influence their inherent fluorescence characteristics. 340 

The zeta potential of ZnO QDs, NPs, and BPs was measured at 0 and 120 h time intervals by 341 

dispersing them in the Hoagland nutrient medium (Table S2). At 0 h, among the ZnO particles, 342 

QDs were found to be comparatively stable with a zeta potential value of -16.05 ± 0.83 mV 343 

than NPs and BPs. After the addition of Cd to ZnO particles,  a reduction in the zeta potential 344 

was observed, yielding a value of -15.93 ± 1.80 mV. This trend was consistently observed 345 

across both NPs and BPs dispersions. At 120 h, pristine QDs were found to be more stable than 346 

NPs and BPs, with a zeta potential value of -24.11 ± 1.92 mV. However, the zeta potential 347 
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values of QDs were observed to decrease to -22.11 ± 3.69 mV upon interaction with Cd (10 348 

mg/L). A similar decrement in the zeta potential values was observed for NPs and BPs as well. 349 

The observed reduction in zeta potential was significantly more pronounced in binary mixtures 350 

containing 20 mg/L of Cd compared to those with 10 mg/L of Cd. This suggests a dose-351 

dependent effect of Cd concentration on the stability of the mixtures. 352 

The contact angle analysis revealed a similar pattern to that of zeta potential results, as provided 353 

in Table S3. At 0 h, ZnO QDs were found to be hydrophilic in nature (54.53 ± 2.99°), followed 354 

by NPs and BPs. Upon the addition of Cd to pristine ZnO dispersions, the contact angle values 355 

decreased. The contact angle value of QDs was reduced to 52.20 ± 5.37° (at 10 mg/L Cd), and 356 

a similar trend was noted for NPs and BPs as well.  At 120 h, ZnO QDs were noted with a 357 

contact angle value of 56.00 ± 2.38°, comparatively making them less hydrophilic than NPs 358 

and BPs. However, after the addition of Cd (10 mg/L) to ZnO QDs, the contact angle values 359 

decreased to 54.47 ± 1.27°, and this decrement was consistent across NPs and BPs as well. 360 

Following the trend of zeta potential, the decrement was more pronounced in the binary 361 

mixtures containing 20 mg/L of Cd than in those containing 10 mg/L of  Cd.  362 

3.2 Modulations in the cytotoxic effects 363 

3.2.1 Evaluation of EC50  and cytotoxicity 364 
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Fig. 2. Cell viability of A. sativum roots exposed to A) pristine ZnO particles and B) Cd + 365 

ZnO particles. All the bars represent mean ± SD with n=3. Significant differences 366 

between the control setup and the different treatments of ZnO particles and mixtures of 367 

Cd + ZnO particles are marked with ‘*’ (p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 0.001). ‘, 368 

β,  and ’ signifies the notable difference between the treatment groups (= p < 0.001, β 369 

= p < 0.01,  = p < 0.05, and  = p > 0.05). 370 

The EC50 values for Cd alone and in combination with ZnO particles (QDs, NPs, and BPs) were 371 

evaluated. The EC50 concentration for Cd was found to be 10.36 mg/L. However, in the 372 

presence of ZnO QDs, the EC50 values increased to 96.12 mg/L. A similar response pattern was 373 

observed for NPs and BPs, where the EC50 values increased to 69.07 mg/L and 11.21 mg/L, 374 

respectively. This demonstrates the size-dependent protective effects of the ZnO particles. 375 

Fig. 2A represents the cell viability percentage of A. sativum roots exposed to pristine ZnO 376 

particles. In the case of pristine ZnO QDs treatment, the cell viability increased in a dose-377 

dependent manner up to 10 mg/L, with the highest significant increase noted at 10 mg/L (p < 378 

0.01, ~130.88%) compared to the control setups. This was followed by an insignificant increase 379 

(p > 0.05) in the cell viability at 20 mg/L (~105.60%) relative to the control. A similar response 380 

pattern was observed in cell viability for the test groups exposed to NPs and BPs as well. 381 
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Overall, ZnO QDs were found to be more effective than NPs and BPs in improving the cell 382 

viability. For the pristine ZnO particles exposure, the cell viability response pattern followed 383 

ZnO QDs > NPs > BPs. The results indicate that 10 mg/L of ZnO particles exerted maximum 384 

effect and was chosen for the binary mixture studies (Cd + ZnO particles) aimed at evaluating 385 

the efficacy of ZnO QDs in comparison to NPs and BPs in mitigating Cd stress.  386 

Fig. 2B represents the cell viability percentage of A. sativum root cells exposed to Cd and the 387 

binary mixtures of Cd and ZnO particles. It was observed that Cd at 10 and 20 mg/L exhibited 388 

a significant reduction (p < 0.001) in viability of up to 50.96% and 39.43%, respectively, when 389 

compared to the control groups. Upon the addition of ZnO particles to the Cd solution (10 and 390 

20 mg/L), the cell viability was significantly increased (p < 0.001) in all the binary mixtures. 391 

Under 10 mg/L of Cd stress, the highest cell viability was observed in the test groups containing 392 

ZnO QDs (~72.08%), followed by mixtures containing NPs (~61.61%) and BPs (~56.13%). A 393 

similar response pattern was observed in the case of 20 mg/L Cd-stressed treatment groups as 394 

well. In the case of binary mixtures, the order of response in cell viability was found to be QDs 395 

+ Cd > NPs + Cd > BPs + Cd, with a significant difference between QDs, NPs, and BPs, 396 

demonstrating the greater efficacy of ZnO QDs in mitigating Cd stress. 397 

3.2.2 Release of Zn2+  in the medium and its effects on cell viability  398 

From Table S4, the nominal concentrations of pristine ZnO QDs, NPs, and BPs were observed 399 

to be 7.932 ± 0.025, 7.399 ± 0.754, and 6.865 ± 0.077 mg/L, respectively, with QDs having the 400 

highest Zn2+ concentration. After the addition of Cd to ZnO dispersions, the nominal 401 

concentrations of ZnO particles decreased; however, the QDs + Cd mixture was still noted to 402 

have the highest Zn2+ release, followed by the mixtures with NPs and BPs.  403 

The amount of Zn2+  leached from the respective ZnO particles is provided in Table S4. The 404 

highest leaching was noted for QDs (0.917 ± 0.008 mg/L), and the lowest leaching was 405 
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recorded for BPs (0.646 ± 0.062 mg/L). The addition of Cd to three different types of ZnO 406 

dispersions reduced the leaching of Zn2+. In the binary mixtures, the highest leaching was 407 

observed for the mixture containing QDs, and the lowest leaching was noted for the mixtures 408 

containing BPs. 409 

Fig. S3-A depicts the alterations in the cell viability of A. sativum roots caused by the leached 410 

ions. The leached Zn2+ ions from pristine ZnO QDs, NPs, and BPs did not markedly affect the 411 

cell viability. A similar response was observed in root length and ROS generation as well (Fig. 412 

S3-C & E). The exposure of A. sativum to leached ions did not result in observed enhancement 413 

in cell viability, root length and in the amount of ROS generated when compared to the control 414 

setups. Conversely, in the case of exposure involving the leached ions from the binary mixtures 415 

of ZnO and Cd,  (Fig. S3-B,D,F), a significant decline (p < 0.001) in cell viability and root 416 

length was noted relative to the control groups. Furthermore, a significant increase (p < 0.001) 417 

in ROS generation was also noted relative to the control setup. 418 

3.2.3 Accumulation of Zn and Cd in A. sativum roots 419 

 420 

Fig. 3. Fluorescence imaging of suberin deposition in A. sativum roots exposed to A) 421 

control, B) pristine ZnO QDs, C) pristine ZnO NPs, D) pristine ZnO BPs, E) Cd alone 422 

(20mg/L), F) Cd + QDs, G) Cd + NPs and H) Cd + BPs.  423 
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At 120 h, among the pristine ZnO particles, roots treated with QDs exhibited the highest Zn 424 

accumulation (1.561 ± 0.114 mg/L) while those exposed to BPs exhibited the lowest Zn 425 

accumulation (0.964 ± 0.050 mg/L) (Table S4). The addition of Cd to ZnO particles caused a 426 

decrease in the Zn accumulation in roots, with the highest accumulation observed in the test 427 

groups exposed to the binary mixtures containing QDs, followed by the treatment groups 428 

exposed to the binary mixtures containing NPs and BPs. The accumulation of Zn in plant roots 429 

followed the order QDs > NPs > BPs, both in pristine and in combination with Cd, clearly 430 

indicating that QDs showed the highest growth-promoting potential.  431 

 The nominal concentrations of Cd at 0 h were recorded to be 3.668 ± 0.127 mg/L and 4.665 ± 432 

0.037 mg/L for 10 and 20 mg/L of Cd, respectively. The addition of  ZnO particles to Cd 433 

solutions has decreased their nominal concentrations. The binary mixtures involving QDs were 434 

found to have the lowest Cd concentrations when compared to those involving NPs and BPs. 435 

At 120 h, the accumulation of Cd in roots exposed to Cd solutions alone (10 and 20 mg/L) was 436 

noted to be 0.715 ± 0.009 mg/L and 0.742 ± 0.025 mg/L, respectively. The addition of ZnO 437 

particles to Cd solutions caused a decrease in the Cd accumulation, with the 20 mg/L Cd + BPs 438 

treatment groups showing the highest Cd accumulation (0.674 ± 0.032 mg/L), while the lowest 439 

Cd accumulation (0.306 ± 0.001 mg/L) was noted in the trial groups exposed to 10 mg/L Cd + 440 

QDs.  441 

The accumulation data were also supported by the fluorescence staining image of suberin (Fig. 442 

3(A-H)), which lines the Casparian strip and is deposited in response to increased Cd uptake. 443 

Fig. 3A denotes the suberin deposition in the control roots being visualised, and Fig. 3B-D 444 

depicts the suberin deposition on roots exposed to pristine ZnO QDs, NPs, and BPs. Under 445 

non-stressed conditions, suberin deposition was found to be meagre in all pristine particle 446 

exposures. The roots exposed to QDs exhibited the minimal suberin deposition indicative of 447 
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non-stressed conditions. In contrast, for the roots treated with NPs and BPs, there appeared to 448 

be a slight increase in suberin deposition. Under 20 mg/L of Cd stress (Fig. 3E), the suberin 449 

deposition increased in response to regulate the uptake of Cd. On the contrary, in the roots 450 

exposed to the binary mixtures, the suberin deposition was slightly reduced, indicating the 451 

stress-mitigating efficacy of ZnO particles. Among the roots exposed to three binary mixtures 452 

