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ABSTRACT: Phalaenopsis orchids are economically important ornamental crops; however, their commercial micro-
propagation is often limited by poor rooting efficiency and inconsistent growth. In this study, we investigated the effects
of silver nanoparticles (Ag-NPs) on the in vitro regeneration and growth of Phalaenopsis cultivar 611B to determine the
optimal concentration of Ag-NPs for improved micropropagation outcomes. Shoot tip explants (2–3 mm)—derived
from protocorm-like bodies were cultured on a regeneration medium containing Hyponex (20:20:20 and 6.5:6.5:19),
18 g/L sugar, 2 g/L peptone, 0.8 g/L activated charcoal, 12.5 g/L potato extract, 50 mL/L apple juice, and 10 mg/L
6-benzylaminopurine (6-BA), with varying concentrations of Ag-NPs (0, 0.5, 1.0, 2.0, and 2.5 mg/L). After 10–12
weeks, shoot and root formation, plant height, fresh weight, leaf number, and chlorophyll contents were evaluated.
At 1.0 mg/L Ag-NPs, shoot regeneration (5.4 vs. 2.9 shoots per explant), root induction (2.1 vs. 1.4 roots per explant),
and shoot formation frequency (100% vs. 55%) were significantly higher than the control (0 mg/L). Fresh weight
(592.4 mg) and leaf number (9.7) also showed notable increases at this concentration. Although chlorophyll a and
b levels peaked at 2.0 mg/L, the difference from 1.0 mg/L was not statistically significant. These results suggest that
1.0 mg/L Ag-NPs is the optimal concentration for enhancing shoot and root development and improving overall plantlet
quality in Phalaenopsis. The findings highlight the potential of nanomaterials to improve the efficiency of orchid tissue
culture systems.
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1 Introduction
Phalaenopsis orchids are among the most extensively cultivated species in the global orchid market,

valued for their ornamental appeal and economic significance as both cut flowers and potted plants.
Despite this, their vegetative propagation remains challenging due to genetic variability in seedlings and
the extended time required to produce market-ready plants. Consequently, plant tissue culture has become
a vital alternative for propagating Phalaenopsis [1]. Several studies have reported the successful in vitro
regeneration of Phalaenopsis orchids using tissue culture techniques [2–6]. However, the efficiency of
these methods depends on numerous factors, including the genotype, physiological condition of the donor
plant, explant type, surface sterilization procedures, culture medium composition, and use of plant growth
regulators. These factors highlight the importance of developing cultivar-specific protocols to improve
regeneration outcomes.
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Among available cultivars, Phalaenopsis 611B has shown promise in preliminary evaluations due to
its vigorous growth, morphological stability, and potential for desirable floral traits-qualities that make
it a strong candidate for future commercial introduction. However, like many elite genotypes, cultivar
611B suffers from low multiplication rates and poor root development when propagated conventionally.
To support large-scale production, an efficient in vitro regeneration protocol tailored to this cultivar is
required. Although we initially attempted regeneration of Phalaenopsis 611B using published protocols [2–6]
shoot regeneration and overall in vitro efficiency remained suboptimal. In our preliminary trials, a medium
containing 1 g/L Hyponex (20:20:20), 2 g/L Hyponex (6.5:6.5:19), 18 g/L sucrose, 2 g/L peptone, 0.8 g/L
activated charcoal, 12.5 g/L potato extract, 7 g/L agar, 50 mL/L apple juice, and 1.0 mg/L 6-benzylaminopurine
(6-BA) produced an average of only 2.9 shoots and 1.0 root per explant. Moreover, the frequencies of
shoot and root formation remained low. Therefore, in vitro shoot regeneration and rooting remain critical
bottlenecks in the micropropagation of Phalaenopsis cultivar 611B.

