
Silicon dioxide and selenium 
nanoparticles enhance vase life and 
physiological quality in black magic 
roses
Hanifeh SeyedHajizadeh 1, Soraya Esmaili1, Seyed Morteza Zahedi1, Hadi Fakhrghazi1 & 
Ozkan Kaya 2,3,4

In contemporary floriculture, particularly within the cut flower industry, there is a burgeoning interest 
in innovative methodologies aimed at enhancing the aesthetic appeal and prolonging the postharvest 
longevity of floral specimens. Within this context, the application of nanotechnology, specifically the 
utilization of silicon and selenium nanoparticles, has emerged as a promising approach for augmenting 
the qualitative attributes and extending the vase life of cut roses. This study evaluated the impact 
of silicon dioxide (SiO2-NPs) and selenium nanoparticles (Se-NPs) in preservative solutions on the 
physio-chemical properties of ‘Black Magic’ roses. Preservative solutions were formulated with varying 
concentrations of SiO2-NPs (25 and 50 mg L−1) and Se-NPs (10 and 20 mg L−1), supplemented with 
a continuous treatment of 3% sucrose. Roses treated with 20 mg L−1 Se-NPs exhibited the lowest 
relative water loss, highest solution uptake, maximum photochemical performance of PSII (Fv/Fm), 
and elevated antioxidative enzyme activities. The upward trajectory of hydrogen peroxide (H2O2) and 
malondialdehyde (MDA) levels in petals was mitigated by different levels of SiO2 and Se-NPs, with 
the lowest H2O2 and MDA observed in preservatives containing 50 mg L−1 SiO2- and 20 mg L−1 Se-
NPs at the 15th day, surpassing controls and other treatments. Extended vase life and a substantial 
enhancement in antioxidative capacity were noted under Se and Si nanoparticles in preservatives. The 
levels of total phenols, flavonoids, and anthocyanin increased during the vase period, particularly in 
the 50 and 20 mg L−1 Se-NPs and SiO2-NPs. Petal carbohydrate exhibited a declining trend throughout 
the longevity, with reductions of 8% and 66% observed in 20 mg L−1 Se-NPs and controls, respectively. 
The longest vase life was achieved with Se-NPs (20 mg L−1), followed by SiO2-NPs (50 mg L−1) up to 
16.6 and 15th days, respectively. These findings highlight the significant potential of SiO2- and Se-NPs 
in enhancing the vase life and physiological qualities of ‘Black Magic’ roses, with SiO2-NPs showing 
broad-spectrum efficacy.
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Roses hold significant prominence in floriculture, being traded globally as both potted and cut flowers, with a 
substantial worldwide demand1,2. The paramount objectives in rose cut flower production include achieving 
high yield, maintaining acceptable quality, and ensuring an extended vase life. Attaining these goals is contingent 
upon the pre-harvest nutritional status of the plant, although the composition of chemicals in vase solutions 
also plays a crucial role. The longevity of a flower is a pivotal quality trait, influencing consumer demand and 
the overall value of cut flowers. Well-established factors contributing to the abbreviated vase life of cut flowers 
include bacterial occlusion of xylem vessels3, physiological responses induced by cutting4, and air embolism5. 
Over time, various compounds, such as 8-HQS, 8-HQC, Ag₂S₂O₃, CuSO₄, AgNO₃, Al₂(SO₄)₃, and C₂H₆O, have 
been utilized as antimicrobial agents in vase solutions6,7. The inclusion of sugar in preservatives is of paramount 
importance, as carbohydrates play a pivotal role in supplying energy to petals, positively influencing metabolic 
processes, expansion, pigmentation, longevity, prevention of ethylene biosynthesis, and hydraulic balance 
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maintenance8. The integration of nanotechnology, particularly in conjunction with nutrient elements, represents 
a noteworthy advancement in preserving quality and enhancing the longevity of ornamentals9.

In the exploration conducted by Rafi and Ramezanian10, the effectiveness of silver nanoparticles and S-carvone 
in extending the vase life of cut roses (‘Avalanche’ and ‘Fiesta’) was scrutinized. The administration of nano silver 
treatments demonstrated a significant enhancement in postharvest longevity through the mitigation of microbial 
proliferation and the optimization of water relations. Notably, the most efficacious results were observed with the 
application of nano silver at a concentration of 200 mg L−1, which facilitated an extended vase life of 18 days. The 
association between flower longevity and the potential for scavenging reactive oxygen species (ROS) by various 
chemicals in vase solutions is emphasized in existing literature11. A previous study on R. hybrida ‘Black Magic’ 
demonstrated that a preservative solution containing 10 mg L−1 chitosan nanoparticles effectively extended the 
longevity of these roses by 15 days compared to controls12. Silicon (Si), recognized as an indispensable plant 
nutrient abundant in soil, elicits alterations in plant morphology, anatomy, physiological processes, and metabolic 
pathways13. Researchers attribute these changes to the efficacy of silicon in maintaining plant hydraulic balance, 
activating oxidative enzymes, promoting photoassimilation, facilitating nutrient adsorption, enhancing ion 
mobility in plant tissues, regulating gene expression, and balancing hormonal activity14. Evaluation of various Si 
levels (0, 200, 400, and 800 g L−1) during the pre-harvest stage revealed significant impacts on the characteristics 
and vase life of cut roses. Silicon treatment, particularly at an application of 800 g L−1, resulted in reduced water 
loss and sustained petal water content. Additionally, this concentration led to a decline in peroxidase enzyme 
activity at both harvest and the conclusion of the vase life, while the application of 200 g L−1 yielded maximum 
peroxidase activity 4 and 6 days after storage15. On the other hand, selenium (Se), a common nutrient in soil, has 
garnered recent recognition for its pivotal role in defense systems, antioxidant activity, and hormonal balance in 
plants16. Moderate Se doses have been reported to enhance plant performance and antioxidative defense systems, 
along with modulating hormonal status17. The synergistic impact of Se and Si has been demonstrated to increase 
trichome development18. The efficiency of Se in scavenging ROS through the activation of antioxidative enzymes 
has been substantiated across various plants19,20. Lu et al.21 highlighted that Na2SeO3 increased the activity of 
superoxide dismutase, peroxidase, catalase, ascorbate peroxidase, glutathione reductase, dehydroascorbate 
reductase, and monodehydroascorbate reductase in Lilium longiflorum during vase life. Specifically, increments 
in ascorbate peroxidase, dehydroascorbate reductase, and monodehydroascorbate reductase activities were 
responsible for H2O2 scavenging22.

