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Abstract

Cherimoya (4nnona cherimola Mill.) is a subtropical fruit tree cultivated in southern Spain, the world’s leading producer,
where ‘Fino de Jete’ is the predominant cultivar. In this study, shoot regeneration from hypocotyl explants of this cultivar
was investigated. Two explant types—1 cm-long longitudinally split pieces (LSP) and 0.3 cm cross sections (CS)—along
with different culture media and antioxidant treatments, were evaluated. For LSP explants, a modified MS medium (mMS)
supplemented with 0.3 mg/L 6-benzyladenine (BA) resulted in shoot formation in 66% of explants, with an average shoot
length of 1.2 cm. CS explants cultured on mMS-0.3 BA medium supplemented with 100 mg/L casein hydrolysate showed
an average shoot production rate of 34% and a mean shoot length of 0.9 cm. This medium was also effective for CS
explants of the ‘Campas’ and ‘Alboran’ cultivars, achieving similar regeneration success to ‘Fino de Jete’. Additionally,
the effect of carbon-dots nanoparticles (CDs; 0 to 0.8 mg/L) and silver nanoparticles (AgNPs; 0 to 0.3 mg/L), on shoot
production using CS explants was evaluated. CDs at 0.6 mg L' eliminated explant necrosis (0%) and promoted earlier
shoot formation (76%) after 8 weeks. AgNPs at 0.2 mg L' significantly enhanced shoot regeneration, particularly at
12 weeks, increasing bud regeneration (91%), shoot proliferation (73.7%), and shoot elongation (2.5 cm). Rooting was
achieved in control shoots (up to 40%), and acclimatization reached 100%; however, further optimization of the rooting
process in regenerated material is required. The use of nanoparticles will be considered in future studies focusing on root
induction and the development of genetic transformation protocols in cherimoya.

Key message
A protocol for cherimoya shoot regeneration from hypocotyl explants was developed applicable to different cultivars.
Carbon dots and silver nanoparticles significantly enhanced shoot induction and development.
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Introduction

Cherimoya, Annona cherimola Mill., is a subtropical fruit
tree species of Andean origin well adapted to the subtropical
conditions of southern Spain. In fact, Spain is the world’s
main producer of cherimoya fruit, with around 95% of the
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et al. (1994) described the first procedure to propagate A.
cherimola juvenile plants through in vitro culture. Later, a
protocol for the in vitro seed germination was established
(Padilla and Encina 2003) and selected adult genotypes
of Fino de Jete and other cultivars were micropropagated
(Padilla and Encina 2004, 2011). To address current chal-
lenges in cherimoya cultivation, an effective regeneration
protocol for this species is needed. Jordan (1988) explored
the formation of buds and callus from hypocotyl explants
from seeds of the Chilean cultivar Concha Lisa but shoot
production or shoot rooting was not achieved. More recently,
Encina and Regalado (2026) used sections of 1.5 cm hypo-
cotyls from Fino de Jete cv. to regenerate autotetraploid
shoots following a colchicine treatment in order to address
the high seed rate of cherimoya fruit. Successful rooting
and greenhouse acclimatization of regenerated shoots was
achieved. However, the process of shoot regeneration from
hypocotyl explants in cherimoya is not well optimized, with
low and slow shoot regeneration and, therefore, there is no
suitable regeneration protocol available for the application
of other biotechnological tools, such as gene transforma-
tion/editing. For all these reasons, in this work the effects of
explant size, growth regulators and antioxidant compounds
(e.g., PVP and casein hydrolysate) on shoot regeneration
have been evaluated.

Nanoparticles (NPs), on the other hand, are significantly
and favorably affecting in vitro plant culture. In this regard,
silver nanoparticles (AgNPs) are among the most well-
known nanomaterials and have been used in a variety of in
vitro culture methods (Mahajan et al. 2022), with a demon-
strated positive effect in micropropagation, e.g. explants dis-
infection (Abdolinejad et al. 2020; Khafri et al. 2022; Shaafi
et al. 2022), shoot multiplication and rooting (Hegazi et al.
2021; Korpayev et al. 2021; Elsayh et al. 2022; Farrokhzad
et al. 2022; Khattab et al. 2022; Lai et al. 2022; Phong et
al. 2022; Sarmast and Salehi 2022; Tejada-Alvarado et al.
2022), and plantlet acclimatization (Ung et al. 2022). More
precisely, several studies have documented the beneficial
effects of AgNps on callus regeneration and shoot develop-
ment, and the mechanism through which AgNps promote
shoot regeneration has been determined (Saha and Dutta
Gupta 2018; Jadczak et al. 2019; Malik et al. 2021; Phong
et al. 2022; Baltazar Bernal et al. 2023). Carbon dots (CDs)
are a type of nanoparticle notable for being low in toxicity,
highly soluble in water, and easily absorbed by plants (Li et
al. 2023). They can promote plants growth in vivo, enhance
photosynthetic efficiency through improved light conver-
sion and nutrient delivery, promote coordinated regulation
of nutrient uptake and photosynthesis and activate plants
defense mechanisms (Zhang et al. 2012; Qian et al. 2018;
Wang et al. 2018; Kou et al. 2021; Cheng et al. 2025; Hu
et al. 2025). Additionally, CDs have been widely used as
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gene carriers both in vivo (Schwartz et al. 2020; Wang et
al. 2020; Zarrabi et al. 2024), and in vitro (Lew et al. 2018;
Campos et al. 2021). Although CDs have been scarcely
explored in plant tissue culture, and up to our knowledge, no
reports have addressed their effects on shoot regeneration, a
few studies have investigated other carbon-based nanopar-
ticles, such as nanocarbon and carbon nanotubes, showing
different effects on callus formation and shoot regeneration
(Kokina et al. 2012; Chutipaijit and Sutjaritvorakul 2018).
In order to facilitate future genetic modification and editing
techniques, the primary goal of this work was to develop an
optimized protocol for cherimoya shoot regeneration. Addi-
tionally, the potential of silver nanoparticles (AgNPs) and
carbon dots (CDs) to enhance shoot formation in cherimoya
hypocotyl explants was explored.

Materials and methods
Plant material and explant preparation

Annona cherimola seeds from cv. Fino de Jete, Campas and
Alboran hand pollinated trees, were used as explant sources.
Hypocotyl pieces from in vitro germinated healthy seed-
lings were selected for the shoot regeneration experiments.
Two sizes of explants were used: (1) 1 cm long section split
into two pieces (LSP) and placed with the cut surface on
the medium, and (2) 0.3 cm cross sections (CS) with one of
the cut surfaces on the medium (Fig. 1). To guarantee that
every explant had the same dimensions, a paper millimeter
ruler was positioned beneath the plate and used to cut the
explants.

Culture media and culture conditions

Seeds were germinated in vitro following the protocol
described by Padilla and Encina (2003) with modifica-
tions. Briefly, intact seeds were disinfected in a 2% sodium
hypochlorite solution for 60 min, soaked for 24 h in sterile
distilled water and disinfected again in a 1% sodium hypo-
chlorite solution for 60 min, rinsing three times in distilled
water, 5 min each. The seeds were incubated on paper bridge
in liquid germination medium (Padilla and Encina 2003),
which consisted of WPM vitamins (Lloyd and McCown
1981; glycine- 2.00 mg/L, nicotinic acid-0.50 mg/L,
pyridoxine HCI-0.50 mg/L, thiamine HCI—1.00 mg/L),
100 mg/L myo-inositol, 30 g L™! sucrose, and 3 mg/L gib-
berellic acid (GA;). The pH of medium was adjusted to 5.74
and 15 mL of medium was dispensed in 50 ml test tube cov-
ered with polypropylene caps and autoclaved for 15 min
at 121 °C and 1.05 kg cm-2. One intact seed was cultured
per tube and placed in an incubator at 30+ 1 °C in the dark.
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Fig. 1 Explant preparation. Germinated cherimoya seeds (A) were
transferred to mMS* solid medium (B) to check for endogenous bac-
teria absence. The hypocotyl was separated from the seed (C) and cut
into 2 types of explants: 1 cm long section split into two pieces (LSP:

Forty-two-day-old seedlings were transferred to modi-
fied MS (mMS) medium consisting of full-strength MS
salt (Murashige and Skoog 1962), WPM vitamins, 30 g/L
sucrose, and 0.6% of agar. The pH of medium was adjusted
to 5.74 and 15 mL of medium was dispensed in 50 ml test
tube covered with polypropylene caps and autoclaved for
15 min at 121 °C and 1.05 k/cm. One seedling was cultured
per tube and placed in the culture room at 25+ 1 °C in the
dark to rule out endogenous contamination by bacteria in
the seedlings.

