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was aimed to synthesize and characterize 2,4-D loaded PLGA nanoparticles and

investigate their biological activity in comparison with its free form. Here, the effects KEY WORDS
of 2,4-D loaded poly (lactic-co-glycolic) acid (PLGA) nanoparticles on biomass in 2,4-D, _
Medicago sativa cell suspension cultures were investigated. Single emulsion solvent polymeric nanoparticle,

evaporation method is used in nanoparticle synthesis. As a result of the Medicago sativa

characterization of nanoparticles, 63.82% encapsulation efficiency, 60.73% reaction
efficiency and 10.51% drug loading capacities were calculated. Particle size was
measured as 181.7 + 3.74 nm, zeta potential -18.3 + 1.48 and polydispersity index as
0.081. Compared with the free 2,4-D molecule, it was observed that the addition of
2,4-D to the medium using the nanoparticles drug release system increased the growth
of plant cells and the yield of biomass in M. sativa cell suspension cultures.

Introduction

Herbicides disrupt the hormonal balance that regulates plant metabolism, such as cell
division, cell growth, protein synthesis, and respiration. 2,4-Dichlorophenoxyacetic acid
(2,4-D) is a synthetically available, hormone-like, translocable, systemic selective
herbicide [1]. It has an enzyme activity in plant metabolism that influences plant growth
[2]. For this reason, it is used as a synthetic auxin and helps to induce rooting of scions
and fruit drop [3]. Additionally, it ensures to regeneration of callus and root formation at

low doses in in vitro cultures. Gopi and Vatsala stated that, maximum callus growth was
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obtained from 2,4-D, compared to 1-Naphthaleneacetic acid (NAA), Indole-3-acetic acid
(IAA) and Indole-3-butyric acid (IBA) in Gymnema sylvestre [4]. In a study conducted
on effects of kinetin and 2,4-D over callus formation in various mediums, Kinetin was not
effective alone while 2,4-D induced callus regeneration were reported [5]. Malik et al.
stated that high 2,4-D levels inhibit callus proliferation, but low concentrations of 2,4-D
involve morphogenesis [6]. Besides these positive effects of 2,4-D, it has toxic effects at
higher concentrations was reported by another research for rooting of vine rootstock
cuttings [7]. Additionally, 2,4-D concentration affect germination and initial development
of Regnellidium diphyllum Lindman (Monilophyta, Marsileaceae). The development
ratio of megaspores were high at lowest concentration of 2,4-D, it was negatively affected
as the concentration increased [8]. Overall, previous studies show that the concentration
of 2,4-D has important roles in plant growth and development.

Cell suspension cultures are one of the methods used for the production of medically and
economically valuable secondary metabolites [9]. The production of secondary
metabolite from whole plants is limited owing to cultivation and environmental
limitations. The cells in the suspension medium have many advantages since they are
physiologically more homogeneous and controllable. Plant cell cultures may also use as
model systems for the study of metabolite pathways because the initiation of cell growth
in suspension culture leads to rapid increase of biomass and a condensed biosynthetic
cycle. Whereas, secondary metabolite synthesis may occur in specific cell and organ types
and at a certain time period in whole plants. Because of these advantages, cell suspension
cultures are frequently used in plant tissue culture studies [10].

In recent years, there has been a significant increase in studies on nanoparticular systems
in areas such as medicine, food and agriculture. In these systems, the continuous release
of active chemicals from nanomaterials can increase the effectiveness of them by offering
better results with lower doses and number of applications [11]. Although different
nanoparticular systems (metalic, polymeric, protein etc.) have various features, especially
polymeric nanoparticles with high stability in biological fluids are preferred. This is
because of polymeric nanoparticles which are obtained from biodegradable materials and
it makes them possible to release the active ingredient in the target tissue by
biodegradation. The Poly- (D,L-lactic-co-glycolic acid) (PLGA) is the most commonly

used polymer in the production of polymeric nanoparticles. It has been determined that



the systems created by loading the active substances into the PLGA nanoparticle have
increased the pharmacokinetic properties, therapeutic indices and biocompatibilities of
the active substances compared to the free form [12-15].