In contemporary floriculture, particularly within the cut flower industry, there is a burgeoning interest in 
innovative methodologies aimed at enhancing the aesthetic appeal and prolonging the postharvest longevity of 
floral specimens. Within this context, the application of nanotechnology, specifically the utilization of silicon 
and selenium nanoparticles, has emerged as a promising approach for augmenting the qualitative attributes and 
extending the vase life of cut roses. This growing focus on nanotechnology in horticulture is part of a broader 
trend in agricultural sciences, where nanoparticles are being explored for their multifaceted benefits across 
various plant species and cultivation systems. The potential of nanoparticles in plant science extends far beyond 
cut flower preservation. Silicon nanoparticles, for instance, have demonstrated significant efficacy in enhancing 
plant growth, stress tolerance, and disease resistance in diverse crops23. These nanoparticles can optimize plant 
physiological processes, including photosynthesis, and stimulate the synthesis of antioxidant compounds, 
thereby fortifying plant defense mechanisms against various biotic and abiotic stresses. In the domain of plant 
tissue culture, nanoparticles have shown remarkable potential in mitigating biological contamination and 
enhancing organogenic regeneration, as evidenced in banana cultures24. This application not only improves the 
success rate of micropropagation but also potentially reduces the reliance on chemical sterilants, offering a more 
sustainable approach to plant biotechnology. Furthermore, the synergistic application of zinc oxide and silicon 
nanoparticles has been reported to significantly improve salt stress resistance and annual productivity in mango 
trees25. These nanoparticles were found to enhance photosynthetic efficiency, water relations, and antioxidant 
enzyme activities, leading to improved fruit yield and quality under saline conditions. Notably, foliar application 
of nanoparticles has been found to alleviate chilling stress effects on photosynthesis and photoprotection 
mechanisms in sugarcane26. The nanoparticles enhanced the activity of key enzymes involved in carbon fixation 
and improved the efficiency of the photosynthetic apparatus under low-temperature stress.

Maintaining the post-harvest quality of cut roses remains a significant challenge for the floriculture industry. 
Recent studies indicate that the application of silicon and selenium nanoparticles has the potential to extend vase 
life and enhance flower quality. These elements positively affect plant physiology by providing protection against 
oxidative stress and improving water uptake. However, further research is needed on factors such as application 
methods, dosage, and cost-effectiveness to effectively integrate these nanoparticles into commercial practices. In 
light of previous literature pointing to the limited longevity of cut roses, specifically ‘Black Magic’27, the primary 
objective of this study is to evaluate the impact of Selenium and SiO2 nanoparticles on the hydraulic relations and 
biochemical status of R. hybrida ‘Black Magic’ petals. This research seeks to provide a comprehensive exploration 
into the fundamental mechanisms that underlie the application of nanoparticles, aiming to contribute to a more 
profound understanding of how these nanoparticles can effectively enhance the longevity of rose flowers.

Results
Vase life, microbial contamination, physiological and biochemical attributes
The results of the vase life experiment, as illustrated in Fig. 1a-b, demonstrate significant variations in cut rose 
longevity across different treatments. The most pronounced extension of vase life was observed in roses treated 
with 20 mg L−1 Se-NPs, which exhibited a mean lifespan of 16.6 days. This was followed by roses treated with 50 
mg L−1 SiO2-NPs, which maintained quality for an average of 15 days. Treatments with lower concentrations of 
nanoparticles also yielded substantial improvements in longevity, with 10 mg L−1 Se-NPs and 25 mg L−1 SiO2-
NPs extending vase life to 13.6 and 11 days, respectively. In contrast, control flowers maintained in distilled 
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water displayed the shortest vase life of 7.3 days. Microbial contamination analyses, presented in Fig. 2a and b, 
reveal a marked reduction in bacterial proliferation across various SiO2- and Se-NPs treatments. The control 
treatment exhibited the highest mesophilic bacterial count, reaching 4.24 Log CFU mL−1. Conversely, the lowest 
bacterial count of 0.93 Log CFU mL−1 was recorded in the 20 mg L−1 Se-NPs treatment (T5). The 50 mg L−1 
SiO2-NPs treatment (T3) also demonstrated significant antimicrobial efficacy, with a contamination level of 
1.36 Log CFU mL−1. Microscopic examination of the vase solution, as shown in Fig.  2c, indicated that the 
predominant microbial contaminants were Gram-negative bacilli. This observation provides insight into the 
specific types of microorganisms present in the vase solution and potentially affecting cut flower longevity. 
These results collectively demonstrate the efficacy of Se-NPs and SiO2-NPs in extending the vase life of cut 
roses and reducing microbial contamination in vase solutions, with the most pronounced effects observed at 
concentrations of 20 mg L−1 for Se-NPs and 50 mg L−1 for SiO2-NPs.

