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ABSTRACT: This study aimed to synthesize and characterize juglone-entrapped poly(D,L-lactic-co-glycolic acid) (PLGA)
nanoparticles and compare the antifungal properties of free juglone with its PLGA nanoparticle formulation for the first time.
The juglone-loaded nanoparticles prepared using the oil-in-water (o/w) single-emulsion solvent evaporation method were
characterized by the reaction yield (RY), encapsulation efficiency (EE), polydispersity index (PDI), particle size, zeta potential
(ZP), FT-IR, and in vitro release properties and evaluated for their morphological features using SEM. The nanoparticle
formulation had size, RY, ZP, EE, and PDI values of 212 nm, 66.91 ± 2.4%, −16.3 ± 0.7 mV, 70.66 ± 3.1%, and 0.083 ± 0.024,
respectively. In vitro release showed a triphasic pattern with initial burst followed by sustained release and dormant phase over
the study period, releasing about 72.8% in total after 42 days. The antifungal studies against Aspergillus flavus, Candida albicans,
and Fusarium spp. using agar dilution and top agar dilution methods indicated that the juglone-encapsulated nanoparticle was
more effective than free juglone. This study showed that the top agar method, which was applied for the first time on antifungal
activity, is more suitable for the nanoparticular system based on sustained release. Therefore, PLGA nanoparticle formulations
may be an important tool for application in many areas for the effective and beneficial use of hydrophobic compounds such as
juglone.
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■ INTRODUCTION

Allelopathy is a direct or indirect, harmful or beneficial, effect of
a plant on other plants, insects, and microbes due to chemical
compounds synthesized and secreted into the environment.
These compounds are called allelochemicals, and they can
usually be found in every tissue of a plant, especially in leaves
and roots. These compounds are released into the environment
through volatilization, water contact, exudation from root, and
plant residues. Allelochemicals can have effects on cell division,
respiration, photosynthesis, membrane permeability, protein
synthesis, and seed germination.1,2

Juglone is an allelochemical that is located in the
naphthoquinone subgroup within the quinones and a secondary
metabolite produced by the walnut tree (Juglandaceae).3

Juglone is selectively toxic toward some animals, micro-
organisms, and plants and has been used for many other
purposes throughout history.4−6 Although it was thought that
juglone affects only other organisms but not the plant itself,
Duroux et al. reported that this compound is also necessary for
plant development.7 Besides, it was reported that juglone has
anticancer,8,9 cytotoxic and genotoxic,10,11 antioxidant,9,12−15

antiviral,16 antibacterial,8,9,14,17−20 and antifungal20−24 effects.
However, its application and bioavailability are limited because
of its poor dissolution property due to its hydrophobic
character.
To provide sustained release of active substances, polymers

that convert into nontoxic metabolites are usually preferred.25

Biodegradable polymers such as polylactic acid (PLA),

polyglycolic acid (PGA), and a copolymer of these, poly(D,L-
lactic-co-glycolic acid) (PLGA), are most commonly used to
synthesize active substance encapsulated nanoparticle systems
to provide sustained release.26−30 PLGA, one of the FDA-
approved biopolymers used frequently for drug delivery
systems, was an appropriate carrier to prepare nanoparticle
systems with substances soluble in water or oil.31 In recent
years, the use of nanoparticle systems produced by encapsulat-
ing antimicrobial agents into PLGA biopolymer has become
very prevalent. Thus, it was stated that pharmacokinetics
properties, therapeutic indices, and biocompatibilities of these
agents increased remarkably in comparison with the free form
of the same drug.32,33 Additionally, nanotechnology studies on
developing antifungal agents are still in the early stages, and
there is an urgent need for the development of eco-safe
fungicides. Bio-nanomaterials are a promising alternative with
high efficacy and relevant cost.34 Due to their high surface to
volume ratio and small size, they can surpass physiological
barriers, reach the target, and interact well with the pathogens.
Although the introduction of nanomaterials to the field is
recent, it has already been agreed that the use of bio-
nanomaterials is a necessity for defeating resistant pathogenic
organisms.35
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In the literature, research papers about the antifungal activity
of juglone compound are few in number; there are, however, a
large number of studies published about walnut tree extracts. In
our research, we aimed to encapsulate the juglone molecule
into a PLGA nanoparticle system for the first time and to
evaluate its antifungal activity comparatively with free juglone.
It should be stated that this is the first research in the literature
about the antifungal activity of juglone-encapsulated PLGA
nanoparticles. To assess this antifungal activity, two different
methods were used and compared against Aspergillus flavus,
Candida albicans, and Fusarium spp.