(Fig. 3F-H), the roots treated with Cd + QDs were observed with reduced thickness of suberin, 453 

while a higher deposition of suberin was visualised in the roots exposed to Cd + BPs. 454 

3.3 Alterations in the mitotic index 455 

Table 1. Alterations in the mitotic index of A. sativum root cells exposed to pristine ZnO 456 

particles and the binary mixtures of ZnO and Cd 457 
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Types of treatments 

Mitotic Index 

 (%) 

Prophase  

(%) 

Metaphase 

      (%) 

Anaphase  

 (%) 

Telophase 

 (%) 

Control 73.33 ± 1.79 34.43 ± 5.93 20.23 ± 1.35 12.93 ± 3.85 5.73 ± 2.76 

1.25 mg/L ZnO QDs 83.9 ± 0.3 21.39 ± 26.85 15.07 ± 5.67 7.5 ± 3.04 4.6 ± 1.06 

2.5mg/L ZnO QDs 85.23 ± 0.35 49.23 ± 11.13 15.37 ± 5.23 9.7 ± 2.23 10.93 ± 12.01 

5 mg/L ZnO QDs 86.4 ± 0.7 45.7 ± 8.03 17.27 ± 6 11.6 ± 5.77 11.83 ± 9.86 

10 mg/L ZnO QDs 88.97 ± 0.75 61.33 ± 4.2 9.47 ± 0.46 8.27 ± 8.73 9.9 ± 10.85 

20mg/L ZnO QDs 82.77 ± 0.42 36.23 ± 7.89 24.67 ± 6.65 13.2 ± 5.06 8.67 ± 3.31 

1.25 mg/L ZnO NPs 81.13 ± 0.81 30.07 ± 5.83 25.17 ± 5.29 16.13 ± 4.35 9.77 ± 6.39 

2.5mg/L ZnO NPs 83.23 ± 1 34.6 ± 6.39 21.63 ± 8.75 12.77 ± 10.06 14.23 ± 3.39 

5 mg/L ZnO NPs 84.77 ± 0.55 50.83 ± 9.38 17.07 ± 4.31 10.3 ± 8.25 6.57 ± 5.98 

10 mg/L ZnO NPs 87.1 ± 0.9 41.53 ± 18.13 14.1 ± 1.51 20.4 ± 14.64 11.07 ± 3.35 

20mg/L ZnO NPs 76.53 ± 0.78 33.77 ± 11.2 21.13 ± 5.22 13.2 ± 11.45 8.43 ± 9.13 

1.25 mg/L ZnO BPs 74.57 ± 1.12 28.4 ± 7.51 28.33 ± 2.94 17.3 ± 3.82 5.83 ± 5.39 

2.5mg/L ZnO BPs 81.8 ± 1.77 33.8 ± 5.34 22.63 ± 8.13 15.7 ± 3.36 9.67 ± 3.32 

5 mg/L ZnO BPs 83.13 ± 0.8 34.33 ± 9.07 27.6 ± 1.15 11.7 ± 2.6 9.5 ± 6.13 
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 458 

10 mg/L ZnO BPs 85.1 ± 1.57 36.67 ± 8.29 26.17 ± 3.09 15.27 ± 2.67 7 ± 6.56 

20mg/L ZnO BPs 74.57 ± 1.12 36.03 ± 4.9 27.37 ± 1.8 7.07 ± 6.28 4.1 ± 4.26 

10 mg/L Cd 65.07 ± 2.9 27.77 ± 3.87 14.1 ± 6.15 9.33 ± 10.07 13.87 ± 8.47 

20 mg/L Cd 59.73 ± 1.29 19.27 ± 1.9 20.83 ± 9.4 13.63 ± 4.72 6 ± 5.24 

10 mg/L Cd + ZnO QDs 69.5 ± 1.23 33.53 ± 9.32 18.4 ± 2.86 7.37 ± 6.01 10.2 ± 7.9 

10 mg/L Cd + ZnO NPs 67.77 ± 0.32 27.7 ± 7.4 19.57 ± 2.67 8.13 ± 3.5 12.37 ± 3.89 

10 mg/L Cd + ZnO BPs 66.27 ± 0.5 33.07 ± 5.13 16.2 ± 3.61 14.43 ± 5.64 2.57 ± 2.24 

20 mg/L Cd + ZnO QDs 65.27 ± 2.4 37.57 ± 4.26 16.83 ± 6.68 6.97 ± 6.28 3.9 ± 3.72 

20 mg/L Cd + ZnO NPs 63.57 ± 1.15 32.23 ± 8.11 12.43 ± 10.86 8.93 ± 2.37 9.97 ± 8.95 

20 mg/L Cd + ZnO BPs 62.17 ± 0.31 23.6 ± 7.02 12.8 ± 1.61 14.07 ± 7.39 11.7 ± 4.06 
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Table 1 represents the alterations in the mitotic index of A. sativum root cells upon exposure to 459 

pristine ZnO particles and in combination with Cd. It was observed that treatments with all 460 

pristine ZnO particles resulted in increased cell division at all supplied doses. Among the 461 

various concentrations of QDs exposure, the 10 mg/L concentration was marked with the 462 

highest MI percentage (~ 86.4 ± 0.7 %), while 20 mg/L exhibited the lowest cell division 463 

percentage (~ 82.77 ± 0.4%) in comparison with the control groups. A similar response pattern 464 

was noted in the case of NPs and BPs as well. Among all the test concentrations, exposure to 465 

10 mg/L of ZnO was noted to cause the highest increment in MI percentage. Particularly, the 466 

test groups exposed to QDs exhibited the highest increase, compared to those observed in the 467 

test groups treated with NPs (87.1 ± 0.9%) and BPs (85.1 ± 1.57%).  468 

Exposure to 10 and 20 mg/L of Cd significantly decreased the MI percentage, with values 469 

reaching 65.07 ± 2.9% and 59.73 ± 1.29%, respectively, compared to the control setups. Upon 470 

the addition of ZnO particles to Cd solutions, the MI percentage tends to increase when 471 

compared to that observed in the test groups exposed to Cd solution alone. Among the test 472 

groups exposed to the binary mixtures containing 10 mg/L Cd, the highest MI percentage was 473 

observed in the treatment groups exposed to QDs (69.5 ± 1.23%), and the lowest MI percentage 474 

was noted in the trial groups supplied with BPs (66.27 ± 0.5%). A similar response was 475 

observed for the test groups exposed to the binary mixtures involving 20 mg/L Cd as well.  476 

3.4 Effects on root length of A. sativum 477 

 The effect of pristine ZnO particles on the root length of A. sativum is depicted in Fig. S4-A. 478 

It is clearly seen that QDs have significantly (p<0.001) increased the root length at all ZnO 479 

concentrations relative to the control. A similar effect on root length was also observed for NPs 480 

and BPs treatments as well. The highest increase in root length was observed at 10 mg/L for 481 

QDs (~143.69%), compared to the control groups. A similar response pattern was observed in 482 
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the test groups exposed to NPs and BPs as well. Notably, there exists a significant difference 483 

(p < 0.001) in root length at 10 mg/L of QDs vs BPs, as well as NPs vs BPs. Overall, the QDs 484 

were effective in increasing the root length by ~10.23% and ~24.50% when compared to their 485 

nano and bulk counterparts, respectively.  486 

In the presence of Cd stress (10 and 20 mg/L), the root length was significantly decreased (p < 487 

0.001) to ~49.35% and ~31.74%, respectively, relative to control setups, as shown in Fig. S4-488 

B. However, with the addition of ZnO particles to 10 and 20 mg/L of Cd solutions, the root 489 

length seemed to increase significantly (p < 0.001). The highest increase (~78.16%) in root 490 

length under 10 mg/L Cd stress was observed in the test groups supplied with ZnO QDs, while 491 

the lowest increase (~69.28%) was noted for the trial groups exposed to BPs. A similar 492 

response pattern was observed in the treatment groups exposed to 20 mg/L of Cd stress as well. 493 

Under 10 mg/L of Cd stress, no significant differences were observed among the ZnO particles 494 

in the root length enhancement. Nevertheless, under 20 mg/L of Cd stress, a significant 495 

difference (p < 0.05) in root length was observed between QDs and BPs. The changes in root 496 

length followed an order similar to that of cell viability: QDs + Cd > NPs + Cd > BPs + Cd, 497 

and the pattern was consistent across all the growth, oxidative and photosynthetic parameters. 498 

 499 

3.5 Changes in root surface morphology  500 
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 501 

Fig. 4. FE-SEM images of A. sativum root tips exposed to A) control, B) pristine ZnO QDs, 502 

C) pristine ZnO NPs, D) pristine ZnO BPs, E) Cd alone (20mg/L), F) Cd + QDs, G) Cd + 503 

NPs and H) Cd + BPs. FE-SEM images of mid regions of A. sativum root exposed to I) 504 

control, J) pristine ZnO QDs, K) pristine ZnO NPs, L) pristine ZnO BPs, M) Cd alone 505 

(20mg/L), N) Cd + QDs, O) Cd + NPs and P) Cd + BPs. The adsorbed ZnO particles on 506 

