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ABSTRACT
Purpose The synthesis and evaluation of novel biodegradable
poly(organophosphazenes) (3–6) namely poly[bis-(2-
p r o p o x y ) ] p h o s p h a z e n e ( 3 ) p o l y [ b i s ( 4 -
a ce t am idophenoxy ) ] pho spha zene (4 )po l y [ b i s ( 4 -
f o rm y l p h e n o x y ) ] p h o s p h a z e n e ( 5 ) p o l y [ b i s ( 4 -
ethoxycarbonylanilino)]phosphazene (6) bearing various hydrophilic
and hydrophobic side groups for their application as nonocarrier
system for antimalarial drug delivery is described.
Methods The characterization of polymers was carried out by IR,
1H-NMR and 31P-NMR. The molecular weights of these novel
polyphosphazenes were determined using size exclusion chroma-
tography with a Waters 515 HPLC Pump and a Waters 2414
refractive index detector. The degradation behavior was studied
by 200 mg pellets of polymers in phosphate buffers pH 5.5, 6.8
and 7.4 at 37°C. The degradation process wasmonitored by chang-
es of mass as function of time and surface morphology of polymer
pellets. The developed combined drugs nanoparticles formulations
were evaluated for antimalarial potential in P. berghei infected mice.
Results These polymers exhibited hydrolytic degradability, which
can afford applications to a variety of drug delivery systems. On the
basis of these results, the synthesized polymers were employed as

nanocarriers for targeted drug delivery of primaquine and
dihydroartemisinin. The promising in vitro release of both the drugs
from nanoparticles formulations provided an alternative therapeutic
combination therapy regimen for the treatment of drug resistant
malaria. The nanoparticles formulations tested in resistant strain of
P. berghei infected mice showed 100% antimalarial activity.
Conclusions The developed nanocarrier system provides an al-
ternative combination regimen for the treatment of resistant
malaria.
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DHA Dihydroartemisinin
DMSO Dimethyl sulphoxide
DSC Differential scanning calorimetry
EDTA Ethylene diamine tetraacetic acid
EE Entrapment efficiency
ELISA Enzyme linked immuno sorbent assay
HPLC High performance liquid chromatography
IAEC Institutional animal ethical committee
IR Infrared
MHz Mega hertz
MST Mean survival time
Mw Molecular weight
NIMR National institute of malaria research,

New Delhi, India
NP Nanoparticles
o/w Oil/water
PBS Phosphate buffer saline
PEG Polyethyleneglycol
ppm parts per million
PQ Primaquine
RBCs Red blood cells
SEM Scanning electron microscopy
SGOT Serum glutamic oxaloacetic transaminase
SGPT Serum glutamic pyruvate transaminase
TEM Transmission electron microscopy
Tg Glass transition temperature
TGA Thermogravimetric analysis
THF Tetrahydrofuran
UV Ultraviolet
Wt Weight

INTRODUCTION

Polyphosphazenes are polymers having an inorganic backbone
and composed of nitrogen and phosphorus atoms linked by al-
ternating single and double bonds with two substituent at each
phosphorus atom. These are the most versatile inorganic poly-
mers because a wide variety of substituents can be attached to the
backbone phosphorus atom which result in a very broad spec-
trum of physical as well as chemical properties suitable for many
potential applications, including biomedical applications and
polymeric drug delivery systems (1,2). The major precursor,
polydichlorophosphazene, is extremely hydrolytically unstable
but can be readily substituted with nucleophilic substituents to
give a wide range of stable poly(organophosphazenes) with an
extremely wide range of properties (Fig. 1) (3).

The synthetic flexibility and versatile adaptability has resulted
in an enormous number of materials with a wide range of bio-
medical applications (4), varying from water soluble
polyphosphazenes (5) to superhydrophobic polymers (Fig. 2) (6).

Depending on the side groups applied, polyphosphazenes can
be biodegradable, which opens up routes for applications in the

area of tissue engineering and drug delivery (7–9).
Polyphosphazenes can undergo hydrolytic degradation by both
s u r f a c e a n d b u l k e r o s i o n ( 1 0 ) . R e c e n t l y ,
poly(organophosphazenes) having hydrophilic PEG chains con-
jugated with hydrophobic isoleucine ethyl ester groups have also
been prepared for the sustained delivery of the anticancer drugs
5-fluorouracil (11) and doxorubicin. The glycyl lactate ethyl es-
ters sensitive to hydrolysis were also added to enhance polymer
degradation (12). The various substituted polyphosphazenes
have been employed as targeted drug delivery systems by our
research group (13,14). Further, one of our co-author has valu-
able contribution to the development of implants for antimalarial
drug chloroquine using biodegradable polymers such as gelatin
and cross-linked gelatin. The implants were evaluated for phys-
icochemical properties, in vitro drug release study and pharmaco-
kinetics. The results revealed that the implants exhibited opti-
mum drug release which conform to the prerequisite of a long
term implant for 7 days (15). There was another contribution to
the artemether (8) loaded lipid nanoparticles formulations devel-
oped by modified thin-film hydration method which were found
to be safe and more potential as antimalarial when compared
with standard and marketed formulations (16).

In connection with the relevant research work envisaged for
the design, synthesis and evaluation of nanoparticles of polymer
linked combined antimalarial drugs for the treatment of drug-
resistant malaria, contributed by our research group (17), we
attempted to synthesize and evaluate some controlled molecular
weight substituted poly(organophosphazenes) bearing various hy-
drophilic and hydrophobic side groups so as to develop these
polymers to be used as nanocarriers for the targeted and
sustained delivery of antimalarial drugs. Although various poly-
mers have been employed for the targeted drug delivery of
primaquine and other antimalrial drugs but the substituted
polyphosphazenes have not been employed as novel carrier ma-
terials for the drug delivery applications. The synthesized
substituted poly(organophosphazenes) were employed as
nanocarriers materials for combined regimen of primaquine
(PQ) and dihydroartemisinin (DHA) antimalarials for the treat-
ment of drug resistant strains of malaria. The objective of the
present study was to develop a novel and effective drug delivery

Fig. 1 General structure of poly(organophosphazenes).
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system for increasing the uptake of both antimalarial drugs by
malarial parasite infected cells. This could be accomplished only
after the formulation of nanoparticles. Further, the combination
regimen is effective to treat the drug-resistant malaria as both the
drugs (primaquine and dihydroartemisinin) have different mech-
anisms of action.