In regeneration experiments, regeneration medium (RM)
consists of mMS medium with 0.3 mg/L N°-benzyladenine
(BA) and 100 mg/L casein hydrolysate (CH), unless other-
wise indicated. The pH of media was adjusted to 5.74 and
autoclaved for 20 min at 121 °C and 1.05 kg cm™2. Twenty-
five ml of medium was dispensed in 9 cm diameter Petri
dish with a sterile single-use pipette inside the flow hood.
All cultures were incubated in the culture room at standard
conditions, that is, at 25+ 1 °C under a 16-h day photope-
riod with a light intensity of 45 umol m™2s~! (400~700 nm)
photosynthetically active radiation (PAR). The explants
were cultured in standard Petri dish and subcultured to fresh
medium in double-width Petri dish every 4 weeks. In each
regeneration experiment, explants from 4 to 7 different
seeds were used, so that the explants from different seeds
were distributed equally among the different treatments to

D) and placed with the cut surface on the medium (F), and 0.3 cm
cross sections (CS; e) with one of the cut surfaces on the medium (G).
*mMS: MS salt, WPM vitamins, 8764 mM (30 g/L) sucrose, and 0.6%
of agar

compensate for the variability in regeneration among the
seeds.

Effect of explant size, culture media and antioxidant
compounds on shoot regeneration

In a preliminary experiment, different salt formulations and
cytokinins were tested using Fino de Jete seed-derived 2 cm
hypocotyl sections. Bud proliferation was observed even in
MS medium without growth regulators. In these explants,
mMS medium plus 0.5 mg/L zeatin or plus 0.3 mg/L BA
yielded the best results, with similar regeneration rate
(100% and 90%, respectively) and percentage of explants
with shoots>0.5 (3.4 and 4.4 respectively), so BA was
selected because of its lowest cost. Then, different regenera-
tion experiments were carried out with LSP and CS Fino de
Jete cv. seed-derived hypocotyl explants, and mMS medium
with 0.3 mg/L BA, and the medium described by Jordan
(1988), consisting in MS supplemented with 2 mg/L. BA
plus 0.5 mg/L NAA, were tested. Additionally, the effect of
PVP (1 g L™ ') and CH (100 mg/L) (Jordan et al. 1988) on
the regeneration of buds and shoots and necrosis of explants
was studied. Each experiment was carried out three times
using a total of sixty explants per treatment. All cultures
were incubated in the growth room at standard conditions,
as previously indicated. Data on percentage regeneration,
number of buds and regenerated shoots per explant, shoot
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length, and callus were collected after four, eight and twelve
weeks. A stereomicroscope (Leica Microsystems, Ger-
many) was used to visually the buds and evaluate the callus
production in the explants. The callus production was cat-
egorized on a scale of 0 to 5, where 0 denotes the absence of
callus and 5 denotes an explant covered with callus (Fig. 2).
All of the experiments detailed in this work were conducted
using this standard.

Effect of cultivar on shoot regeneration

In this set of experiments, we tested RM and hypocotyls CS
explants from Campas and Alboran healthy seedlings, with
Fino de Jete explants as control. Seeds from Campas and
Alboran cv. trees were germinated as previously described
for Fino de Jete seeds. Two repetitions, with a total of fifty
explants per treatment, were carried out. All cultures were
incubated in the culture room at standard conditions, as pre-
viously indicated. Data on regeneration, number of buds
and regenerated shoots per explant, shoot length, callus and
necrosis were collected after eight and twelve weeks.

Synthesis of nanoparticles (NPs)

Two kinds of NPs were tested in the shoot regeneration
process, silver NPs (AgNPs) and carbon-dots NPs (CDs).
Synthesis of AgNP was performed as previously described
by Mondé¢jar et al. (2022) with different modifications; 10
mL of 25 mM AgNO3 was added dropwise at flow rate of
2 mL min-1 into 10 mL of 4. cherimola aqueous extract
under vigorous stirring. The suspension was kept by con-
tinuously stirring under white light, monitoring color

change (whitish to dark brown solution) of the suspen-
sion over time. The AgNPs were collected after centrifu-
gation at 15,000 g for 15 min at 4 °C and washed several
times with MilliQ water and freeze dried at -40 °C. Car-
bon dots (CDs) were synthesized using a hydrothermal-
pyrolysis method as described by Delgado-Martin et al.
(2022). Briefly, a mixture of glucose (2 g) and branched
polyethyleneimine 2000 MW (2 mL) in 20 mL of MilliQ
water was subjected to hydrothermal pyrolysis at 180 °C
for 6 h. Following pyrolysis, the crude product was puri-
fied through filtration using a 0.2 pum filter, followed by
dialysis against deionized water using a membrane with
a molecular weight cut-off (MWCO) of 1 kDa to remove
unreacted precursors and smaller byproducts. The puri-
fied CD suspension was stored at room temperature. High
resolution electron microscope images were obtained on
aJeol JEM 210 TEM microscope operating at 200 kV and
equipped with an Oxford Link EDS detector. The result-
ing images were analyzed using Digital Micrograph™
software from Gatan.

Effect of NPs in shoot regeneration

In these experiments, CS hypocotyls explants were
used. Different concentrations of NPs were tested: CDs
(0, 0.01, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/L) and AgNPs (0,
0.1, 0.2, 0.3 mg/L). The NPs were added as an additional
component to RM at the needed concentration prior to
being autoclaved as previously indicated. All cultures
were incubated in the culture room at standard condi-
tions. Each experiment was carried out three times, using
a total of 75 explants for each treatment. The explants

Callus range

Fig. 2 Standardization of the callus present in LPS (A) and CS (B) hypocotyl explants. Scale bars represent 5 mm in LPS explants and 1 mm in

CS explants
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were maintained in RM with NPs for 12 weeks, with sub-
cultures to fresh medium every 4 weeks. Control explants
were maintained in RM medium without NPs. Data on
percentage regeneration, number of buds, regenerated
shoots per explant, shoot length, callus and necrosis were
collected after eight and twelve weeks.

Rooting and acclimatization of regenerated shoots

Regenerated shoots in culture for 1 to 4 subcultures in
mMS 0.15 mg/L BA medium were rooted according to the
method described by Encina et al. (1994). Thus, shoots
were first incubated for 3 days in light on mMS medium
supplemented with 1 g/L activated charcoal and 20 g/L
sucrose, then cultured for 10 days (7 dark / 3 light) on
mMS medium containing 15 g/L sucrose, 200 mg/L citric
acid and 100 mg/L IBA. Finally, shoots were transferred
to root elongation medium, containing mMS with half-
strength MS macroelements and 20 g/L sucrose. Rooted
shoots were acclimatized under greenhouse conditions
as follow: The shoots were removed from the tubes and
washed with tap water to remove any remaining agar.
Then, they were planted in 5% 5 cm Jiffy pellets filled
with a substrate consisting of peat, coconut fiber, per-
lite (9.5:1.5:1) and 0.83 mg/L of Osmocote Exact Mini
(AICL Growing Solutions Iberia, Barcelona, Spain). The
jiffy pellets and the substrate were pre-moistened and
placed on moist perlite in a tray. The plants were main-
tained in a tunnel covered with plastic for 1 month, so
that the humidity was above 90%. After that, the plastic
of the tunnel was partially opened for one month, and
fully opened later, allowing the plants to adapt to the
ambient humidity. The plants were watered indirectly by
adding water to the perlite in the tray so that the jiffies
were always moist. Data on in vitro rooting and acclima-
tization survival rate was recorded after 4 weeks and for
3 months respectively.

Statistical analysis

SPSS/PC+ program (version 15.0, IBM Corp., Armonk,
NY, USA) was used to do statistical analysis. Normally
distributed variables were analyzed by analysis of vari-
ance (one-way ANOVA), and where significant differ-
ences were found, the values were compared according
to Student-Newman-Keuls test. Variables expressed in
percentages were analyzed by the x* test.