European Medicine Agency (EMA) and Food and Drug Administration (FDA) approved
that PLGA nanoparticles can be used for the preparation of DNA, RNA, peptide and
protein carrier systems in many different structures. Additionally, having long-term
clinical experience, being biocompatible and biodegradable are among the advantages of
PLGA [13, 16]. For these reasons, PLGA is accepted and used as the gold standard of
biodegradable polymers [17].

Although there are many studies about nanoparticular systems of PLGA [11, 18, 19], a
controlled delivery system where 2,4-D is used as an active ingredient have not been
found in the literature.

Thus, in this study whose originality was demonstrated, the characterization and In vitro
release of the 2,4-D loaded nanoparticular system which prepared by a single emulsion
solvent evaporation method using PLGA copolymer was investigated. Then, the
optimized nanoparticles were added to the nutrient medium in Medicago sativa L.

suspension cultures and their effect on time-dependent biomass yield was investigated.
Materials and Methods

Materials

PLGA (lactide:glycolide = 50:50; inherent viscosity 0.45-0.60 dL/g, Mw ~ 38-54 kDa,),
polyvinyl alcohol, 2,4-dichlorophenoxyacetic acid, ethanol, dichloromethane (DCM),
NaCl, NaOH, HCI, Na2HPO4.2H20, NaH2PO4, Murashige and Skoog (MS) medium were
purchased from Sigma Aldrich (St. Louis, USA). All the chemicals and solvents used in
nanoparticle preparation were of analytical grade and used without further purification.
Methods

Preparation of nanoparticles

2,4-D loaded PLGA nanoparticles were prepared with a single emulsion solvent
evaporation method according to the literature [20]. Firstly, 2,4-D and PLGA were
dissolved in ethanol and DCM, respectively. After that, solutions were mixed for the
preparation of the homogeneous mixture. Mixture was added to 3% (w/v) polyvinyl
alcohol (PVA) solution drop by drop. Sonication was done to emulsify the aqueous phase

and the organic phase. The emulsified solution was added to 0.1% (w/v) PVA solution so



that nanoparticles were formed in the solution. Organic solvents (DCM and ethanol) were
evaporated incubating at room temperature overnight, then the nano-suspensions were
centrifuged at 10,000 g for 40 minutes at 4 °C (Beckman Coulter Allegra X-30R
Centrifuge, Germany). The supernatant was collected and the nanoparticles were washed
three times with 35 mL of distilled water. The collected supernatants were used in indirect
measurement to determine encapsulation efficiency. The prepared 2,4-D loaded PLGA
nanoparticles were freeze-dried for 48 hours at 0.01 mbar at -70 °C without any
cryoprotectant. All lyophilized nanoparticles were stored at -80 °C until use.

UV-Vis spectroscopy, size and zeta potential, FT-IR and In vitro drug release analyses
were used for characterization of nanoparticles. Reaction yield (RY), encapsulation
efficiency (EE) and drug loading capacity (DL) were determined indirectly by
spectrophotometric UV measurement of the supernatant obtained after centrifugation.
Particle size and zeta potential values of 2,4-D loaded PLGA nanoparticles were
determined by dynamic light scattering and electrophoretic light scattering techniques,
using Zetasizer (Nano ZS, Malvern Instruments, UK). Functional groups present on the
surface of nanoparticles were analyzed by Fourier-transform infrared spectroscopy in
universal attenuation total reflectance (ATR) mode. In vitro release studies were
performed at 37 °C at pH 7.4 during 30 days.

Characterization of 2,4-D loaded PLGA nanoparticles

Reaction yield (RY), encapsulation efficiency (EE), drug loading capacity (DL)
Reaction yield is obtained by calculating the ratio of solid nanoparticles obtained by
freeze-drying to the total amount of 2,4-D and PLGA used. It is calculated as given in
Equation 1. The amount of 2,4-D in the nanoparticle was found by subtracting the amount
of 2,4-D found in the supernatant from first 2,4-D amount used. Encapsulation efficiency
was calculated with indirect method according to Equation 2. Drug loading capacity was
calculated with the ratio of the amount of substance in the nanoparticle calculated by the
encapsulation efficiency to the total amount of nanoparticle obtained (Equation 3).