EXPERIMENTAL METHODS

Materials

Trimer was obtained from Sigma-Eldrich and was purified by
petroleum ether before synthesis of poly(dichlorophosphazene).
Tetrahydrofuran was dried by refluxing with sodium using ben-
zophenone and kept over sodium wire. The 1H-NMR and 31P-
NMR spectra were recorded on Brucker Avance II 400 MHz
NMR spec t rometer . The molecu lar we igh t s o f
polyphosphazenes were determined using size exclusion chroma-
tography with a Waters 515 HPLC Pump and a Waters 2414
refractive index detector. THF was used as solvent with a flow
rate of 1 ml/min at 40°C and narrow disperse polystyrene as
calibration standards. Thermogravimetric analysis (TGA)
measurements were carried out by a TGA, TA SDT Q60
(at a heating rate of 10°Cmin−1). Differential scanning calori-
metric (DSC) measurements were carried out with a DSC,
Q20, TA- Instruments Waters (LLC, USA). The calorimeter
was calibrated for temperature and heat flow accuracy using
the melting of pure indium (mp 156.6°C and δH of 25.45
Jgm−1). 3–5 mg of samples were loaded in sealed non-
hermetic aluminium pans and were run within temperature
range of 50–400°C with a heating rate of 10°C per minute
under nitrogen atmosphere (flow rate 50 cc/min). The data
were managed by TAQ series Advantage software (Universal
analysis 2000).

The morphology of the drug loaded substituted
polyphosphazenes nanoparticles was analyzed by the trans-
mission electron microscopy (TEM) by using the stain phos-
photungstic acid. A drop of nanoparticle formulation was
spread on a 200-mesh, copper grid coating and the droplets
excess were removed onto the filter paper. After 5 min, a drop
of 2% phosphotungstic acid was placed onto the copper grid.
The grid was dried at room temperature and observed by
TEM.

The average particle size, size distribution and Zeta poten-
tial of the drug loaded nanoparticles was determined by using
Delsa NanoC Zeta sizer (Beckman. Coulter Pvt. Ltd.). The
nanoparticles formulation was put into the polystyrene latex
cell and measured at the detector angle of 90°C having a
wavelength of 633 nm, a refractive index (1.59), and a tem-
perature of 25°C was maintained.

METHODS

Preparation and Characterization of Polymers

The synthesis of various substituted poly(organophosphazenes)
was carried out according to Scheme I.

Synthesis of Poly(dichlorophosphazene) (2)

The trimer material hexachlorocyclotriphosphazene (1) was
polymerized to poly(dichlorophosphazene) (2) by the proce-
dure reported in literature (18).

Synthesis of Poly[bis-(2-propoxy)]phosphazene (3)

Sodiummetal (4.60 g, 0.2 mol) was added in small portions to
2-propanol (12.0 g, 0.2 mol) taken in a two necked round
bottom flask fitted with a reflux condenser. The reaction mix-
ture was refluxed in an oil bath till all the metal had reacted.
After completion of the reaction, the excess of 2-propanol was
distilled off under reduced pressure to get sodium 2-
propoxide. A solution of sodium 2-propoxide (15.0 g,
0.183 mol) in dry tetrahydrofuran (THF) (150 ml) was added
dropwise to the solution of poly(dichlorophosphazene) (10.0 g,
0.087 mol) (2), in THF and refluxed for 3 days under inert
atmosphere, cooled, filtered and concentrated under reduced
pressure. The product was precipitated with water to get pure
poly[bis-(2-propoxy)]phosphazene (3). In order to remove
unreacted molecules and inorganic salt, the solution was dia-
lyzed for 2 days against distilled water using cellulose dialysis
membranes (molecular weight cutoff: 3.5×103). The dialyzed
solution was freeze dried to obtain polymer (3).

Fig. 2 Some examples of
poly(organophosphazenes) with
varied properties.
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Synthesis of Poly[bis(4-acetamidophenoxy)]
phosphazene (4)

4-Hydroxyacetanilide (30.0 g, 0.199 mol) was dissolved in dry
ethyl methyl ketone (200 ml). To this solution was added potas-
sium carbonate (60.0 g, 0.435 mol) in small portions. The reac-
tion mixture was refluxed under inert atmosphere for 5 h., fil-
tered, residue washed with ethyl methyl ketone and dried to get
potassium 4-acetamidophenoxide. A solution of potassium 4-
acetamidophenoxide (32.60 g, 0.172 mol) in dry tetrahydrofuran
(200.0 ml) was added slowly with stirring to a solution of
poly(dichlorophosphazene) (2) (10.0 g, 0.087 mol) in dry tetrahy-
drofuran (200.0 ml) under nitrogen atmosphere. The reaction
mixture was refluxed for 80 h, filtered, and solvent removed
under reduced pressure to get the concentrate. After the filtrate
was evaporated, the concentrate which was taken in tetrahydro-
furan precipitated using a solvent pair of ethanol and (1:2v/v) to
obtain precipitate, which was repeated twice in the same solvent
systemto get poly[bis(4-acetamidophenoxy)]phosphazene (4). In
order to remove unreacted molecules and inorganic salt, the
solution was dialyzed for 2 days against distilled water using cel-
lulose dialysis membranes (molecular weight cutoff: 3.5×103).
The dialyzed solution was freeze dried to obtain polymer (5).

Synthesis of Poly[bis(4-formylphenoxy)]phosphazene
(5)

Potassium carbonate (50.0 g, 0.362 mol) was added in small
portions to the solution of 4-hydroxybenzaldehye (25.0 g,
0.205 mol) in ethyl methyl ketone (200.0 ml) under inert atmo-
sphere and refluxed for 5 h. After completion of the reaction the
precipitated material was filtered, washed with ethyl methyl ke-
tone and dried to obtain potassium 4-formylphenoxide.
Poly(dichlorophosphazene) (2) (10.0 g, 0.087 mol) in dry tetrahy-
drofuran (200.0 ml) was added dropwise to the slurry of potassi-
um 4-formylphenoxide (27.60 g, 0.173 mol) in tetrahydrofuran
(200.0 ml). The reaction mixture was refluxed for 72 h, filtered,
and concentrated to get poly[bis(4-formylphenoxy)]

phosphazene. The polymer so obtained was purified by using
solvent system water, ethanol and n-heptane (2:1:1v/v). In order
to remove unreacted molecules and inorganic salt, the solution
was dialyzed for 2 days against distilled water using cellulose
dialysis membranes (molecular weight cutoff: 3.5×103). The di-
alyzed solution was freeze dried to obtain polymer (5).

