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ENHANCING POTATO (SOLANUM TUBEROSUM L., CV CHANLIBEL)
CALLUS INDUCTION AND REGENERATION USING IRON
AND COPPER OXIDE NANOPARTICLES

The application of nanopatrticles (NPs) in plant tissue culture has emerged as a promising
strategy to enhance morphogenesis and regeneration efficiency. Despite accumulating
evidence regarding nanoparticle-mediated enhancement of plant tissue culture
responses, limited information is available on their application in potato, particularly in the
cultivar Chanlibel. The absence of systematic evaluation of Fe;0, and CuO nanoparticles
in this genotype represents a notable knowledge gap. Therefore, the present study aimed
fo investigate the effects of different concentrations of Fe;O, and CuO nanopatrticles on
callus induction, callus growth, and shoot regeneration in Solanum tuberosum L. cv.
Chanlibel under in vitro conditions. This study evaluated the effects of iron oxide (Fe;0,)
and copper oxide (CuQ) nanopatrticles on callus induction and in vitro regeneration of
potato (Solanum tuberosum L., cv. Chanlibel). Explants were cultured on Murashige and
Skoog (MS) medium supplemented with Fe;O, or CuO nanoparticles at 0.25, 5, and 10
mg L ™. Callus induction frequency increased with Fe;O, concentration up to 5 mg/L,
reaching a maximum of 82%, compared to 60% in the control. Similarly, callus fresh
weight and shoot regeneration frequency were highest at 5 mg/L, with values of 0.70 g
and 68%, respectively. Increasing the concentration to 10 mg/L slightly reduced both
callus induction (72%) and shoot regeneration (556%). Callus induction frequency
increased with Fe;0, concentration up to 5 mg/L, reaching a maximum of 82%, compared
to 60% in the control. Similarly, callus fresh weight and shoot regeneration frequency were
highest at 5 mg/L, with values of 0.70 g and 68%, respectively. Increasing the
concentration to 10 mg/L slightly reduced both callus induction (72%) and shoot
regeneration (556%). Callus induction frequency, callus fresh weight, and shoot
regeneration percentage were assessed to determine treatment efficacy. Fe;O,
nanoparticles significantly enhanced morphogenic responses, with the highest
performance observed at 10 mg L™, resulting in 82% callus induction and 68% shoot
regeneration. CuO nanopatrticles exhibited a concentration-dependent response, with
optimal effects at 5 mg L ™ (78% callus induction and 64% shoot regeneration), whereas
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10 mg L ™ caused inhibitory effects, including reduced regeneration and callus browning.
Morphological evaluation revealed compact, green calli under Fe;O, treatments, while
elevated CuO levels induced tissue browning, indicating potential phytotoxicity.

Overall, the findings demonstrate that appropriately optimized Fe;0O, and CuO nanoparticle
supplementation can improve in vitro regeneration efficiency in potato, underscoring their
potential application in advanced plant biotechnology and micropropagation systems.
Keywords: nanopatticles; iron oxide (Fe;O,); copper oxide (CuO); callus induction; in vitro
regeneration; potato; Solanum tuberosum L.

Introduction. Potato (Solanum tuberosum L.) is one of the most strategically
important food crops worldwide, ranking among the leading staple species in terms of global
production and human consumption. Beyond its substantial contribution to food security,
potato represents a valuable source of carbohydrates, high-quality proteins, vitamins, and
essential minerals. Sustainable improvement of potato cultivars through rapid clonal
propagation, genetic transformation, and breeding programs relies heavily on efficient in
vitro culture systems. In this context, successful callus induction and subsequent plant
regeneration constitute critical steps for micropropagation and biotechnological applications.
Nevertheless, regeneration efficiency in potato tissue culture is frequently limited by
genotype-dependent morphogenic responses, oxidative stress caused by reactive oxygen
species (ROS), phenolic oxidation leading to tissue browning, and microbial contamination,
all of which compromise morphogenic competence [1, 6, 8].