Results and discussion

Characteristics of the nanoparticles used in this
work

The AgNPs displayed a nanoparticle size of 77 nm and
0.35 of PDI confirming their uniform distribution and
nano-scale size. These values were similar to those
obtained in the synthesis of silver nanoparticles with
extracts of other plant species or algae, which range
from 1 to 2 nm to 95 nm depending on the plant part
and species with which the NPs are synthesized (Dhaka
et al. 2023). On the other hand, the biogenic nanopar-
ticles displayed a negative surface charge with values
close to -27 mV, confirming the well colloidal stability in
aqueous suspensions (Jos et al. 2021). The TEM analy-
sis confirms the spherical structure of biogenic nanopar-
ticles with higher electro density corresponding to silver
composition (Fig. 3A). The nanoparticles displayed a
size distribution from 8 to 40 nm with rock-like shape,
as observed in other biogenic silver nanoparticles using
different plant extracts, such as Iris tuberosa (Mondéjar-
Lopez et al. 2021), wheat (Mondéjar-Lopez et al. 2023),
and other plant extracts (Bedlovicova et al. 2020). In
contrast, the CDs exhibited a positive surface charge of
approximately +14.6 mV, 0.39 of PDI and a hydrody-
namic diameter of approximately 6.5 nm, as determined
by DLS analysis, while transmission electron microscopy
(TEM) confirmed particle sizes around 5 nm (Fig. 3B).

Effect of explant size, culture media and antioxidant
compounds on shoot regeneration

The main objective of this work was to develop a protocol
to obtain shoot regeneration in cherimoya using Fino de Jete
seed-derived hypocotyl explants, suitable for the develop-
ment of improved varieties through genetic modification.
Thus, the medium described by Jordan (1988), consisted of
MS medium with 2 mg/L BA plus 0.5 mg/L NAA, and a
medium derived from previous works, consisted of mMS
medium containing 0.3 mg/L BA, in both LSP and CS
explants were tested. In addition, antioxidants PVP (1 g/L)
and CH (100 mg/L) (Jordan 1988), in both media and kind
of explant were tested. The regeneration and shoot forma-
tion in LSP and CS hypocotyl explants from 4 to 12 weeks
was examined based on published research on cherimoya
hypocotyl regeneration (Jordan 1988). These authors claim
to be able to find shoots at 4 weeks, but we were only able
to see buds at this point and no shoots. Shoots appeared in
our assays at 8 weeks, and there were some noticeable varia-
tions. It wasn’t until 12 weeks that all of the variables under
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Fig. 3 TEM micrographs of biogenic AgNPs (A) and CDs (B)

Table 1 Effects of the type of explant, culture media and antioxidants on cherimoya hypocotyl explants shoot regeneration from Fino de Jete cv.

seedlings after 12 weeks

Explant Media-Treatment® No. of explants Regeneration Explants with shoots Shoot length
(%) (%) (cm)

Cross Section mMS 0.3 BA-Control 60 55+4ab 16+6 be 14+02a
mMS 0.3 BA-1PVP 60 18+3b 29+6 ab 1+£0.2a
mMS 0.3 BA-100CH 60 70+1a 34+3a 0.9+0.1a
MS 2 BA 0.5 NAA-Control 60 39+3ab 9+8c 0.8+0.1a
MS 2 BA 0.5 NAA-1PVP 60 21+4b 5+6¢ 2.0+1.1a
MS 2 BA 0.5 NAA —100CH 60 17+4b 2+4c 1.3+03a

Long Split Pieces mMS 0.3 BA-Control 60 94+1ab 66+1ab 1.2+£0.1 ab
mMS 0.3 BA-1PVP 60 53+3d 70+1 ab 0.9+0.6 be
mMS 0.3 BA-100CH 60 84+1cd 53+1ab 1.1£0.9 abc
MS 2 BA 0.5 NAA -Control 60 86+1 be 72+2 ab 1.3+09a
MS 2 BA 0.5 NAA - 1PVP 60 98+2a 75+2a 0.8+0.4 ¢
MS 2 BA 0.5 NAA —-100CH 60 74+2c 47+2Db 1.1+0.1 abc

*mMS medium: full-strength MS salt, WPM vitamins, 30 g/l sucrose, and 0.6% of agar. The numbers in front of the growth regulators BA and
NAA are their concentrations expressed in mg/L. 1PVP: Polyvinylpyrrolidone 1 g/L; 100CH: casein hydrolysate 100 mg/L. Values represent
media= SE. For each kind of explant values with different letters mean statistically significant according to the y? test (regeneration and explants

with shoots) or Student-Newman-Keuls (p<0.05) (Shoot length)

investigation could be compared between the treatments. As
aresult, only 12 weeks’ worth of data are shown.

Our findings revealed variations between the tested media
and the different kinds of explants. Significantly higher per-
centages of regeneration were found when LSP explants
were used compared to CS explants (Table 1). In the case of
LSP, due to the explant being cut into two pieces and placed
on medium, a callus was observed around the explant from
which some buds emerged; however, most of the buds grew
on the surface of the hypocotyls (see Fig. 4A), and it was
observed in many explants that once a bud develops a shoot,
this prevents the development of the others. Thus, LSP has
a larger epidermis area for bud regeneration than CS. In
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fact, in cross sections, many buds are seen to come mainly
from the cut area (see Fig. 4C), as has also been described
in cherimoya cv. Concha Lisa by Jordan (1988) and in A.
muricata (Bejoy and Hariharan 1992). Therefore, a different
origin of buds in both explants was observed, which could
be relevant when using one explant or another for Agrobac-
terium-mediated genetic transformation, since it is known
that this bacterium only infects via wounds (Gelvin 2003),
meaning the sections of 0.3 cm are probably a better choice
for genetic transformation of cherimoya in the future.
Regarding the media tested, in LSP explants, best
results were obtained with mMS-0.3BA (94% regenera-
tion, and 66% of explants having shoots) and with medium
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Fig. 4 Shoot regeneration from hypocotyl explants of cherimoya after
12 weeks in culture. Explants from Fino de Jete seeds. LPS (A) and
CS (B) explants on RM. LSP (C) and CS (D) explants on MS-2BA-
0.5NAA (Jordan 1988). RM: mMS-0.3BA-100 CH. Scale bar repre-
sents 5 mm in LPS explants and 1 mm in CS explants

MS-2BA-0.5NAA-1PVP (98% regeneration and 75% of
explants having shoots), without significant differences
between them. However, the average length of the shoots
in the first medium was significantly higher (1.2 cm) than
in the second (0.8 cm) (Table 1). In the case of CS explants,
significant differences were found, with better results
obtained when mMS-0.3BA-100CH was used, with 70%
regeneration and 34% of explants producing shoot with an
average height of 0.9 cm (Table 1). A positive effect of PVP
was observed in LPS explants when medium was MS-2BA-
0.5NAA, while in the case of CS explants, casein hydroly-
sate showed a better effect, mainly when the medium was
mMS-0.3BA. In summary, a high regenerative capacity
in both explants was observed, with rapid bud formation
directly at certain positions of the epidermis, without inter-
mediate callus formation. This high regenerative capacity in
cherimoya hypocotyl explants could be a natural mechanism
in this species, given that during germination, the cotyle-
dons and epicotyl remain inside the seed, hanging (Fig. 1A),
and can easily break, leaving the seed without an apical bud.
On the other hand, no exudates and little browning on any
kind of explant or medium tested was found, contrary to that
described by Jordan (1988), and good aspect of buds and
shoots was observed (Fig. 4A-C), which probably indicates
genotype differences between cultivars.