Synthesis of Poly[bis(4-ethoxycarbonylanilino)]
phosphazene (6)

4-Aminobenzoic acid (0.291 mol) was added to absolute ethyl
alcohol (250.0 ml) previously saturated with hydrochloric acid
gas. The reactionmixture was refluxed for 2 h, poured into water
and neutralized with sodium carbonate. Precipitated material
was filtered, dried and crystallized from methanol to get ethyl
4 - a m i n o b e n z o a t e . F r e s h l y p o l y m e r i z e d
poly(dichlorophosphazene) (2) (10.0 g, 0.087 mol) was dissolved
in dry toluene (200.0 ml). Freshly distilled triethylamine (10.0 ml)
was added into the polymer solution followed by dropwise solu-
tion of ethyl 4-aminobenzoate (28.44 g, 0.172 mol) in dry THF
(200.0 ml). The reaction mixture was refluxed for 170 h, cooled
to room temperature and filtered to remove hydrochloride salts.
The clear filtrate was concentrated under vacuum and precipi-
tation by petroleum ether (60–80°C) to get the product. In order
to remove unreacted molecules and inorganic salt, the solution
was dialyzed for 2 days against distilled water using cellulose
dialysis membranes (molecular weight cutoff: 3.5×103). The di-
alyzed solution was freeze dried to obtain polymer (6).

In Vitro Degradation Studies

The in vitro degradation studies of poly(organophosphazene) were
carried out by measuring weight loss as a function of time (days).
For this experiment preweighed polymer pellets of 200 mg were
placed in 50 ml of phosphate buffer solutions of pH 5.5, 6.8 and
7.4 at 37°C in a shaking incubator. Samples were withdrawn at
time interval of 7, 14, 21, 28 and 35 days, dried in vacuum
desiccator and then weighed to determine the weight loss. The

Scheme I General Scheme for
the synthesis of substituted
poly(organophosphazenes): (a) Δ,
240±5°C, anhydrous AlCl3, (b)
Sodium isopropoxide/potassium 4-
acetomidophenoxide/potassium 4-
formylphenoxide/4-aminobenzoic
acid, THF, reflux.
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experiment was performed in triplicate. The results were
expressed as percent mass loss versus time (19).

Scanning Electron Microscopy (SEM)

Th e mo r p h o l o g i e s o f d e g r a d e d s amp l e s o f
poly(organophosphazenes) were examined by scanning electron
microscope (JEOL, JSM 6490, Japan) and (JSM 6100, Japan).
Sincemoisturizedmaterials cannot be detected by SEM, samples
were dried in vacuum desiccator. Prior to imaging, the samples
were fixed and dehydrated. Samples were subjected to SEM at
voltages ranging from10 to 25 kV after the samples were sputter-
coated in white gold.

Thermal Properties

Thermal stability is one of the most important properties of
poly(organophosphazenes). The decomposition temperatures
and glass transition temperatures (Tg) were measured by
thermogravimetry and differential scanning calorimetry,
respectively.

Preparation of Nanoparticles (NP) Formulations

The different drug loaded nanoparticles formulations were for-
mulated by a simple o/w emulsion diffusion method. Briefly,
specific polymer and both the drugs were dissolved in dichloro-
methane and 50 ml of this organic solution was poured on
100 ml of aqueous solution containing 1% Tween 80 as a sur-
factant. This biphasic system was emulsified using mechanical
stirrer at a speed of 3000 rpm for 2 h followed by homogeniza-

tion at 7000 rpm during 10 min. The above dichloromethane
solution was sonicated using probesonicator for 5 min. Finally,
the organic solvent was evaporated under vacuum at 35°C,
which results in stable nanoparticles formulations.

Physicochemical Characterization of Nanoparticles
(NP) Formulations

Morphology, Particle Size and Zeta Potential Analysis

The morphology of the drug loaded subst i tuted
poly(organophosphazenes) nanoparticles was analyzed by the
transmittance electron microscopy by using the stain phospho-
tungstic acid. A drop of nanoparticle formulation was spread on
a 200-mesh, copper grid coating and the droplets excess were
removed onto the filter paper. After 5 min, a drop of 2% phos-
photungstic acid was placed onto the copper grid. The grid was
dried at room temperature and observed by TEM.

The average particle size, size distribution and Zeta poten-
tial of the nanoparticles was determined by using Delsa
NanoC Zeta sizer (Beckman. Coulter Pvt. Ltd.). The nano-
particles formulation was put into the polystyrene latex cell
and measured at the detector angle of 90°C having a wave-
length of 633 nm, a refractive index (1.59), and a temperature
of 25°C was maintained.

Percentage Yield

The nanoparticles from each formulation were weighed and
the respective percentage yield was calculated using the fol-
lowing formula (20).

Percentage yield ¼ wt of nanoparticles obtained=wt of drug and polymer used� 100

Percentage Entrapment Efficiency

To determine primaquine and dihydroartemisinin entrap-
ment in nanoparticles formulations, the samples were ana-
lyzed by HPLC and % entrapment efficiency (EE) was calcu-
lated using following equation

% Yield ¼ 1−Free drug=theoretical drug loaded� 100

Drug Loading

The percentage drug loading was calculated by using follow-
ing equation

Percentage drug loading ¼ Wt of drug in nanoparticles=Wt of nanoparticles taken� 100

In Vitro Drug Release Studies

The in vitro release studies was carried out by dialysis bag
method pooling out known amount of nanoparticles in an
activated dialysis bag (Molecular weight cutoff: 14,000; Sigma
Aldrich), the bag was placed in methanolic phosphate buffer

saline at pH 7.4. The release medium was maintained at stir-
ring speed of 100 rpm and 37°C in shaking incubator. The
sampling of 1 ml was done from the receptor section at regular
time intervals up to 96 h and replaced with an equal volume of
fresh PBS buffer. The concentration of free drug from the
receptor was analyzed for primaquine by UV at 259 nm
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and dihydroartemisinin by HPLC at λmax 210 nm using Ace-
tonitrile: Water (60:40) respectively. All the measurements
were performed in triplicate. The linearity of primaquine
was plotted in concentration range of 4 μg/ml to 12 μg/ml
at λmax 259 while that of dihydroartemisinin linearity was
plotted in range of 100 μg/ml to 500 μg/ml at λmax 210.

The data was analysed by fitting to the different kinetic
models such as zero order, first order, Higuchi, Korsmeyer
and Peppas. The release data obtained were treated accord-
ing to zero-order (cumulative amount of drug release versus
time), first-order (log cumulative percentage of drug remain-
ing versus time), Higuchi (cumulative percentage of release
versus square root of time) and Korsmeyer-Peppas (log cumu-
lative percentage of drug released versus log time) equation
models. The mechanism of release kinetics can be determined
from correlation coefficient. The correlation coefficient get-
ting close to 1.0 for a particular formulation, that release ki-
netics mechanism will be followed for that proposed formula-
tion. The graphical method was used to determine the corre-
lation coefficients.