■ MATERIALS AND METHODS
Preparation of Nanoparticles. In this study, juglone, PVA,

PLGA (lactide:glicolide = 50:50; inherent viscosity 0.45−0.60 dL/g,
Mw ∼ 38−54 kDa P50/50), and DCM were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The modified single-emulsion solvent
evaporation method used for preparation of juglone-loaded PLGA
nanoparticles was described by our previous studies.36,37 Juglone (50
mg/mL) and PLGA (40 mg/mL) were first dissolved in water-
immiscible DCM, mixed together, and then suitably stirred to ensure
that all materials were dissolved. This mixture was emulsified with
aqueous PVA solution (3% w/v), over an ice bath, using a microtip
probe sonicator (output power 100 W, power of 80%, and 2 min,
Bandelin Sonopuls, Germany). The obtained oil-in-water (o/w) single
emulsion was then diluted in 35 mL of PVA solution (0.1% w/v) and
left on magnetic stirring overnight at room temperature. The
nanoparticles were collected by centrifugation at 12000 rpm for 40
min (Beckman Coulter, Allegra-X-30R) and washed three times with
ultrapure water, and then the obtained suspensions were lyophilized.
The free nanoparticles were prepared according to a similar method
without using juglone, and lyophilized nanoparticles were stored at
−80 °C until used.
Characterization of Nanoparticles. The reaction yield and

encapsulation efficiency of nanoparticles were determined in triplicate.
The reaction yield was calculated gravimetrically as follows:36

=
+

×RY%
amount of nanoparticle produced

amount of initial polymer juglone
100

(1)

The indirect quantification method was used to analyze the
encapsulation efficiency of nanoparticles using UV−vis spectroscopy at
424 nm in triplicate. The juglone concentration in the supernatant was
determined by using a previously constructed standard calibration
curve. The encapsulation efficiency of juglone was calculated as
follows:

= ×EE%
amount of juglone encapsulated in NPs

initial juglone added
100

(2)

Both zeta potential (ZP) and mean diameter of particles were
analyzed using a Zetasizer (Zetasizer Nano ZS, Malvern, UK)
instrument with electrophoretic light scattering (ELS) and dynamic
light scattering (DLS) techniques, respectively.38

Morphology and FT-IR Study of Nanoparticles. Scanning
electron microscopy (SEM, A JSM-7001FA, Jeol, Japan) was used to
observe the shape and surface morphology of produced nanoparticles
as previously described in our studies.36 Lyophilized nanoparticles
were fixed on metallic studs using adhesive tapes and then coated with
gold under vacuum. SEM photomicrographs were taken at an
acceleration voltage of 10−30 kV.
Fourier transform infrared spectroscopy (FT-IR) measurements

were carried out by using an IR-Prestige 21 FTIR spectrophotometer
(Shimadzu, Japan) in ATR mode.36 The FT-IR spectra ranging
between 600 and 4000 cm−1 were obtained with resolution of 4 cm−1.
Release Study. The in vitro drug release study was carried out in

triplicate using a modified dissolution method.36 Juglone-PLGA-NPs
(5 mg) were suspended in 2 mL of 150 mM phosphate buffer saline
(PBS) and incubated 37 °C in a shaking incubator (150 rpm) at pH

7.4. At specified time intervals, the samples were centrifuged at 9000
rpm for 20 min, then the supernatant was collected, and the
precipitates were suspended with 2 mL of fresh PBS. The juglone
concentration in the supernatant was determined with UV−vis
spectroscopy at 424 nm by comparing the concentration to a
previously constructed standard calibration curve.