Significant callus proliferation was observed during the
regeneration process in both explants when the medium
was MS-2BA-0.5NAA medium, with no differential effect
of the antioxidants on the callogenesis. In fact, callus pro-
liferation of ranks 4 and 5 was only seen in media that
contained 2BA-0.5 NAA. Thus, in MS-0.3BA media and
in both types of explants, 62% of the explants showed cal-
lus range 2. However, in CS explants cultures on MS-2BA-
0.5NAA medium, 55% of explants showed callus 4, while
in LPS explants most of the explant showed callus 3 (35%)
and callus 4 (40%), and even 25% of them showed callus 5.
Jordan (1988) described callus proliferation at the base of
CS explants, which decreased when different antioxidants
were added to the medium. In our case, a huge amount of
very white and hard callus tissue in both explants tested was
found when the medium was MS-2BA-0.5NAA, which,
in the case of CS explants, covered the whole explant (see
Figs. 3D and 4B), preventing bud formation and prolifera-
tion, despite the addition of PVP or CH (Table 1).

In Annona cherimola x A. squamosa (atemoya) cv. Afri-
can Pride (Rasai et al. 1994) and A. squamosa (Lemos and
Blake 1996b), no NAA was needed for bud and shoot for-
mation, while in 4. muricata NAA was essential (Bejoy and
Hariharan 1992; Lemos and Blake 1996a), indicating dif-
ferences between both species and cultivars. Regardless of
these differences in regeneration capacity between cultivars
and species, widely described in the literature, variability
in the in vitro regeneration capacity of the explant’s regen-
eration using seeds with different ages was also observed,
thus, explants from freshly harvested seeds, showed higher
regeneration rate. This could be related to the germination
capacity of the seeds, where we observed that seed germina-
tion rate fluctuated from 60 to 90%, with an effect of seed
storage time (Padilla and Encina 2003).

The findings from this series of studies have improved our
knowledge of the cherimoya explant shoot regeneration pro-
cess. A high regenerative capacity of cherimoya hypocotyls
was confirmed, with bud development occurring predomi-
nantly in the epidermal region, mainly in large explants, in
agreement with previous studies (Jordan 1988; Encina and
Regalado 2026). In small explants, like CS explants, many
buds seen to come from the cut area (Fig. 4C), as previ-
ously reported (Jordan 1988; Bejoy and Hariharan 1992).
This regenerative response was more pronounced in larger
explants (Table 1).

Regeneration was characterized by a high percentage of
explants forming buds; however, this did not result in sub-
stantial shoot proliferation. In addition, shoot development
was slow, being almost negligible after 4 weeks, in contrast
to the findings reported by Jordan (1988). For LPS explants,
mMS-0.3BA and MS-2 mg/L BA-0.5 mg/L NAA-1PVP
media could be recommended for shoot induction; however,

@ Springer



30 Page 8 of 16

Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 165:30

longer explants (>1 cm) display high regenerative capacity
in alternative media, as reported by Encina and Regalado
(2026). In the case of CS explants, the most suitable medium
was mMS-0.3 mg/L BA-100 mg/L CH.

Effect of cultivar on shoot regeneration

Once a regeneration protocol was established for hypocotyl
explants of the Fino de Jete cultivar, mMS 0.3BA-100 CH
was identified as the most suitable for CS explants (hereaf-
ter referred to as regeneration medium (RM). This medium
was subsequently evaluated using hypocotyl explants from
the Campas and Alboran cultivars. In these studies, when
Campas and Alboran seeds were germinated to obtain the
hypocotyl explants, we corroborated previous findings, con-
firming lower germination rates in Campas relative to Fino
de Jete (Padilla and Encina 2003), and a similar to Campas
germination rate in Alboran seeds, suggesting that the ger-
mination medium optimized for Fino de Jete may require
adjustment when applied to other cultivars.

The three cultivars’ CS explants showed a comparable
rate of regeneration (Table 2). Campas and Alboran-derived
CS explants showed a higher number of buds per explant
and lower levels of necrosis, although no significant differ-
ences were observed in the number of shoots per explant,
and shoot length was shorter in both cv. compared to Fino
de Jete (Table 2).

Callogenesis was similar among treatments. Thus, the
largest percentage of explants presented callus 2 (Fino de
Jete 60%; Campas 51%; Alboran 56%), and to a lesser
extent callus 3 (Fino de Jete 30%; Campas 38%; Alboran
29%). On the other hand, Jordan (1988) describes exten-
sive necrosis in hypocotyl explants from the Concha Lisa
cultivar. However, very little necrosis in explants from Fino
de Jete seeds was observed in the experiments described in
the previous section. Explant necrosis was measured in this
set of experiments to determine whether the cultivar had an
impact; however, very low percentages of necrosis were
noted in the explants from all three cultivars (Table 2).

The favorable regeneration response observed in the
Spanish cultivars ‘Campas’ and ‘Alboran’ may be related to
their greater genetic similarity compared with the Chilean
cultivar Concha Lisa. Previous studies based on molecular

markers have reported higher genetic similarity between
Campas and Fino de Jete than between these cultivars and
Concha Lisa (Perfectti and Pascual 1998; Escribano et al.
2007), which may partly explain the comparable regenera-
tion responses observed.

Effect of nanoparticles on shoot regeneration

During the shoot regeneration process from hypocotyl
explants, as previously mentioned, particularly from small
explants (CS), a high percentage of explants with buds was
observed, but the number of explants with shoots was con-
siderably lower. Moreover, when shoot formation occurred,
the remaining buds on the same explant failed to develop
further. Based on these observations, the effect of nanopar-
ticles (NPs) on shoot formation was investigated.

Initially, low concentrations of carbon dots (CDs; 0.01,
0.1 and 0.2 mg L) in RM were evaluated; however, no
differences were detected in any of the analyzed parameters
compared with the control treatment (data not shown). In
subsequent experiments, higher concentrations of CDs (0.4,
0.6 and 0.8 mg L) were tested. Increasing CDs concen-
tration had a positive effect on some parameters, whereas
others were not significantly affected (Fig. 5). Regeneration
frequency remained high across all treatments and was not
increased by CDs supplementation (Fig. 5A). In contrast,
the number of buds per explant increased at some CDs con-
centrations, with the highest concentration tested (0.8 mg
L") showing significantly higher mean values at 12 weeks
(Fig. 5B).

The number of shoots per explant was higher than in the
control at the two highest CDs concentrations, although
differences were not statistically significant at either 8 or
12 weeks (Fig. 5C). Similarly, shoot length was not signifi-
cantly improved by CDs treatment, although mean values
were higher at 0.4 and 0.6 mg/L after 8§ weeks (Fig. 5D). Cal-
lus formation was significantly reduced at 0.4 and 0.8 mg/L
after 8 weeks; however, this effect was no longer observed
at 12 weeks (Fig. 5E). Explant necrosis was consistently
reduced by CDs application, with significant reductions
observed at 0.6 and 0.8 mg/L after 8 weeks, and at the high-
est concentration at both 8 and 12 weeks (Fig. 5F).

Table 2 Effect of the cherimoya cultivar on the regeneration of hypocotyl explants (0.3 cm cross sections) in RM*® after 12 weeks

Cultivar No. of explants Regeneration ~ No. buds/ Explants with shoots No. shoots/explant Shoot length ~ Necrosis
% explant % (cm) %

Fino de Jete 50 100£0 a 155+0.6b  56*8a 2.6+0.5a 1.10£0.14 a 6+1a

Campas 50 98+1a 242+44a 72+10 a 2.1+03a 0.70£0 ¢ 2+2b

Alboran 50 100+£0 a 23.8+54a 65+11a 33+0.6a 0.97+0.3 b 0+0b

*RM: full-strength MS salt, WPM vitamins, 30 g/L sucrose, and 0.6% of agar-0.3 mg/L BA-100 mg/L casein hydrolysate. Mean values with dif-
ferent letters mean statistically significant according to the y? test (regeneration, explants with shoots and necrosis) or Student-Newman-Keuls

(No. bud/explant, No. shoots/explant, shoot length p<0.05)
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Analysis of the percentage of explants producing shoots,
as well as those producing shoots>0.5 cm in length,
revealed a significant increase at 0.6 mg/LCDs. Although
values remained higher than in the control, differences were
no longer significant after 12 weeks (Fig. 5G-H). Overall,
CDs supplementation reduced explant necrosis, particu-
larly at higher concentrations, and promoted earlier shoot

Time (weeks)

formation at 0.6 mg/L. In contrast, in control explants the
transition from buds to shoots occurred later, between 8 and
12 weeks. At the highest concentration tested (0.8 mg/L), a
higher number of buds and lower necrosis were observed,
but shoot formation was reduced, suggesting a possible
concentration-dependent inhibitory or toxic effect. Shoots
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regenerated in media containing CDs showed a morphology
comparable to that of control shoots (Fig. 6).