Evaluation of Antimalarial Efficacy in P. berghei Infected Mice

The biological evaluation of designed nanoparticles formula-
tions for antimalarial potential was carried out after getting
approval from Institutional Animal Ethics Committee (IAEC)
of the I.S.F. College of Pharmacy, Moga (Punjab) under pro-

tocol no.145. All the experiments on animals were performed
as per the guidelines of Committee for the Purpose of Control
and Supervision on Experiments on Animals (CPCSEA). The
swiss albino mice weighing between 25–30 g and four to five
weeks old were procured and fed with standard pellet diet and
water ad libitum.

The Plasmodium berghei (NK 65) resistant strain was used as
the source of parasites and procured from the National Insti-
tute Malaria Research (NIMR), New Delhi. All the animals
were infected with 106 P. berghei by intraperitonial (i/p) route.
After the development of infection, the animals were kept
under observation to record mean percent parasitaemia,
mean survival time and survival rate after giving treatment
with drug loaded nanoparticles formulations to evaluate therir
antimalarial efficacy.

The animals were divided according to the approved ani-
mal protocol as per the guidelines of CPCSEA. The
parasitemia progression was monitored by observing under
microscope (100 ×) after examining the thin smears of blood
from the tail vein of mice. The parasitemia level was counted
per 1000 RBC’s per slide after taking 2–3 drops of blood from
tail vein of mice, put on slide, air dried, fixed with methanol
and stained with Giemsa. The average parasitemia was mea-
sured by counting a minimum of five fields (200 Red
Blood Cells (RBCs) for each field) in one slide. The
percent parasitemia was ccomputed using the following
formula (21).

Percent Parasitemia ¼ No: of parasite RBCs=Total no: of RBCs examined� 100

Statistical Analysis

The graph pad prism was used to analyze data obtained and
these were expressed as mean ± standard error of mean. The
differences between means were compared using One way
analysis of variance (ANOVA) followed by Dunnet’s post
hoc test. P≤0.05 were considered significant.

Determination of Average Percent Antimalarial
Activity

The average percent antimalarial activity (= percent
suppression) was determined according to the following
formula

Activity ¼ 1−Mean parasitemia of treated group=Mean parasitemia of control group

Determination of Mean Survival Time

Mortality was monitored daily and the number of days from
the time of incoculation of the parasite up to death was re-
corded for each mouse in the treatment and control groups

throughout the follow up period. The mean survival time was
determined for mice during an observation period of 35 days.
The mean survival time (MST) for each group was calculated
by the following formula (22).

MST ¼ Sum of survival time of all mice in a group daysð Þ= Total number of mice in that group
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In Vitro Erthrocytic Toxicity Assay

To run the erythrocytic toxicity test, the anticoagulant
EDTA was added to 5 ml of whole blood samples from
a healthy volunteer. Blood was centrifuged at 3000 rpm
for 20 min in centrifuge. Buffy coat was removed and
the packed cells were washed thrice with normal saline
solution.

Briefly, to prepare the negative control, a volume of 100 μl
cell suspension was added to 3 ml normal saline solution. The
sample showed no haemolysis, i.e. red blood cells (RBCs) have
not lysed in normotonic conditions. Likewise, 100 μl of cells
were added to a second test tube and the volume was made up
to 3 ml with double-distilled water. In this case, the sample
showed 100% haemolysis and was used as positive control, as
RBC lysed in a hypotonic medium. The selected nanoparti-
cles formulation, LNP4 (1 ml), was separately added to 100 μl
cell suspension. All the samples were incubated at 37°C for 1 h
in a water bath. After incubation, debris and intact erythro-
cytes were removed by centrifugation and 100 μl of resulting
supernatant was dissolved in 2 ml of ethanol/HCl mixture (39
parts of 99% ethanol and 1%HCl). This mixture dissolved all
the components and prevented the precipitation hemoglobin.
The absorbance of the mixture was determined at 405 nm
using ELISA plate reader. The experiment was performed
in triplicate. The percentage haemolysis was calculated apply-
ing the following equation (23):

% Haemolysis ¼ absorbance of sample
absorbance of positive control

� 100

In Vivo Toxicity Analysis

Several biochemical parameters, i.e. quantification of serum
glutamic pyruvate transaminase (SGPT), serum glutamic ox-
aloacetic transaminase (SGOT), and alkaline phosphatase
(ALP), were used as the analytical markers to assess the hepa-
totoxicity (16).

RESULTS AND DISCUSSION

Polymer Synthesis and Characterization

The various hydrophobic and hydrophilic polymers were syn-
thesized by reaction of poly(dichlorophosphazene) using alk-
oxy, phenoxy and amine terminated substituents to yield low
molecular weight polyphosphazenes according to the synthet-
ic Scheme I. The polymers synthesized were made to be hy-
drophilic and hydrophobic by appropriate choice of the sub-
stituents. In our work, we used 2-propoxy and 4-

formylphenoxy to impart hydrophobicity to the target poly-
mer while hydrophilicity was attributed to the 4-
acetamidophenoxy and ethyl-4aminobenzoate due to the
presence of hydrolysable amide and ester bonds in respective
substituents. The physicochemical and spectral data of the
synthesized polymeric matrices is discussed below:

Poly[bis-(2-propoxy)]phosphazene (3)

Yield: 75.44%; IR (KBr) cm−1 1395 (gem dimethyl) and 1174
(P=N str). 1H-NMR (D2O-d6, δ ppm): 1.17–1.31 (d, 12 H,
−OCH(CH3)2)and 4.70 (br, 2H, −OCH); 31P-NMR,
(DMSO-d6, δ ppm): 1.59 s; Mw=1.4×10

5 daltons.

Poly[bis(4-acetamidophenoxy)]phosphazene (4)

Yield : 60.70%; IR (KBr) cm−1 : 3280 (N-H str), 1675 (C=O
str), 1200 (P=N str) and 1160 and C-O str). 1H-NMR
(DMSO-d6, δ ppm): 2.00–2.06 (s, 6H, NHCOCH3), 6.64–
6.68 (m, 4H, meta-ArH), 7.30–7.34 (m, 4H, ortho ArH), 8.97–
9.55 (s, 2H, NHCOCH3);

31P-NMR, (D2O-d6, δ ppm):
−10.90 s; Mw=1.9×10

5 daltons.