A. sativum roots were indicated with arrows. 507 

 508 

Fig. 4 illustrates the alterations in the morphology of the root surface of A. sativum upon 509 

exposure to pristine ZnO particles and the binary mixture involving ZnO particles and Cd. 510 
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From Fig. 4A, the root tip of the control group exhibited a healthy appearance, showing limited 511 

signs of damage alongside the presence of constricted ridges on its surface. In contrast, the root 512 

tip exposed to pristine ZnO particles (Fig. 4B-D) exhibited a uniform and well-defined root 513 

surface. Among the roots treated with pristine ZnO particles, the ones exposed to QDs 514 

exhibited a distinctly turgid surface, devoid of any irregular constrictions. In contrast, the root 515 

tip exposed to NPs and BPs exhibited minor aberrations and shrinkage of root walls, with these 516 

effects being more pronounced in the case of BPs. Fig. 4E shows the root tip of A. sativum 517 

exposed to 20 mg/L Cd. The root tip exhibited significant aberrations, with multiple internal 518 

layers of the root being sloughed off, indicating the highly damaging potential of Cd to the 519 

root. Upon the addition of ZnO particles to Cd solutions, the root morphology seemed to be 520 

restored, showing minimal damage and constrictions as depicted in Fig. 4F-H. Fig. 4I shows 521 

the internal grooves of the root belonging to the control setup. Fig. 4J-L shows the internal 522 

ridges and grooves of the root exposed to pristine ZnO particles, and it is evident that the ZnO 523 

particles adsorb onto the surface of the root (as indicated with pointers) to facilitate their 524 

subsequent absorption into the cellular structures. Fig. 4M depicts the constricted internal 525 

grooves of A. sativum roots exposed to 20 mg/L of Cd. Fig. 4N-P denotes the roots exposed to 526 

the binary mixtures of Cd and ZnO particles. The deposition of large aggregates of binary 527 

mixtures was noted; at the same time, damage in the internal grooves that was previously 528 

observed under Cd exposure appeared to be mitigated upon the addition of ZnO particles. 529 

3.6 Effects on oxidative stress and antioxidant enzyme activity 530 

3.6.1 Effects on ROS generation 531 
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  532 
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Fig. 5. Oxidative stress assessment in A. sativum roots after exposure to ZnO particles and 533 

Cd + ZnO particles. A) Amount of total ROS generated in A. sativum roots exposed to 534 

pristine ZnO particles, B) Amount of ROS generated in A. sativum roots exposed to 535 

mixtures of Cd + ZnO particles, C) Amount of MDA generated in A. sativum roots 536 

exposed to pristine ZnO particles, D) Amount of MDA generated in A. sativum roots 537 

exposed to mixtures of Cd + ZnO particles, E) Activity of SOD enzyme in A. sativum roots 538 

exposed to pristine ZnO particles, F) Activity of SOD enzyme in A. sativum roots exposed 539 

to mixtures of Cd + ZnO particles, G) Activity of CAT enzyme in A. sativum roots exposed 540 

to pristine ZnO particles, H) Activity of CAT enzyme in A. sativum roots exposed to 541 

mixtures of Cd + ZnO particles.  All the bars represent mean ± SD with n=3. Significant 542 

differences between the control setup and the different treatments of ZnO particles and 543 

Cd + ZnO particles are marked with ‘*’ (p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 0.001). ‘, 544 

β,  and ’ signifies the notable difference between the treatment groups (= p < 0.001, β 545 

= p < 0.01,  = p < 0.05, and  = p > 0.05). 546 

 547 

The amount of total ROS generated in A. sativum root cells upon exposure to the pristine ZnO 548 

particles is represented in Fig. 5A. Pristine ZnO particles at any given dose did not lead to an 549 

elevation in ROS levels in comparison to the control group. Among the different concentrations 550 

of QDs, the lowest ROS generation was noted at 10 mg/L (p < 0.001, ~ 64.60%) and the highest 551 

ROS production was observed at 20 mg/L (~ 90.75%). A similar response pattern was observed 552 

for NPs and BPs as well. Overall, the 10 mg/L ZnO exposure exhibited the lowest ROS 553 

generation, among which the treatments involving QDs resulted in less ROS production 554 

compared to NPs (~71.20%) and BPs (~75.62%).  555 
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Fig. 5B represents the amount of total ROS produced in A. sativum root cells upon exposure to 556 

the binary mixtures of Cd and ZnO particles. A significant increase (p < 0.001) in ROS 557 

production was observed at 10 and 20 mg/L of Cd, with increments of ~ 128.47% and 558 

~136.61%, respectively, compared to the control setups. The addition of ZnO particles to the 559 

Cd solutions significantly (p < 0.001) lowered the ROS levels when compared to those 560 

observed for Cd alone at 10 and 20 mg/L. Among the binary mixtures involving 10 mg/L Cd 561 

and ZnO particles, the test groups supplied with QDs exhibited the lowest ROS generation 562 

(~103.70%), while the treatment groups involving BPs showed the highest ROS production (p 563 

< 0.001, ~118.09%), when compared to those ROS levels observed for Cd alone at 10 mg/L. 564 

A similar response pattern was observed for the test groups involving 20 mg/L Cd and ZnO 565 

particles. Overall, under Cd stress, the treatment with QDs resulted in less ROS generation 566 

compared to other ZnO forms.  567 

3.6.2 Effects on lipid peroxidation 568 

The degree of membrane damage observed in A. sativum root cells upon exposure to pristine 569 

ZnO particles is shown in Fig. 5C. The treatment with QDs at all doses resulted in significantly 570 

lower lipid peroxidation (p < 0.001). Among the various test doses of QDs, the dose at 10 mg/L 571 

showed the lowest MDA production (~64.34%), while the dose at 20 mg/L was noted to have 572 

the highest MDA level (~79.09%). A similar response pattern was noticed in the case of NPs 573 

and BPs as well. In general, the 10 mg/L ZnO exposure showed the lowest MDA generation. 574 

Among the test groups, those treated with QDs had less MDA production compared to those 575 

treated with NPs (~72.54%) and BPs (~78.68%).   576 

Fig. 5D depicts the amount of MDA formed in A. sativum root cells upon exposure to the binary 577 

mixtures involving Cd and ZnO particles. Exposure to 10 and 20 mg/L of Cd significantly (p 578 

< 0.001) increased MDA levels, with values reaching ~ 125.40 and 148.77%, respectively, 579 
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relative to the control groups. The addition of ZnO particles to Cd (10 and 20 mg/L) solution 580 

resulted in significantly (p < .0001) lower MDA generation in comparison with the MDA levels 581 

recorded under exposure to Cd solution alone. Among the binary mixtures containing 10 mg/L 582 

Cd, the lowest MDA formation was observed for the test groups exposed to QDs (~109.42%), 583 

while the test groups exposed to BPs showed the highest MDA level (~121.31%). A similar 584 

response pattern was noted for the mixtures supplied with 20 mg/L Cd as well. Overall, in the 585 

case of binary mixtures, treatments involving QDs were found to cause less membrane damage 586 

in the roots compared to those treatments involving NPs and BPs. 587 

3.6.3 Effects on antioxidant enzyme activity 588 

The influence of the pristine ZnO particles on the SOD activity of A. sativum root cells is shown 589 

in Fig. 5E. All the test concentrations of ZnO particles exhibited a significant (p < 0.001) 590 

decline in the SOD activity in comparison with the control setups. Among the test groups 591 

exposed to different concentrations of QDs, the test groups exposed to 10 mg/L of QDs showed 592 

the lowest SOD activity (~ 65.002%), while the treatments involving 20 mg/L exhibited the 593 

highest SOD activity (p < 0.001, ~ 83.21%). A similar response pattern in the SOD activity 594 

was noted for the test groups exposed to NPs and BPs as well. Overall, exposure to 10 mg/L 595 

of ZnO particles showed the lowest SOD activity, particularly the trial groups involving QDs 596 

resulted in lesser SOD activity compared to those with NPs (~72.09%) and BPs (~78.44%).  597 

The effect of the binary mixtures of Cd and ZnO particles on the SOD activity of A. sativum 598 

root cells is given in Fig. 5F. A significant increase (p < 0.001) in the SOD activity was 599 

observed at 10 and 20 mg/L of Cd, with increments of ~122.29% and ~138.14%, respectively, 600 

relative to the control groups. The addition of ZnO particles to the Cd solutions lowered the 601 

SOD activity when compared to that observed for Cd alone at 10 and 20 mg/L. Among the 602 

binary mixtures involving 10 mg/L of Cd stress, the test groups exposed to QDs exhibited the 603 
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lowest SOD activity (~106.26%), while the treatment groups involving BPs exhibited the 604 

highest SOD activity (~119.93%) compared to those levels observed under the exposure to Cd 605 

alone at 10 mg/L. A similar response pattern was noted for the binary mixture treatments 606 

involving 20 mg/L of Cd as well. Overall, under Cd stress, the treatment with QDs resulted in 607 

less SOD activity compared to NPs and BPs.   608 

Fig. 5G depicts the influence of pristine ZnO particles on the CAT activity of A. sativum root 609 

cells. The treatment with ZnO particles exhibited a significant (p < 0.001) decrease in CAT 610 

activity at concentrations up to 10 mg/L, compared to the control setups. Among the different 611 

doses of QDs, the 10 mg/L exposure showed the lowest CAT activity (~65.34%), while the 612 

treatments involving 20 mg/L QDs exhibited the highest CAT activity (~85.41%). A similar 613 

response pattern in the CAT activity was also noted for the NPs and BPs. Overall, exposure to 614 

10 mg/L of ZnO particles exhibited the lowest CAT activity, among which the test groups 615 

supplied with QDs resulted in lesser CAT activity when compared to those supplied with NPs 616 

(~70.05%) and BPs (~74.25%).  617 

The effect of the binary mixtures of Cd and ZnO particles on CAT activity is given in Fig. 5H. 618 

A significant increase (p < 0.001) in CAT activity was observed under 10 and 20 mg/L of Cd 619 

exposure, with increments of ~125.33% and ~134.55%, respectively, when compared to the 620 

control groups. The addition of ZnO particles to the Cd solutions reduced the CAT activity in 621 

the test groups. Among the binary mixtures involving 10 mg/L of Cd, the test groups exposed 622 

to QDs exhibited the lowest CAT activity (~108.99%), while the treatment groups involving 623 

BPs exhibited the highest CAT activity (~121.61%) compared to those observed under the 624 

exposure to Cd alone at 10 mg/L. A similar response pattern was noted for the binary mixture 625 

treatments involving 20 mg/L Cd as well.  626 

3.7 Alterations in photosynthetic parameters 627 
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3.7.1 Modulation in photosynthetic pigment levels 628 



 35 

 629 
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Fig. 6. Alterations in A) Chlorophyll a level of A. sativum leaves exposed to pristine ZnO 630 

particles, B) Chlorophyll a level of A. sativum leaves exposed to Cd + ZnO particles, C) 631 

