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Abstract
Background: The application of plumbagin (PLN), with a wide use in pharmaceutical sci-

ence, is limited due to its low water solubility and poor bioavailability. Micelles can encapsulate hydrophobic drugs due to their hydrophobic core. The aim of this study was to develop
and characterize a polymeric micelle formulation of PLN and evaluate its in vivo antiplasmodial property.
Methods: The study was conducted at Zanjan University of Medical Sciences, Zanjan, Iran
in 2018. The triblock copolymeric micelles of PLN was prepared by e-caprolactone ringopening polymerization, by PEG as the macroinitiator and using Sn(Oct) 2 for its catalytic
properties . The synthesized nanoparticles were characterized by 1H NMR, FTIR, GPC,
AFM, and DLS. The encapsulation efficiency, drug loading capacity, and drug release were
measured by UV-Vis at 520 nm. Also in vivo anti-plasmodial potential of fabricated drug
loaded micelle was investigated using the 4-day suppressive test against Plasmodium berghei
infection in mice.
Results: The nanoparticles average diameter was obtained less than 80 nm. The loading
capacity and encapsulation efficiencies were 18.9±1.3% and 81±0.78%, respectively. In
vitro, PLN release studies showed a sustained-release pattern until 7 days in PLN-loaded
micelles (M-PLN) and drug release rate in acidic condition was higher than neutral condition. In vivo, anti-plasmodial results against P. berghei displayed an 8-fold increase in antiplasmodial activity of M-PLN when compared to free PLN at the tested dosage level on the
7th day.
Conclusion: Based on these results, PCL–PEG–PCL micelles have a great potential to be
the carrier for PLN for the malaria targeting.

Copyright © 2022 Rashidzadeh et al. Published by Tehran University of Medical Sciences.
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International license.
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Introduction

M

alaria is one of the lifethreatening infectious diseases
which still acts as the main cause of
mortality and morbidity in tropical
and subtropical regions of the world and the
malaria-related death has increased from 18%
in 2017 to 28% in 2018 which resulted in
0.435 million death (1). The malaria reemerging is more vulnerable in the poorest
countries that is due to increase resistance to
the majority of current antimalarial drugs and
vectors to insecticides (2-5).
Natural products play vital roles as important therapeutic substances for the prevention and therapies of chronic and infectious
human diseases including cardiovascular disease, leishmaniasis, inflammation, diabetes,
cancer, malaria (6) and toxoplasmosis (7).
Plumbagin
(5-hydroxy-2-methyl-1,4naphthoquinone) (PLN), a plant-derived medicine, extracted from the roots of Plumbaginaceae plants, exhibit both anticancer and antiplasmodial effects and its activity has been
shown by using in vitro and in vivo studies.
Furthermore, herbal products may offer relatively cheap and alternative therapy opportunities for malarial human diseases (8, 9).
Simonsen et al. reported the in vitro antimalarial activity against a chloroquine-sensitive
clone of P. falciparum (3D7) by alcoholic extract of Plumbago zeylanica. The IC50 (concentration that inhibits parasite growth by 50%) of
this extract was 17 μg/ml (10). The malaria
enzyme activity has inhabitation to 50% via
PLN at inhibitory concentrations of 5 μM (11).
Recently, ethanolic extract of P. indica Linn
have promising antimalarial activity (12).
Pharmacokinetics studies revealed restricted
biopharmaceutical criteria such as water insolubility and high lipophilicity (log P 3.04), the
oral bioavailability of PLN is only 39% (13).
Drug solubility initially affect pharmacokinetics results such as, absorption data like its rate
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and extent, therapeutic efficacy, and oral bioavailability (14). As the drug introduced into
the clinical setting, it becomes essential to develop a formulation that significantly increases
the solubility while potentially reducing systemic toxicity. Indeed, a proper formulation
could advocate on patient compliance and
achieve optimal therapeutic potential (15-18).
The possibility of hydrophobic drugs encapsulation is assured progress to develop the intravenous drug formulation (19). For loading
the hydrophobic drugs, the amphiphilic nanoparticles use a hydrophilic shell with hydrophobic core are of tremendous applicants (20).
Poly (e-caprolactone)-poly (ethylene glycol)poly (e-caprolactone), tri-block copolymer, are
self-assembled nanoparticles: a PEG as a hydrophilic shell with PCL for hydrophobic core
(21).
The aim of this study was to determine the
preparation of PLN encapsulated PCL–PEG–
PCL micelles and investigation of its in vivo
anti-plasmodial activity.