The analysis of solution uptake, as depicted in Fig. 3, reveals a consistent decrease in water uptake across 
all treatments throughout the experiment. Notably, the control flowers exhibited the lowest water uptake on 
the final day of vase life. The maximum solution uptake was observed in roses treated with 20 mg L−1 Se-NPs, 
maintaining 5.6 times higher water uptake than the controls at the 15th day. Interestingly, this performance 
was statistically comparable to the SiO2-NPs treatment at 50 mg L−1 throughout the vase life. Nano particle 
treatments, in general, exhibited superior water uptake compared to the control, particularly in the initial 4 days 

Fig. 1.  Effect of different concentrations of SiO2-NPs and Se-NPs on (a) R. hybrida ‘Black Magic’ vase life and 
(b) display life.
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Fig. 3.  Effect of various levels of SiO2-NPs and Se-NPs on solution uptake of R. hybrida‘Black Magic’.

 

Fig. 2.  Effect of various levels of SiO2-NPs and Se-NPs on (a) Microbial accumulation in vase solution at 
7th day; (b) Different microbial populations on different vase solutions on the 7th day, and (c) Microscopic 
observation of T1 (distilled water + 3% sucrose) and T5 (containing 20 mg L-1 Se-NPs + 3% sucrose).
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of longevity. Regarding Membrane Stability Index (MSI %), the incorporation of SiO2 and Se nanoparticles into 
vase solutions demonstrated a notable reduction in electrolyte leakage, signifying enhanced membrane stability 
in petals compared to the control group. While all petals exhibited the highest MSI at the harvest day, a gradual 
decrease occurred until the conclusion of the vase life. Interestingly, the petals with the firmest membranes, 
indicated by the lowest electrolyte leakage percentage, were those immersed in vase solutions containing 50 mg 
L−1 SiO2 nanoparticles at the 8th day. However, no significant differences in electrolyte leakage were observed 
between treatments and controls on the 15th day (Fig. 4).

The analysis of Relative Fresh Weight (RFW) and Relative Water Content (RWC %), as presented in Fig. 5a, 
reveals an initial increase in RFW of flowers at day 4, followed by a progressive decline until the termination of 
vase life. The introduction of rose cut flowers into vase solutions containing SiO₂ and Se nanoparticles resulted in 
a significant reduction in RFW by day 15 relative to the control specimens. Despite this overall decrease in RFW, 
petals subjected to treatments with 50 mg L−1 SiO2 nanoparticles and 20 mg L−1 Se nanoparticles exhibited the 
lowest RFW on day 15, demonstrating reductions of 13% and 23%, respectively, in comparison to the control 
group. Furthermore, RWC, serving as an indicator of hydration status, was observed to be at its peak at the time 
of harvest and subsequently underwent a gradual decline across all treatments throughout the vase life period. 
Notably, petals maintained in solutions containing 50 mg L−1 SiO₂ nanoparticles and 20 mg L−1 Se nanoparticles 
retained a higher relative water content on the 15th day when compared to both the control group and other 
treatment conditions (Fig. 5b).

Analysis of leaf chlorophyll fluorescence parameters revealed distinct trends across treatments. The maximal 
fluorescence (Fm) exhibited a declining pattern throughout the longevity of flowers in the control group and 
those treated with 25 mg L−1 SiO₂ nanoparticles and 10 mg L−1 Se nanoparticles. Conversely, specimens treated 
with 50 mg L−1 SiO₂ nanoparticles and 20 mg L−1 Se nanoparticles demonstrated an initial increase in  Fm at 
day 4 of vase life, followed by a subsequent decrease. Notably, flowers in vase solutions containing 50 mg L−1 
SiO₂ nanoparticles and 20 mg L−1 Se nanoparticles exhibited significantly elevated Fm values compared to 
the control and other treatments on day 15. Among the treatments, the highest Fm values were observed in 
flowers immersed in 20 mg L−1 Se nanoparticles (Fig. 6a). Furthermore, the Fv/Fm ratio, an indicator of the 
maximal photochemical efficiency of Photosystem II (PSII), displayed a decreasing trend during the vase life 
period. Flowers maintained in vase solutions with 50 mg L−1 SiO₂ nanoparticles and 20 mg L−1 Se nanoparticles 
retained higher  Fv/Fm ratio values compared to those recorded in the controls at the conclusion of the vase life, 
as illustrated in Fig. 6b.

The activity of superoxide dismutase (SOD) exhibited an increasing trend, with values exceeding those 
recorded at harvest in all treatments, except for the control group maintained in distilled water. In contrast to the 
control, all other treatments demonstrated an initial elevation in SOD activity, followed by a subsequent decrease 
throughout the vase life period. Notably, flowers preserved in 20 mg L−1 Se nanoparticles exhibited the highest 
SOD activity values throughout the entire vase life compared to all other treatments (Fig. 7). Catalase (CAT) 
activity increased across all treatments, with values surpassing those recorded at harvest and in comparison to 
the controls. This upward trend in CAT activity was particularly pronounced in rose flowers immersed in 20 mg 
L−1 Se nanoparticles, reaching the highest CAT activity value (3.57) in petals at the conclusion of the vase life 
compared to the control and other treatments, as depicted in Fig. 8.