Poly[bis(4-formylphenoxy)]phosphazene (5)

Yield: 83.13%; IR (KBr): 1704 (C=O str), 1216 (P=N str),
1161 (C-O str) and 828 (aromatic bend). 1H-NMR (DMSO-
d6, δ ppm): 6.91 (m, 4H, ortho-ArH), 7.7 (m, 4H, meta-ArH),
and 9.7 (s, 2H, CHO). 31P-NMR (DMSO-d6, δ ppm):−7.02 s;
Mw=1.6×10

5 daltons.

Poly[bis(4-ethoxycarbonylanilino)]phosphazene (6)

Yield: 55.76%; IR(KBr) cm−1: (3434 N-H str), 1720 (C=O
str), 1266 (P=N str), 1160 (C-O str) and 812 (aromatic C-H
bend). 1H-NMR (DMSO-d6, δ ppm): 1.24–1.27 (t, 6H,
COOCH2CH3), 4.17–4.22 (q, 4H, COOCH2CH3), 6.66–
6.67 (d, 4H, ortho-ArH), 7.62–7.64 (d, 4H, meta-ArH), 10.26
(s, 2H, N-H); 31P-NMR (DMSO-d6, δ ppm): 1.59 s; Mw=
2.7×105 daltons.

The glass transition temperatures (Tg) of the synthesized
polymers are shown in Table I.

The TGA curves of these polymers are shown in Fig. 3.

Degradation Studies of Substituted Polyphosphazenes

The rate of degradation of polyphosphazenes, as in the case of
water permeability to the polymer matrix, which in turn de-
pends on the hydrophilicity / hydrophobicity of the matrix,
solubility of degradation products, pH and temperature of the
environment.
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The erosion of the poly(organophosphazenes) started with
incubation in the aqueous medium. During observation
crackings and the porous zones were also observed on the
surface of the polymers accounting for the surface erosion
mechanism of degradation of poly(organophosphazenes) as
depicted in the SEM images of polymer degradation samples.
Such erosion zonesare characteristic features of polymers that
undergo surface erosion. The degradation products might
have started transporting into the buffer media from the site
of formation. Further, the poly(organophosphazenes) might
have eroded either under the formation of porous erosion
zones or the formation of semisolid erosion zones (e.g.
polyanhydrides) (Fig. 4) (24).

The surface morphology of the degraded matrices of poly-
mers studied by scanning electron microscopy are shown in
Fig. 5, 6, and 7.

The surface morphology of the degraded matrices of poly-
mers studied by scanning electron microscopy (SEM) are
shown in Fig. 5, 6, and 7.

The polymer matrices degraded fastest at pH 5.5 (acidic
media) followed by pH 6.8 and pH 7.4 except for polymer 6.
This behavior of polymer 6 might be due to the stability of

aromatic ester group in acidic media or the bulkier nature of
the substituents.

All the substituted polymers exhibited degradation, but at
different rates. For polymers 3 and 5, the degradation was
greater at pH 5.5 (74.21% and 55.95%) than at pH 6.8 and
7.4 solution (59.66% and 49.38% and 54.84% and 47.15%
degradation, respectively). Polymers 4 degraded (57.34%) at
pH 5.5 after 28 days, which was faster than the matrices
placed in pH 6.8 and pH 7.4 solutions, that degraded
68.41% and 74.27% respectively at 35 days. Polymers 7 de-
graded faster at pH 7.4 (54.11% degradation) after 28 days
than at pH 5.5 and 6.8 (64.95% and 70.33%, respectively)
after 35 days.

The polymer matrices degraded fastest at pH 5.5 (acidic
media) followed by pH 6.8 and pH 7.4 except for polymer 6.
This behavior of polymer 6 might be due to the stability of

Table I Structural and Physical Properties of Polymers

Polymer Formula 31P-NMR
(δ ppm)

Tg (°C) Mw (Daltons)

3 [NP(OCH(CH3)2]n −1.59 48.19 1.4×105

4 [NP(OC6H4NHCOCH3)2]n −10.90 45.63 1.9×105

5 [NP(OC6H4CHO)2]n −7.02 79.62 1.6×105

6 [NP(NHC6H4COOC2H5)2]n 1.59 68.19 2.7×105

Fig. 3 TGA curves of substituted
poly(organophosphazenes) (a)
poly[bis-(2-propoxy)]phosphazene
(3) (b) poly[bis(4-
acetamidophenoxy)]phosphazene
(4) (c) poly[bis(4-
formylphenoxy)]phosphazene (5) (d)
poly[bis(4-
ethoxycarbonylanilino)]phosphazene
(6).

Fig. 4 Possible mechanism of erosion of poly(organophosphazenes) (a) ero-
sion under the formation of porous erosion zones (b) erosion under the
formation of semisolid erosion zones.
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aromatic ester group in acidic media or the bulkier nature of
the substituents.

All the substituted polymers exhibited degradation, but at
different rates. For polymers 3 and 5 the degradation was
greater at pH 5.5 (79.46 and 61.13%) than at pH 6.8 and

7.4 solution (63.27%, 52.66% and 60.68%, 48.15% degrada-
tion, respectively). Polymers 4 degraded (61.90%) at pH 5.5
after 28 days, which was faster than the matrices placed
in pH 6.8 and pH 7.4 solutions, that degraded 65.51%
and 69.32%, respectively at 35 days. Polymers (7)

Fig. 5 Typical SEM images of
eroding substituted
poly(organophosphazenes) (a)
Poly[bis-(2-propoxy)]phosphazene
(3) (b) Poly[bis(4-
acetamidophenoxy)]phosphazene
(4) (c) Poly[bis(4-
formylphenoxy)]phosphazene (5) (d)
Poly[bis(4-
ethoxycarbonylanilino)]phosphazene
(6) in phosphate buffer of pH 5.5
after 35 days of incubation.

Fig. 6 Typical SEM images of
eroding substituted
poly(organophosphazenes) (a)
Poly[bis-(2-propoxy)]phosphazene
(3) (b) Poly[bis(4-
acetamidophenoxy)]phosphazene
(4) (c) Poly[bis(4-
formylphenoxy)]phosphazene (5) (d)
Poly[bis(4-
ethoxycarbonylanilino)]phosphazene
(6) in phosphate buffer of pH 6.8
after 35 days of incubation.
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Fig. 7 Typical SEM images of
eroding substituted
poly(organophosphazenes) (a)
Poly[bis-(2-propoxy)]phosphazene
(3) (b) Poly[bis(4-
acetamidophenoxy)]phosphazene
(4) (c) Poly[bis(4-
formylphenoxy)]phosphazene (5) (d)
Poly[bis(4-
ethoxycarbonylanilino)]phosphazene
(6) inphosphate buffer of pH 7.4 after
35 days of incubation.