Determination of Antifungal Activities of Free Juglone and
Synthesized Nanoparticles. The antifungal activity of free juglone
and juglone-PLGA-NPs was assessed by the agar dilution method,
according to the recommendations of the National Committee for
Clinical Laboratory Standards,39 and the top agar dilution method,
which was applied for the first time in this study. Two methods were
performed separately for C. albicans (ATCC 10231), A. flavus (ATCC
204304), and Fusarium spp. (ATCC 20883) (provided by
Bacteriological Laboratory, Faculty of Science, at Ataturk University,
Erzurum, Turkey).

Three different fungi isolates were subcultured at 27 °C on
Sabouraud dextrose agar with 2% dextrose (SDA, from Difco, BD
Diagnostic Systems, USA) until good growth was obtained. Spores
were harvested in 5 mL of Sabouraud dextrose broth (SDB, from
Difco, BD Diagnostic Systems, USA), and the tubes were incubated at
27 °C for 3 days. After the incubation period, the tubes were
centrifuged at 5000 rpm for 8 min. The pellet was washed three times
in 0.01 M sodium phosphate buffer (pH 7.4) and resuspended in PBS.
The spore suspensions in buffer were then adjusted spectrophoto-
metrically to 78−82% transmittance for C. albicans and 68−70%
transmittance for Fusarium spp. and A. flavus at a wavelength of 600
nm.40 These suspensions were used in the top agar method.

Agar Dilution Method. This method involves the incorporation
of various desired concentrations of the antifungal agent into a molten
agar medium, followed by the inoculation of fungal cultures onto the
agar plate surface. The minimum inhibition concentration (MIC)
value was determined as the lowest concentration of antifungal agent
that inhibits growth after incubation time. The minimum fungicidal
concentration (MFC) was regarded as the lowest concentration that
does not yield any fungal growth on the solid medium used. Briefly,
appropriate amounts of the free juglone and the juglone-PLGA-NPs
were dissolved in sterile distilled water and added aseptically into
sterile molted SDA medium, ending with a concentration range of
15.33−500 μg/mL. The resulting SDA media were immediately
poured into Petri plates after vortexing. Small blocks of agar (2 × 2
mm) from growing fungal cultures were cut and placed on the SDA
plates. The inoculated plates were incubated at 27 °C for 7 days. At
the end of the incubation period, the plates were evaluated for the
presence or absence of fungal growth. In this study, two control plates
were used, the first one containing only fungal culture and the latter
containing empty nanoparticles and fungal culture. Each test was
repeated three times.

Top Agar Dilution Method. The top agar dilution method has
been developed by modeling the Ames method41,42 (Salmonella/
microsome assay) for this study. In this method, the fungal spores
were directly exposed to the test chemical for a certain time in a sterile
tube containing buffered medium. Then, they was spread over the
surface of SDA after the molten top agar had been added into the same
tube. The most important point in the use of this method is the direct
interaction between the test substance and the tested organism for a
short period or pre-incubation time. The antifungal activity was
examined according to the fungal growth on the plates.

In the top agar method, the stock solutions were prepared by
dissolving the free juglone and the juglone-PLGA-NPs in sterile
distilled water (1.38 mg/mL for the free juglone; 5 mg/mL for the
juglone-PLGA-NPs, containing the same amount of active ingredient
with free juglone). Six different concentrations for each material were
prepared (500, 250, 125, 62.5, 31.25, and 15.33 μg/mL) and
distributed into the sterile tubes. After that, 100 μL of the fungal
cultures (prepared as mentioned above) was added into the tubes, and
the tubes were pre-incubated for 30 min. Finally, the tubes were
shaken gently by adding 2 mL of molten top agar containing 0.5 mM
NaCl, and the mixtures were poured and spread quickly onto the
plates containing SDA. After incubation at room temperature for 7
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days, the antifungal activity was evaluated on the basis of the presence
or absence of fungal growth. Two control plates were included in each
test run. One control plate contained only fungal culture, and the
other one contained the free PLGA nanoparticles dissolved in sterile
distilled water, in addition to the molten top agar. Each test was
repeated three times.