Chlorophyll b level of A. sativum leaves exposed to pristine ZnO particles, D) Chlorophyll 632 

b level of A. sativum leaves exposed to Cd + ZnO particles, E) Total chlorophyll level of 633 

A. sativum leaves exposed to pristine ZnO particles, F) Total chlorophyll level of A. 634 

sativum leaves exposed to Cd + ZnO particles, G) Carotenoid level of A. sativum leaves 635 

exposed to pristine ZnO particles, H) Carotenoid level of A. sativum leaves exposed to Cd 636 

+ ZnO particles. All the bars represent mean ± SD with n=3. Significant differences 637 

between the control setup and the different treatments of ZnO particles and Cd + ZnO 638 

particles are marked with ‘*’ (p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 0.001).  ‘, β,  and ’ 639 

signifies the notable difference between the treatment groups (= p < 0.001, β = p < 0.01, 640 

 = p < 0.05, and  = p > 0.05). 641 

 642 

Fig. 6A represents the effect of pristine ZnO particles on the chlorophyll a level of A. sativum 643 

shoot cells. It was observed that treatment with all three pristine ZnO particles had a positive 644 

impact on the chlorophyll a content, showing a significant (p < 0.001) increase at all applied 645 

doses. Among the different test concentrations of QDs, the treatment groups exposed to 10 646 

mg/L showed the highest chlorophyll a content (~155.66%), while those treated with 20 mg/L 647 

showed the lowest chlorophyll a content (~112.04%). A similar response pattern was noted in 648 

the case of NPs and BPs as well. In general, the 10 mg/L ZnO concentration showed the highest 649 

chlorophyll a content, in which the test groups involving QDs resulted in the highest 650 

chlorophyll a content compared to NPs (~145.23%) and BPs (~132.74%). Furthermore, the 651 

alterations in chlorophyll b content exhibited a pattern analogous to that observed for 652 

chlorophyll a, indicating that the test groups exposed to 10 mg/L of ZnO particles showed the 653 
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maximum increment in chlorophyll b level, particularly the trial groups exposed to QDs 654 

exhibited highest increment (p < 0.001, ~177.50%) in chlorophyll b compared to those treated 655 

with NPs (~125.35%) and BPs (~117.09%), as depicted in Fig. 6C.  656 

Fig. 6B depicts the alterations in the chlorophyll a content upon exposure to the mixtures 657 

involving Cd and ZnO particles. Exposure to 10 and 20 mg/L of Cd significantly (p < 0.001) 658 

decreased chlorophyll a level, with values decreasing to ~74.44% and ~62.14%, respectively, 659 

relative to the control setups. The addition of ZnO particles to Cd solutions (10 and 20 mg/L) 660 

was found to significantly (p < .0001) enhance chlorophyll a content compared to the levels 661 

observed under exposure to Cd solutions alone. Among the binary mixtures containing 10 mg/L 662 

of Cd, the highest chlorophyll a content was recorded for the test groups exposed to QDs (~ 663 

102.60%), while the test groups exposed to BPs showed the lowest chlorophyll a content 664 

(~95.77%). A similar response pattern was noted for the mixtures supplied with 20 mg/L Cd. 665 

Overall, in the case of binary mixtures, treatments involving QDs were found to enhance 666 

chlorophyll a level compared to those treated with NPs and BPs. Furthermore, upon exposure 667 

to binary mixtures, the changes in chlorophyll b content exhibited a pattern consistent with 668 

those noted in chlorophyll a content (Fig. 6D).  669 

Fig. 6E denotes the alterations in total chlorophyll levels of A. sativum shoot cells upon 670 

exposure to pristine ZnO particles. The treatment with QDs at all concentrations resulted in 671 

significant enhancement (p < 0.001) in the total chlorophyll content. Among the various applied 672 

concentrations of QDs, the dose at 10 mg/L showed the highest total chlorophyll level 673 

(~159.47%), while the dose at 20 mg/L was noted to have the lowest total chlorophyll level 674 

(~111.87%). A similar response pattern was noted in the case of NPs and BPs as well. For the 675 

10 mg/L of  ZnO exposure groups also the ones containing QDs resulted in the highest total 676 

chlorophyll production compared to NPs and BPs.  677 
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Fig. 6F depicts the amount of total chlorophyll formed upon exposure to the binary mixtures 678 

of Cd and ZnO particles. Exposure to 10 and 20 mg/L Cd significantly (p < 0.001) decreased 679 

total chlorophyll content, with decrements of ~74.59% and 59.96%, respectively, relative to 680 

the control setups. The incorporation of ZnO particles to Cd (10 and 20 mg/L) solutions 681 

resulted in a significant (p < .0001) enhancement in the total chlorophyll levels in comparison 682 

with the levels recorded in test groups exposed to Cd solution alone. Among the binary 683 

mixtures involving 10 mg/L Cd, the highest total chlorophyll level was observed for the test 684 

groups exposed to QDs (~ 100.04%), while the test groups exposed to BPs showed the lowest 685 

total chlorophyll level (~93.10%). A similar response pattern was noted among the binary 686 

mixtures containing 20 mg/L of Cd as well. Overall, in the case of binary mixtures, test groups 687 

involving QDs were found to enhance total chlorophyll levels compared to those treated with 688 

NPs and BPs. 689 

Fig. 6G illustrates the effect of pristine ZnO particles on the carotenoid content of A. sativum 690 

shoot cells. Exposure to pristine ZnO particles led to an increase in carotenoid content 691 

compared to the control group. Among the different test concentrations of QDs, the highest 692 

increment was noted at 10 mg/L (p < 0.001, ~ 124.49%) and the lowest carotenoid content was 693 

observed at 20 mg/L (~ 109.11%). It’s important to mention that a similar response pattern was 694 

observed for NPs and BPs as well. Overall, the 10 mg/L ZnO exposure exhibited the highest 695 

elevation in carotenoid levels, among which the treatments involving QDs resulted in the 696 

highest carotenoid level compared to those exposed to NPs (~118.46%) and BPs (~115.62%).  697 

Fig. 6H represents the changes in carotenoid content of A. sativum shoot cells upon exposure 698 

to the binary mixtures involving Cd and ZnO particles. A significant decrease was observed at 699 

10 and 20 mg/L of Cd exposure, with decrements of ~84.67% (p < 0.01) and ~36.83% (p < 700 

.0001), respectively, compared to the control setups. Upon the addition of ZnO particles to the 701 
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Cd solutions, the carotenoid levels were enhanced; however, the increment was found to be 702 

significant only for the test groups involving QDs (p < 0.05). Among the binary mixtures 703 

exposed to 10 mg/L of Cd stress, the test groups containing QDs exhibited the highest 704 

increment in carotenoid content (~98.08%),  while the treatment groups involving BPs showed 705 

the lowest carotenoid content (~88.90%), when compared to those levels observed under the 706 

exposure to Cd alone at 10 mg/L. A similar response pattern was noted for the binary mixtures 707 

involving 20 mg/L of Cd as well. Overall, under Cd stress, the treatment with QDs was more 708 

effective in enhancing the carotenoid levels than other ZnO particles.  709 

3.7.2 Effect on yield of PS (II) and ETR 710 

Fig. S5-A represents the influence of pristine ZnO particles on the maximum quantum yield of 711 

PS (II) and ETR of A. sativum leaves. It was observed that treatment with all three pristine ZnO 712 

particles had a positive impact on the Y(II) and ETR at all applied doses. Among the different 713 

doses of QDs, the 10 mg/L treatment showed the highest increment in Y(II) and ETR, with 714 

values increasing to ~120.74% and 117.64%, respectively, compared to the untreated control 715 

groups.  However, the 20 mg/L treatment groups were noted to have the lowest increment, with 716 

values of  ~103.71% and 102.96%, respectively, compared to the control setups. In the case of 717 

NPs and BPs, the Y(II) and ETR results followed a response pattern similar to that of QDs. In 718 

general, the 10 mg/L ZnO concentration showed the highest increase in Y(II) and ETR values, 719 

among which the test groups supplied with QDs showed the highest increment compared to 720 

those treated with NPs and BPs. The Y(II) and ETR values observed at 10 mg/L of NPs are ~ 721 

113.78% and ~113.71%, and for BPs, the respective values of Y(II) and ETR at 10 mg/L were 722 

~112.99% and 112.93%. 723 

Fig. S5-B depicts the influence of binary mixtures of Cd and ZnO particles on the Y(II) and 724 

ETR values of A. sativum leaves. The treatment with 10 and 20 mg/L of Cd significantly (p < 725 
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0.001) decreased the Y(II) and ETR values. The Y(II) and ETR values observed at 10 mg/L Cd 726 

exposure were ~ 88.49% and 88.51%, respectively, and the values noted at 20 mg/L Cd 727 

treatment were ~ 80.88% and 81.08%. Upon the incorporation of ZnO particles into Cd 728 

solutions, the Y(II) and ETR values were found to be enhanced, with a significant (p < .0001) 729 

increase noted in Y(II) and ETR in the test groups exposed to QDs. Among the binary mixtures 730 

containing 10 mg/L of Cd, the highest increments in Y(II) and ETR values were observed in 731 

the trial groups exposed to QDs, with an increment of ~ 94.75% and ~94.92%, respectively, 732 

and the lowest Y(II) and ETR values were noted for the test groups exposed to BPs, having the 733 

increments of ~ 89.79% and ~89.96%, respectively. A similar response pattern was noted for 734 

the mixtures supplied with 20 mg/L of Cd as well. Overall, in the case of binary mixtures, 735 

treatments involving QDs were found to enhance Y(II) and ETR values compared to those 736 

treated with NPs and BPs.  737 

3.8 Effects on total soluble sugars and protein levels 738 

Fig. S6-A represents the effect of pristine ZnO particles on the total soluble sugar levels of A. 739 

sativum root cells. The treatment with ZnO particles had a positive influence on carbohydrate 740 

levels at all tested doses, particularly the treatments with QDs, which exhibited the highest 741 

increment in carbohydrate levels. Among the various test concentrations of QDs, the 10 mg/L 742 

exposure was noted to have the highest increment (p < 0.001, ~ 129.48%), while the 20 mg/L 743 

treatment showed the lowest increment (~109.15%) in carbohydrate level compared to the 744 

control group. A similar response pattern was noticed in the treatments involving NPs and BPs 745 

as well. Although the 10 mg/L exposure exhibited the maximum rise in carbohydrate content 746 

across all ZnO forms, the highest increment was observed in the test groups exposed to QDs 747 

compared to those treated with NPs (~123.89%) and BPs (~115.93%). 748 
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 Fig. S6-B represents the impact of binary mixtures of Cd and ZnO particles on the sugar levels 749 

of A. sativum root cells. Exposure to 10 and 20 mg/L Cd resulted in a significant decrease (p < 750 