Fig. 8 Comparison of degradation pattern substituted polyphosphazenes (a) polymer 3 (b) polymer 4, (c) polymer 5 (d) polymer 6 in different pH (pH 5.5,
pH 6.8 and pH 7.4).
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degraded faster at pH 7.4 (57.14% degradation) after
28 days than at pH 5.5 and 6.8 (69.19% and 71.47%
respectively) after 35 days.

The comparative study of all the polyphosphazenes used in
the study at pH 5.5, 6.8 and 7.4. are shown in Fig. 8.

It was observed that polymer 3 and 5 degraded approxi-
mately at the same rate because of the presence of hydropho-
bic side groups, which resulted in decreased water permeation
into matrix and a slower hydrolytic breakdown of the poly-
mers (polymers 3 has greater degradation rate as compared to
polymer 5, because of the presence of bulkier hydrophobic

benzyl group in polymers 5). Polymer 4 followed the same
pattern of degradation at all pH but at different rates. This
could be because the acetamido functionality of the aromatic
ring might have provided the hydrolytic unstability to the
polymer, thereby, resulting in polymer breakdown.

Polymers 6 has ester functionality at the para position of
the aromatic ring. This moiety might have been involved in
the breakdown of polyphosphazene skeleton by hydrolysis of
ester unit to form carboxylanilino, which would then have
resulted in water-soluble polymers. Alternatively, the presence
of water might have facilitated an attack on the polymer

Table II Average Particle
Size and Zeta Potential of
Drug Loaded Substituted
Poly(organophosphazene-
s) Nanoparticles

Parameters Formulation code

LNP1 LNP2 LNP3 LNP4

Percentage yield 81.8% 77.27% 79.09% 83.63%

Percentage entrapment efficiency of primaquine 31.6% 34.8% 32.5% 38.5%

Percentage entrapment efficiency of dihydroartemisinin 28.5% 31.8% 33.5% 34.9%

Percent drug loading of primaquine 5.25% 4.94% 4.77% 5.62%

Percent drug loading of dihydroartemisinin 4.28% 4.49% 4.21% 4.59%

Fig. 9 TEM image of (a) primaquine and dihydroartemisinin Loaded poly[bis-(2-propoxy)]phosphazene nanoparticles (LNP1) (b) primaquine and
dihydroartemisinin loaded poly[bis(4-acetamidophenoxy)]phosphazene Nanoparticles (LNP2) (c) primaquine and dihydroartemisinin loaded poly[bis(4-
formylphenoxy)]phosphazene nanoparticles (LNP3) (d) primaquine and dihydroartemisinin loaded poly[bis(4-ethoxycarbonylanilino)]phosphazene nanoparti-
cles (LNP4).
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backbone by ester functionality itself. Water molecules might
have then reacted with the unstable polymer-anilino bond. As
a result of this reaction, the polymer bound anilino would
have been re l ea s ed and a hydro l y t i c s en s i t i v e
polyphosphazene could have been formed. In the third mech-
anism, water might have displaced the ethyl 4-carboxylanilino
from the phosphorus atom to form hydroxyphosphazene.
This species could have rearranged in the presence of water
to a phosphazene. The phosphazene would have then reacted
with water to yield phosphate and ammonia. Indeed, the poly-
mer degradation rate is governed by several important factors
as discussed for the poly(organophosphazenes) such as type of
chemical bond, molecular weight, hydrophobicity, environ-
mental conditions (pH, in vitro.) etc. (25). These results are
supported by degradation studies of the synthesized biode-
gradable poly(organophosphazenes) which clearly show that
the incorporation of hydrophilic, hydrophobic or bulky
substituentsto the polymeric backbone canmonitor the hydro-
lytic degradation behaviour of these polymers. The non-toxic
degradation products and hydrolytic degradation behaviour
of such polymers proves them to be promising delivery vehicle
for the controlled release of the drug candidates (26).

Morphology, Particle Size and Zeta Potential
of Nanoparticles Formulations

The average particle size of drug loaded substituted
poly(organophosphazenes) nanoparticles formulation was
found to be in the range of 137.4±5.7 to 240.16±2.0 nm.
The Zeta potent ia l o f drug loaded subs t i tu ted
poly(organophosphazenes) nanoparticles formulations have
been found to be ranging from −24.63±2.70 mV to −41.22
±3.01 mV. The results of average particle size and zeta po-
tential of different nanoparticles formulations are shown in
Table II.

The TEM images for primaquine and dihydroartemisinin
loaded substituted poly(organophosphazenes) nanoparticles
are shown in Fig. 9.

The results of various physicochemical parameters like per-
cent yield, entrapment efficiency and percent drug loading of
drug loaded nanoparticles formulations are shown in
Table III.

In Vitro Drug Release Studies

The release profile of primaquine and dihydroartemisinin
from different nanoparticles formulations is shown in Fig. 10
and 11 respectively. It was observed that both the drugs were
released from nanoparticles formulations in a biphasic pat-
tern: initialally burst release for first 12 h followed by sustained

Table III Percent Yield, Entrapment Efficiency, Percent Drug Loading of
Drug Loaded Nanoparticles Formulations

Formulation code Average particle size Zeta potential

LNP1 199.9±2.9 −24.63±2.70

LNP2 137.4±5.7 −35.02±2.78

LNP3 240.16±2.0 −32.09±2.77

LNP4 226.6±1.7 −41.22±3.01

Fig. 10 In vitro release profile of primaquine from drug loaded substituted
polyphosphazenes nanoparticles, where, primaquine and dihydroartemisinin
loaded poly[bis-(2-propoxy)]phosphazene nanoparticles (LNP1);
p r im a q u i n e a n d d i h y d r o a r t em i s i n i n l o a d e d po l y [ b i s ( 4 -
acetamidophenoxy)]phosphazene nanoparticles (LNP2); primaquine and
dihydroartemisinin loaded poly[bis(4-formylphenoxy)]phosphazene nanopar-
ticles (LNP3); primaquine and dihydroartemisinin loaded poly[bis(4-
ethoxycarbonylanilino)]phosphazene nanoparticles (LNP4).