Obtained NPs (mg)
Amounts of Total Material (2,4D+PLGA)

Reaction Yield(%) = x 100 1)

Encapsulation Ef ficiency (%) = 2.4-D tnto NP (mg) x 100 (2)

Amounts of Total 2,4—D (mg)

2,4-D into NP (mg)
Amounts of Total NP (mg)

Drug Loading (%) = x 100 3



Particle size and zeta potential

The dynamic light scattering and electrophoretic light scattering techniques were used for
the analysis of particle size and zeta potential values of 2,4-D loaded PLGA nanopatrticles,
using Zetasizer (Nano ZS, Malvern Instruments, UK) [21]. 2,4-D loaded PLGA
nanoparticles solution diluted with ultra-pure water was used for the measurements. Each
measurement was done in triplicate at 25 °C.

FT-IR analysis

Fourier-Transform Infrared spectroscopy was used for the functional groups analysis on
the surface of nanoparticles by in universal attenuation total reflectance (ATR) mode [22].
The FTIR spectra of 2,4-D, PLGA and 2,4-D loaded PLGA nanoparticles were obtained
with 32 scans per sample and resolution of 4 cm™ in the region of 650 to 4000 cm™.

In vitro drug release study

The in vitro release study of 2,4-D loaded PLGA nanoparticles was carried out according
to the modified version of the dissolution method [23]. Firstly, 5 mg of lyophilized 2,4-
D loaded PLGA nanoparticles were suspended in 10 mL of phosphate buffer saline at pH
7.4 by vortexing until particles were fully dispersed. 10 mL samples were collected at a
specific period of time then, centrifuged at 10,000 g, +4 °C for 20 min. Supernatants were
analyzed by UV-spectrophotometer for the measurement of 2,4-D per mL. The 10 mL
fresh buffer was added to the solution after each sampling.

Callus culture of alfalfa

The surface sterilization of alfalfa seeds was performed by using 50% commercial bleach
(5% (v/v) NaOCI) for 10 minutes and then rinsing with sterile distilled water three times.
After that, they were placed on MS medium (Murashige & Skoog) with 3% (w/v) sucrose
and 0.8% (w/v) agar. The pH of the medium was adjusted to 5.6 before sterilization at
121 °C for 25 min. Hypocotyls were removed from 7-day-old aseptic seedling and used
as the explant. The explants (0.5-1.0 cm) were cultured on MS medium with 3 mg/L 2.4-
D and 0.5 mg/L BAP for callusing. Cultures were incubated at 25 °C in the dark. After 6
weeks, cell suspension cultures were initiated with 1 g of friable callus.

Effect of 2,4-D loaded PLGA on cell biomass

Callus were transferred to 30 mL MS liquid medium containing 4 mg/L 2,4-D or 2,4-D
loaded PLGA nanoparticles in Erlenmeyer flasks. The cultures were shaken continuously

at 110 rpm in an orbital shaker and were kept in the growth chamber at 24+2 °C in the



dark. Twelve replicates were used for each treatment. The cell biomass was determined
during 28 days by measuring every 7 days. Three replicates were used to each
measurement. The cell biomass yield was measured in term of fresh weight and was

determined using the formula in Equation 4.

Final weight—Initial weight

The cell biomass yield = x 100 4

Initial weight
Statistical Analyses

The data were presented as means + standard deviation (SD) of at least three separate
experiments performed in triplicate. Statistical analysis was performed using GraphPad
Prism software version 6 (GraphPad Software, La Jolla, CA).

Results

Nanoparticle analysis

Characterization studies of synthesized and optimized nanoparticles were carried out by
size analysis, zeta potential measurement, FT-IR and in vitro release studies. Particle size
distribution and zeta potential measurement of the 2,4-D loaded PLGA nanoparticles
were performed with the Zeta Sizer (Malvern ZEN 3600 Nano iS10). The average particle
size of the nanoparticles were measured as 181.7+3.74 nm, the mean zeta potential value
was -18.3+1.48 mV and the multiple distribution indices determining the size distribution
were measured as 0.081. EE was found as a 63.82%, RY 60.73% and DL 10.51 %. Table
1 shows the results regarding the optimized 2,4-D loaded nanoparticles.