■ RESULTS

Nanoparticle Preparation and Characterization. The
o/w single-emulsion solvent evaporation method was used for
the preparation of free and juglone-loaded nanoparticles. The
juglone-PLGA-NPs were analyzed for RY, EE, Z-av, PDI, and
ZP.

After weighing of nanoparticles, the reaction yields were
calculated to 50.47 ± 2.6 and 66.91 ± 2.4% for free
nanoparticles and juglone-PLGA-NPs, respectively. The
encapsulation efficiency of juglone was calculated as 70.66 ±
3.1% using the indirect method.

Particle Size, Zeta Potential, and Polydispersity of
Nanoparticles. The particle size and ZP of nanoparticles were
measured using dynamic and electrophoretic light scattering,
respectively. Figure 1 shows particle size (A) and zeta potential
(B) distribution of juglone-PLGA-NPs. The Z-average values of
nanoparticles were measured as 183.1 ± 1.35 and 212.2 ± 4.65
nm for free nanoparticles and juglone-PLGA-NPs, respectively.
It was seen that the mean diameter of juglone-PLGA-NPs

Figure 1. (A) Particle size distribution of JNP5, (B) zeta-potential distribution of JNP5, (C) SEM image of JNP5, (D) time-dependent release
pattern of free juglone (squares) and JNP5 (circles), and (E) FT-IR spectra of juglone, free NP, and JNP5.
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increased to 212.2 ± 4.65 nm by encapsulation of juglone. Both
Z-av values of the nanoparticles were measured as <220 nm in
diameter with monodisperse size distribution. As is known, the
smaller particle size (100−250 nm) is required for the high
cellular uptake of nanoparticles.43 All formulations were part of
a single population (100% intensity) and had low values of
polydispersity (0.092 ± 0.020 and 0.083 ± 0.024), which
indicates the uniformity of particle size.
Results of the ZP measurement of nanoparticles are shown in

Table 1. Free nanoparticles and juglone-PLGA-NPs showed
negative ZP values, which indicate the stable state of
nanoparticles owing to electrostatic repulsion.44 In the present
study, free juglone and juglone-PLGA-NPs had −23.6 ± 1.6
mV and −16.3 ± 0.7 mV, respectively. due to the use of
nonionic emulsifier PVA45 and the terminal carboxylic group of
polymer.46 This negative zeta potential causes the nanoparticle
suspensions to be stable by preventing the agglomeration of
nanoparticles.36,47

Morphology and FT-IR Study of Nanoparticles. The
image of juglone-PLGA-NPs was observed using SEM as
shown in Figure 1C. The nanoparticles had smooth surface
morphology, spherical topography, and uniform size distribu-
tions without any agglomeration. The SEM image is in good
agreement with the result measured by DLS, indicating clearly
that the produced nanoparticles had a narrow size distribution.
The FT-IR spectra of juglone, free nanoparticles, and

juglone-loaded PLGA nanoparticles are demonstrated in Figure
1E. In the FT-IR spectra, absorption peaks are assigned to
specific functional groups. Pure juglone showed the main
characteristic peak in the region of 1665−1630 cm−1 due to
carbonyl groups (CO), and the other important peaks are
CC stretching, which is observed at 1592 cm−1, and CO
stretching, which is observed at 1288 cm−1. It is understood
from the spectra of free NPs and JNP5 that the 1750 cm−1 peak
corresponds to the CO group and that the peak between
1250 and 1100 cm−1 is due to the CO stretch of the PLGA
polymer. When the spectra of free NPs and JNP5 are
compared, it is seen that specific functional groups in the
surface of JNP5 have almost the same chemical characteristics
of the free nanoparticles. The FT-IR spectra show that juglone
was successfully encapsulated to PLGA nanoparticles without
having any physical or chemical interaction.
Release Study. On the other hand, the release study was