Materials and Methods
The study was conducted in Zanjan University of Medical Sciences, Zanjan, Iran in 2018.
Chloroquine (CQ) were purchased from Sigma Co. (Germany), PEG (Mn=6000Da) (Aldrich, St. Louis, USA, CAS.9004744), stannous 2-ethyl-hexanoate (Sn(Oct)2) (Aldrich, St.
Louis, USA, CAS. 301100), ε-caprolactone
(97% purity) (Aldrich, USA, CAS. No 502443),
PLN (Sigma-Aldrich, USA), ethanol, acetone,
and all reagents and chemicals used in this
work were analytical grade.

Synthesis of PCL-PEG–PCL triblock copolymers

The PCL-PEG–PCL triblock copolymers
were prepared according to our previous study
(22).
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PCL-PEG–PCL copolymers Characterization

The triblock copolymer’s chemical structure
and composition were evaluated by Fourier
transform infrared spectroscopy (FTIR)
(Bruker, Tensor 27, USA) and proton nuclear
magnetic resonance spectroscopy (1HNMR) in
CDCl3 at 400 MHz (Bruker, Avance 400,
USA). The differential scanning calorimetry
(DSC) (Mettler Toledo, model Star SW 9.30,
Selangor, Switzerland) was used for thermal
analysis. Gel permeation chromatography
(GPC) (Knauer, Berlin, Germany) set with a
differential refractometric detector and an ultrastyragel column (4.630 mm) (Waters, Milford, USA, model HR 4E, USA) was used to
average molar mass determination and distribution of the copolymers. Tetrahydrofuran
(THF), mobile phase, with a flow-rate of 1
mL/min and the injection volume of 50 µL of
stock solutions (0.1-0.5 w/v%) were used. In
addition, the copolymer was further characterized by relative elution time to polystyrene
monodisperse standards in the range of 1.50035.500 kDa (Varian Palo Alto, CA, USA).

PLN-loaded micelles Preparation

For synthesizing the desired micelles, nanoprecipitation method was applied. Briefly, 20
mg PCL-PEG–PCL copolymer and 6 mg
PLN were dissolved in 2 mL acetone. The solution containing copolymer, drug, and organic solvent were injected drop-wise through a
syringe (G=22) into 25 mL distilled water under stirring at 25°C. The micelles formation
will be completed by the disappearance of the
organic solvent. The unloaded PLN will be
removed by acetone eliminating with rotary
vacuum evaporation at 35°C and the filtration
of resultant aqueous solution throughout a
0.45 µm filter membrane. Micelles were centrifuged (20000 g) for 20 min and final powder
form produced by freeze-dried at 14 Pa and 78 0C (EYELA, 2100, Tokyo, Japan) for residual solvent elimination.
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Micelles Characterization
Particle morphology

Morphology of developed micelles were assessed by Atomic force microscopy (AFM)
(JPK, Berlin, Germany, model Nano Wizard).

Measuring Particle size

Dynamic light scattering (DLS) with
nano/zetasizer was used for micelle mean particle size and particle size distribution study
(Malvern Instruments, Worcestershire, UK,
model Nano ZS).

Micelles Stability

Physical stability studies of the micelles, the
size distribution of the nano-dispersion was
monitored in PBS (pH 7) solution at time periods of 0, 7, 28, 56, 140, 112 and 168 days
after preparation, while the samples were kept
at 37 °C.

Loading efficiency Determination

Micelles drug entrapped evaluation were carried out by determining the drug loading capacity (LC) and drug encapsulation efficiency.
Loading capacity (LC) was calculated as:
[1]
%LC, indicative of the loading capacity, Wmicelles and Wdrug represent the amount of micelle
weight and drug entrapped into the micelle,
respectively. The concentration of entrapped
the measurement of PLN into the micelles
was carried out by UV-Vis Spectrometer at
420 nm (Thermo Fisher Scientific, USA, Madison, model GENESYS™ 10S).
Micelle Encapsulation efficiency (EE) was
determined as:
[2]

FTIR analysis

Any possible drug-copolymer interactions
were studied by the FTIR analysis, the mi-
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celles spectrum were compared with pure drug
and polymers.

Thermal analysis

DSC analysis applied to understand the relationship of drug and copolymer and any interactions between drug and copolymer. The
analysis performed on free PLN, triblock copolymer and M-PLN. The heating rate was
10 °C min−1 and data were recorded from 0 to
200 °C.