0.001) in carbohydrate levels, with decrements of ~ 84.29% and 78.55%, relative to the control 751 

groups. The carbohydrate levels were found to increase significantly (p < 0.001) upon the 752 

addition of ZnO particles to Cd solutions. Among the binary mixtures involving 10 mg/L of 753 

Cd, the highest increment in the carbohydrate level was noticed in the test groups exposed to 754 

QDs (p < 0.001, ~ 106.17%), while the lowest increment was noticed in the trial groups exposed 755 

to BPs (p < 0.001, ~ 93.37%), when compared to those levels observed at 10 mg/L of Cd alone. 756 

In the binary mixtures involving 20 mg/L of Cd, a similar response pattern was observed. 757 

Fig. S6-C represents the influence of pristine ZnO particles on the protein content of A. sativum 758 

root cells. The application of ZnO particles significantly (p < 0.001) enhanced the protein 759 

content at all test concentrations studied. Among the different concentrations of QDs, the 10 760 

mg/L treatment exhibited the highest increase in protein level (p < 0.001, ~145.70%), and the 761 

20 mg/L treatment showed the lowest increase (p < 0.001, ~119.25%) relative to the control 762 

groups. A similar response pattern was observed with NPs and BPs as well. Overall, the 10 763 

mg/L dose was found to be effective in enhancing protein levels across all ZnO particle 764 

exposure. The highest increase was observed in the test groups supplied with QDs compared 765 

to those treated with NPs (~131.06%) and BPs (~125.25%).   766 

Fig. S6-D depicts the influence of binary mixtures of Cd and ZnO particles on the protein levels 767 

of A. sativum. The treatment of roots with 10 and 20 mg/L of Cd significantly reduced (p < 768 

0.001) the protein content, with reductions of  ~82.06% and 69.59% compared to the control 769 

setups. Whereas protein levels were found to increase significantly (p < 0.001) upon the 770 

addition of ZnO particles. Among the binary mixture treatments containing 10 mg/L Cd, the 771 

highest increment in protein content was noted in the treatment groups exposed to QDs (p < 772 
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0.001, ~ 93.99%). A similar response pattern was observed for the test groups containing binary 773 

mixtures of 20 mg/L Cd and ZnO particles. 774 

4. Discussion 775 

4.1 Physico-chemical interactions between ZnO particles and Cd  776 

The FESEM images (Fig. S1) clearly show that the QDs possess a nearly spherical shape and 777 

remain monodispersed with better suspension stability. In their pristine state, NPs and BPs 778 

exhibited slight aggregation, with BPs being particularly characterised as thick, protrusive 779 

nanosheets, consistent with previous findings [57]. NPs and BPs generally tend to agglomerate 780 

into clusters when the van der Waals attractive forces dominate over the electrostatic repulsive 781 

forces [58]. Whereas, upon the interaction of ZnO dispersions with Cd, an increased 782 

agglomeration was noted, as seen in  Fig. 1D-F. This pronounced agglomeration can be due to 783 

the attraction of Cd2+ ions to the negatively charged surface of the ZnO particles, forming a 784 

layer that effectively reduces the electrostatic repulsion forces that previously kept the ZnO 785 

particles apart. A similar agglomeration pattern was observed in a study conducted by Jassi et 786 

al. (2023), where the doping of Cd over ZnO samples led to agglomeration. Furthermore, the 787 

adsorption of Cd over ZnO particles is also confirmed by FTIR, XRD and Raman spectroscopic 788 

analysis. The shift in the frequency of the Zn-O bond peak and the reduction in intensity after 789 

interaction with Cd confirm the adsorption of Cd over ZnO particles. The findings by 790 

Thambidurai et al. (2023) reveal a similar shift in the absorption frequency of ZnO observed 791 

during FTIR analysis of Cd-doped ZnO nanocomposites. Additionally, distinct peaks at 792 

approximately 1085 cm⁻¹ and 605 cm⁻¹ in the absorption spectra of binary mixtures further 793 

validate the presence of adsorbed Cd over ZnO particles. A similar reduction in the intensity 794 

of the prominent ZnO peaks, and the emergence of additional peaks associated with Cd, was 795 

noted in the XRD patterns, as depicted in Fig. 1D-F. This indicates the successful adsorption 796 
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of Cd onto the ZnO particles. Moreover, in the XRD patterns of binary mixtures, there were no 797 

changes in the peak positions of ZnO, indicating that the ZnO crystal structure remains 798 

unaffected by Cd adsorption, which matches the similar findings put forth by Azqhandi et al. 799 

(2017). The adsorption of Cd over ZnO particles is further evidenced by the Raman 800 

spectroscopy (Fig. 1G-I), where the changes in the Raman spectra of binary mixtures were 801 

found to be consistent with FTIR and XRD results. More interestingly, the adsorption of Cd 802 

over ZnO particles followed a size-dependent order, i.e., QDs > NPs > BPs, as indicated by the 803 

varying peak intensities of the peak positioned at 1006 cm-1 in the binary mixtures. Thus, 804 

particle size significantly influences Cd adsorption, serving as an effective protective tool to 805 

combat heavy metal stress in plants. 806 

The zeta potential of pristine ZnO particles was found to be comparatively stable in the absence 807 

of Cd (Table S2). However, after the interaction with Cd, a negligible decrease in the zeta 808 

potential values was observed, making the colloidal solution relatively less stable. This can 809 

possibly explain the agglomeration of ZnO particles upon Cd adsorption, which correlates with 810 

a slight decrease in the accumulation of  ZnO particles in roots. Even though a decrease in the 811 

zeta potential was observed after interaction with Cd, QDs maintained their relative stability 812 

following the order QDs > NPs > BPs. The adsorption of Cd onto ZnO particles displays a 813 

consistent pattern of QDs > NPs > BPs, as evidenced by the decreased Cd accumulation in the 814 

roots.  815 

From Table S3, as ZnO particles are inherently hydrophilic, the contact angle values further 816 

decreased slightly upon interaction with Cd, making them even more hydrophilic. The 817 

increased hydrophilicity led to an enhanced agglomeration, rendering the particles less stable, 818 

which is further correlated with the reduced zeta potential values. This increased agglomeration 819 

resulted in a slight reduction in Zn accumulation in roots, the total accumulation followed the 820 
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order QDs > NPs > BPs. Even though the contact angle values decreased upon interaction with 821 

Cd, the reduction was found to be marginal, which explains the possible stability of ZnO 822 

particles even after Cd adsorption. The order of adsorption of Cd over ZnO particles followed 823 

the order QDs > NPs > BPs. Furthermore, the greater the adsorption of Cd over ZnO particles, 824 

the lower the Cd accumulation in the root, which accounts for the improved growth observed 825 

in the test groups exposed to the binary mixtures.  826 

4.2 Effect of pristine ZnO particles, Cd, and their binary mixtures on the growth 827 

parameters and metal accumulation in A. sativum roots 828 

Zinc is an essential micronutrient that triggers several key physiological and molecular 829 

processes in plants, resulting in enhanced growth [62]. Exposure to ZnO particles resulted in 830 

increased cell viability and root growth at all supplied doses. Notably, the efficacy of QDs in 831 

increasing the cell viability/root growth surpassed that of the nano and conventional bulk 832 

forms. The improved efficacy of QDs in enhancing plant growth could be attributed to their 833 

enhanced colloidal stability and reduced hydrophilicity, as evidenced by zeta potential and 834 

contact angle results. This combination favours the greater accumulation of QDs in plant roots 835 

compared to nano and bulk forms. Previous findings reported by Broadley et al. (2007); 836 

Marschner. (2011) stated that Zn derived from ZnO particles enters root tissues predominantly 837 

through dissolution-mediated Zn2+ release, followed by the uptake via ZIP (Zinc-838 

regulated/Iron-regulated transporter-like Protein) family transporters. Once inside the root, Zn 839 

is regulated by a coordinated network of heavy metal ATPases (HMAs) and sequestration 840 

mechanisms to maintain homeostasis while avoiding cytotoxic accumulation. [65, 66]. Several 841 

studies have reported on the effects of ZnO particles on plant growth and viability. For instance, 842 

previous studies have shown that the foliar spraying of 1000 mg/L ZnO NPs increased the cell 843 

viability of mustard plant (Brassica juncea (L.) Czern [67]. Similarly, in another study, the 844 
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application of 75 µg/mL of ZnO NPs to tomato plants resulted in an increase in root length of 845 

up to ~ 33%. Furthermore, it was reported that the foliar application of ZnO QDs at 50 mg/L 846 

to pumpkin (Cucurbita moschata Duch.) increased the total biomass of the plant by ~ 24%, 847 

resulting in overall improved plant growth [24]. A similar increase in fresh biomass is observed 848 

in lettuce supplied with 100 mg/L ZnO QDs through foliar application [23]. Existing studies 849 

have indicated that the mechanism by which ZnO nanoforms enhance growth may be attributed 850 

to the increase in the bioavailability of the micronutrient Zn²⁺. This augmentation of Zn²⁺ levels 851 

is thought to favour DNA replication and activate various transcription factors, ultimately 852 

leading to enhanced meristematic activity and growth in plant tissues [68, 69]. In our study, 853 

cell viability/root length increased dose-dependently up to 10 mg/L, after which a slight 854 

decrease (at 20 mg/L) in growth was observed; however, no toxic effects were noted, indicating 855 

the onset of a hormetic response. This highlights a key finding that exposure to ZnO particles 856 

at levels exceeding 20 mg/L could have toxic effects on garlic growth and development. A 857 

similar response was observed in G. biloba seedlings as well [70]. Even though numerous 858 

studies have demonstrated the role of Zn in promoting plant growth, further research is 859 

necessary to determine the threshold concentrations and elucidate the regulatory mechanisms 860 

underlying its effects. 861 

Exposure to Cd at concentrations of 10 mg/L and 20 mg/L led to a significant decrease in both 862 

cell viability and root length of A. sativum. Notably, the extent of damage was more pronounced 863 

at the higher concentration of 20 mg/L. Cd is known to inhibit root growth by triggering 864 

excessive accumulation of ROS and membrane damage (Fig. 5(A-D)), eventually affecting the 865 

growth and viability of garlic cells [71]. Our results were consistent with previous findings, 866 

where exposure to Cd reduced root growth in garlic, decreased cell viability in synchronised 867 
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tobacco BY-2 cell cultures, and also resulted in a decrease in cell viability in small onion 868 