Recent advances in nanotechnology have demonstrated considerable potential to enhance in vitro
plant regeneration across various species, including orchids [7–10]. In particular, silver nanoparticles (Ag-
NPs) have been reported to enhance shoot proliferation, rooting, and acclimatization during the in vitro
regeneration of Phalaenopsis orchids [8,9]. However, the specific effects of Ag-NPs on shoot and root
development in Phalaenopsis cultivar 611B remain unexplored.

Therefore, we evaluated the impact of various Ag-NP concentrations on shoot and root formation
frequency, the number of shoots and roots per explant, and overall plant growth in Phalaenopsis cultivar 611B
to develop an optimized micropropagation protocol for this elite cultivar.

2 Materials and Methods

2.1 Plant Materials and Culture Conditions
In this study, in vitro-grown shoots of Phalaenopsis cultivar 611B (purchased from Orchitech Co.,

Taipei City, Taiwan), derived from protocorm-like bodies, served as the experimental material. These shoots
were sub-cultured bi-monthly and maintained on hormone-free Orchimax medium (Duchefa Biochemie,
Haarlem, The Netherlands) supplemented with 7 g/L agar. The medium was adjusted to pH 5.7 before
sterilization by autoclaving at 121○C for 15 min. Cultures were incubated in a controlled growth room at 24
± 2○C under a 16-h photoperiod and a light intensity of 2000 lux (27 μmol⋅m−2

⋅s−1).

2.2 Effects of Silver Nanoparticles on In Vitro Shoot and Root Regeneration
To investigate the effects of Ag-NPs on in vitro shoot and root formation, shoots approximately 1 cm in

length were selected. Shoot tips (2–3 mm) were excised and cultured on a regeneration medium containing
1 g/L Hyponex 2 (20:20:20), 2 g/L Hyponex 1 (6.5:6.5:19), 18 g/L sugar, 2 g/L peptone, 0.8 g/L activated
charcoal, 12.5 g/L potato extract, 50 mL/L apple juice, 10 mg/L 6-benzylaminopurine (6-BA), 7 g/L agar, and
varying concentrations of Ag-NPs (0, 0.5, 1, 2, and 2.5 mg/L). The Ag-NPs used had an average diameter
of 10 nm. The medium was adjusted to pH 5.7 and sterilized by autoclaving at 121○C for 15 min. The
excised shoot tips were cultured in test tubes containing the treatment media and maintained under the
same environmental conditions described above. Each treatment contained 20 explants and was replicated
three times.

After a 10-week culture period, data were collected on shoot and root formation frequency, fresh weight
(FW), the average number of shoots and leaves per explant, and chlorophyll a and b contents. The FW was
recorded after removing residual medium. The mean number of roots per explant was determined after 12
weeks of culture.
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2.3 Chlorophyll Content Analysis
Chlorophyll content was determined following the method described in a previous study [9]. Chloro-

phyll a and b were extracted from 0.2 g of fresh leaf tissue and measured spectrophotometrically at 663 nm
and 645 nm, respectively. Chlorophyll a content was calculated as [12.7 × A663 − 2.69 × A645] × V/1000 ×W
and chlorophyll b content as [22.9 × A645 − 4.86 × A663] × V/1000 ×W. Here, V is the volume of the extract
in milliliters, and W is the fresh leaf weight in grams. Chlorophyll measurements were performed on three
biological replicates for each treatment.

2.4 Statistical Analysis
Data were analyzed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA) and presented as means of

three replicates. Mean comparisons were conducted using the least significant difference test (LSDT) at a
significance level of p < 0.05.

3 Results

3.1 Influence of Silver Nanoparticles on Shoot Regeneration and Root Induction
The application of Ag-NPs at varying concentrations significantly influenced shoot and root formation

percentages, the number of shoots and roots per explant, and overall in vitro growth of Phalaenopsis orchid
611B. Shoot formation increased markedly with Ag-NP treatment, rising from approximately 55% in the
control to 90% at 0.5 mg/L, and reaching 100% at 1.0 mg/L. Although the rate remained high at 2.0 mg/L
(100%), it declined to below 80% at 2.5 mg/L (Fig. 1A). Root formation showed a similar pattern (Fig. 1B),
starting at 10% in the control, increasing to 30% at 0.5 mg/L, peaking at 70% at 1.0 mg/L, then decreasing to
50% at 2.0 mg/L and returning to 10% at 2.5 mg/L.