Recent advances in nanotechnology have introduced engineered nanoparticles
(NPs) as promising modulators of plant physiological and biochemical processes. Due to
their nanoscale dimensions, high surface area-to-volume ratio, and enhanced reactivity,
nanoparticles exhibit greater bioavailability and biological activity than their bulk
counterparts [5, 8]. Emerging evidence indicates that NPs can enhance nutrient uptake,
alter membrane permeability, regulate phytohormonal signaling pathways, activate
antioxidant defense systems, and suppress microbial growth in plant tissue culture systems
[4, 9]. These properties suggest their potential to improve in vitro morphogenesis and
regeneration efficiency.

Among micronutrient-based nanoparticles, iron oxide (FesO,) and copper oxide
(CuO) are of particular interest because iron (Fe) and copper (Cu) are essential elements
involved in key metabolic pathways. Iron is indispensable for chlorophyll biosynthesis,
mitochondrial respiration, and electron transport processes, whereas copper functions as a
catalytic cofactor for numerous oxidoreductases, including superoxide dismutase, and plays
a crucial role in redox regulation and stress responses [2, 8]. Nano-formulations of these
micronutrients may enhance their solubility, mobility, and controlled delivery within plant
tissues. For example, Fe;O, nanoparticles have been reported to significantly enhance
callus induction and shoot regeneration in rice and chickpea tissue cultures [3, 7]. In
contrast, CuO nanoparticles have demonstrated concentration-dependent effects,
stimulating callogenesis at lower concentrations while inducing oxidative damage and
phytotoxicity at higher doses due to excessive ROS accumulation [6, 10].

Despite accumulating evidence regarding nanoparticle-mediated enhancement of
plant tissue culture responses, limited information is available on their application in potato,
particularly in the cultivar Chanlibel. The absence of systematic evaluation of Fe;O, and
CuO nanoparticles in this genotype represents a notable knowledge gap. Therefore, the
present study aimed to investigate the effects of different concentrations of Fe;O, and CuO
nanoparticles on callus induction, callus growth, and shoot regeneration in Solanum
tuberosum L. cv. Chanlibel under in vitro conditions. By elucidating the morphogenic
responses to micronutrient-based nanoparticles, this research seeks to contribute to the
optimization of regeneration protocols and to expand the practical applications of
nanotechnology in plant biotechnology.

Materials and Methods. Plant Material and Explant Preparation
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Certified disease-free tubers of S. tuberosum L., cv. Chanlibel were used. Stem and
leaf explants (1—-2 cm) were surface sterilized using 70% ethanol (1 min) and 2% sodium
hypochlorite (15 min), followed by three rinses with sterile distilled water.

Nanoparticle Preparation. Fe;0, and CuO nanoparticles (Sigma-Aldrich, 20-50 nm)
were dispersed in sterile distilled water by sonication for 15 min. NPs were added to MS
medium at the following concentrations:

Fes;0,: 0,25, 5, 10 mg/L

Cu0O: 0,25, 5, 10 mg/L

Control media contained no nanoparticles. Medium pH was adjusted to 5.8 and
autoclaved at 121°C for 20 min.

Culture Conditions. Explants were incubated in the dark at 25 + 2°C for 4 weeks for
callus induction. Calli were then transferred to regeneration medium containing 1 mg/L BAP
and 0.1 mg/L NAA under a 16/8 h light/dark photoperiod.

Evaluation Parameters.

Callus induction frequency (%) = (number of explants forming callus + total
explants) x 100

Callus fresh weight (g) after 4 weeks

Shoot regeneration frequency (%) = (number of calli producing shoots + total calli) x 100

Morphological observations: color, compactness, and necrosis

Statistical Analysis. Experiments were performed in triplicate with 20 explants per
treatment. Data were analyzed using ANOVA followed by Tukey's test at p < 0.05.

Results and Discution. Effects of Fe;O, Nanoparticles. The effect of Fe;O,
nanoparticles on callus induction, fresh weight, and shoot regeneration of Solanum tuberosum
L., cv. Chanlibel is presented in Table 1. Callus induction frequency increased with Fe;O,
concentration up to 5 mg/L, reaching a maximum of 82%, compared to 60% in the control.
Similarly, callus fresh weight and shoot regeneration frequency were highest at 5 mg/L, with
values of 0.70 g and 68%, respectively. Increasing the concentration to 10 mg/L slightly
reduced both callus induction (72%) and shoot regeneration (55%). Morphologically, calli at 5
mg/L were compact, green, and highly meristematic, whereas higher Fe;O, concentrations
led to minor decreases in growth and regeneration potential.