Table 1 Physicochemical characterization results of 2,4-D loaded PLGA nanoparticles

RY (%) EE (%) DL (%) Size (nm)  Zeta(mV) PDI

2,4-D Loaded
PLGA
Nanoparticles

60.73 63.82 10.51 181.743.74  -18.3+1.48 0.081

FT-IR spectra of free 2,4-D molecule, PLGA and 2,4-D loaded PLGA nanoparticles were
plotted to determine polymer interactions with 2,4-D in the nanoparticle formation
process. As a result of the examination of the FT-IR spectra , FT-IR spectra of the

nanoparticles were similar to the PLGA spectrum and there is no extra band (belonging



to any adsorption or a newly formed bond) observed. The result indicate that the 2,4-D
molecule is effectively loaded to nanoparticles (Figure 1).
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Figure 1 FT-IR Spectra of 2,4-D, PLGA and 2,4-D loaded PLGA nanoparticles (DNP)

The release experiment of the nanoparticles, which were suspended in PBS buffer (pH
7.4) and allowed to shake horizontally at 200 rpm at 37 °C, were performed for a period
of 30 days. The samples were centrifuged at 10,000 g for 20 minutes at certain times and
the 2,4-D amount released calculated by reading the UV values of the upper phases at 284
nm in the UV spectrophotometer. As a result of the release experiments it is observed that
the 2,4-D contained in the nanoparticles was released slowly and in a controlled manner
and released a total of 37.10% after 30 days.
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Figure 2 In vitro drug release of 2,4-D loaded PLGA nanoparticles

Preparation of nanoparticular systems was carried out by single emulsion (o/w) solvent

evaporation method [24]. Reaction yield (RY), entrapment efficiency (EE), drug loading



(DL), particle size (Z-Ave), polydispersity index (PDI) and zeta potential (mV) analyzes
were examined, and FT-IR and in vitro release analyzes were performed for
characterization. Various syntheses have been made for nanoparticle characterization and
used in tissue culture studies by mixing particles of similar properties that provide ideal
results for all parameters. In optimized nanoparticles; RY 63.16%, EE 46.26%, DL
10.51%, size 181.7 nm, zeta potential value -18.3 mV and PDI value as 0.081 was
determined. The analysis of the FT-IR spectra obtained, it was observed that the
optimized nanoparticles have PLGA properties and this result shows that, the 2,4-D is
effectively encapsulated in to the nanoparticular system. In the emission study, it was
observed that the 2,4-D emission occurred slowly for 30 days and at the end of this period,
it released 37.10%.

Evaluation of cell biomass yield

One of the most important disadvantages of PGR application in agriculture is that these
compounds degrade rapidly under high light and temperature conditions, leading to a loss
of biological activity. Additionally, most of the PGRs can be phytotoxic when used in
high concentrations. Therefore, development of controlled release systems for PGRs are
extremely important [25]. In this study, the effects of 2,4-D loaded PLGA nanoparticles
on biomass yield in alfalfa suspension cultures were evaluated. Changes in biomass yield
in cell suspension cultures were determined 4 times (every 7 days) until day 28. Biomass
yields were calculated using the formula in Equation 4 by data fresh weight of biomass
obtained from cell suspension culture every 7 days. As a result of the first week of the
treatment, the average biomass yield in MS medium containing free 2,4-D was measured
as 104%. The average biomass yield was measured as 148% in MS medium with 2,4-D
loaded PLGA nanoparticles. At the second week of culture, the average amount of
biomass in MS medium with free 2,4-D was 154% while biomass yield in 2,4-D loaded
PLGA nanoparticles was 231%. Biomass yield values obtained at the end of the third
week was 113% for free 2,4-D; It has been determined as 264% for 2,4-D loaded PLGA
nanoparticles treatments. The biomass yields in the fourth week were determined as 138%
and 304% in free 2,4-D and 2,4-D loaded PLGA nanoparticles treatments, respectively.
The results showed that the increase of biomass yield in free 2,4-D reached the highest
value in the 2nd week. The increase of biomass was lower in the 3rd and 4th weeks

compare with the 2nd week. However, the increase of biomass yield has continued in 2,4-



D loaded PLGA nanoparticles applications regularly. As a result of these calculated
values, it was determined that the growth rate of 2,4-D loaded PLGA nanoparticles was
more effective than free 2,4-D (Fig 3).
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Figure 3 Effects of 2,4-D and 2,4-D loaded PLGA nanoparticles on M. sativa biomass

During cell culture measurements, it was observed that the bulk of the cells obtained from
the medium with free had a darker colour (Fig 4). Supernatant could be darker due to the
cell death. While the cells were slowly exposed to 2,4-D in the nanoparticle release
system, they were exposed directly 2,4-D in the medium with free 2,4-D. It is known that
high concentrations of 2,4-D may have a toxic effect. The results thought that free 2,4-D
caused cell death in MS medium.