Figure 1: Effects of different concentrations of silver nanoparticles (Ag-NPs) on the percentages of shoots (A) and roots
(B) formation in in vitro-regenerated Phalaenopsis orchids (cultivar 611B). Shoot formation percentages were recorded
after 10 weeks of culture, while root formation percentages were recorded after 12 weeks. Means followed by the same
letters are not significantly different according to the LSDT (p < 0.05). Error bars represent standard errors

The number of shoots per explant also increased significantly with Ag-NP concentrations up to 1.0 mg/L.
Explants in the control group (0 mg/L) produced an average of 2.9 shoots, compared to 4.9 at 0.5 mg/L
and a peak of 5.4 at 1.0 mg/L. However, shoot numbers declined at higher concentrations, dropping to 4.1
and 3.0 at 2.0 and 2.5 mg/L, respectively (Fig. 2A). Statistical analysis revealed that shoot regeneration was



2722 Phyton-Int J Exp Bot. 2025;94(9)

significantly enhanced at 0.5 and 1.0 mg/L, moderately effective at 2.0 mg/L, and not significantly different
from the control at 2.5 mg/L. These trends were visually confirmed (Fig. 3A), with explants cultured at 0.5
and 1.0 mg/L displaying vigorous and compact shoot clusters. In contrast, plantlets exposed to 2.5 mg/L
closely resembled the control in both shoot size and number.

Figure 2: Effects of different concentrations of silver nanoparticles (Ag-NPs) on the mean number of shoots (A) and
roots (B) in in vitro-regenerated Phalaenopsis orchids (cultivar 611B). The mean number of shoots was recorded after 10
weeks of culture, and the mean number of roots after 12 weeks. Means sharing according to the LSDT (p < 0.05). Error
bars represent standard errors

Figure 3: Illustration of shoot formation (A) and root formation (B) in in vitro-regenerated Phalaenopsis orchids
(cultivar 611B). Images of shoot formation were captured after 10 weeks of culture, and images of root formation after
12 weeks

Root induction followed a similar concentration-dependent pattern (Fig. 2B). The control group
produced an average of 1.4 roots per explant, which increased to 1.9 and 2.1 roots at 0.5 and 1.0 mg/L Ag-
NPs, respectively. A comparable root count (2.0) was observed at 2.0 mg/L, while a sharp decline occurred at
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2.5 mg/L, with root numbers dropping to 1.4—statistically indistinguishable from the control. These results
were consistent with visual observations of root development shown in Fig. 3B, where well-developed root
systems were evident at 1.0 and 2.0 mg/L, while weaker root systems were observed at 2.5 mg/L and in
the control.

Collectively, these results demonstrate that Ag-NP concentrations between 0.5 and 1.0 mg/L signifi-
cantly enhanced shoot and root formation in Phalaenopsis orchids, with 1.0 mg/L consistently yielding the
highest frequency and number of shoots and roots. In contrast, the highest concentration tested (2.5 mg/L)
resulted in substantial reductions in both parameters, indicating potential phytotoxic effects at excessive Ag-
NP levels. These findings highlight the importance of precise concentration control when applying Ag-NPs
to optimize in vitro regeneration efficiency.