The activity of POX exhibited significant variations among treatments. Specifically, the POX activity in 
treatments with 50 mg L−1 SiO2 nanoparticles and 10 and 20 mg L−1 Se nanoparticles was notably higher than 
that in the control and 25 mg L−1 SiO2 nanoparticles treatments. Moreover, the POX activity in the 20 mg L−1 Se 
nanoparticles treatment was substantially higher than that in the control treatment, exceeding the POX activity 
in the 50 mg L−1 SiO2 nanoparticles treatment by 26% on day 15 (Fig. 9).

Fig. 4.  Effect of vaious levels of Nano- SiO2-NPs and Se-NPs on petal MSI (%) of R. hybrida ‘Black Magic’.
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The activity of PPO displayed an upward trend on the 8th day across all treatments, followed by a subsequent 
decrease on day 15. Notably, rose flowers preserved in vase solutions containing 50 mg L−1 SiO2 nanoparticles 
and 20 mg L−1 Se nanoparticles exhibited increased PPO activity, surpassing that in the 50 mg L−1 SiO2 
nanoparticles treatment by 21% on day 15 (Fig. 10). As depicted in Fig. 11, the activity of ascorbate peroxidase 
(APX) exhibited an increasing trend specifically in Se-NPs treatments until the conclusion of the vase life. In 
SiO2-NPs treatments, an increase was observed on day 4, followed by a decrease until the end of the vase life, 
although the values remained higher than those recorded at the beginning of the experiments.

As illustrated in Fig.  12a, H₂O₂ levels demonstrated an upward trend throughout the vase life, with fold 
increases of 2.1, 1.9, 1.3, 1.6, and 1.8 observed in control, SiO₂-NPs (25 and 50 mg L−1), and Se-NPs (10 and 
20 mg L−1) treatments, respectively. Notably, flowers preserved in 50 mg L−1 SiO₂-NPs exhibited the least 
significant increase in H₂O₂ compared to control and other treatments. A comparable increasing pattern was 
observed in the malondialdehyde (MDA) levels of rose petals during vase life (Fig. 12b), with the distinction that 
the lowest MDA levels were associated with flowers maintained in vase solution containing 20 mg L−1 Se-NPs, 
which increased by 1.6-fold compared to the control (2.7-fold). Figure 13a demonstrates that various treatments 
significantly enhanced phenol content compared to the control, with the most substantial increase observed in 
the 20 mg L−1 Se-NPs treatment. The total phenol content in rose petals at day 15 was 13.35 mg GAE g−1 FW, 
while it was 6.03 mg GAE g−1 FW in control flowers. Flowers preserved in 50 mg L−1 SiO₂-NPs also exhibited 
an increase in petal total phenolic content (TPC) by 1.4-fold compared to controls at the conclusion of the vase 
life. Figure 13b illustrates a similar increasing trend in the total flavonoid content (TFC) of rose petals. The 
most significant increase in TFC was recorded in flowers preserved in solutions containing 20 mg L−1 Se-NPs, 
followed by 25 mg L−1 SiO₂-NPs, with 2.1-fold and 1.9-fold increases, respectively, compared to controls.

Figure 14 shows that petal total carbohydrate decreased during vase life, with control flowers having the 
lowest (2.3 mg g−1FW) and preservative solution containing 20 mg L−1 Se-NPs having the highest (6.2 mg 

Fig. 5.  Effect of various levels of SiO2-NPs and Se-NPs on (a) RFW and (b) RWC of R. hybrida ‘Black Magic’.
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g−1FW) total carbohydrate in petals at the last day of longevity. Regarding Fig. 15, anthocyanin levels in petals 
increased during vase life. Vase solution containing 20 mg L−1 Se-NPs had the highest anthocyanin value (8.12 
mg g−1FW), while controls had the lowest value (0.64 mg g−1FW) compared to the values at harvest day.

Pearson correlation
The Pearson correlation analysis, as depicted in Fig. 16, revealed a complex network of relationships among 
the measured physiological and biochemical parameters in the study. A strong positive correlation is observed 
between SPAD values, Total Phenolic Content (TPC), and carbohydrate levels. Conversely, Malondialdehyde 
(MDA) and Hydrogen Peroxide (H₂O₂) contents exhibit negative correlations with carbohydrate levels, 
antioxidant enzyme activities (Superoxide Dismutase [SOD], Polyphenol Oxidase [PPO], Catalase [CAT], 
and Ascorbate Peroxidase [APX]), and chlorophyll fluorescence parameters (Fv, Fm, and Fv/Fm ). This inverse 
relationship indicated that increased oxidative stress markers (MDA and H₂O₂) are associated with decreased 
carbohydrate content, reduced antioxidant enzyme activity, and impaired photosynthetic efficiency. Furthermore, 
the analysis revealed positive correlations between antioxidant enzyme activities and the Membrane Stability 
Index (MSI). This association suggested that enhanced antioxidant enzyme activity contributes to maintaining 
membrane integrity under stress conditions. The Relative Water Content (RWC) shows positive correlations 
with MSI and several other parameters, indicating its importance in overall plant physiological status. These 
intricate correlations showed the complex interplay between various physiological and biochemical processes in 
response to the experimental treatments, providing valuable insights into the mechanisms of stress tolerance and 
senescence regulation in the studied plant system.

Fig. 6.  Effect of various levels of SiO2-NPs and Se-NPs on (a) Fm and (b) Fv/Fm of R.hybrida ‘Black Magic’.
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Fig. 9.  Effect of various levels of SiO2-NPs and Se-NPs on POX activity of R. hybrida  ‘BlackMagic’ during vase 
life.

 

Fig. 8.  Effect of various levels of SiO2-NPs and Se-NPs on CAT activity of R. hybrida ‘Black Magic’ during vase 
life.