In recent years, CDs, also referred to as carbon quantum
dots, have attracted increasing attention in agriculture due
to their low toxicity, low production cost, high stability and
limited environmental impact. Studies conducted on CDs
effects on plants in vivo have not only revealed its posi-
tive effects on plant growth but also its mode of functioning
(Kou et al. 2021; Li et al. 2023; Hu et al. 2025; Cheng et
al. 2025). Hence, significant enhanced macro- and micronu-
trient absorption in hydroponically grown plants has been
reported, leading to improved root architecture and shoot
development (Kou et al. 2021; Hu et al. 2025).

CDs have also been shown to enhance photosynthetic
performance through multiple mechanisms, including
improved light absorption and energy conversion (Guo et
al. 2022; Cheng et al. 2025). In this sense, it has been sug-
gested that the small size of the CDs used (mostly <10 nm)
likely facilitates efficient root uptake, intracellular transport,
and penetration into photosynthetic tissues, thereby enhanc-
ing photochemical electron transport and CO2 assimilation
(Zheng et al. 2017; Tan et al. 2021; Hu et al. 2025). Addi-
tionally, an activation of antioxidant defense of the plant has
been reported, showing that antioxidant enzyme activities
rise at intermediate nanoparticle concentrations (Jadczak et
al. 2020; Singh et al. 2021). Taking all these studies together,
it appears that the effect of CDs is due to their size and sur-
face characteristics, which allow them to easily penetrate the
plants tissues and act as a carrier, improving plant growth in
a dose-dependent manner. However, reports on their appli-
cation in in vitro plant tissue culture remain scarce and most
available studies have focused on the use of CDs as elici-
tors to enhance the production of bioactive compounds in
vitro (Ghorbanpour and Hadian 2015; Heydari et al. 2020;
Martinez-Chavez et al. 2024; Sigala-Aguilar et al. 2024).
Their application in regeneration systems is even more lim-
ited. To date, only a few studies have examined the effects
of other carbon-based nanoparticles, such as nanocarbon

Fig.6 Aspect of the shoots after
three different treatments with
CDs on cherimoya hypocotyl CS
explants. Control explants lack
CDs. Explants are shown at 12
weeks since cultivation on RM
(full-strength MS salt, WPM vita-
mins, 30 g/L sucrose, and 0.6%
of agar-0.3 mg/L BA-100 mg/L
casein hydrolysate). Scale bar
represents 5 mm

Control
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(carbon black) or carbon nanotubes, on callus formation and
shoot regeneration. Kokina et al. (2012) reported a nega-
tive effect of multi-walled carbon nanotubes on flax somatic
embryogenesis, with reduced callus formation in stem
segment-derived cultures and an increased DNA methyla-
tion in a dose-dependent manner. However, Chutipaijit and
Sutjaritvorakul (2018) reported that nanocarbon improved
both callus production and shoot regeneration from rice
seed-derived calluses compared with activated carbon, with
optimal concentrations of 5 and 20 mg L.

To our knowledge, the present study is the first to evaluate
the use of CDs in Annona shoot regeneration. The observed
reduction in explant necrosis and the promotion of earlier
shoot formation may represent a valuable advantage for the
development of genetic transformation protocols in cheri-
moya, particularly considering that the use of CDs in plant
genetic transformation has already been reported in other
species (Othman et al. 2024; Shivashakarappa et al. 2025).

With respect to the use of silver nanoparticles (AgNPs)
in the bud and shoot regeneration process from cherimoya
hypocotyl explants, AgNPs supplementation in RM pro-
duced a markedly stronger effect on regeneration than CDs.
This effect was readily visible on the culture plates (Fig. 7).

Data analysis indicated that 0.2 mg/L AgNPs was the
most effective concentration. At this level, both regen-
eration frequency and the number of buds per explant
were significantly higher than in the control treatment
(Fig. 8A-B). In addition, all tested AgNPs concentra-
tions resulted in a higher number of shoots per explant
and increased shoot length compared with the control
(Fig. 8C-D). Callus formation was also influenced by
AgNPs concentration: explants cultured with 0.1 and
0.2 mg/L AgNPs produced significantly more callus than
those treated with the highest concentration (0.3 mg L),
which showed values closer to the control (Fig. 8E).
Explant necrosis was not detected in either the control
or the 0.2 mg/L AgNPs treatment, whereas significantly
higher necrosis levels were observed at 0.1 and 0.3 mg/L

CDs 0,6mg/lCds 0,8 mg/lICDs
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Control 0.1 mg/l Ag-NPs

0.2 mg/l Ag-NPs 0.3 mg/l Ag-NPs

Fig. 7 Aspect of the of the shoots after three different treatments with
AgNPs on cherimoya hypocotyl CS explants on RM (full-strength
MS salt, WPM vitamins, 30 g/l sucrose, and 0.6% of agar-0.3 mg/L
BA-100 mg/L casein hydrolysate). Explants are shown at 12 weeks
since cultivation. Scale bar represents 1 cm

(Fig. 8F). Analysis of the proportion of explants produc-
ing shoots, as well as explants with shoots>0.5 cm in
length, showed that all AgNPs treatments increased these
parameters relative to the control after 12 weeks; how-
ever, differences were statistically significant only at
0.2 mg/L (Fig. 8G-H). Overall, AgNPs supplementation
of the regeneration medium had a strong positive effect
on hypocotyl CS explant regeneration, with 0.2 mg/L
representing the most effective concentration, as it con-
sistently improved all evaluated parameters related to
bud and shoot production (Fig. 8).

The beneficial effects of AgNps on in vitro shoot
growth and adventitious shoot regeneration have been
widely reported (Balamurugan et al. 2024; Guha et al.
2024). Significant improvements on shoot proliferation,
shoot number per explant and shoot length have been
described in several species, including olive (Hasanin et
al. 2024) and apricot (Pérez-Caselles et al. 2023). AgNPs
have also been shown to enhance embryogenic callus for-
mation and to promote somatic embryo proliferation and
maturation (Ewais et al. 2015; Elsayh 2021; Phong et al.
2023).

Within organogenic regeneration systems, AgNPs-
induced improvements in callus induction and adven-
titious shoot formation have been reported in different
explants and species. Thus, in potato internode cultures,
AgNPs supplementation increased both shoot number per

explant and shoot length (Baltazar Bernal et al. 2023). In
rice, AgNPs promoted callus induction and callus regen-
eration at concentrations of 10 and 5 mg L', respectively
(Manickavasagam et al. 2019). Similarly, in passion
fruit, supplementation of the regeneration medium with
1 mg/L AgNPs increased both the percentage of explants
producing shoots and the number of shoots per explant
(Phong et al. 2023). Mustafa et al. (2017) also reported
enhanced callus induction, as well as increased fresh and
dry biomass, in hypocotyl explants derived from seeds
treated with AgNPs.

To better understand how nanoparticles interact with
the tissues in vitro, their effects have been investigated
genetically, molecularly, and physiologically in in vitro
culture systems. Castro-Gonzalez et al. (2019) found
that AgNPs in stevia shoots were transported from the
culture medium and accumulated within plant tissues.
Several studies on callus organogenesis have described
the influence of silver AgNPs on the gene expression
of genes sensitive to cytokinins, auxins, ethylene, and
ABA (Manickavasagam et al. 2019; Phong et al. 2022;
Sarmast and Salehi 2022; Baltazar Bernal et al. 2023).
This effect has been described as dose-dependent, such
that optimal AgNP concentrations resulted in a decrease
in the expression of genes sensitive to ethylene and ABA,
while maintaining the cytokinin/auxin ratio, whereas this
ratio was altered at suboptimal doses (Baltazar Bernal et
al. 2023). In rice callus regeneration, a dose-dependent
effect of AgNPs on the DMA, proline, and H,0, values,
normally produced by plants in response to stress, has
also been described (Manickavasagam et al. 2019). The
results obtained in the present study are consistent with
these reports and confirm the effectiveness of AgNPs in
promoting bud, shoot and callus formation in cherimoya
hypocotyl explants in a dose-dependent manner, with
0.2 mg/L AgNps as optimal dose.