Figure 4 Biomasses obtained from media containing 2,4-D loaded PLGANP (a) and free 2,4-D
(b)
Discussion

As it is known, polymeric nanoparticles have advantages such as increasing the solubility
of the hydrophobic molecules in water, increasing their biocompatibility, enabling them

to be active in the biological system for a longer time and at lower dose [26]. Due to these



advantages, it has been reported that many hydrophobic molecules are loaded into
nanoparticular systems, thus increasing their biological activities [15, 27-29]. There are
many studies on nanoparticular systems in mammalian cell cultures and nanoparticles
have been used quite successfully until now in mammalian cell cultures and drug targeting
systems [30, 31]. Recently, applications of nanoparticles on plants have gained
popularity. The use of nanotechnology in agriculture aims to minimize the use of
herbicides, pesticides and fertilizers while increasing agricultural production [25]. By
encapsulating various chemicals used in agriculture into polymeric nanoparticles,
undesirable toxic effects on organisms can be reduced and the thermal and photochemical
stability of the encapsulated active ingredient can be increased [32]. Polymeric
nanocarriers are able to control the delivery of chemicals to plants and reduce excess run-
off [33]. In addition, nanoparticles are ideal materials due to their low cost,
biocompatibility and biodegradability [25].

Callus culture is considered as an important starting material for the production of large
amounts of biomass in plant biotechnology studies [34]. However, in some studies on
PGRys, it is known that PGRs given after optimum dose negatively affect biomass. For
example, Ma et al. reported the negative effects of GA3 over 50 uM in Leymus chinensis
[35]. Therefore, the use of various PGRs in nanocarriers can positively affect plant growth
and biomass by preventing the achievement of supra-optimal levels by enabling the slow
and sustained release of the active substance [11].

The effect of various plant regulators and particulate systems on cell culture studies in
recent years has been studied. In a study using methyl jasmonate-loaded PLGA
nanocarriers to improve natural defences in Vitis vinifera, Chronopoulou et al. showed
that methyl jasmonate-loaded PLGA NPs react faster compared to free MelA,
encapsulation in PLGA NPs significantly increased MeJA cell uptake and activation of
MeJA-induced responses [36]. In another study where PLGA-block-PEG Copolymers
were used as carriers for controlled release of herbicides into the soil, in the 3-month
release test, it was observed that almost 90% of the loaded herbicides were slowly
released into the soil. This is very important for agriculture because the average growing
season of cultivated plants is about a few months [37]. Studies on Phaseolus vulgaris
have been performed in chitosan-based nanoparticles prepared as carrier systems of GAS.
In the study, GA3, Alginate/Chitosan-GA3 NP and Chitosan/Tripolyphospathe-GA3 NP



were compared and ALG/CS-GA3 showed stronger effects in terms of leaf development
and carotenoid levels [38]. Pereira et al. synthesized GA3 nanoparticles with y-PGA and
Chitosan as a plant hormone carrier. The nanoparticular system was more effective than
free hormone in Phaseolus vulgaris seeds and accelerates germination within 24 hours
after treatment and increases leaf area and root development (including the formation of
lateral roots) [39].

There are a lot of studies on the loading of molecules with low solubility and stability in
the physiological environment in to the nanoparticular systems [26, 40-43]. These
systems can improve the distribution of the molecule more effectively and more
efficiently in nanoparticles that can be controlled and can release for a long time. A few
promising studies have evaluated the use of PLGA nanoparticle in plants. Atrazine
(ATZ), was encapsulated into PLGA to prevent damage to the environment. When the
release profiles of ATZ loaded PLGA-NPs were examined, it was observed that they
showed a much slower release compared to the pure herbicide [19]. In another study with
ATZ, potato plants were used as biological models and herbicidal activity of designed
PLGA nanoherbicides were evaluated. As a result of in vitro findings, it was determined
that as the ATZ concentration increased in PLGA nanoparticles, potato plants
experienced a significant decrease in root length, fresh weight, dry weight and leaf
number. It was observed that the root length was affected the most among these
parameters. Thus, it has been proposed that PLGA nanoherbicides can be used as an
alternative method to prevent weed growth [44]. Tong et al. stated that nanoparticles
obtained in the formulation in which metolachlor was encapsulated into mPEG-PLGA
increased the solubility of hydrophobic metolachlor in water and did not contain any
active substance on its surface. Nanoparticular systems have been proven to have a higher
biological effect on Oryza sativa and Digitaria sanguinalis compared to free
metholachlor. In addition, in the cytotoxicity test, it was observed that the NP toxicity
decreased on the preosteoblast cell line [18]. These studies showed that polymeric
nanoparticles caused less environmental damage when used as a pesticide carrier and
contributed to plant growth by eliminating various damages of herbicides.