performed in 150 mM PBS (pH 7.4). The results presented in
Figure 1D show that free juglone was dissolved in the media
within 48 h, whereas juglone-loaded PLGA nanoparticles
showed sustained triphasic release pattern up to 42 days. The
in vitro release profile of juglone-PLGA-NPs over 40 days
shows that after 4 h, approximately 30% of juglone had been
released from the nanoparticles, which is indicative of initial

burst release. Then, in the intermediate phase, the released
juglone amount had increased to 69.9% within the following 10
days. Next, the release became very slow, and the release curve
slope reaches a plateau corresponding to a maximum of 72.8%
at the end of 42 days.

Antifungal Activity of Free Juglone and Synthesized
Nanoparticles. In the agar dilution method, the antifungal
activities of free juglone and juglone-PLGA-NPs were evaluated
on the basis of fungal growth. The MIC and MFC values are
shown in Table 2. It was observed that the PLGA nanoparticle
systems caused a remarkable decrease in MIC values against
C. albicans and Fusarium spp. Among the three fungal species,
the lowest MIC value of the juglone-encapsulated PLGA
nanoparticles was 31.25 μg/mL, whereas the lowest MIC value
of the free juglone was 62.5 μg/mL against C. albicans. The
MIC value of the free juglone was determined as 125 μg/mL
for Fusarium spp., whereas it was 2-fold higher for the juglone-
PLGA-NPs. According to the MFC values, the free juglone was
4 times higher for C. albicans and 2 times higher for Fusarium
spp. than for its nanoparticle formulations. In the case of
A. flavus, the MIC and MFC values for the juglone-
encapsulated PLGA nanoparticles were obtained as 250 μg/
mL, as for the free juglone.
Figure 2 shows the Petri images of the growth inhibition

ratios between juglone-PLGA-NPs, free juglone, and control
groups according to the MIC values detected for JNP5 by the
agar dilution method against all strains. As shown in this figure,
the growth difference between juglone-PLGA-NPs and the free
juglone for C. albicans and Fusarium spp. was slightly observed.
Also, this difference appears to be much higher for both groups
compared with the control.
The top agar dilution method was performed by adding the

molten top agar on fungal spores being exposed directly to
juglone and its nanoparticle formulation in the buffered
medium for a short time. In this method, the decrease in
visible fungal growth was interpreted as antifungal activity or
fungicidal activity. According to our results, the MIC and MFC
values of free juglone were 4 times higher for C. albicans, 4
times higher for Fusarium spp., and 2 times higher for A. flavus,
when compared to the nanoparticle formulations (Table 3).
The empty NPs evaluated as the control group showed no
effect in both studies (data not shown).
In Figure 3, strong visual evidence of a growth inhibitiory

effect was observed in the juglone-PLGA-NPs exposed to Petri
plates compared with both free juglone and control groups in
the top agar dilution method.

■ DISCUSSION

Fungal organisms cause a significant problem in the health
sector by developing antifungal resistance mechanisms recently

Table 1. RY, EE, Z-Av, PDI, and Zeta Potential (ZP) of Nanoparticles (JNP5)

name RY% EE% Z-av (nm) PDI ZP (mV)

free NPs 50.47 ± 2.6 183.1 ± 1.35 0.092 ± 0.020 −23.6 ± 1.6
juglone NPs 66.91 ± 2.4 70.66 ± 3.1 212.2 ± 4.65 0.083 ± 0.024 −16.3 ± 0.7

Table 2. MFC and MIC Values According to Agar Dilution Method

MFC values (μg/mL) MIC values (μg/mL)

test sample A. f lavus C. albicans Fusarium spp. A. f lavus C. albicans Fusarium spp.