Table 1. Effects of Fe;0, nanoparticles on callus induction, fresh weight,
and shoot regeneration of potato explants

Fe;O, Callus Induction Callus Fresh Weight Shoot Regeneration
(mg/L) (%) (9) (%)
0 (Control) 60 0.42 50
0,25 68 0.55 57
5 82 0.70 68
10 72 0.58 55

Effects of CuO Nanoparticles. CuO nanoparticles also influenced callus induction and
regeneration (Table 2). Low concentrations of CuO (0,25-5 mg/L) enhanced callus
induction (70-78%) and shoot regeneration (56—64%) compared to the control (60% and
50%, respectively). However, a higher concentration (10 mg/L) markedly reduced callus
induction (52%) and shoot regeneration (42%) and caused browning and necrosis in the calli.

Table 2. Effects of CuO nanoparticles on callus induction, fresh weight,
and shoot regeneration of potato explants

CuO Callus Induction Callus Fresh Weight Shoot Regeneration
(mg/L) (%) (9) (%)
0 (Control) 60 0.42 50
0,25 70 0.53 56
5 78 0.63 64
10 52 0.45 42
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Comparative Observations. Comparative analysis indicated that Fe;O, at 5 mg/L and
CuO at 5 mg/L were optimal for callus induction and shoot regeneration. Morphologically,
Fe;O,-treated calli were compact and green at optimal concentration, while high CuO
concentrations induced browning and necrosis.

The present study demonstrated that Fe;O, nanoparticles function as a bioavailable
iron source, promoting enzymatic activity, antioxidative defense mechanisms, and
organogenesis in Solanum tuberosum L., cv. Chanlibel. These observations align with the
findings of Ullah et al. (2024) and Igbal et al. (2024), who reported similar stimulatory effects
of iron oxide nanoparticles on callus induction and regeneration in rice and turmeric tissue
cultures.

CuO nanoparticles exhibited dose-dependent effects: low concentrations (0,25-5
mg/L) enhanced callus formation and shoot regeneration, whereas higher concentrations
(10 mg/L) caused oxidative stress, cytotoxicity, and browning of calli. These results are
consistent with previous studies by Anwaar et al. (2020) and Khaliloglu et al. (2022),
highlighting the dual role of metal oxide nanoparticles in plant tissue culture. The data
emphasize the importance of optimizing nanoparticle type and concentration to maximize
regenerative potential while minimizing phytotoxic effects.

Overall, the study confirms that carefully selected concentrations of Fe;0, and CuO
nanoparticles can significantly improve callus induction, biomass accumulation, and shoot
regeneration, offering a valuable strategy for enhancing in vitro propagation efficiency in potato.

Conclusion. Fe;O, and CuO nanoparticles exert significant effects on callus
induction and in vitro regeneration of potato cv. Chanlibel. Optimal concentrations—5 mg/L
for Fe O, and 5 mg/L for CuO—resulted in enhanced callus formation, increased biomass,
and higher shoot regeneration rates. These findings suggest that nanoparticle
supplementation can serve as a promising tool to improve potato tissue culture protocols,
provided that concentrations are carefully optimized to avoid cytotoxicity.
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NIABULLEHHA IHAYKUIT YTBOPEHHSA KAITYCY TA PEFEHEPALYT
Y KAPTOMNI (SOLANUM TUBEROSUM L., COPT CHANLIBEL)
3A OOMNMOMOroro HAHOYACTUMHOK OKCUay 3ANI3A TA MiAl