 

Fig. 7.  Effect of various levels of SiO2-NPs and Se-NPs on SOD activity of R. hybrida ‘Black Magic’ during vase 
life.
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Discussion
Vase life, microbial contamination, and physiological traits
The present investigation elucidates the efficacy of selenium nanoparticles (Se-NPs) and silicon dioxide 
nanoparticles (SiO2-NPs) in augmenting the postharvest longevity and quality attributes of Rosa hybrida 
cv. Black Magic. The results demonstrate a significant extension of vase life in cut roses treated with these 
nanoparticles, particularly at higher concentrations, corroborating previous findings on the beneficial effects of 
Se on cut snapdragon flowers26. The observed prolongation of vase life can be attributed to several interconnected 
physiological mechanisms. Primarily, the maintenance of favorable water relations appears to be a crucial factor. 
The gradual decline in water balance observed in treated flowers, as opposed to the rapid decline in control 
specimens, suggests an enhanced ability to regulate water uptake and transpiration. This is further substantiated 
by the significantly higher water uptake and maintenance in flowers treated with 20 mg L−1 Se-NPs and 50 
mg L−1 SiO2-NPs, resulting in elevated petal relative water content. These findings align with previous studies 
demonstrating Se’s role in improving water content through enhanced osmolyte production, such as proline, 
glycine betaine, and trehalose27,28. It is hypothesized that the improved water relations may be partially attributed 
to the potential antimicrobial properties of the nanoparticles, particularly SiO2-NPs, as previously observed 
in lisianthus vase solutions29. Although microbial accumulation was not directly assessed in this study, the 
reduction of microbial growth in the vase solution could contribute to maintaining vascular functionality and, 
consequently, water uptake. This hypothesis warrants further investigation through comprehensive microbial 
assays. Interestingly, the evaluation of membrane stability through electrolyte leakage did not reveal significant 
differences between treatments at the experiment’s conclusion. This outcome contrasts with some literature 
reporting reduced electrolyte leakage in Se-treated plants at lower concentrations. The discrepancy may be 
attributed to the variable responses of plants to nanoparticles, which are influenced by factors such as plant 
species, vegetative stage, and nanoparticle characteristics30. This shows the complexity of plant-nanoparticle 
interactions and highlights the importance of optimizing concentrations for specific applications. The most 
pronounced effect on photosynthetic efficiency was observed in leaves treated with 20 mg L−1 Se-NPs. This 
enhancement in chlorophyll fluorescence and photosynthetic potential aligns with previous findings on Se-NPs’ 

Fig. 11.  Effect of various levels of SiO2-NPs and Se-NPs on APX activity of R. hybrida ‘Black Magic’ during 
vase life.

 

Fig. 10.  Effect of various levels of SiO2-NPs and Se-NPs on PPO activity of R. hybrida ‘Black Magic’ during 
vase life.
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Fig. 13.  Effect of various levels of SiO2-NPs and Se-NPs on (a) TPC and (b) TFC of R. hybrida ‘Black Magic’ 
during vase life.

 

Fig. 12.  Effect of various levels of SiO2-NPs and Se-NPs on (a) H2O2 and (b) MDA of R. hybrida ‘Black Magic’ 
during vase life.
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Fig. 16.  Pearson correlation analysis of SiO2-NPs and Se-NPs treatment and variable trait relationship. 
Heatmap of Pearson correlation coefficient (r) values of variable traits, wherethe colored scale indicates the 
positive (green) or negative (orange) correlation and the ‘r’ coefficient values (r = -1.0 to 1.0).

 

Fig. 15.  Effect of various levels of SiO2-NPs and Se-NPs on petal anthocyanin of R. hybrida ‘Black Magic’ 
during vase life.

 

Fig. 14.  Effect of various levels of SiO2-NPs and Se-NPs on petal carbohydrate of R. hybrida ‘Black Magic’ 
during vase life.
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role in protecting chlorophyll from degradation through chloroplast enzyme protection and starch accumulation 
in chloroplasts31,32. The optimal concentrations of SiO2 and Se nanoparticles appear to be crucial in enhancing 
leaf pigments by fortifying antioxidant capacity and delaying leaf tissue senescence. The synergistic effects of Se 
and Si nanoparticles on photosynthetic efficiency can be explained by their respective roles in plant physiology. 
Selenium’s participation in chlorophyll biosynthesis33,34 and its protective effect on chloroplast enzymes35, 
combined with silicon’s necessity for Rubisco enzyme production36, collectively contribute to the improvement of 
photosynthesis in treated plants. It is postulated that these nanoparticles may modulate key enzymatic pathways 
involved in chlorophyll synthesis and carbon fixation, thereby enhancing overall photosynthetic efficiency. These 
findings suggest that the application of Se-NPs and SiO2-NPs in postharvest treatments for cut flowers may 
offer a promising approach to extending vase life and maintaining flower quality. The mechanisms underlying 
these effects appear to involve a complex interplay of improved water relations, potential antimicrobial activity, 
and enhanced photosynthetic efficiency. Further research is warranted to elucidate the molecular mechanisms 
underlying the observed physiological changes. Additionally, investigations into the potential synergistic effects 
of combining Se-NPs and SiO2-NPs at optimal concentrations could provide valuable insights for developing 
more effective postharvest treatments for cut flowers. Moreover, transcriptomic and proteomic analyses could 
shed light on the specific genes and proteins modulated by these nanoparticles, potentially revealing novel 
targets for enhancing cut flower longevity.