Rooting and acclimatization of regenerated shoots

Adventitious shoots regenerated in MR medium were sub-
cultured in MS-0.15BA medium for 1 to 3 subculture and,
subsequently, rooting was induced following the method
described by Encina et al. (1994). Although rooting was
achieved (Fig. 9), rooting did not exceed 40%. This value
is low for juvenile material and highlight the need for a
more detailed analysis of the rooting process in this regen-
erated material. In previous published works using the same
rooting method, higher percentages were reported. Thus,
in the 1994 work by Encina et al., up to 95% rooting was
achieved, and more recently, Encina and Regalado (2026)
rooted regenerated shoots from hypocotyl explants treated
with colchicine with an 80% rooting success rate. In both

@ Springer



30 Page 12 of 16

Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 165:30

Fig. 8 Effects of AgNPs concen- 120
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studies, shoots were in cultivation for more than 1 year. So,
these results could indicate that the physiological state of 1
to 3 subculture-regenerated shoots from the present study
differs from those obtained in previous works and/or that a
higher number of subcultures could produce a state of shoot
rejuvenation, improving rooting process. In this context and
considering that Nps have been used successfully in the
rooting of different species (Hegazi et al. 2021; Korpayev et

@ Springer

al. 2021; Elsayh et al. 2022), evaluating the potential effects
of nanoparticles on root induction and development may
represent a promising strategy to improve rooting efficiency
of this type of regenerated material. Plantlet acclimatization
was not a limiting phase in the micropropagation of plant-
lets and 100% of the rooted shoots were successfully accli-
matized to the greenhouse (Fig. 9).
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Fig. 9 Rooting and acclimatiza-
tion of regenerated shoots. (A)
Regenerated shoots with roots
after 4 weeks. (B) Rooted shoots
after 1 month of acclimatization.
(C) Root development in accli-
matizes plantlet after 12 weeks.
Scale bars represent 5 mm

A

Conclusions

A regeneration medium for bud induction and shoot devel-
opment from cherimoya hypocotyl explants was success-
fully established. The application of nanoparticles to the
regeneration medium significantly enhanced adventitious
shoot regeneration from cherimoya hypocotyl CS explants.
CDs reduced explant necrosis and promoted earlier shoot
formation, whereas AgNPs increased both the rate of
explants producing shoots and shoot length. Further opti-
misation of the rooting process in regenerated material is
required to achieve higher rooting efficiencies. Based on the
positive effects observed during shoot formation, the use
of these nanoparticles will be considered in future studies
focusing on root induction and the development of genetic
transformation protocols in cherimoya.

Acknowledgements This work has been co-financed by the European
Regional Development Fund (ERDF) and IFAPA (Ministry of Agri-
culture and Fisheries, Regional Government of Andalusia) through the
project PP.AVA.AVA2019.038. Author thanks to Carmen Rodriguez
and José¢ Manuel Moran for technical assistance.

Author contributions Regeneration experiments, data collection and
analysis were performed by Isabel Maria Gonzalez Padilla. Carlos Lo-
pez Encina contributed to the study conception and regeneration ex-
periments design. Carbon-dots synthesis and experiment design were
performed by Leonardo Velasco. Silver nanoparticles synthesis and
experiment design were performed by Enrique Niza. The first draft of
the manuscript was written by Isabel Maria Gonzalez Padilla and all
authors commented on previous versions of the manuscript. All au-
thors read and approved the final manuscript.

Funding This work has been co-financed by the European Regional
Development Fund (ERDF) and IFAPA (Ministry of Agriculture and
Fisheries, Regional Government of Andalusia) through the project
PP.AVA.AVA2019.038.

Data availability The authors confirm that the data will be available
on request.

B c \

Declarations
Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

References

Abdolinejad R, Shekafandeh A, Jowkar A, Gharaghani A, Alemzadeh
A (2020) Indirect regeneration of Ficus carica by the TCL tech-
nique and genetic fidelity evaluation of the regenerated plants
using flow cytometry and ISSR. Plant Cell Tissue Organ Cult
143:131-144. https://doi.org/10.1007/s11240-020-01903-5

Balamurugan V, Abdi G, Karthiksaran C et al (2024) Improvement of
plant tissue culture applications by using nanoparticles: a review.
J Nanopart Res 26:188. https://doi.org/10.1007/s11051-024-061
03-2

Baltazar Bernal O, Spinoso-Castillo JL, Mancilla-Alvarez E et al
(2023) In Vitro Conservation and Regeneration of Potato (Sola-
num tuberosum L.): Role of Paclobutrazol and Silver Nanopar-
ticles. Horticulturae 2023 9:676. https://doi.org/10.3390/horticu
1turae9060676

Bedlovicova Z, Strapac 1, Balaz M, Salayova A (2020) A brief over-
view on antioxidant activity. Molecules 25:1-24. https://doi.org/1
0.3390/molecules25143191

Bejoy M, Hariharan M (1992) In vitro plantlet differentiation in
Annona muricata. Plant Cell Tissue Organ Cult 31:245-247. http
s://doi.org/10.1007/BF00036231

Campos G, Chialva C, Miras S, Lijavetzky D (2021) New technolo-
gies and strategies for grapevine breeding through genetic trans-
formation. Front Plant Sci 12:767522. https://doi.org/10.3389/fp
1s.2021.767522

Castro-Gonzalez CG, Sanchez-Segura L, Gomez-Merino FC et
al (2019) Exposure of stevia (Stevia rebaudiana B.) to silver
nanoparticles in vitro: transport and accumulation. Sci Rep
9:10372. https://doi.org/10.1038/s41598-019-46828-y

Cheng Y, Xiong Z, Hu Y et al (2025) Closed-loop enhancement of
plant photosynthesis via biomass-derived carbon dots. Commun
Mater 6:42. https://doi.org/10.1038/s43246-025-00763-w

Chutipaijit S, Sutjaritvorakul T (2018) Application of activated char-
coal and nanocarbon to callus induction and plant regeneration in
aromatic rice (Oryza sativa L). Chem Speciat Bioavailab 30:1-8.
https://doi.org/10.1080/09542299.2017.1418184

Delgado-Martin J, Delgado-Olidén A, Velasco L (2022) Carbon dots
boost dsRNA delivery in plants and increase local and systemic

@ Springer



30 Page 14 of 16

Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 165:30

siRNA production. Int J Mol Sci 23:5338. https://doi.org/10.339
0/ijms23105338

Dhaka A, Chand Mali S, Sharma S, Trivedi R (2023) A review on bio-
logical synthesis of silver nanoparticles and their potential appli-
cations. Results Chem 6:101108. https://doi.org/10.1016/j.reche
m.2023.101108

Elsayh SAA (2021) Impact of silver nanoparticles on enhancing in
vitro proliferation of embryogenic callus and somatic embryos
regeneration of date palm cv. Hayani. Int J Environ Agric Bio-
technol 6:40-52. https://doi.org/10.22161/ijeab.66.5

Elsayh SAA, Arafa RN, Ali GA et al (2022) Impact of silver nanopar-
ticles on multiplication, rooting of shoots and biochemical analy-
ses of date palm Hayani cv. by in vitro. Biocatal Agric Biotechnol
43:102400. https://doi.org/10.1016/j.bcab.2022.102400

Encina CL, Regalado JJ (2026) In vitro induction of autotetraploids
in the subtropical fruit tree cherimoya (Annona cherimola Mill).
Horticulturae 12(1):25. https://doi.org/10.3390/horticulturac1201
0025

Encina CL, Barcelo-Muiioz A, Herrero-Castafio A, Pliego-Alfaro F
(1994) In vitro morphogenesis of juvenile Annona cherimola
Mill. bud explants. J Hortic Sci 69:1053—-1059. https://doi.org/10
.1080/00221589.1994.11516544

Escribano P, Viruel M, Hormaza JI (2007) Molecular analysis of
genetic diversity and geographic origin within an ex sifu germ-
plasm collection of cherimoya by using SSRs. J Am Soc Hortic
Sci 132:357-367. https://doi.org/10.21273/JASHS.132.3.357