In vitro drug release study

Dialysis bag method was applied in order to
study the PLN release from the micelles.
Briefly, 5 mg freeze-dried M-PLN were dispersed in phosphate-buffered saline (PBS) (2
mL) containing 5% (v/v) tween 80 as a donor
medium and micelles were suspended in dialysis bag (Mw 12 kDa) and incubated at 37 °C
with a gentle shaking of 200 rpm and immersed in 15 mL PBS as a receptor medium.
At a specified time intervals, 1 mL sampling is
carried out in the receptor medium and simultaneously replaced by 1 mL fresh PBS to
maintain the sink condition. The concentration of released PLN in the receptor medium
was evaluated with UV-Vis at 520 nm. Release
studies were performed in triplicate. Averaged
obtained data were used to calculate the
amount of free PLN. The cumulative amount
of PLN released was plotted versus time (during 168 hours).

In vivo anti-plasmodial assay

In vivo anti-plasmodial activity of M-PLN
was evaluated using the 4-day suppressive test
against P. berghei infection in mice (2, 21). The
P. berghei ANKA strain was kindly provided by
Pasteur Institute of Iran. In the current study
25 female Swiss albino mice, weighing 20–25 g,
were categorized into five groups (untreated
or control, M-PLN, bared micelles, CQ and
PLN). The dosage used for CQ, PLN, MPLN and free micelles was 5, 20, 105.82 (containing 20 mg PLN) and 86.92 mg/kg, respectively.
Available at: http://ijpa.tums.ac.ir

On the first day of the experiment, each
mice in every group received 1×106 P. berghei
(ANKA) infected red blood cells (RBCs) by
intraperitoneal injection. Groups of five mice
were dosed daily by intraperitoneal injection
for 4 successive days and a blood smear was
taken on day fifth and seventh of the test. Following staining of smears with Giemsa stain,
the suppression of parasitemia and percent of
growth were determined for each treatment
group by comparison the parasitemia (by
enumeration of 3000 RBCs) present in infected controls with those in test animals. Chloroquine (CQ) as a positive control and carrier
solvent as the negative control were used.
This project was conducted in accordance
with the approval of the Institutional Animal
Ethical Committee of Zanjan University of
Medical
Sciences
(Ethical
code:
ZUMS.REC.1394.3271).

Results
PCL-PEG–PCL copolymer Synthesis and
characterization

The composition and structure of the synthesized polymeric carrier was assigned by 1H
NMR spectroscopy in CDCl3 as solvent. In
HNMR spectrum of copolymers, the observation of chemical shifts at 1.61 ppm, 1.72 ppm,
2.43 ppm, and 4.11 ppm were allocated to the
methylene's (CH2) of PCL. As well as, the
chemical shift of methylene protons which
present in methylene (CH2) groups of PEG
was also observed at 3.84 ppm. The Characteristics of the synthesized triblock copolymers are reported in Table 1. In the FTIR
spectrum of synthesized copolymers, the observation of sharp and intense bands at
1111.81 cm−1 and 1725.26 cm−1 can be assigned to the presence of ether (C–O) and
carboxylic ester (C=O) groups, respectively;
thereby indicating that PCL-PEG–PCL is synthesized. Moreover, GPC results revealed that
the weight-based average molar mass of PCLPEG–PCL triblock copolymer was 16432 Da
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which is shown in Table 1. The presence of
the endothermic peak at 51.32 ºC in the DSC
thermogram of PCL-PEG–PCL indicates that

the peaks of PEG and PCL are merged together.

Table 1: Molecular characterics of the synthesized copolymers

Copolymer

PEG
MW(g/mol)

CL /
EG
feed

Mn(Da) a

Mw
(Da)a

PdIb

Tm
(°C) c

PCL-PEG–PCL
6000
2
14927
16432
1.10
51.32
a: Determined by GPC analysis using narrow molecular weight polystyrene standards.
b: Mw/Mn = Dispersity index of the polymers (PdI) determined by GPC analysis
c: Calculated from the first run of DSC as half of the extrapolated tangents
d: DP: degree of polymerization

Copolymeric micelles: Preparation and
characterization

The confirmation for micelles formation
was carried out by AFM. The prepared micelles exhibited a spherical morphology with a
homogeneous dispersion and their size were
approximately 63 nm (Fig. 1). Also, the particle size and particle size distribution of mi-

DP

PEG

DPdPCL

136.36

celles were determined by dynamic light scattering technique (DLS), with values of 78 and
0.23 respectively (Fig. 2). Moreover, the zeta
potential of the prepared micelle was -5.37
mV which is shown in Fig. 2. The drug loading and entrapment efficiencies of prepared
micelle were determined, with values of
18.9±1.3% and 81±0.78%, respectively.