Antioxidative enzymes, biochemical solutes and anthocyanin
The present study elucidates the crucial role of antioxidative enzymes, particularly superoxide dismutase (SOD), 
peroxidase (POX), and ascorbate peroxidase (APX), in preserving post-harvest plant tissues and mitigating 
senescence, thereby significantly influencing the postharvest quality and vase life of cut flowers37. The observed 
augmentation in SOD, catalase (CAT), POX, polyphenol oxidase (PPO), and APX activities (Figs.  6–10) in 
response to varying concentrations of SiO2-NPs and Se-NPs treatments, compared to controls at harvest day, 
suggests an enhanced capacity for scavenging induced oxidative stress in Rosa hybrida cv. Black Magic. Notably, 
the antioxidative enzyme activities were most pronounced at 20 mg L−1 Se-NPs and 50 mg L−1 SiO2-NPs, with 
APX exhibiting higher activity at both Se-NPs concentrations (Fig. 10). This differential response of APX to 
Se-NPs concentrations warrants further investigation and may indicate a specific selenium-mediated regulation 
of APX gene expression or enzyme activation. The positive correlation between selenium concentration and 
increased APX activity suggests a potential mechanism by which APX contributes to delaying senescence and 
extending the display life of ‘Black Magic’ roses. It is hypothesized that the observed enhancement of postharvest 
quality in cut roses is attributable to the synergistic effect of elevated antioxidative enzyme activities and 
concurrent decreases in hydrogen peroxide (H2O2) and malondialdehyde (MDA) levels (Fig. 11a and b). This 
dual action of enhancing antioxidant defenses while reducing oxidative stress markers provides a physiological 
basis for the extended vase life and improved flower quality. The differential stimulatory effects of Se-NPs and 
SiO2-NPs on antioxidative enzymes, particularly the more pronounced effect of Se-NPs on POX activity, suggest 
distinct mechanisms of action for these nanoparticles. While both demonstrate the ability to scavenge oxygen free 
radicals, the effective concentration range appears to differ, with SiO2-NPs requiring higher concentrations than 
Se-NPs for optimal effects. This disparity may be attributed to silicon’s role in enhancing plant defense systems 
through the formation of complexes with toxic substances in plant tissues14. The efficacy of Si-NPs in extending 
cut rose longevity through maintenance of membrane integrity, enhancement of antioxidant enzyme activity, and 
limitation of lipid peroxidation38 corroborates our findings. Similarly, the synergistic effects of Si/Se application 
reported by Golubkina et al.18 in Artemisia annua align with our observations, suggesting a potentially universal 
mechanism across diverse plant species. Furthermore, the observed enhancement of plant antioxidant status 
due to nano-Si application emerges as a potential mechanism for plant protection against abiotic stresses such 
as drought25 and salinity11. This finding has broader implications for understanding plant stress responses and 
developing strategies to mitigate environmental challenges in horticultural practices.nBased on these results, we 
propose a model wherein Se-NPs and SiO2-NPs act as signaling molecules, triggering a cascade of physiological 
responses that culminate in enhanced antioxidant enzyme activities. This model posits that the nanoparticles 
may interact with cellular receptors or directly modulate gene expression, leading to upregulation of antioxidant 
enzyme synthesis or activation of existing enzyme pools. The differential responses to varying concentrations 
of nanoparticles suggest a hormetic effect, where low to moderate concentrations elicit beneficial responses, 
while higher concentrations may be less effective or potentially detrimental. This hypothesis warrants further 
investigation through dose-response studies and molecular analyses of gene expression patterns.

The present study elucidates the dynamic changes in total phenolic content (TPC) and total flavonoid content 
(TFC) during the vase life of R. hybrida cv. Black Magic under various nanoparticle treatments. The observed 
increase in TPC and TFC across all treatments, with notably higher accumulations in flowers treated with 20 and 
50 mg L−1 Se-NPs and SiO2-NPs (Fig. 12a and b), corroborates previous findings by Mwangi and Bhattacharjee39 
in cut rose cv. Golden Gate. This phenomenon suggests a potential adaptive response to postharvest stress, 
wherein phenolic compounds and flavonoids may serve as crucial antioxidants in mitigating oxidative damage 
during senescence. The differential efficacy of nanoparticle concentrations observed in this study aligns with the 
concept of hormesis in plant physiology. Low concentrations of selenium have been demonstrated to enhance 
oxidative stress tolerance by augmenting antioxidant capacity16. This hormetic effect is hypothesized to involve 
complex signaling cascades that upregulate antioxidant enzyme synthesis and activate stress response genes. 
Similarly, the optimal concentration of 40 mg L−1 nano-silicon identified for Eustoma grandiflorum29 suggests a 
species-specific threshold for nanoparticle-induced benefits. The role of sucrose in delaying wilting and regulating 
water balance40 provides a physiological basis for understanding the interplay between carbohydrate metabolism 
and flower senescence. It is postulated that the inclusion of nanoparticles in vase solutions may modulate 
sugar translocation and utilization, potentially enhancing the efficacy of exogenous sucrose applications. The 
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necessity of antibacterial agents in vase solutions41 further underscores the complex interactions between 
microbial ecology, vascular function, and flower longevity. The preservation of higher carbohydrate levels in 
rose petals treated with 20 mg L−1 Se-NPs (Fig. 13) suggests a selenium-mediated enhancement of carbohydrate 
metabolism or retention. This observation aligns with previous reports on the positive effects of sodium 
selenite on antioxidant enzyme activity and carbohydrate content in Lilium cut flowers21. We hypothesize that 
selenium may influence key enzymes involved in carbohydrate synthesis or degradation, potentially through 
post-translational modifications or gene expression regulation. The accumulation of anthocyanins, pivotal 
flavonoid pigments contributing to flower coloration, exhibited a treatment-dependent response (Fig.  14). 
The elevated anthocyanin levels observed in flowers treated with 50 and 20 mg L−1 SiO2-NPs and Se-NPs, 
respectively, corroborate previous findings on selenium-enhanced flavonoid and anthocyanin accumulation42. 
This phenomenon may be attributed to the activation of the phenylpropanoid pathway, possibly through the 
modulation of key transcription factors or enzymes involved in anthocyanin biosynthesis. The multifaceted 
effects of SiO2-NPs and Se-NPs on the biochemical and physiological attributes influencing postharvest quality 
and vase life of cut roses suggest a complex network of interactions at the cellular and molecular levels. We 
propose a model wherein these nanoparticles act as elicitors, triggering stress response pathways that lead to 
enhanced antioxidant production, improved water relations, and delayed senescence. This model posits that the 
nanoparticles may interact with membrane-bound receptors or cellular signaling molecules, initiating cascades 
that ultimately result in transcriptional and metabolic changes conducive to extended flower longevity.