(Allium cepa L.) and broad bean (Vicia faba) [72–74].  869 

The addition of ZnO particles into Cd solutions markedly mitigated Cd toxicity, enhancing cell 870 

viability and root length in the exposed test groups. Among the three forms of ZnO particles, 871 

QDs exhibited a greater efficacy in alleviating Cd stress. This could be attributed to the 872 

increased adsorption of Cd over QDs, which has led to a reduction in Cd accumulation in the 873 

roots (Table S4), thereby reflecting a decrease in toxicity. Furthermore, among the binary 874 

mixtures, the combinations involving QDs exhibited better stability, which also favoured an 875 

increased accumulation of QDs, positively impacting growth by supplying Zn2+. A similar 876 

ameliorative effect was observed in the medicinal plant Salvia miltiorrhiza, where the foliar 877 

application of 100 mg/L of ZnO QDs mitigated Cd stress by reducing the Cd accumulation and 878 

improving overall biomass and plant growth [22]. In another study, the exposure to 25 µM of 879 

ZnO NPs resulted in improved cell viability in chickpea under Cd stress [75]. Furthermore, the 880 

application of 50 and 100 mg/L nano-ZnO to rice under As stress decreased the As 881 

accumulation in roots and improved plant root biomass by enhancing the plant’s resistance to 882 

As stress [76]. In our study, the ameliorative effects of ZnO particles were more pronounced 883 

under 10 mg/L of Cd stress as compared to 20 mg/L. This could be attributed to the increased 884 

hydrophilicity and reduced colloidal stability of ZnO particles in combination with 20 mg/L of 885 

Cd (Table S2). The observed phenomenon may be due to the potential sedimentation of ZnO 886 

nanoparticles under gravitational forces, which in turn could contribute to a decrease in their 887 

ameliorative efficacy under 20 mg/L of Cd stress [77].  888 

The Leaching analysis revealed that ZnO QDs released higher concentrations of Zn²⁺ ions 889 

compared to NPs and BPs. This finding aligns with the notion that smaller nanoparticles 890 

possess greater surface area and reactivity, which accelerates ion release in aqueous 891 
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environments [78, 79]. However, the concentration of dissolved ions did not significantly 892 

enhance biological responses such as cell viability and root elongation (Fig. S3-A & C). This 893 

suggests that the leached Zn²⁺ ions alone were not the primary factor driving the observed 894 

growth responses [80, 81]. Conversely, exposure to particulate forms of ZnO (QDs, NPs, and 895 

BPs) led to notable improvements in garlic growth parameters, indicating that nano-specific 896 

effects extend beyond mere ionic nutrition. The smaller particle size and increased surface area 897 

of QDs and NPs likely promote better interactions with root surfaces, enhanced dispersion, and 898 

improved Zn availability. These factors contribute to enhanced physiological performance 899 

compared to larger bulk particles [82, 83]. Overall, the combined effects of Zn²⁺ release and 900 

particle-specific surface interactions play a crucial role in the enhanced growth-promoting 901 

effects of nanoscale ZnO particles. 902 

Similarly, the treatment of A. sativum with ZnSO4 (ionic control) showed an insignificant 903 

decrease (p > 0.05) across all the growth, oxidative stress, and photosynthetic measurements, 904 

in comparison with the control (Fig. S7 and S8). Previous studies have reported that Zn²⁺ ions, 905 

when provided in an immediately soluble form, can more rapidly accumulate in plant tissues, 906 

disrupting cellular ion homeostasis and causing mild phytotoxic effects [84]. In contrast, ZnO 907 

particles function as a source of sustained Zn²⁺ ions at the root interface, thereby supporting 908 

plant physiological processes without inducing ionic stress. The findings of the current study 909 

align with those of previous research [85, 86].  910 

The exposure of A. sativum to ZnO particles resulted in increased cell division, as indicated by 911 

an increase in MI%. The possible mechanism could be due to the triggering of enzymatic 912 

reactions by Zn2+, which activates the cascade of events that ultimately induce cell division at 913 

the root meristems [87]. The results from our study are consistent with those from previously 914 

published studies, in which the treatment of Vicia faba with ZnO NPs (50 and 2000 mg/L) 915 
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induced a significant increase in MI [88]. Similarly, nanopriming the seeds of black gram with 916 

80 mg/L of ZnO QDs resulted in a significant increase in meristematic division, leading to an 917 

improved germination rate [89]. Exposure to ZnO nanoparticles affected the mitotic index (MI) 918 

of Vicia faba seedlings, with low concentrations (10 and 25 mg/L) boosting MI, while higher 919 

levels (50 and 100 mg/L) significantly decreased cell division [90]. Research indicates that Zn 920 

may enhance cell division by enhancing auxin biosynthesis and upregulating genes involved 921 

in the cell cycle and auxin transporters. In a study by Raskar and Laware. (2014), it was 922 

demonstrated that ZnO NPs effectively stimulated cell division in root meristematic tissues at 923 

low concentrations.. Similarly, in a study conducted by Zhao et al. (2025), it was observed that 924 

ZnO NPs promoted cell division at low concentrations, which was attributed to the 925 

upregulation of genes involved in auxin synthesis.  926 

Cd exposure to A. sativum resulted in a significant reduction in MI. Cd is known to cause 927 

excessive ROS generation, which damages the cell membrane, disrupts cell division and 928 

inhibits root elongation [93]. Results from our study align with previous findings, which 929 

demonstrated that exposure to 25 µM Cd in onions (Allium cepa) resulted in a decrease in MI 930 

[94]. In line with these findings, Alsam et al. (2014) demonstrated that supplying Cd (20-100 931 

mg/L) to Capsicum annuum resulted in a decrease in MI [95].  932 

MI has been noted to be enhanced in the A. sativum roots exposed to the binary mixtures. The 933 

possible mechanism behind the improvement in MI in the binary mixture exposure can be 934 

attributed to the noticeable decrease in ROS accumulation and MDA levels (Fig. 5 B and D), 935 

which is consistent with the restored cell viability and root length results. Although there are 936 

no extensive studies that explicitly discuss how ZnO particles restore MI in the presence of Cd 937 

stress, a few studies are available that indirectly relate to restored cell division by analysing 938 

physiological markers, such as restored root growth and meristem function. For instance, the 939 
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application of ZnO QDs to lettuce and S. miltiorrhiza under Cd stress enhanced plant biomass 940 

and cell proliferation in roots, suggesting improved meristematic division [22, 23]. The exact 941 

mechanism by which ZnO particles improve cell proliferation and restore root damage under 942 

Cd stress warrants further investigation.  943 

The FESEM images of A. sativum roots exposed to pristine ZnO particles revealed defined 944 

structural morphology. Exposure to Cd distorted the root structure, resulting in an overall 945 

damaged or rugged surface. This pronounced damage may be due to the accumulation of Cd 946 

in root tips, which could potentially interfere with the key enzymatic reactions involved in cell 947 

wall synthesis and inhibit them. Cd can damage root surfaces by generating ROS in root cells, 948 

leading to compromised cell membrane integrity and disrupted cell wall structure [96]. 949 

However, after the addition of ZnO particles to Cd solutions, the root morphology was restored 950 

to a certain extent. This could be attributed to the reduced Cd accumulation in the presence of 951 

ZnO particles, resulting in decreased toxic effects of Cd. 952 

The release of Zn2+ from ZnO particles was observed to be relatively minimal. As a result, the 953 

ionic contributions to uptake were lower than those of pristine ZnO particles at 10 mg/L. A 954 

similar effect was observed in tomato and Raphanus sativus, where the released Zn2+ did not 955 

significantly reduce the root growth metrics [97, 98]. The leaching of Zn2+  was further reduced 956 

upon interaction with Cd. This may be due to the adsorption of Cd over the ZnO surface, which 957 

could have led to increased agglomeration of ZnO particles, thereby limiting their leaching. 958 

The results of this study were consistent with previous findings, which demostarted that 959 

treating Salvia miltiorrhiza and rice with ZnO QDs and NPs reduced Cd toxicity [22, 99]. 960 

Furthermore, the accumulation of Zn was higher in A. sativum roots exposed to pristine ZnO 961 

particles. This increased Zn accumulation could possibly explain the enhanced growth and 962 

viability of A. sativum.  Furthermore, the amount of Cd accumulation was reduced in the 963 
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presence of ZnO particles, potentially decreasing its detrimental effects as well. Similar 964 

findings were reported in a previous study, where treatment of alfalfa seedlings with CaO NPs 965 

reduced Cd accumulation and toxicity [100]. While enhanced Zn accumulation contributes 966 

positively to plant growth, the intricate mechanisms governing its transport and regulation 967 

within plant systems warrant further investigation. 968 

4.3 Effect of pristine ZnO particles, Cd, and their binary mixtures on the oxidative stress 969 

and photosynthetic parameters of A. sativum  970 

ROS can serve as signalling molecules at low concentrations, but at high concentrations, ROS 971 

can cause damage to essential macromolecules, including proteins, lipids, and nucleic acids, 972 

leading to the accumulation of MDA.  Antioxidant enzymes, such as SOD and CAT, are crucial 973 

for maintaining redox homeostasis [101]. In the present investigation, exposure to pristine ZnO 974 

particles at all the supplied concentrations did not increase ROS and MDA levels. These 975 

findings align with the decreased activity of key antioxidant enzymes, SOD and CAT, 976 

indicating that the ZnO exposure did not disturb the cell’s redox balance [102]. Similar findings 977 

have been reported in previous studies on ZnO QDs and NPs [17, 23, 103]. Cd is known to 978 

disrupt cellular redox equilibrium, leading to the overproduction of ROS that can damage the 979 

cellular membrane.  Exposure to Cd resulted in a significant increase in ROS and MDA levels 980 

in A. sativum. This correlates with the increased antioxidant enzyme activity in Cd-stress garlic 981 

roots. However, the addition of ZnO particles significantly reduced ROS and MDA levels 982 

under Cd stress. This demonstrates the protective effects of ZnO particles, particularly QDs, in 983 

effectively alleviating the Cd-induced oxidative damage. The proposed mechanism behind the 984 

mitigation effect of ZnO particles can be attributed to the adsorption of Cd onto ZnO particles, 985 

resulting in a subsequent reduction in Cd accumulation in roots and lower levels of ROS and 986 