Considering unique properties of nanoparticles and the lack of nanoparticular systems
with 2,4-D in the literature; 2,4-D, which is a water-insoluble and toxic molecule, was

added to nanoparticular systems, thus making it soluble in tissue culture studies. At



present study, free 2,4-D and 2,4-D loaded PLGA nanoparticles were applied to M. sativa
cell cultures and their effects on biomass yield were compared. The addition of 2,4 D
loaded PLGA nanoparticles to the medium was much more effective compared to the free

2,4-D added medium, thanks to the controlled release of 2,4-D in the particulate system.
Conclusion

In this study, it is aimed to reduce the adverse effects of 2,4-D molecule, which is known
to show a high concentration level of toxic effects, by nanoparticular systems. We also
intended to increase its effectiveness by remaining intact for a longer time thanks to the
controlled release mechanism of the substance. It is known that nanoparticle release
systems increase the effect of active subtances on cells. However, a study on the
application of 2,4-D using nanoparticular release systems in plant cell cultures has not
been reached. In this study, the effect of applying 2,4-D with nanoparticle release systems
to plant cell cultures was demonstrated for the first time. After reaching the optimized
formulation of the 2,4-D loaded PLGA nanoparticles system, the effect of 2,4-D loaded
PLGA NPs on plant cell growth was investigated. At the end of the study, it was observed
that the addition of 2,4-D to the medium using the nanoparticles drug release system was
increased the amount of cell biomass. It has been observed that the particulate system was
much more effective than the free substance at the study.

It is thought that the optimized system, which was loaded into the particular system and
whose water solubility increased and positive results were obtained in plant cell culture
studies, may be a reference for drug delivery systems. These systems can be used as an
alternative method for the addition of compounds with a high concentration of toxic
effects to the medium. In nanoparticle systems, the amount of oscillation can be adjusted
and time-dependent manipulation of cells can be performed without the need for

subculture.

Abbreviations

2,4-D; 2,4-Dichlorophenoxyacetic Acid, PLGA; Poly (lactic-co-glycolic) acid, EE; Encapsulation
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Funding
There is no fundings for this project.



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sezer, K., Seker Pancar1 Kiispesinden Elde Edilen Aktif Karbonun Atiksulardaki 2,4-D Ve
Metribuzin  Pestisitlerinin ~ Adsorpsiyonda Kullanilabilirliginin Arastirilmasi, in Kimya
Miihendisligi Ana Bilim Dal1. 2010, Hacettepe Universitesi.

Turan, G.T., 24-Diklorofenoksiasetik Asitin (2,4-D) Kiligkuyruk (Xiphophorus Hellerii)
Baliklarinin Bazi Dokularinda Asetiklorinesteraz (AChE) Aktivitesi Uzerine Etkileri, in Biyoloji
Ana Bilim Dal1. 2012, Marmara Universitesi.

Yalginkaya, M., Bir Herbisit Olan 2,4-D (Diklorofenoksiasetik Asit)’nin Poecilia reticulata
P.,1859°da Medulla Spinalis Uzerine Etkileri, in Biyoloji Ana Bilim Dal1. 2006, Ege Universitesi.
Gopi, C. and T. Vatsala, In vitro studies on effects of plant growth regulators on callus and
suspension culture biomass yield from Gymnema sylvestre R. Br. African Journal of
Biotechnology, 2006. 5(12).

Dalila, Z.D., H. Jaafar, and A.A. Manaf, Effects of 2, 4-D and kinetin on callus induction of
Barringtonia racemosa leaf and endosperm explants in different types of basal media. Asian
Journal of Plant Sciences, 2013. 12(1): p. 21-27.