Conclusion
The application of Se-NPs at a concentration of 20 mg L−1 significantly enhanced the water balance of the cut 
rose variety ‘Black Magic.’ This enhancement was evidenced by improvements in water absorption, membrane 
stability index, mitigation of chlorophyll degradation, and up-regulation of both enzymatic and non-enzymatic 
antioxidants. Se-NPs at 20 mg L−1 led to a substantial extension of vase life, reaching up to 16.6 days, establishing 
it as a cost-effective and environmentally-safe agent for extending the floral longevity of cut roses. However, it is 
suggested that SiO2-NPs, particularly at concentrations higher than 50 mg L−1, may exhibit comparable effects 
to those observed with 20 mg L−1 Se-NPs, indicating a potential dose-dependent relationship. This observation 
implies that higher concentrations of SiO2-NPs might elicit similar benefits to the optimal concentration of Se-
NPs. Moreover, our study provided evidence supporting the potential of Se-NPs to impede the senescence of 
cut rose flowers ‘Black Magic.’ This protective effect was manifested through the reduction of petal water loss, 
stimulation of antioxidant enzyme activities, and prevention of leaf chlorophyll degradation. In a broader context, 
SiO2 and Se nanoparticles have the potential to play a crucial role in enhancing the postharvest characteristics 
of various cut flowers. Their advantageous features, such as ease of application, non-toxicity, large surface area, 
durability, reduction of bacterial proliferation, prevention of ethylene biosynthesis, limitation of protein and 
chlorophyll degradation, and improvement of antioxidant enzyme activity, collectively contribute to mitigating 
the effects of oxidative stress during flower senescence. These findings underscore the significant role of SiO2 
and Se nanoparticles in the floricultural industry, providing accessible, sustainable, and effective strategies for 
extending vase life and enhancing the overall quality of cut flowers.

Materials and methods
Plant material and treatments
The flowers of R. hybrida ‘Black Magic’ were sourced from a greenhouse in Tehran, Iran, adhering to established 
rose maturity indices47. Subsequently, the cut roses were re-trimmed to a standardized height of 40 cm and 
immersed in various preservative solutions containing SiO2-NPs (T2 = 25 and T3 = 50 mg L−1) and Se-Nps 
(T4 = 10 and T5 = 20 mg L−1), along with 3% sucrose, as a continuous treatment, with each treatment having 
three replications12. The SiO2 and Se-NPs were procured from the NANOSANY Corporation in Mashhad, Iran. 
For the control group, flowers were placed in distilled water (T1 = Distilled water). Throughout the experiment, 
the cut roses were stored in a cold room with a temperature of 10 ± 2°C, relative humidity of 60%, and a 12-h 
light period at an intensity of 15 µM m−2 s−1. To assess the impact of the preservative solutions, flowers were 
subjected to evaluations of their physiological and biochemical traits at specific sampling intervals of 0, 4, 8, 
and 15 days after harvest. This systematic approach allowed for a comprehensive analysis of how SiO2-NPs and 
Se-NPs, in conjunction with sucrose, influenced the key characteristics of R. hybrida ‘Black Magic’ flowers over 
the designated period.

Vase life and contamination
Vase life was determined by measuring the duration from the moment roses were introduced into different 
preservative solutions until signs of decay, such as shriveling, bluing, petal enrolling, and abscission, became 
evident48. To assess microbial contamination, one milliliter of vase solutions was sampled and diluted to a 
concentration of 104. Subsequently, these samples were cultured on a nutrient agar medium on the 7th day of the 
vase life, with each treatment replicated three times. The cultures were then incubated at 37ºC for 48 h to facilitate 
the detection and quantification of microbial contaminants. This methodology allowed for a comprehensive 
evaluation of both the longevity of the roses and the extent of microbial contamination within the preservative 
solutions.

Physiological and biochemical traits assay
The uptake of the preservative solution was measured at two-day intervals after the transfer of roses from the 
bucket to vases, employing the formula (1) as outlined by He et al.3.
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Membrane stability index (MSI) was assessed to examine the petal membrane’s stability. Initially, 0.1 g of petals 
was weighed and uniformly cut. Subsequently, the cut petals were placed in separate test tubes, each containing 
10 ml of distilled water. Two sets of samples were then subjected to measurements of electrical conductivity, with 
the first set measured after incubation at 40 °C for 30 min (C1) and the second set after incubation at 100 °C for 
15 min (C2). The electrical conductivity measurements were conducted using EC meters (Jenway model, UK) 
following the methodology outlined by Almeselmani et al.49. The membrane stability index was calculated using 
the formula (2).