BacmocysaHHs HaHoYacmuHok (HY) y Kynbmypi pocriuHHUX mKaHUH cmario nepcrek-
mueHot cmpamezieto Orisi MoKpaueHHs1 Mopgho2eHe3y ma eghbekmusHocmi pe2eHepauil.
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Hessaxarouu Ha Hakonu4eHHs1 OoKasie Wod0 MoCUNIeHHsT peakyiti Kynbmypu POC/UHHUX
MKaHUH 3a OOrNOMO_20t0 HaHOHYaCMUHOK, iHGbopMauisi MPo Ix 3acmocy8aHHs Ha Kapmoriii,
3okpema y copmy Chanlibel, obmexeHa. BidcymHicmb cucmemamuyHOi OUiHKU
HaHo4YacmuHok Fe;O, ma CuO y ubomy eeHomurii sierisic cobor0 3Ha4yHy npoe2anuHy 8
3HaHHsIX. ToMy Memoto Ub020 docrnidxeHHs 6yr1o docridumu erug pisHUX KoHUeHmpaujit
HaHodacmuHok Fe;0, ma CuO Ha iHOyKUjto Karirocy, picm Kasnrcy ma peseHepauiio
nazoHie y Solanum tuberosum L. cv. Chanlibel & ymosax in vitro. Y ybsomy OocridkeHHi
oujHto8anu erinue HaHoYacmuHok okcudy 3anisa (Fe;0,) ma okcudy midi (CuO) Ha iHOYKUjto
Karrocy ma pegeHepaujio in vitro kapmonni (Solanum tuberosum L., copm Chanlibel).
EkcninaHmamu Kyrnbmusysarnu Ha cepedosuwii Mypaciee ma Ckyea (MS), dorosHeHomy
HaHovYacmuHkamu Fe;0, abo CuO y koHueHmpauisx 0,25, 5 ma 10 ma/n. Yacmoma
iHOyKUji Kantocy 36inbwysanacs 3 KoHueHmpauietro Fe;O, 0o 5 me/n, docsizaro4qu
makcumymy 82% riopieHsiHO 3 60% y KOHMporni. AHarnoaiyHo, ceixa maca Karnrcy ma
Yacmoma pezeHepauii na2oHie bynu Hatsuwumu npu 5 ma/n, 3i 3HayeHHsmu 0,70 2 ma
68% eidrosioHo. 36inbweHHs1 KoHueHmpauii 0o 10 ma/n dewo 3HU3UMO 5K IHOYKUIiHO
Kantocy (72%), mak i peeeHepauiio nazoHis (55%).[ns eusHavyeHHs1 egbekmusHocmi
06pobKU OUujHI8anu Yacmomy IHOYKUIi Karocy, mMacy CeiKo20 Karrocy ma 6i0ComoK
pezeHepaujii naeoHie. HaHoyacmuHku Fe;0, 3Ha4yHO nocurnosanu MopgoeeHemuYHi
peakuii, rpudomy Halisuwa eghekmusHicmb criocmepizanaca npu 10 me L™ wo
ripuseesio 0o 82% iHOyKuii kartocy ma 68% pezeHepauii nazoHie. HaHoyacmuHku CuO
OeMoHcmpysariu KOHUeHmpauitiHO-3anexHy peakuito, 3 onmumaribHUM e¢heKkmom rpu 5
me L7 (78% iHOyKuii karitocy ma 64% pezeHepauii nazoHig), modi sik 10 me L ™ euknukanu
iHeibyroyull echekm, BKMYaroyU 3HUXEHHST peaeHepauii ma rnomeMHIHHS Kasocy.
MopgbornoaiyHa oujHKa susiguia KOMakmHi, 3e1eHi karocu rpu obpobui Fe;0O,, modi sik
nidsuweHuli piseHo CuO iHOyKysag MOMeMHIHHSI MKaHUH, WO 8Ka3ye Ha MomeHUuitiHy
himomoKcuy4Hicmb.

Bazarom, pesynsmamu 0ocriGKeHHs MoKa3yromb, WO HaNeXHUM YUHOM OfMUMIi308aHe
0odasaHHs1 HaHodacmuHok Fe;O, ma CuO Mmoxe nokpawumu egheKmueHicms
peeaeHepauii in vitro y kapmonni, wo MiOKPecoe iX NnomeHyjliHe 3acmocyeaHHsT 8
riepedositi biomexHosnoaii pocAuH ma cucmemax MiKpOPO3MHOXEHHS.

Knrwouosi cnosa: HaHoYacmuHKU; okcud 3anisa (FesO,); okcud wmidi (CuO); iHOyKyis
Karnycy; peeeHepauis in vitro; kapmonris; Solanum tuberosum L.
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