Malik, S.1., et al., Effect of 2, 4-dichlorophenoxyacetic acid on callus induction from mature wheat
(Triticum aestivum L.) seeds. International Journal of Agriculture & Biology [Internet], 2003: p.
156-159.

Tofanelli, M.B.D., P.L. Freitas, and G.E. Pereira, 2, 4-dichlorophenoxyacetic acid as an alternative
auxin for rooting of vine rootstock cuttings. Revista Brasileira de Fruticultura, 2014. 36(3): p. 664-
672.

Cassanego, M., A. Droste, and P. Windisch, Effects of 2, 4-D on the germination of megaspores
and initial development of Regnellidium diphyllum Lindman (Monilophyta, Marsileaceae).
Brazilian Journal of Biology, 2010. 70(2): p. 361-366.

Surmus Asan, H., Hypericum Retusum Aucher’in Kallus Ve Hiicre Siispansiyon Kiiltiirlerinde
Hiperisin Tiirevlerinin Uretilmesi. 2013, Dicle Universitesi: Fen Bilimleri Enstitiisii.

Phillips, G.C., J.F. Hubstenberger, and E.E. Hansen, Plant regeneration by organogenesis from
callus and cell suspension cultures, in Plant Cell, Tissue and Organ Culture. 1995, Springer. p. 67-
79.

Santo Pereira, A.d.E., H.C. Oliveira, and L.F. Fraceto, Polymeric nanoparticles as an alternative
for application of gibberellic acid in sustainable agriculture: a field study. Scientific reports, 2019.
9(1): p. 1-10.

Alimohammadi, Y.H. and S.W. Joo, PLGA-based nanoparticles as cancer drug delivery systems.
Asian Pac J Cancer Prev, 2014. 15: p. 517-535.

Danhier F, A.E., Silva JM, Coco R, Le Breton A, Preat V., Plga-Based Nanoparticles: An
Overview Of Biomedical Applications. Journal of Controlled Release, 2012. 161: p. 505-522.
Panyam, J. and V. Labhasetwar, Biodegradable nanoparticles for drug and gene delivery to cells
and tissue. Advanced drug delivery reviews, 2003. 55(3): p. 329-347.

Duranoglu, D., et al., Synthesis of hesperetin-loaded PLGA nanoparticles by two different
experimental design methods and biological evaluation of optimized nanoparticles.
Nanotechnology, 2018. 29(39): p. 395603.

Makadia HK, S.S., Poly Lactic-Co-Glycolic Acid (Plga) As Biodegradable Controlled Drug
Delivery Carrier. Polymers, 2011. 3: p. 1377-1397.

Kutlu, C., Beyln Tiimérlerinin Tedavisi I¢in Cift Etkili Doku iskelesi-Nanopartikiil
Sistemlerinin Gelistirilmesi in Biyomiihendislik. 2011, Hacettepe Universitesi.

Tong, Y., et al., Polymeric nanoparticles as a metolachlor carrier: water-based formulation for
hydrophobic pesticides and absorption by plants. Journal of agricultural and food chemistry, 2017.
65(34): p. 7371-7378.



19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chen, X.-t. and T. Wang, Preparation and characterization of atrazine-loaded biodegradable PLGA
nanospheres. Journal of Integrative Agriculture, 2019. 18(5): p. 1035-1041.

Kizilbey, K., Optimization of Rutin-Loaded PLGA Nanoparticles Synthesized by Single-
Emulsion Solvent Evaporation Method. ACS Omega, 2019. 4(1): p. 555-562.

Kamaly, N., et al., Degradable controlled-release polymers and polymeric nanoparticles:
mechanisms of controlling drug release. Chemical reviews, 2016. 116(4): p. 2602-2663.

Van de Voort, F., Fourier transform infrared spectroscopy applied to food analysis. Food Research
International, 1992. 25(5): p. 397-403.

Heng, D., et al., What is a suitable dissolution method for drug nanoparticles? Pharmaceutical
research, 2008. 25(7): p. 1696-1701.

G Nava-Arzaluz, M., et al., Single emulsion-solvent evaporation technique and modifications for
the preparation of pharmaceutical polymeric nanoparticles. Recent patents on drug delivery &
formulation, 2012. 6(3): p. 209-223.