3.2 Influence of Silver Nanoparticleson In Vitro Plant Growth
Ag-NPs significantly affected several vegetative growth parameters in in vitro-regenerated Phalaenopsis

plants, including leaf number, plant height, FW, and chlorophyll content. The number of leaves per explant
was markedly affected by Ag-NP concentration (Fig. 4A). The control group produced an average of 5.5 leaves
per explant, which increased significantly to 8.5 at 0.5 mg/L and peaked at 9.7 at 1.0 mg/L. However, higher
concentrations resulted in a decline, with average leaf numbers dropping to 7.2 and 7.0 at 2.0 and 2.5 mg/L,
respectively. These results indicate that elevated Ag-NP levels inhibit leaf development. Plant height followed
a similar trend (Fig. 4B). The tallest plants were observed at 0.5 mg/L (1.66 cm), followed closely by 1.0 mg/L
(1.64 cm), both of which were significantly taller than the control (1.58 cm). A notable reduction in height
occurred at 2.0 mg/L (1.49 cm), with a slight recovery at 2.5 mg/L (1.58 cm), although this value was still
lower than that at optimal concentrations. These findings suggest that low to moderate Ag-NP concentrations
promote elongation, while higher concentrations suppress it.

Figure 4: Effects of different concentrations of Ag-NPs on the number of leaves per explant (A) and plant height (B) of
in vitro-regenerated Phalaenopsis orchids (cultivar 611B). Means sharing the same letters are not significantly different
according to the LSDT (p < 0.05). Error bars represent standard errors

Fresh biomass accumulation also responded positively to moderate Ag-NP treatments (Fig. 5). The
control group had a mean FW of 340.2 mg, which increased significantly to 573.8 mg and 592.4 mg at 0.5
and 1.0 mg/L, respectively. However, biomass declined substantially at 2.0 (390.5 mg) and 2.5 mg/L (370.6
mg), indicating that elevated Ag-NP concentrations may hinder biomass development.
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Figure 5: Effects of different concentrations of Ag-NPs on the FW of in vitro-regenerated Phalaenopsis orchid (cultivar
611B). Means sharing the same letters are not significantly different according to the LSDT (p < 0.05). Error bars
represent standard errors

3.3 Chlorophyll Content Analysis
Chlorophyll content analysis revealed that Ag-NPs significantly influenced photosynthetic pigment

accumulation (Fig. 6A,B). The highest chlorophyll a level (91.46 μg/L) was observed at 2.0 mg/L, which was
significantly greater than that of the control (73.18 μg/L) and the 2.5 mg/L treatment (75.23 μg/L). Chlorophyll
b content followed a similar pattern, peaking at 46.58 μg/L at 2.0 mg/L compared to 37.51 μg/L in the control.
Although the 0.5 and 1.0 mg/L treatments also resulted in increased chlorophyll content relative to the
control, these increases were lower than those observed at 2.0 mg/L. Notably, both chlorophyll a and b levels
declined at 2.5 mg/L.

Figure 6: Effects of different concentrations of Ag-NPs on chlorophyll content: chlorophyll a (A) and chlorophyll b (B)
in in vitro-regenerated Phalaenopsis orchid (cultivar 611B). Means sharing the same letters are not significantly different
according to the LSDT (p < 0.05). Error bars represent standard errors
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Overall, the data indicate that Ag-NP concentrations between 0.5 and 1.0 mg/L effectively promote
vegetative growth, as indicated by increased leaf number, plant height, and biomass. In contrast, the highest
chlorophyll accumulation was recorded at 2.0 mg/L, although the difference was not statistically significant
compared to the lower concentrations. The consistent decline in all measured parameters at 2.5 mg/L
indicates potential phytotoxic effects at elevated Ag-NP levels.