	
MSI (%) = [1− (

c1

c2
)]× 100� (2)

Relative Fresh Weight (RFW) and Relative Water Content (RWC) were assessed using the formula RWC = 
(FW − DW) / (TW − DW), where FW represents fresh weight, DW is dry weight, and TW is turgid weight. Leaf 
discs, obtained from 3 to 4 leaves, were promptly placed in Petri dishes to minimize evaporation. These samples 
were stored in the dark and weighed to determine the fresh weight (FW). Leaf pieces were then submerged in 
deionized water for 24 h, ensuring inhibition of physiological activity through dark incubation in the fridge. 
Subsequently, the turgid weight (TW) was determined, and the leaf pieces were blotted to dryness, reweighed, 
and subjected to drying at 70 °C for 3 days for dry weight (DW) determination, following the protocol outlined 
by He et al.3. The relative weight of the flowering stems was measured using a digital scale with an accuracy of 
0.01 g at the initiation of the experiment, before immersion in the solutions, and periodically throughout the 
experiment. The relative weight of the flowering branch was calculated as a percentage using Eq. (3).

	
RFW = (

Wt

Wt = 0
)× 100� (3)

Chlorophyll fluorescence in the rose flower leaf of R. hybrida cv. Black Magic was assessed using a portable 
photosynthesis meter (Walz GmbH Licensing, Germany) throughout the vase life. Minimal fluorescence (F0) 
was measured in leaves after a 30-min dark incubation, while maximal fluorescence (Fm) was determined 
in the same leaf samples under full light conditions. Maximal variable fluorescence (Fv) and the maximal 
photochemical efficiency of PSII (Fv/Fm) were then calculated based on the reported parameters50.

For rose petal antioxidative enzymes, one gram of rose petals was homogenized in 5 mL of 50 mM K–
phosphate buffer (pH 7.0), supplemented with 5 mM Na–ascorbate and 0.2 mM EDTA from concentrated 
stocks. The homogenate samples underwent centrifugation at 10,000 rpm for 15 min at 4 °C, and the resulting 
supernatant was used for enzyme activity measurements at 4 °C. The activity of superoxide dismutase (SOD) and 
catalase (CAT) was determined following the protocol by Li et al.51.

Additionally, petals (0.5 g) were collected and ground in liquid nitrogen, and the extraction process involved 
100 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 1% (w/v) PVP, and 0.1% (v/v) Triton 
x100. This extract was centrifuged at 10,000  rpm for 15  min at 4  °C, and the resulting supernatants were 
utilized for evaluating enzyme activities. Ascorbate peroxidase activity was assessed according to the protocol 
by Yoshimura et al.52. Peroxidase (POX) enzyme was extracted using the method by MacAdam et al.53, and 
its activity was measured by recording absorbance at 475  nm with a spectrophotometer (Shimadzu, Japan). 
Polyphenol oxidase (PPO) activity was determined following the protocol by Nicoli et al.54.

Hydrogen peroxide (H2O2) content in rose petals was determined as per the procedure by Liu et al.55. 
Specifically, 0.5 g of rose petals was ground in liquid nitrogen, and the extracts were centrifuged at 7000 rpm 
for 25 min at 4 °C. A 100 µL aliquot of the supernatants was combined with 1 mL of xylenol solution, and after 
30 min, absorbance was measured at 560 nm using a spectrophotometer (Shimadzu, Japan).

Malondialdehyde (MDA) was measured as a 2-thiobarbituric acid (TBA) reactive metabolite, following the 
procedure described by Zhang et al.56. About 1.5 mL of the extraction was homogenized into 2.5 mL of 5% TBA 
made in 5% trichloroacetic acid. The reaction solution was heated at 95 °C for 15 min, cooled rapidly, and the 
absorbance of the supernatants was read at 532 nm.

Total phenolic compounds (TPC) were quantified using the Folin-Ciocalteu method with gallic acid as 
the standard57. Total flavonoid compounds (TFC) were determined using a colorimetric assay following the 
protocol by Shin et al.58.

Carbohydrate extraction involved anthrone reagent. Fresh rose petals (0.5 g) were ground with 5 mL ethanol, 
and the extract was centrifuged for 15 min at 4500 rpm. The supernatant was subjected to anthrone reagent (3 
mL), and the absorbance was recorded at 625 nm using a spectrophotometer (Shimadzu, Japan) according to 
the Fales59 method.

For measuring anthocyanins, 0.1 g of fresh rose petals was ground in 10 mL acidified methanol (1:99 v/v). 
The solution was centrifuged, and the supernatants were kept overnight in darkness. Absorption was read 
spectrophotometrically at 550 nm using a spectrophotometer (Shimadzu, Japan). Anthocyanin concentration 
was calculated using the extinction coefficient (ε = 33000 cm2 mol−1) and the formula A = εbc60.

Statistics
The experiment was designed as a factorial experiment following a completely randomized design with three 
replications. Statistical analysis of the data was conducted using SAS ver 9.1 software, and mean separations were 
executed through Duncan’s test, considering a significance level of 0.05. Pearson correlation coefficient analysis 
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was carried out using R v3.4.3 (www.r-project.org). Additionally, Pearson correlation and cluster dendrogram 
heat maps were generated using R foundation for statistical computing (version 4.1.2), Iran (2021).

Data availability
Availability of data and materials Correspondence and requests for the datasets generated and/or analyzed dur-
ing the current study and materials should be addressed to Hanifeh Seyed Hajizadeh.
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