Fig. 11 In vitro drug release of dihydroartemisinin from drug loaded nano-
particles Formulations where, primaquine and dihydroartemisinin loaded
poly[bis-(2-propoxy)]phosphazene nanoparticles (LNP1); primaquine and
dihydroartemisinin loaded poly[bis(4-acetamidophenoxy)]phosphazene
nanoparticles (LNP2); primaquine and dihydroartemisinin loaded
poly[bis(4-formylphenoxy)]phosphazene nanoparticles (LNP3); primaquine
a n d d i h y d r o a r t e m i s i n i n l o a d e d p o l y [ b i s ( 4 -
ethoxycarbonylanilino)]phosphazene nanoparticles (LNP4).
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release. The initial burst release of the drugs from nanoparticles
can be explained on the basis of the fact that some portion of the
drug being adsorbed onto the surface of nanoparticles formula-
tions and the sustained release accompanied by diffusion of the
drugs from the inside of the nanoparticles formulations. Further,
it was observed that the nanoparticles formulations sustained the
release of the drugs for 4 days. Further, in order to explore the
drug release kinetics mechanism, a high degree of agreement
between the coefficient of correlation was established on fitting
the drug release data to different kinetic models.

In order to explore further the diffusion mechanism follow-
ed for the designed formulations, the data were plotted into
Korsmeyer-Peppas equation. All the designed formulations
fitted best towards Korsmeyer-Peppas model in two step re-
lease. The data for drug release kinetics from different nano-
particles formulations are shown in Tables IV, V, VI, and VII.

Where Q is the percent of the drug release at time t. K0, K1

and K are the coefficients of equation. Kp is constant incorporat-
ing structural and geometric characteristics of the release device
and n is the release exponent indicate the release mechanism.

It was observed that different formulations showed, high
exponent value of n, (0.45<n <0.89) for anomalous release,
0.89 for a case II release and>0.89 for a super case II type
drug release kinetics mechanism during first step release (0–
12 h) thereby resulting in a key role of the dissolution and
erosion of the polymer to the release of drug. During the first
step release of primaquine, n value between 0.68 and 1.07 was
observed, suggesting a release kinetics ranging from Fickian to
case II transport while for dihydroartemisinin it varied from

0.54 to 0.83 thereby showing the contribution of anomalous
(non-Fickian) transport from the nanoparticles formulations.
During second step (12–96 h) release of both the drugs, the
low exponent values close to Fickian diffusion (n<0.46) were
observed which is attributed to the aggregation of drugs into
dialysis membrane and greater role of Fickian diffusion to-
wards drug release. Although both the drugs showed good
fitness towards the kinetics models such as zero order kinetics,
first order and Higuchi yet their release mechanism is ex-
plained by their best fitness towards Korsmeyer-Peppas mod-
el. Moreover, the contributing role of bioerosion and diffusion
phenomenon are responsible for drug release kinetics in bio-
degradable matrices such as poly(organophosphazenes). It can
be concluded that during the first step release of both drugs,
most of the formulations exhibited non-Fickian transport
followed by Fickian diffusion during second step release. After
exploring the in vitro evaluation of the drug loaded nanoparti-
cles formulations, further biological evaluation for antimalar-
ial potential was performed on the basis of formulation with
highest entrapment efficiency and percent drug loading.

In Vivo Antimalarial Efficacy of Drug Loaded
Nanoparticles Formulations

The P. berghei infected mice were treated with three doses;
lower dose (0.07+0.07) mmol/kg, medium dose (0.11+0.11)
mmol/kg and high dose (0.14+0.14) mmol/kg of the nano-
particles formulations for a period of 4 days. The results of

Table IV Goodness of Fit for the Comparison of Mechanism of Release of Primaquine from Drug Loaded Nanoparticles Formulations for First Step Release
(0–12 h)

Nanoparticle
formulation

Zero order Q = Kot First order [In (100-Q) = In Q-K1t] Higuchian Q = Kt1/2 Korsmeyer and Peppas Q = Kpt
n

Ko R2 K1 R2 K R2 Kp n R2

LNP1 4.01 0.996 0.05 0.983 19.53 0.972 1.69 0.88 0.993

LNP2 2.78 0.976 0.03 0.966 13.38 0.932 1.85 0.68 0.941

LNP3 4.30 0.964 0.06 0.925 20.57 0.910 1.69 0.86 0.945

LNP4 4.14 0.964 0.05 0.969 20.41 0.966 1.73 0.89 0.983

*Number of live mice/total number of mice infected.

Table V Goodness of Fit for the Comparison of Mechanism of Release of Primaquine fromDrug Loaded Nanoparticles Formulations for Second Step Release
(12–96 h)

Nanoparticle
Formulation

Zero Order Q = Kot First Order [In (100-Q) = In Q-K1t] Higuchian Q = Kt1/2 Korsmeyer and Peppas Q = Kpt
n

Ko R2 K1 R2 K R2 Kp n R2

LNP1 0.37 0.931 0.01 0.983 5.18 0.979 3.33 0.24 0.993

LNP2 0.50 0.978 0.01 0.966 6.71 0.987 2.73 0.35 0.989

LNP3 0.36 0.957 0.01 0.994 4.97 0.992 3.45 0.21 0.995

LNP4 0.48 0.982 0.01 0.960 6.41 0.972 3.17 0.28 0.959
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effect of drug loaded nanoparticles on parasitemia progression
of P. berghei infected mice are summerized in Table VIII.

The values are expressed as mean ± SEM (standard error
mean) significantly different from the untreated group
(p<0.05), n=6 mice per group.

The control group (without any treatment) showed 70–
80% parasitemia on day 7 and died between 8 and 15 days.

The primaquine and dihydroartemisinin nanoparticles for-
mulations were effective in eradicating the parasites completely
showing 100% antimalarial activity. This designed com-
bination therapy and tested nanoparticles formulation
provided protection over 35 days without any recrudes-
cence at lower dose. The results of survivals of treated
animals are shown in Table IX.

The photomicrographs of blood smears of treatment
groups are shown in Fig. 12

It is well known that primaquine is the most suitable anti-
malarial drug effective at all stages of malaria, the results of
our study demonstrate that addition of dihydroartemisinin
could have aided to decrease parasitemia progression more
effectively, providing prolonged exposure of low concentra-
tion of parasites to the immunity system. This finding is further
supported by the results of earlier studies on arteether based
antimalarial therapy and other such studies (27–31). All
the formulations showed 100% antimalarial activity af-
ter 14 days of treatment. The results of average percent
antimalarial activity and mean survival time (MST) are
shown in Table X.