MDA. This reduction in the stress markers has normalised the plant’s necessity to produce 987 
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more antioxidant enzymes. Similar findings have been reported in previous studies where the 988 

levels have been reduced in the presence of ZnO QDs and NPs. Similar findings were reported 989 

for S. miltiorrhiza and Lycopersicon esculentum [22, 104]. The exact mechanism of how the 990 

incorporation of ZnO particles regulates redox homeostasis still warrants further investigation. 991 

Zinc is a cofactor for enzymes involved in photosynthesis, enhancing the synthesis of 992 

photosynthetic pigments by improving chlorophyll's ability to capture light and transfer energy  993 

[105]. The exposure of A. sativum to ZnO particles significantly increased its chlorophyll 994 

pigment levels and efficiency. The observed results were found to be consistent with previous 995 

findings reported for Ligusticum chuanxiong and soybean [106, 107].  Earlier studies have 996 

shown that the application of ZnO particles provide bioavailable Zn²⁺ ions, which serve as 997 

crucial cofactors for numerous enzymes involved in the biosynthesis of chlorophyll and carbon 998 

fixation processes [108]. Further, previous transcriptomic analyses indicate that treatment with 999 

ZnO NPs leads to the upregulation of genes linked to light-harvesting complexes and 1000 

photosynthetic electron transport, resulting in enhanced photochemical efficiency of  PSII. 1001 

Additionally, it was reported that ZnO NPs elevate both the content and activity of ribulose-1002 

1,5-bisphosphate carboxylase/oxygenase (Rubisco), thereby promoting the fixation of CO2. 1003 

Collectively, these responses contribute to improved chlorophyll levels, enhanced PSII 1004 

efficiency, and an overall increase in photosynthetic performance [109, 110]. In the present 1005 

study, the exposure of A. sativum to Cd stress markedly reduced the photosynthetic pigment 1006 

contents and efficiency (Y(II) and ETR). Similar results have been reported in previous studies 1007 

as well [111, 112]. The supply of ZnO particles to Cd-stressed garlic improved the levels and 1008 

efficiency of photosynthetic pigments, which is consistent with previous reports [22, 113]. 1009 

Additionally, the beneficial impact of ZnO particles in alleviating Cd stress may be linked to a 1010 

reduction in oxidative damage and Cd accumulation in plants subjected to binary mixtures.  1011 
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Primary metabolites are essential for plants to overcome stress. The exposure of A. sativum to 1012 

ZnO particles significantly increased the total soluble sugar and protein content [114]. Prior 1013 

research has shown that Zn enhances the levels of proteins and carbohydrates by acting as a 1014 

crucial cofactor for enzymes and transcription factors that play key roles in nitrogen 1015 

metabolism and protein synthesis [115, 116]. Further, it was reported that higher photosynthetic 1016 

performance induced by Zn leads to enhanced sugar and carbohydrate assimilation, which 1017 

could be a possible mechanism by which Zn promotes sugar levels in plants [109]. Cd stress 1018 

significantly decreased the soluble sugar and protein content in A. sativum, while the addition 1019 

of ZnO particles to Cd-stressed plants improved protein and sugar levels. This could be 1020 

attributed to the release of Zn2+, which facilitates key metabolic functions, such as protein 1021 

synthesis. This increase in primary metabolites may possibly benefit plants by helping maintain 1022 

ROS balance and control photosynthetic activity.  1023 

 1024 

4.4 Cluster Heatmap, Pearson correlation mapping and PCA  1025 
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 1026 

Fig. 7. Cluster heatmap of various biological parameters of A. sativum exposed to A) 1027 

pristine ZnO particles, B) mixtures of Cd + ZnO particles. Pearson correlogram of 1028 

various biological parameters of A. sativum exposed to C) pristine ZnO particles, D) 1029 

mixtures of Cd + ZnO particles. ‘*’ indicates the significant difference between the 1030 
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control groups and various treatments. Principal component analysis (PCA) of various 1031 

biological parameters of A. sativum exposed to E) pristine ZnO particles, F) mixtures of 1032 

Cd + ZnO particles.  1033 

The clustered heat map analysis illustrating the effects of different pristine ZnO particles (QDs, 1034 

NPs and BPs) on various growth, physiological, and biochemical parameters is presented in 1035 

Fig. 7A. The data indicate that the treatments involving ZnO QDs and NPs at moderate 1036 

concentrations, specifically at 5 and 10 mg/L, form a distinct cluster linked to enhanced 1037 

positive responses. This is represented by an orange hue for metrics such as root length, 1038 

chlorophyll content, carbohydrate content, protein content, and cell viability. Conversely, the 1039 

control groups and treatments with lower concentrations are clustered separately, showing 1040 

lighter greenish tones that suggest lower stimulation levels in these growth and biochemical 1041 

metrics. Additionally, oxidative stress indicators, including total ROS, MDA, SOD and CAT, 1042 

are grouped into a separate cluster characterised by dark green colouration. This finding 1043 

suggests that exposure to ZnO particles did not induce oxidative stress in A. sativum cells. 1044 

Hierarchical clustering analysis further indicates that treatments with ZnO QDs exhibit superior 1045 

enhancement patterns, underscoring their greater impact on plant growth and physiological 1046 

processes compared to nano and bulk particle treatments. 1047 

 Fig. 7B illustrates the clustered heat map of various physiological and biochemical responses 1048 

in A. sativum exposed to Cd stress alone and in combination with different ZnO particles, QDs, 1049 

NPs, and BPs. Treatments exposed to Cd stress alone cluster with higher oxidative stress 1050 

indicators (orange shades), reflecting elevated stress responses. However, treatments 1051 

supplemented with ZnO particles, especially QDs and NPs, shift toward greener tones, 1052 

indicating reduced oxidative damage and improved antioxidant activity. The clustering pattern 1053 

suggests that ZnO treatments alleviate Cd-induced stress, likely through enhanced antioxidant 1054 
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defense and improved physiological balance. Overall, the dendrogram indicates that ZnO-1055 

treated groups are more closely related in their stress-amelioration responses, distinguishing 1056 

them from Cd-only conditions. 1057 

The Pearson correlation analysis provided in Fig. 7C illustrates the relationship among various 1058 

growth, physiological, and biochemical parameters in response to different treatments with 1059 

pristine ZnO particles. A robust positive correlation (p < 0.001) is evident among growth-1060 

related traits, including cell viability and root length, alongside photosynthetic pigments 1061 

(chlorophyll a, chlorophyll b, and total chlorophyll) and crucial biochemical constituents such 1062 

as carbohydrate and protein levels. This positive correlation indicates that treatment with ZnO 1063 

particles enhanced photosynthetic efficiency and biochemical composition, which are directly 1064 

linked to improved plant growth and overall performance. Conversely, stress-related 1065 

parameters, including total ROS, MDA, SOD, and CAT, demonstrate significant negative 1066 

correlations (p < 0.001) with growth traits like cell viability and root length. This suggests that 1067 

reduced stress conditions may enhance physiological performance in plants. 1068 

Fig. 7D illustrates interrelationships among the growth, physiological and biochemical 1069 

parameters under Cd stress, which are alleviated by ZnO treatments. A pronounced positive 1070 

correlation was observed between cell viability, root length, protein, carbohydrate, 1071 

photosynthetic pigments (chlorophyll a, b, and total chlorophyll), and photosynthetic 1072 

efficiency parameters (Fv/Fm, ETR), suggesting that improved biochemical and 1073 

photosynthetic performance in plants treated with ZnO particles. Conversely, total ROS and 1074 

MDA exhibited strong negative correlations (r = –0.88 to –0.98, p < 0.001) with growth, 1075 

pigment, and biochemical indices, indicating the Cd-induced oxidative stress and physiological 1076 

damage. Their high positive association with antioxidant enzymes (SOD and CAT) suggests 1077 

that elevated antioxidant activity is a protective response aimed at limiting oxidative damage. 1078 
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Furthermore, the tight positive clustering among protein, chlorophyll, and Fv/Fm (r > 0.95, p 1079 

< 0.001) indicates a coordinated increase in photosynthetic parameters and biochemical levels 1080 

in ZnO-treated plants. 1081 

Principal component analysis (Fig. 7E) was performed to elucidate the size and concentration-1082 

dependent responses of A. sativum to different ZnO formulations, QDs, NPs, and BPs. The 1083 

PCA biplot revealed a clear separation of treatments along the first principal component (PC1), 1084 

which accounted for 89.50% of the total variance, indicating that the majority of the variation 1085 

among treatments was driven by differences in particle size and concentration. The second 1086 

component (PC2) accounted for an additional 4.29% of the variance, indicating minor 1087 

differences among treatments. Treatments located on the positive side of PC1, mainly 1088 

corresponding to ZnO QDs and NPs at moderate concentrations (2.5–10 mg/L), showed strong 1089 

positive associations with growth-promoting and physiological parameters, including 1090 

chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, protein, carbohydrate content, root 1091 

length, and cell viability. This clustering pattern suggests that smaller ZnO particles, 1092 

particularly QDs, at optimal doses, enhanced photosynthetic efficiency and biochemical levels, 1093 

thereby supporting overall plant growth. Conversely, the control and higher concentration 1094 

treatments of ZnO BPs and NPs (particularly 20 mg/L) were positioned on the negative side of 1095 