4 Discussion
Ag-NPs are increasingly investigated for their potential to enhance in vitro plant regeneration. In this

study, we demonstrated that Ag-NPs, when applied at specific concentrations, significantly improved shoot
and root formation, plant growth, and physiological responses in Phalaenopsis cultivar 611B. However, these
effects were clearly concentration-dependent: the most favorable outcomes were observed at 1.0 mg/L, while
a notable decline in regeneration and growth occurred at 2.5 mg/L. This biphasic response aligns with
previous findings in Phalaenopsis amabilis, where 0.5–1.0 mg/L Ag-NPs enhanced regeneration, but higher
concentrations were either ineffective or inhibitory [9]. These inhibitory effects at elevated concentrations
have been linked to oxidative stress, as higher Ag-NP levels can increase the accumulation of Reactive
Oxygen Species (ROS), such as H2O2, and lipid peroxidation products, such as malondialdehyde. Similarly,
Ref. [11] reported that excessive silver ions disrupted cellular redox homeostasis, triggering stress responses
in plant tissues. Although ROS indicators were not measured in our study, the reduced growth performance
at 2.5 mg/L suggests a comparable phytotoxic effect likely associated with oxidative stress. Notably, the
optimal Ag-NP concentration varies considerably across species. For example, Vanilla planifolia responded
positively to much higher Ag-NP concentrations (25–50 mg/L), with growth suppression only occurring
at 100–200 mg/L [12]. Such interspecific variation may be attributed to differences in nanoparticle uptake
efficiency, tissue permeability, antioxidant capacity, and metabolic activity. Orchids like Phalaenopsis may
exhibit greater sensitivity to silver ions, necessitating lower concentrations to prevent toxicity. These find-
ings underscore the importance of identifying genotype-specific concentration windows to maximize the
beneficial effects of Ag-NPs while minimizing potential phytotoxicity.

Ag-NPs also markedly enhanced rooting efficiency, with 1.0 mg/L resulting in a sevenfold increase
in root formation compared with the control. Similar root-promotion effects have been reported in other
species [10,13–16]. One proposed mechanism involves the inhibition of ethylene signaling, as silver ions
are known antagonists of ethylene receptors. Ref. [17] suggested that Ag-NPs promote rooting in Crocus
sativus by inhibiting ethylene perception. Based on this, it is plausible that a similar hormonal modulation
occurred in Phalaenopsis. However, this hypothesis remains speculative, as our study did not include
hormone assays or gene expression analyses. Future studies using molecular or biochemical approaches
are needed to validate this hypothesis. Another important consideration is the uptake and localization of
Ag-NPs. In vitro, nanoparticles may enter plant tissues through passive diffusion, endocytosis, or wounds
and cut surfaces [18,19]. Although the observed phenotypic improvements in our study suggest successful
nanoparticle uptake, internalization was not directly confirmed. Techniques such as inductively coupled
plasma mass spectrometry or transmission electron microscopy could be used in future research to verify
Ag-NP distribution and assess potential accumulation or toxicity at the cellular level [20,21].

Although numerous studies have evaluated the effects of Ag-NPs in plant tissue culture, most have
focused on generalized protocols or non-orchid species. To our knowledge, this is the first study to
systematically optimize Ag-NP concentrations for in vitro regeneration in Phalaenopsis cultivar 611B—a
genotype known for its low multiplication and rooting performance under conventional conditions. Our
results provide a clear, cultivar-specific concentration–response profile, demonstrating that 1.0 mg/L Ag-NPs
significantly enhance shoot regeneration, root development, vegetative growth, and overall plantlet quality.
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These findings provide a practical advancement in the micropropagation of this elite cultivar and contribute
to the broader understanding of nanomaterial applications in orchid tissue culture.

5 Conclusion
This study demonstrates that Ag-NPs can effectively enhance the in vitro regeneration and growth of

Phalaenopsis orchid (cultivar 611B), a genotype known for its low propagation efficiency. Ag-NPs significantly
improved shoot and root formation, leaf number, fresh biomass, and chlorophyll content in a concentration-
dependent manner. Among the concentrations tested, 1.0 mg/L consistently yielded the highest regeneration
rates and plantlet vigor, identifying it as the optimal concentration for the micropropagation of this
cultivar. In contrast, the highest concentration (2.5 mg/L) failed to improve growth or regeneration, likely
due to phytotoxic effects associated with oxidative stress. This study is the first to establish a systematic,
concentration-specific Ag-NP protocol for Phalaenopsis cultivar 611B. The findings highlight the importance
of species- and genotype-specific nanoparticle application strategies and support the broader potential of
nanotechnology to enhance the efficiency and scalability of orchid micropropagation.
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