Table VI Goodness of Fit for the Comparison of Mechanism of Release of Dihydroartemisinin from Drug Loaded Nanoparticles Formulations for First Step
Release (0–12 h)

Nanoparticle
formulation

Zero order Q = Kot First order [In (100-Q) = In Q-K1t] Higuchian Q = Kt1/2 Korsmeyer and Peppas Q = Kpt
n

Ko R2 K1 R2 K R2 Kp n R2

LNP1 4.53 0.912 0.08 0.969 22.97 0.967 2.54 0.70 0.955

LNP2 3.43 0.968 0.05 0.980 17.00 0.979 2.68 0.54 0.978

LNP3 3.66 0.943 0.06 0.960 18.25 0.968 2.76 0.54 0.967

LNP4 3.15 0.869 0.04 0.917 15.99 0.925 2.50 0.60 0.908

Table VII Goodness of Fit for the Comparison of Mechanism of Release of Dihydroartemisinin From Drug Loaded Nanoparticles Formulations for Second
Step Release (12–96 h)

Nanoparticle
formulation

Zero Order Q = Kot First Order [In (100-Q) = In Q-K1t] Higuchian Q = Kt1/2 Korsmeyer and peppas Q = Kpt
n

Ko R2 K1 R2 K R2 Kp n R2

LNP1 0.25 0.979 0.01 0.993 3.45 0.997 3.83 0.13 0.973

LNP2 0.37 0.969 0.01 0.999 5.05 0.991 3.49 0.21 0.996

LNP3 0.30 0.988 0.01 0.976 4.03 0.982 3.72 0.16 0.960

LNP4 0.42 0.947 0.01 0.967 5.72 0.981 3.33 0.25 0.990

Table VIII Effect of Drug Loaded Nanoparticles on Parasitemia Progression of P. berghei Infected Mice. For Each Group n=6

Treatment
Groups

Dose (mmol/kg) Percent Parasitaemia (mean ± S.D.)

4 days 7 days 14 days 21 days 28 days 35 days

Control – 29.91±3.52 76.11±7.09 – – – –

PQ & DHA (0.07+0.07) 3.03±0.68 2.85±0.65 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

PQ & DHA (0.11+0.11) 2.05±0.32 1.78±0.46 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

PQ & DHA (0.14+0.14) 1.56±0.25 1.11±0.40 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

LNP4 (0.07+0.07) 3.45±0.52 2.8±0.44 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

LNP4 (0.11+0.11) 3.25±0.43 2.68±0.51 0.0±0.0 0.0±0.0 0.0±0.0 –

LNP4 (0.14+0.14) 2.76±0.46 2.56±0.36 0.0±0.0 0.0±0.0 0.0±0.0 –
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The infected mice treated with lower dose of (0.07+0.07)
mmol/kg showed decrease in parasitemia progression most
effectively and prolonged the life span.

In Vitro Erthrocytic Toxicity Assay

The haemolytic study was carried out to evaluate the cytotox-
icity of the formulation. Haemolysis is considered an impor-
tant parameter and needs to be tested when the formulations
are designed to act on blood stage. Positive control (double-
distilled water) showed 100% haemolysis of RBC. The

percentage of haemolysis observed in the tested formulations,
i.e. Standard and LNP4 was 3.7% and 4.3% respectively. The
percentage of haemolysis induced by nanoparticles formulations
remained within the acceptable range for i.v. administration.

In Vivo Toxicity Analysis

The obtained values for the various biochemical parameters
such as serum glutamic pyruvate transaminase (SGPT), serum
glutamic oxaloacetic transaminase (SGOT), and alkaline
phosphatase (ALP) are depicted in Table XI.

Table IX Effect of Drug Loaded
Nanoparticles Formulations on Sur-
vival of P. berghei Infected Mice

*Number of live mice/total number
of mice infected.

Treatment Groups Dose (mmol/kg) Number of survivals*

4 days 7 days 14 days 21 days 28 days 35 days

Control 6/6 6/6 1/6 0/6 0/6 0/6

PQ & DHA (0.07+0.07) 6/6 6/6 6/6 6/6 6/6 6/6

PQ & DHA (0.11+0.11) 6/6 6/6 6/6 6/6 6/6 5/6

PQ & DHA (0.14+0.14) 6/6 6/6 6/6 6/6 5/6 4/6

LNP4 (0.07+0.07) 6/6 6/6 6/6 6/6 6/6 4/6

LNP4 (0.11+0.11) 6/6 6/6 6/6 6/6 5/6 0/6

LNP4 (0.14+0.14) 6/6 6/6 6/6 5/6 4/6 0/6

Fig. 12 Photomicrographs of blood smears of treatment groups (a) parasite infected RBCs before treatment (b) normalized RBCs after treatment with drug-
loaded nanoparticles formulations.

Table X The Percent Average Activity and Mean Survival Time of Tested Drug Loaded Nanoparticles Formulation Against Plasmodium berghei Infected Mice

Treatment groups Dose (mmol/kg) % Average activity
on day 4 of treatment

%Average Activity
on day 7 of treatment

% Average activity
on day 14 of treatment

Mean survival
time (days) (MST)

Control – – – – 12.16±4.11

PQ & DHA (0.07+0.07) 89.86 96.25 100 >35

PQ & DHA (0.11+0.11) 93.14 97.65 100 34.16±2.04

PQ & DHA (0.14+0.14) 94.76 98.53 100 33±3.63

LNP4 (0.07+0.07) 88.46 96.32 100 33.66±2.16

LNP4 (0.11+0.11) 89.13 96.47 100 30±2.82

LNP4 (0.14+0.14) 90.75 96.62 100 28.33±4.96
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The results were in the acceptable range of safety profile of
the developed nanoparticles formulations.

CONCLUSION

The novel poly(organophosphazenes) bearing hydrophilic and
hydrophobic side groups have been synthesized and their
thermal and hydrolytic properties were evaluated. The
substituted polyphosphazenes have been successfully
employed as matrices materials for novel drug delivery appli-
cations. Moreover, the inherent hydrolytic biodegradability of
poly(organophosphazenes), make them an extremely potential
candidates of materials for novel drug delivery systems with a
distinctive combination of physicochemical properties. The
synthesized poly(organophosphazenes) bearing different func-
tional moieties account for effective drugs release and
targeting the drugs to the desired sites of action. Further, the
design and formulation of nanoparticles of such polymeric
matrices enhance the uptake of drugs by infected cells, thereby
providing an efficient nanocarrier drug delivery system. The
biological evaluation of the tested nanoparticles formulation
showed that lower dose of (0.07+0.07) mmol/kg nanoparti-
cles formulations cured the animals with complete eradication
of the parasite and prolonged the survival of animals indicat-
ing that combination is effective at low dose which can be
remarked as the curative dose. However, the nanoparticles
formulation showed 100% antimalarial activity at all the
doses. Further, the antimalarial activity of tested nanoparticles
formulation was comparable with the standard drug combi-
nation clearing more parasites from blood on day 7 at lower
dose of (0.07+0.07) mmol/kg. These results are attributed to
a burst release followed by a sustained release of the drugs
from the developed nanocarrier systems. Thus, this novel
combined drug regimen is an alternative treatment strategy
for the drug-resistant malaria.
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