Fig. 1: AFM image of PLN loaded spherical core shell PCL-PEG–PCL micelles

206

91.39

Available at: http://ijpa.tums.ac.ir

Rashidzadeh et al.: Nanoincorporation of Plumbagin in Micelles …

Fig. 2: Particle size distribution and ζ-potential of PLN loaded PCL-PEG–PCL micelles: (A) particle size
distribution of PLN loaded PCL-PEG–PCL micelles, (B) ζ-potential
Physical stability of micelles

The stability of M-PLN has been tested during the study period of 168 days. The change
in particle size of M-PLN in relation to incubation time is illustrated in Fig. 3. The average

size of M-PLNs was increased slightly. However, this observation could not be considered
as an aggregation since the aggregation usually
leads to increases to several folds.

Fig. 3: Physical stability of PLN loaded PCL-PEG–PCL micelles by monitoring the size distribution in 168
days

FTIR analysis

The possibility of drug-copolymer interaction as well as, confirmation on micelles drug
loading, was evaluated by comparison of the
FTIR spectra (Fig. 4). The intense bands at
3459 cm-1 are related to the O-H stretching,
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also peaks observed at 1652 cm-1 is assigned to
the C=C stretching and the peaks observed in
the area of 853.33 cm-1 related to the C-H
stretching aromatic ring of PLN. The FTIR
spectra of the synthesized PCL-PEG–PCL
was shown in Fig.4.
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Fig. 4: FT-IR spectra of (a) PLN and, (b), PCL-PEG–PCL, (c) PLN loaded PCL-PEG–PCL micelles

DSC analysis

DSC thermograms as one of the thermoanalytical techniques, corresponding to triblock
copolymer (PCL-PEG-PCL) is shown in Fig.
5. The triblock copolymer thermogram exhibited an endothermic peak at 51.32 ºC which
indicates the melting of the crystalline portion

of the triblock copolymer (PCL). The DSC
thermogram of PLN showed an endothermic
peak at 147.70 ºC whereas M-PLN displayed
endothermic peaks at 49.83 °C which is an
indication of the melting process of PCLPEG-PCL and PLN in these micelles.

Fig. 5: DSC thermograms of (a) PCL-PEG–PCL copolymer, (b) physical mixture of PCL-PEG–PCL copolymer and PLN, (c) PLN loaded PCL-PEG–PCL micelles s, and (d) PLN
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In vitro release of PLN

The drug release profile of free PLN was investigated to confirm the drug molecules diffusion through the dialysis layer. Free PLN
was showed rapid release profile and reached
its peak at 84.00% and 82.30% in the first 10
hours at pH 5.5 and 7.4, respectively. This
clearly indicated that there is no barrier to the
diffusion of PLN molecules across the dialysis
layer. Fig. 6 depicted the release profiles of
PLN from the drug-loaded micelles at pH 5.5
and 7.4. As expected, any significant initial
burst release profile of PLN could not be reported. The PLN release percentage from the
micelles could be determined in Fig. 6. After
incubation of M-PLN under the sink condition at 37°C for 72 h, the amounts of PLN
released in the media with pH 7.4 and 5.5

were approximately 48.00, and 54.70%, respectively. The common reason for this experience is attributed to the sensitivity of the release profile to pH of PLN from the micelles
since the copolymer is degraded in acidic pH
condition by hydrolysis of the polymer backbone. Also, the release curve of PLN is faster
in acidic condition than in neutral, as in acidic
environment, the polymer is protonated and
causes polymer matrix to swell. In fact, this
phenomenon is really desirable in fields of
drug delivery where they can potentially facilitate the release of drug from obtained micelles.
The results indicated that the maximum PLN
releases after a period of 120 h were 63.00,
and 70.26 % respectively for PBS in pH 7.4
(neutral) and pH 5.5 (acidic condition).

Fig. 6: The release profiles of PLN from PLN loaded micelles in different release media Data shows mean
SD (n = 3)

In vivo anti-plasmodial activity

Results of the 4-day suppressive in vivo antiplasmodial property of M-PLN, PLN and bare
micelle in comparison with standard drug CQ
presented in Fig. 7. As indicated in Fig. 7, M-
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PLN effectively causes inhibition of the parasite growth compare to free PLN and bare
micelle (1.58% parasitemia versus 2.14 and
2.25%) at the same dose. Besides, the M-PLN
have sustained drug release behavior and im-
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proved the blood circulation time compared
to free drug, hence the M-PLN more suppressed the parasite growth. The therapeutic
application of PLN is limited due to its low
aqueous solubility, hence it is necessary to develop drug carrier systems to improve its poor
water solubility, bioavailability and overcome
its limitations. Therefore by encapsulating the
PLN in copolymeric micelles, the abovementioned restrictions can be overcome. Similar to other nanocarriers, PCL-PEG-PCL
could greatly enhance the water solubility and
bioavailability of PLN. Therefore, the difference in antimalarial activity between M-PLN
and PLN could be attributed to the difference