juglone NPs 500 62.5 125 250 31.25 62.5
free juglone 500 250 250 250 62.5 125
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and in the food industry by decreasing food quality, quantity,
and storage time.3 Therefore, there is an urgent need for
exploring new antifungal agents that can be used in both
sectors. When the harmful effects of synthetically produced
chemical agents in human health are considered, the demand
for natural antifungal agents obtained from plants increases
gradually.48 Also, plants are excellent resources for the supply of
new antifungal agents.49 PLGA nanoparticle systems are widely
used to improve the efficacy and the impact time of natural
bioactive compounds. Considering this situation, PLGA
nanoparticle systems have been widely used to improve the
efficacy and the impact time of natural bioactive compounds in
recent years.50 Applications of PLGA-NPs are broad, for
example, gene therapy, targeted drug delivery, and the effective
usage of active agents such as seconder metabolites and
pharmaceutical drugs. In antifungal treatments, a major concern
with currently available antifungal drugs is the low systemic
bioavailability arising from low aqueous solubility and early
drug degradation. Keeping this in perspective, the present study
aimed to successfully synthesize juglone-loaded PLGA nano-
particle systems using the oil-in-water single-emulsion solvent
evaporation method, characterize the system in detail, and
evaluate its antifungal activity in comparison with free juglone.
The antifungal activity of the synthesized JNP5 was also
evaluated by two different methods against A. flavus, C. albicans,
and Fusarium spp. for the first time.

Juglone is a naphthoquinone synthesized in walnut tree, and
the antifungal properties of this compound have been known
for many years.3 When the literature was reviewed, it was
observed that antifungal activity research about naphthoqui-
none derivatives is predominant,51−53 but there are only a few
studies about the juglone molecule.20 Although it was reported
in these research studies that juglone has an apparent antifungal
activity, differences were found between the MIC values, which
were thought to be caused by reasons such as methods selected,
solvents, juglone source, and fungal strains.
Furthermore, on the basis of our knowledge, there were no

reported data about the synthesis and characterization of the
juglone-loaded PLGA nanoparticles and the evaluation of the
antifungal activity of the juglone-encapsulated nanoparticles, as
well. Therefore, in our study, the antifungal activity of the
juglone-PLGA NPs was evaluated for the first time.
According to the our results, the juglone-loaded PLGA

nanoparticles proved to be more effective in inhibiting fungal
growth when compared to free juglone by both methods used.
In former studies, it has also been shown that amphotericin
b-,54 voriconazole-,55 and ITZ-entrapped56,57 PLGA nano-
particles showed more potent antifungal efficacy than their free
formulations congruently. In our study, one of the main reasons
behind the enhancement in antifungal activity may be the
solubility increase of the hydrophobic juglone molecule, which
provided encapsulation into the nanoparticle system.
Another important reason may be existence of chitin, which

is the main component of the fungal cell wall structure. β-1,4-

Figure 2. According to agar dilution method, the Petri images of
growth inhibition effects of juglone PLGA nanoparticles and free
juglone due to MIC values of JNP5 (250, 31.25, and 62.5 μg/mL for
A. flavus, C. albicans, and Fusarium spp., respectively) in the agar
dilution method: (a) control; (b) JNP5; (c) free juglone.

Table 3. MFC and MIC Values According to the Top Agar Dilution Method

MFC values (μg/mL) MIC values (μg/mL)

test sample A. f lavus C. albicans Fusarium spp. A. f lavus C. albicans Fusarium spp.