Ewais EA, Desouky SA, Elshazly EH (2015) Evaluation of callus
responses of Solanum nigrum L. exposed to biologically synthe-
sized silver nanoparticles. Nanosci Nanotechnol 5:45-56. https://
doi.org/10.5923/J.NN.20150503.01

Farré JM, Hermoso JM, Guirado E, Garcia-Tapia J (1999) Techniques
of cherimoya cultivation in Spain. Acta Hortic 497:91-118

Farrokhzad Y, Babaei A, Yadollahi A et al (2022) Development of
lighting intensity approach for shoot proliferation in Phalaenop-
sis amabilis through combination with silver nanoparticles. Sci
Hortic 292:110582. https://doi.org/10.1016/j.scienta

Gelvin SB (2003) Agrobacterium-mediated plant transformation: the
biology behind the gene-jockeying tool. Microbiol Mol Biol Rev
67(1):16-37. https://doi.org/10.1128/ MMBR.67.1.16-37.2003

Ghorbanpour M, Hadian J (2015) Multi-walled carbon nanotubes
stimulate callus induction, secondary metabolites biosynthesis
and antioxidant capacity in medicinal plant Satureja khuzestanica
grown in vitro. Carbon 94:749-759. https://doi.org/10.1016/j.car
bon.2015.07.056

Guha PS, Dutta Gupta S, Saha N (2024) Nano—gardening: harness-
ing metal nanoparticles for enhanced in vitro plant regeneration.
BionanoSci 14:3555-3571. https://doi.org/10.1007/s12668-02
4-01548-0

Guo B, Liu G, Wei H et al (2022) The role of fluorescent carbon dots
in crops: Mechanism and applications. SmartMat 3:208-225. http
s://doi.org/10.1002/smm?2.1111

Hasanin MS, Hassan SA, AbdAllatif AM et al (2024) Unveiling the
silver lining: examining the effects of biogenic silver nanopar-
ticles on the growth dynamics of in vitro olive shoots. Microb
Cell Fact 23:79. https://doi.org/10.1186/s12934-024-02346-9

Hegazi ES, Yousef A, Abd Allatif A et al (2021) Effect of silver
nanoparticles, medium composition and growth regulators on in
vitro propagation of Picual olive cultivar. Egypt ] Chem 64:6961—
6969. https://doi.org/10.21608/ejchem.2021.78774.3853

Heydari HR, Chamani E, Esmaielpour B (2020) Cell line selection
through gamma irradiation combined with multi-walled carbon
nanotubes elicitation enhanced phenolic compounds accumula-
tion in Salvia nemorosa cell culture. Plant Cell Tissue Organ Cult
142:353-367. https://doi.org/10.1007/s11240-020-01867-6

Hu J, Zhang L, Liu S et al (2025) Carbon dots promote plant growth
via coordinated regulation of nutrient uptake and photosynthesis.

@ Springer

Bioresour Technol 420:132551. https://doi.org/10.1016/].biortec
h.2025.132551

Jadczak P, Kulpa D, Bihun M, Przewodowski W (2019) Positive effect
of AgNps and AuNps in in vitro cultures of Lavandula angustifo-
lia Mill. Tissue Organ Cult 139:191-197. https://doi.org/10.1007
/s11240-019-01656-w

Jadczak P, Kulpa D, Drozd R et al (2020) Effect of AuNPs and AgNPs
on the antioxidant system and antioxidant activity of lavender
(Lavandula angustifolia Mill.) from in vitro cultures. Molecules
25(23):5511. https://doi.org/10.3390/molecules25235511

Jordan M (1988) Multiple shoot formation and rhizogenesis from
cherimoya (4Annona cherimola Mill.) hypocotyls and petiole
explants. Gartenbauwissenschaft 53:234-237

Jos D, Carvalho C, Leite GW, Pulcinelli SH (2021) Zeta potential and
colloidal stability predictions for inorganic nanoparticle disper-
sions: effects of experimental conditions and electrokinetic mod-
els on the interpretation of results. Langmuir. https://doi.org/10.1
021/acs.langmuir.1c02056

Khafri AZ, Zarghami R, Ma’mani L et al (2022) Enhanced efficiency of
in vitro rootstock micropropagation using silica-based nanoparti-
cles and plant growth regulators in Myrobalan 29C (Prunus cera-
sifera L). J Plant Growth Regul 42:1457-1471. https://doi.org/10
.1007/s00344-022-10631-3

Khattab S, El Sherif F, AlDayel M et al (2022) Silicon dioxide and
silver nanoparticles elicit antimicrobial secondary metabolites
while enhancing growth and multiplication of Lavandula offici-
nalis in vitro plantlets. Plant Cell Tissue Organ Cult 149:411-421.
https://doi.org/10.1007/s11240-021-02224-x

Kokina I, Sledevskis E, Gerbreders V et al (2012) Reaction of flax
(Linum usitatissimum L.) calli culture to supplement of medium
by carbon nanoparticles. Proc Latv Acad Sci Sect B Nat Exact
Appl Sci 66(4-5):200-209. https://doi.org/10.2478/v10046-01
2-0010-3

Korpayev S, Karakegili A, Dumanoglu H, Osman SIA (2021) Chitosan
and silver nanoparticles are attractive auxin carriers: a compara-
tive study on the adventitious rooting of microcuttings in apple
rootstocks. Biotechnol J 16:202100046. https://doi.org/10.1002/
bi0t.202100046

Kou E, Li W, Zhang H et al (2021) Nitrogen and sulfur co-doped car-
bon dots enhance drought resistance in tomato and mung beans.
ACS Appl Bio Mater 4:6093-6102. https://doi.org/10.1021/acsa
bm.1c00427

Lai CS, Kho YH, Chew BL et al (2022) Organogenesis of Cucu-
mis metuliferus plantlets under the effects of LEDs and silver
nanoparticles. S Afr J Bot 148:78-87. https://doi.org/10.1016/j.
$ajb.2022.04.020

Lemos EEP, Blake J (1996a) Micropropagation of juvenile and mature
Annona muricata L. ] Hortic Sci 71:395-403. https://doi.org/10.1
080/14620316.1996.11515420

Lemos EEP, Blake J (1996b) Micropropagation of juvenile and adult
Annona squamosa. Plant Cell Tissue Organ Cult 46:77-79. https:
//doi.org/10.1007/BF00039698

Lew TTL, Wong MH, Kwak SY et al (2018) Rational design principles
for the transport and subcellular distribution of nanomaterials into
plant protoplasts. Small 14:1802086. https://doi.org/10.1002/sml
1.201802086

Li G, Xu J, Xu K (2023) Physiological functions of carbon dots and
their applications in agriculture: a review. Nanomaterials 13:2684.
https://doi.org/10.3390/nano13192684

Lloyd G, McCown BH (1981) Woody plant medium (WPM)—a min-
eral nutrient formulation for microculture of woody plant species.
HortScience 16:453

Mahajan S, Kadam J, Dhawal P et al (2022) Application of silver
nanoparticles in in vitro plant growth and metabolite production:
revisiting its scope and feasibility. Plant Cell Tissue Organ Cult
150:15-39. https://doi.org/10.1007/s11240-022-02249-w



Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 165:30

Page 150f 16 30

Malik WA, Mahmood I, Razzaq A et al (2021) Exploring potential of
copper and silver nanoparticles to establish efficient callogenesis
and regeneration system for wheat (7riticum aestivum L). GM
Crops Food 12:564-585. https://doi.org/10.1080/21645698.2021
1917975

Manickavasagam M, Pavan G, Vasudevan V (2019) A comprehen-
sive study of the hormetic influence of biosynthesized AgNPs on
regenerating rice calli of indica cv. IR64. Sci Rep 9:8821. https://
doi.org/10.1038/s41598-019-45214-y

Martinez-Chavez LA, Hernandez-Ramirez MY, Feregrino-Pérez AA,
Esquivel-Escalante K (2024) Cutting-edge strategies to enhance
bioactive compound production in plants: potential value of inte-
gration of elicitation, metabolic engineering, and green nanotech-
nology. Agronomy 14:2822. https://doi.org/10.3390/agronomy 14
122822

Mondéjar M, Rubio-Moraga A, Lopez-Martinez AJ et al (2022) Chi-
tosan nanoparticles loaded with garlic essential oil: a new alter-
native to tebuconazole as seed dressing agent. Carbohydr Polym
277:118815. https://doi.org/10.1016/j.carbpol.2021.118815