in their water solubility and blood circulation
time. The percentage of suppression on the 7th
day in the NC, M, and PLN treated groups is
less than the 5th day, while for CQ and MPLN, the percentage of suppression on the 7th
day is more than the 5th day. With respect to
decreasing the activity of parasitemia, the most
potent antimalarial activity of CQ reported on
5th and 7th day. In addition, parasite depletion
(%) of mice while treating with CQ (100%)
and M-PLN (92.3%) was remarkably higher
than the negative control group (0%) and the
groups treating by M (9.2%), PLN (30.7%) (P
< 0.01) on 7th day.

Fig. 7: In vivo anti-plasmodial property of M-PLN, PLN, CQ and bare micelles

Discussion
Malaria is still one the life-threatening infectious disease which its treatment and eradication are confronted with some challenges.
Most of the chemotherapeutics that used as an
antimalarial agents are hydrophobic in nature
like PLN (23). PLN has shown multi biologi210

cal characteristics as well as great antiplasmodial properties but its application is extremely limited due to poor water solubility
(24, 25).
In order to increase the solubility of poorly
water soluble therapeutic agents nanotechnology based on polymeric micelles can be applied as a promising approach (26, 27). In this
Available at: http://ijpa.tums.ac.ir
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regard, in the current study PLN was incorporated into PCL–PEG–PCL micelles to improve its water solubility. It is believed that
pegylation could enhance the blood circulation
time and alter the pharmacokinetics parameters and hence we applied PEG-PCL-PEG to
encapsulate the PLN (22, 24, 28). After MPLN was fabricated several techniques were
employed to confirm the PLN was encapsulated successfully into PCL-PEG-PCL micelle.
By comparing the resulting FTIR data of PLN
with the drug-loaded micelles spectra, the
presence of PLN characteristic peaks (12001700 cm-1) can be deduced that the PLN is
successfully loaded into the micelles (29). The
shift in the micelles spectrum could be due to
the possible interaction between PLN and
C=O group of PCL-PEG–PCL (29). Moreover, in DSC thermogram the peak of M-PLN
(49.83 °C) probably supports a physical association between PCL-PEG-PCL and PLN after drug loading in micelles, due to this fact
that the PCL melting point of micelles was
lower than the melting point of desired PCL
copolymer (51.32 °C) and free PLN
(147.70 °C) (30). Physical stability (particle
with no aggregation) is a critical factor which
can alter the therapeutic efficacy of drugs.
In our study particle size was obtained with
DLS during 24 weeks and the particle size was
slightly increased. These changes in particle
size can be attributed to the hydration or
swelling of some portions of the copolymer as
the hydrophilic PEG portions present in the
backbone of M-PLN and aggregation was not
take place (31). In vitro sustained release profile of PLN from the micelle can be attributed
to the fact that PLN is trapped in the core of
the micelles (32). Hence, these micelles can be
considered as an attractive nano drug delivery
carrier for controlled drug delivery for not only PLN but also for any hydrophobic drugs to
aim a diverse therapeutic application. Due to
the poor water solubility of PLN, it showed
poor absorption and low bioavailability. In
one study, PLN was encapsulated into a
pegylated liposome and introduced to the
Available at: http://ijpa.tums.ac.ir

mice, the result indicated that the fabricated
formulation could serve as a promising parenteral platform for PLN with enhanced plasma
half-life and therapeutic efficacy in comparison with free PLN (33).
In our study, the order of suppression is as
follows: CQ > M-PLN > PLN > M > NC
this may attributed the sustained release of
PLN from micelle which could provide better
absorption condition and prolonged blood
circulation time. These results proposed that
the micelles could efficiently increase the solubility and bioavailability of free PLN.

Conclusion
M-PLN were successfully synthesized by
ring opening polymerization (ROP). Micelles
were specified and compared in relation to,
particle morphology, particle size, zeta potential, polydispersity index, drug-loading capacity,
and drug entrapment efficiency. The results
clearly indicate that the stable nanoparticles
with the nanoscale size and narrow polydispersity index as well as negative zeta potential
were obtained. The drug-loading capacity and
drug entrapment efficiency were high enough
and satisfactory for drug delivery. The particles showed spherical shape morphology and
the profile of drug release showed a sustainedrelease with a pH-dependent pattern. M-PLNs
provided an appropriate and acceptable method for in vivo delivery of PLN to P. berghei
infected erythrocytes. This developed nanodrug delivery system could be applied as a
promising candidate drug for introducing in
clinical settings after clinical trials.
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