PC1 and aligned with higher levels of oxidative stress markers such as ROS, MDA, SOD and 1096 

CAT. This association suggests that excessive or larger-sized ZnO particles induce oxidative 1097 

stress responses, potentially leading to cellular damage and reduced physiological 1098 

performance. 1099 

Fig. 7F elucidates the interactions of A. sativum exposed to Cd stress alone and in combination 1100 

with ZnO particles of varying dimensionalities- QDs, NPs and BPs on the physiological and 1101 

biochemical responses of A. sativum. The biplot reveals a clear separation of treatments along 1102 
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PC1 (90.30% of total variance), indicating that the primary variation arises from the differential 1103 

response of plants to Cd toxicity and ZnO-mediated stress alleviation. Treatments exposed 1104 

solely to Cd (10 and 20 mg/L) clustered distinctly on the negative side of PC1 and were closely 1105 

associated with oxidative stress markers such as total ROS, MDA, SOD, and CAT, indicating 1106 

severe oxidative damage. Conversely, treatments receiving combined Cd and ZnO particles 1107 

(10 mg/L) were positioned toward the positive side of PC1, exhibiting strong positive 1108 

associations with chlorophyll pigments, carotenoids, protein content, carbohydrate content, 1109 

root length, and cell viability. Among these, the Cd + ZnO QD and Cd + ZnO NP groups 1110 

exhibited the most favourable correlations with photosynthetic and biochemical parameters, 1111 

indicating that smaller ZnO structures exhibited better efficacy in mitigating Cd-induced stress.  1112 

 1113 
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Scheme 1. Schematic representation of the overall mechanism by which ZnO QDs, NPs, 1114 

and BPs alleviate Cd-induced  stress and enhance the growth of A. sativum 1115 

4.4. Physiological mechanism underlying the ZnO particles-mediated alleviation of Cd-1116 

stress 1117 

Cd is a non-redox active metal that enhances the generation of ROS by interfering with the 1118 

mitochondrial electron transport chain. This interference results in increased electron leakage, 1119 

which subsequently raises ROS levels. When plants are subjected to Cd stress, the 1120 

accumulation of ROS exceeds typical metabolic rates, causing oxidative damage, lipid 1121 

peroxidation, and detrimental effects on growth and physiological functions (Scheme 1) [117]. 1122 

It has been reported that Cd primarily affects PSII which is more susceptible than PSI. 1123 

Furthermore, Cd disrupts the reaction centres of PSII and inhibits the activity of RuBisCo, 1124 

resulting in reduced CO2 assimilation. As a result, the production of photosynthates like 1125 

glucose, sucrose, and starch declines, leading to a reduction in the total carbohydrate levels in 1126 

plant tissues [118]. Previous research has shown that exposure to Cd downregulates psbA 1127 

transcription and accelerates the degradation of the D1 protein [119]. A similar effect has been 1128 

documented in lettuce, where Cd exposure altered the expression of photosynthesis-related 1129 

proteins and inhibited the production of photosynthetic pigments [120]. Moreover, Cd has been 1130 

shown to interfere with enzymes involved in nitrogen assimilation, consequently reducing the 1131 

conversion of nitrate to amino acids [121]. The resultant scarcity of amino acids significantly 1132 

hampers protein biosynthesis. Additionally, Cd can bind to sulfhydryl (–SH) groups on proteins 1133 

and enzymes, altering their structure and function, further inhibiting protein synthesis [122]. In 1134 

the current study, the exposure of garlic to Cd resulted in significant growth reduction, elevated 1135 

ROS levels, and diminished photosynthetic pigment concentrations, adversely affecting overall 1136 

plant growth. However, in the presence of ZnO particles, Cd-induced toxicity was found to be 1137 
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alleviated. Among the various ZnO particles, QDs demonstrated superior efficacy in mitigating 1138 

Cd stress, followed by nano and bulk forms. This differential biological response of A. sativum 1139 

to ZnO QDs, NPs, and BPs under Cd stress can be elucidated by the size-dependent 1140 

physicochemical properties of ZnO and their ensuing interactions with bioaccumulation. ZnO 1141 

QDs, due to their ultra-small size, possess a higher surface area to volume ratio and enhanced 1142 

colloidal stability, as evidenced by favourable zeta potential and contact angle values (Tables 1143 

S2 & S3), allows them to remain well dispersed in the exposure medium, minimising 1144 

aggregation and sedimentation and thus increasing the bioavailable Zn fraction at the root-1145 

solution interface and their subsequent bioaccumulation under both pristine and Cd-stressed 1146 

conditions.  1147 

Under Cd stress, ZnO QDs demonstrated a more effective alleviation of stress compared to 1148 

NPs and BPs. Previous research has suggested that this phenomenon may be linked to the 1149 

enhanced competitive inhibition of Cd accumulation by Zn [123–125]. In particular, studies by 1150 

Chen et al. (2024) and Sun et al. (2019) demonstrated that the adsorption of Cd onto ZnO 1151 

particles resulted in a significant reduction of Cd accumulation in Lemna minor and Medicago 1152 

sativa L., leading to diminished toxicity. Likewise, the present investigation observed lower 1153 

Cd accumulation in the QDs-treated groups than in those exposed to NPs or BPs (Table S4). 1154 

This disparity can be attributed to the superior adsorption capabilities of ZnO QDs, which are 1155 

facilitated by their larger surface area-to-volume ratio when compared to their nano and bulk 1156 

counterparts. The decrease in Cd accumulation correlates with reduced generation of ROS and 1157 

lower levels of lipid peroxidation, as indicated by MDA formation. Additionally, there is 1158 

evidence of enhanced photosynthetic function. In contrast, plants treated with ZnO NPs 1159 

exhibited moderate protection, while those exposed to BPs showed minimal mitigation of Cd 1160 

toxicity. The findings of the current work are in agreement with the previous findings put forth 1161 
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by Chai et al. (2024); Xu et al. (2022). This antagonistic interaction between Zn and Cd has 1162 

also been previously reported and offers a plausible explanation for the observed decrease in 1163 

Cd accumulation and the improved physiological performance of garlic plants treated with QDs 1164 

[108, 129, 130].  1165 

4.5 Environmental risk assessment 1166 

The RQ analysis (Table 2) indicated a significant decrease in the risks associated with Cd 1167 

following treatments with ZnO particles, particularly with QDs. The RQ values for Cd alone 1168 

were notably elevated across all regions studied, ranging from 3.86 to 791.77, highlighting a 1169 

serious potential ecological threat. However, after applying ZnO QDs, these RQ values 1170 

dropped significantly, ranging from 0.52 to 85.31, demonstrating effective risk reduction. 1171 

While the RQ values for ZnO NPs and BPs in conjunction with Cd were slightly higher than 1172 

those for QDs, they were still much lower than the values for Cd alone, indicating partial metal 1173 

toxicity mitigation. The most significant reductions were observed in soils from the European 1174 

Union, Japan, and New Zealand, where treatments combining QDs and Cd lowered RQ values 1175 

to near-safe levels (< 10). Overall, the findings demonstrate that ZnO QDs have the greatest 1176 

potential to reduce Cd-related environmental risks, followed by NPs and BPs, emphasising the 1177 

importance of particle size in reducing environmental toxicity in contaminated soils.1178 
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Table 2: Risk quotient analysis of Cd in the presence and absence of ZnO particles (QDs, NPs and BPs) in different regions 1179 

 1180 

Source  

  

Available 

Concentration of Cd in 

soil (mg/kg) 

RQ of Cd RQ of  QD + Cd RQ of  NP + Cd RQ of  BP + Cd 

Lower  

range 

Higher 

range 

Lower 

range 

Higher 

range 

Lower 

range 

Higher 

range 

Lower 

range 

Higher 

range 

Lower 

range 

Higher 

range 

Germany 0.3 1 28.97 96.56 3.12 10.40 4.34 14.48 26.75 89.17 

UK 0.6 0.7 57.93 67.59 6.24 7.28 8.69 10.13 53.50 62.42 

China 0.25 6.92 24.14 668.18 2.60 71.99 3.62 100.19 22.29 617.08 

European 

union 
0.07 1 6.76 96.56 0.73 10.40 1.01 14.48 6.24 89.17 

Japan 0.05 0.59 4.83 56.97 0.52 6.14 0.72 8.54 4.46 52.61 

India 0.1 8.20 9.66 791.77 1.04 85.31 1.45 118.72 8.92 731.22 

South 

America 
0.04 3 3.86 289.67 0.42 31.21 0.58 43.43 3.57 267.52 

North 

America 
0.16 4.5 15.45 434.51 1.66 46.81 2.32 65.15 14.27 401.28 

Belgium 1 1.5 96.56 144.84 10.40 15.60 14.48 21.72 89.17 133.76 

New Zealand 0.1 2.03 9.66 196.01 1.04 21.12 1.45 29.39 8.92 181.02 
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5. Conclusion 1181 

This study demonstrated that ZnO particles distinctly influence the growth and Cd stress 1182 

response of A. sativum, with particle size emerging as a critical determinant of biological 1183 

efficacy. Among the three forms, ZnO QDs exhibited the most pronounced growth-promoting 1184 

and stress-alleviating effect, significantly enhancing cell viability, pigment stability, and root 1185 

morphology while reducing oxidative damage. Under Cd stress, the test groups exposed to ZnO 1186 

QDs exhibited the lowest Cd accumulation and improved photosynthetic pigments and primary 1187 

metabolites, indicating their potential for safe agricultural application in Cd-stressed 1188 

conditions. The evaluation of the environmental RQ confirmed a minimal ecological risk 1189 

associated with the optimised ZnO QD treatment compared to those with NPs and BPs. 1190 

Collectively, these findings establish ZnO QDs as an effective nano-intervention for mitigating 1191 

Cd-induced phytotoxicity and improving plant resilience. Governing Cd stress in food crops, 1192 

such as A. sativum, is essential to ensure crop productivity, food quality, and long-term food 1193 

security, making nanotechnology-based approaches a promising pathway for sustainable 1194 

agricultural advancement. 1195 

  1196 
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