Mondéjar-Lopez M, Lopez-Jiménez AJ, Abad-Jorda M et al (2021)
Biogenic silver nanoparticles from /ris tuberosa as potential pre-
servative in cosmetic products. Molecules 26:4696. https://doi.or
2/10.3390/molecules26154696

Mondéjar-Lopez M, Lopez-Jiménez AJ, Ahrazem O, Gémez-Gomez
L, Niza E (2023) Chitosan-coated biogenic silver nanoparticles
from wheat residues as green antifungal and nanopriming agents
in wheat seeds. Int J Biol Macromol 225:964-973. https://doi.org
/10.1016/j.ijbiomac.2022.11.159

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15:473—497.
https://doi.org/10.1111/.1399-3054.1962.tb08052.x

Mustafa HS, Oraibi AG, Ibrahim KM, Ibrahim NK (2017) Influence of
silver and copper nanoparticles on physiological characteristics
of Phaseolus vulgaris L. in vitro and in vivo. Int J Curr Microbiol
Appl Sci 6:834-843. https://doi.org/10.20546/ijcmas.2017.601.0
98

Othman HO, Anwer ET, Ali DS et al (2024) Recent advances in carbon
quantum dots for gene delivery: a comprehensive review. J Cell
Physiol 239:¢31236. https://doi.org/10.1002/jcp.31236

Padilla IMG, Encina CL (2003) In vitro germination of cherimoya
(Annona cherimola Mill.) seeds. Sci Hortic 97:219-227. https:/
/doi.org/10.1016/S0304-4238(02)00160-7

Padilla IMG, Encina CL (2004) Micropropagation of adult cherimoya
(Annona cherimola Mill.) cv. Fino de Jete. vitro Cell Dev Biol
Plant 40:210-214. https://doi.org/10.1079/IVP2003521

Padilla IMG, Encina CL (2011) The use of consecutive micrograft-
ing improves micropropagation of cherimoya (4nnona cherimola
Mill.) cultivars. Sci Hortic 129:167—169. https://doi.org/10.1016
/j.scienta.2011.02.024

Pérez-Caselles C, Burgos L, Sanchez-Balibrea I et al (2023) The effect
of silver nanoparticle addition on micropropagation of apricot
cultivars (Prunus armeniaca L.) in semisolid and liquid media.
Plants 12:1547. https://doi.org/10.3390/plants12071547

Perfectti F, Pascual L (1998) Characterization of cherimoya germ-
plasm by isozyme markers. Fruit Var J 52(1):53-62. https://doi.o
rg/10.71318/apom.1998.52.1.53

Phong TH, Hieu T, Tung HT et al (2022) Silver nanoparticles: a posi-
tive factor for in vitro flowering and fruiting of purple passion
fruit (Passiflora edulis Sims f. edulis). Plant Cell Tissue Organ
Cult 151:401-412. https://doi.org/10.1007/s11240-022-02361-x

Phong TH, Hieu T, Tung HT et al (2023) Silver nanoparticles enhance
morphogenesis and development in plant tissue culture. Plant
Cell Tissue Organ Cult 155:403—-415. https://doi.org/10.1007/s1
1240-023-02566-8

Qian K, Guo H, Chen G et al (2018) Distribution of different surface-
modified carbon dots in pumpkin seedlings. Sci Rep 8:7991. http
s://doi.org/10.1038/s41598-018-26167-0

Rasai S, Kantharajah AS, Dodd WA (1994) The effect of growth regu-
lators, source of explants and irradiance on in vitro regeneration
of atemoya. Aust J Bot 42:333-340. https://doi.org/10.1071/BT
9940333

Saha N, Dutta Gupta S (2018) Promotion of shoot regeneration of
Swertia chirata by biosynthesized silver nanoparticles and their
involvement in ethylene interception and activation of antioxi-
dant activity. Plant Cell Tissue Organ Cult. https://doi.org/10.100
7/s11240-018-1423-8

Sarmast MK, Salehi H (2022) Sub-lethal concentrations of silver
nanoparticles mediate a phytostimulatory response in tobacco via
suppression of ethylene biosynthetic genes and signaling path-
ways. vitro Cell Dev Biol Plant 58:1-14. https://doi.org/10.1007
/s11627-021-10193-1

Schwartz SH, Hendrix B, Hoffer P et al (2020) Carbon dots for effi-
cient small interfering RNA delivery and gene silencing in plants.
Plant Physiol 184:647-657. https://doi.org/10.1104/pp.20.00733

Shaafi B, Kahrizi D, Zebarjadi A, Azadi P (2022) Effects of nanosilver
on bacterial contamination and durability of Rosa hybrida L. cul-
tivars through the stenting method. Cell Mol Biol 68:179-188. ht
tps://doi.org/10.14715/cmb/2022.68.3.21

Shivashakarappa K, Marriboina S, Dumenyo K et al (2025) DNA
delivery into plant tissues using carbon dots made from citric acid
and B-alanine. Front Chem 13:1542504. https://doi.org/10.3389/
fchem.2025.1542504

Sigala-Aguilar N, Lopez M, Fernandez-Luqueiio F (2024) Car-
bon-based nanomaterials as inducers of biocompounds in
plants: potential risks and perspectives. Plant Physiol Biochem
212:108753. https://doi.org/10.1016/j.plaphy.2024.108753

Singh R, Arif Y, Siddiqui H et al (2021) Nanoparticles enhances the
salinity toxicity tolerance in Linum usitatissimum L. by modulat-
ing the antioxidative enzymes, photosynthetic efficiency, redox
status and cellular damage. Ecotoxicol Environ Saf 213:112020.
https://doi.org/10.1016/j.ecoenv.2021.112020

Tan TL, Zulkifli NA, Zaman ASK et al (2021) Impact of photolumi-
nescent carbon quantum dots on photosynthesis efficiency of rice
and corn crops. Plant Physiol Biochem 162:737-751. https://doi.
org/10.1016/j.plaphy.2021.03.031

Tejada-Alvarado JJ, Meléndez-Mori JB, Vilca-Valqui NC et al (2022)
Optimizing factors influencing micropropagation of ‘Bluecrop’
and ‘Biloxi’ blueberries and evaluation of morpho-physiolog-
ical characteristics during ex vitro acclimatization. J Berry Res
12:347-364. https://doi.org/10.3233/JBR-211565

Ung HT, Suong PT, Khai HD et al (2022) Protocorm-like body for-
mation, stem elongation, and enhanced growth of Anthurium
andraeanum ‘Tropical’ plantlets on medium containing silver
nanoparticles. /n vitro Cell Dev Biol Plant 58:70-79. https://doi.o
rg/10.1007/511627-021-10217-w

Wang H, Zhang M, Song Y et al (2018) Carbon dots promote the growth
and photosynthesis of mung bean sprouts. Carbon 136:94-102. h
ttps://doi.org/10.1016/j.carbon

Wang K, Peng Y, Chen J et al (2020) Comparison of efficacy of RNAi
mediated by various nanoparticles in the rice striped stem borer
(Chilo suppressalis). Pestic Biochem Physiol 165:104467. https:/
/doi.org/10.1016/j.pestbp.2019.10.005

Zarrabi S, Rangel C, Martinez-Campos E et al (2024) Topical applica-
tion of carbon dots and mesoporous silica nanoparticle-derived
dsRNA nanocomposites for the control of beet curly top virus and
turnip mosaic virus. bioRxiv 2024.12.29.628607 https://doi.org/1
0.1101/2024.12.29.628607

Zhang YQ, Ma DK, Zhuang Y et al (2012) One-pot synthesis of
N-doped carbon dots with tunable luminescence properties. J

@ Springer



30 Page 16 of 16

Plant Cell, Tissue and Organ Culture (PCTOC) (2026) 165:30

Mater Chem 22(33):16714-16718. https://doi.org/10.1039/C2]J
M32973E

Zheng Y, Xie G, Zhang X et (2017) Bioimaging application and
growth-promoting behavior of carbon dots from pollen on hydro-
ponically cultivated Rome lettuce. ACS Omega 2:3958-3965. htt
ps://doi.org/10.1021/acsomega.7b00657

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