juglone NPs 250 125 62.5 125 62.5 31.25
free juglone >500 500 250 250 250 125

Figure 3. Petri images of growth inhibition effects of juglone PLGA
nanoparticles and free juglone due to MIC values of JNP5 (125, 62.5,
and 31.25 μg/mL for A. flavus, C. albicans, and Fusarium spp.,
respectively) in the top agar dilution method: (a) control; (b) JNP5;
(c) free juglone.
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Linked N-acetylglucosamine units of the chitin provide a strong
positive charge to fungal cells. PLGA nanoparticles, due to their
negative charge, form an electrostatic interaction with the
fungal cell walls. This situation provides access of the
nanoparticles to the cell surfaces, their accumulation and,
later on, the entrance of the released active substances or the
nanoparticles into the cells and, therefore, increases the
antifungal activity by forming an electrostatic attraction
between the organisms and the PLGA-NPs.58 Besides, the
hydrophobins secreted by fungal organisms form an
amphipathic membrane structure and so provide contact
between the hydrophilic medium and hydrophobic agents
such as juglone due to their hydrophobic and hydrophilic
regions.57 Still, this interaction is limited, and the drug activity
is low. In contrast to that, because of their hydrophilic
structure, the juglone-loaded PLGA nanoparticles interact well
with the fungal surfaces and reveal a stronger growth inhibitory
effect.
As reported in previous research, it is easier for small-sized

particles to enter the cells, and the size of the juglone-PLGA
nanoparticles synthesized in this study (212.2 ± 4.65 nm) is
within the range described as “small-sized nanoparticle” in the
literature.43,57,59 In addition to these, despite the fact that the
initial dose of the free juglone provides growth inhibition, drug
concentration decreases on the basis of the consumption or
degradation by the spores as time progresses. On the contrary,
nanoparticle systems burst in the first 4 h (the moment when
most of the active substance is released) and then continue to
release active material over time. This continuous exposure
prevents the regrowth of fungal spores and in that way provides
a longer effect.57

In the present study, we examined the antifungal activity of
the free juglone and its nanoparticle formulation by using two
different methods: agar dilution and top agar dilution. The
effect of the time-dependent release of the active material on
the fungal organisms was observed more specifically in the top
agar dilution method due to the interaction occurring between
the fungal organisms and nanoparticles in the liquid medium
for a while (30 min−preincubation time). Moreover, it was
thought that the effect of the pH changecaused by this
interactionon the surface charges has an effect again on the
interaction itself as well.60 It was also thought that the
interaction time may be important for the method’s efficacy.
Because of that, further research will be performed to evaluate
the correlation between the antifungal activity and the
interaction time in detail. Because the top agar dilution method
allows using far less material than the agar dilution method, it is
planned to perform validation studies to improve the
methodology and provide the efficient usage of the method
in release-based nanoparticle systems.
In conclusion, the improved antifungal activity of juglone

entrapped in the PLGA nanoparticle system has been shown
visually in Petri plates of agar dilution and top agar dilution
methods (Figures 2 and 3). Moreover, in this study, more
effective results were found in the top agar dilution method,
which was used to detect the antifungal activity for the first time
when compared to the agar dilution method. A stronger
inhibition effect on the fungal growth was observed clearly for
the juglone-PLGA-NPs than for the free juglone molecules by
the top agar method. This suggests increased sensitivity for the
top agar dilution method in the antimicrobial and antifungal
activity studies of the PLGA nanoparticle systems, particularly.
Additionally, to provide a more detailed explanation of the

enhanced antifungal effect detected in this study, we suggest
performing further in vivo and in vitro studies on the cellular
uptake mechanisms and the interactions between the juglone-
PLGA-NPs and fungal species.
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Professor Dr. Zeynep Mustafaeva Akdeste for providing
laboratory facilities.

■ REFERENCES
(1) Seigler, D. S. Chemistry and mechanisms of allelopathic
interactions. Agron. J. 1996, 88, 876−885.
(2) Halbrendt, J. Allelopathy in the management of plant-parasitic
nematodes. J. Nematol. 1996, 28, 8.
(3) Strugstad, M.; Despotovski, S. A summary of extraction,
synthesis, properties, and potential uses of juglone: a literature review.
J. Ecosyst. Manage. 2013, 13, 1−16.
(4) Kocacaliskan, I.; Terzi, I. Allelopathic effects of walnut leaf
extracts and juglone on seed germination and seedling growth. J.
Hortic. Sci. Biotechnol. 2001, 76, 436−440.
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