Pascoli, M., et al., State of the art of polymeric nanoparticles as carrier systems with agricultural
applications: a minireview. Energy, Ecology and Environment, 2018. 3(3): p. 137-148.

Makadia, H.K. and S.J. Siegel, Poly lactic-co-glycolic acid (PLGA) as biodegradable controlled
drug delivery carrier. Polymers, 2011. 3(3): p. 1377-1397.

Men, K., et al., Nanoparticle-delivered quercetin for cancer therapy. Anti-Cancer Agents in
Medicinal Chemistry (Formerly Current Medicinal Chemistry-Anti-Cancer Agents), 2014. 14(6):
p. 826-832.

Arasoglu, T., et al., Synthesis, characterization and antibacterial activity of juglone encapsulated
PLGA nanoparticles. Journal of applied microbiology, 2017. 123(6): p. 1407-1419.

Bishayee, K., A.R. Khuda-Bukhsh, and S.-O. Huh, PLGA-loaded gold-nanoparticles precipitated
with quercetin downregulate HDAC-AKkt activities controlling proliferation and activate p53-ROS
crosstalk to induce apoptosis in hepatocarcinoma cells. Molecules and cells, 2015. 38(6): p. 518.
Stella, B., et al., Design of folic acid-conjugated nanoparticles for drug targeting. J Pharm Sci,
2000. 89(11): p. 1452-64.

Bilemsoy, E., Development Of Nonsurfactant Cyclodextrin Nanoparticles Loaded With
Anticancer Drug Paclitaxel. Journal of Pharmaceutical Sciences, 2007. 97(4): p. 1519-1529.
Cicek, S. and H. Nadaroglu, The use of nanotechnology in the agriculture. Advances in Nano
research, 2015. 3(4): p. 207.

Chhipa, H., Nanofertilizers and nanopesticides for agriculture. Environmental chemistry letters,
2017.15(1): p. 15-22.

Khalil, S.A., N. Ahmad, and R. Zamir, Gamma radiation induced variation in growth
characteristics and production of bioactive compounds during callogenesis in Stevia rebaudiana
(Bert.). New Negatives in Plant Science, 2015. 1: p. 1-5.

Ma, H.-Y ., et al., A Multi-year Beneficial Effect of Seed Priming with Gibberellic Acid-3 (GA 3)
on Plant Growth and Production in a Perennial Grass, Leymus chinensis. Scientific reports, 2018.
8(1): p. 1-9.

Chronopoulou, L., et al., Microfluidic synthesis of methyl jasmonate-loaded PLGA nanocarriers
as a new strategy to improve natural defenses in Vitis vinifera. Scientific Reports, 2019. 9(1): p.
1-9.

Lewicka, K., et al., Biodegradable Blends of Grafted Dextrin with PLGA-block-PEG Copolymer
as a Carrier for Controlled Release of Herbicides into Soil. Materials, 2020. 13(4): p. 832.

Santo Pereira, A.E., et al., Chitosan nanoparticles as carrier systems for the plant growth hormone
gibberellic acid. Colloids and Surfaces B: Biointerfaces, 2017. 150: p. 141-152.

Pereira, A., et al., y-Polyglutamic acid/chitosan nanoparticles for the plant growth regulator
gibberellic acid: Characterization and evaluation of biological activity. Carbohydrate polymers,
2017.157: p. 1862-1873.



40.

41.

42.

43.

44,

Kumar, M., Nano and microparticles as controlled drug delivery devices. J. Pharm. Pharm. Sci,
2000. 3(2): p. 234-258.

Pal, S.L., etal., Nanoparticle: An overview of preparation and characterization. Journal of Applied
Pharmaceutical Science, 2011. 1(6): p. 228-234.

Danhier, F., et al., PLGA-based nanoparticles: an overview of biomedical applications. Journal of
controlled release, 2012. 161(2): p. 505-522.

Mora-Huertas, C., H. Fessi, and A. Elaissari, Polymer-based nanocapsules for drug delivery.
International journal of pharmaceutics, 2010. 385(1-2): p. 113-142.

Schnoor, B., et al., Engineering atrazine loaded poly (lactic-co-glycolic acid) nanoparticles to
ameliorate environmental challenges. Journal of agricultural and food chemistry, 2018. 66(30): p.
7889-7898.



