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ABSTRACT 

Objective: The present research aimed to prepare and characterize glyceryl dilaurate (GDL) containing solid lipid nanoparticles (SLN) with tween 
80 and lecithin as an emulsifier in which the artesunate drug was loaded. 

Methods: SLNs were synthesized by solvent emulsification–diffusion technique. The formulation was characterized for size, size distribution, zeta 
potential, shape and morphology, and DSC. In vitro drug release studies were performed at pH 5.0 and pH 7.4 to mimic in vivo conditions. Hemolytic 
studies and In vitro, antiplasmodial activities were carried out. Plasmodium berghei (NK65 resistant strain) infected mice were used to test the in 
vivo antimalarial efficacy of SLN.  

Results: SLN exhibited 327 nm average sizes with 0.164 PDI and-23.4 mV zeta potential. TEM images revealed a spherical structure. The 
entrapment efficiency of the ART was calculated as 85.68%. In vitro, drug release studies showed that entrapped drug was released in a weakly 
acidic environment (83.45% for ART). Hemolytic studies revealed that ART-GDL conjugate was stable and safe for parenteral delivery. IC50 value of 
the GDL-based ART-SLNs was calculated to be 0.32 µM. Furthermore, the GDL-based ART-SLNs resulted in enhanced parasite killing in P. berghei-
infected mice and improved survivability as compared to free ART administration.  

Conclusion: The present research allows safe and effective intravenous administration of artesunate. Thus GDL-Based ART-SLNs could be a 
potential drug delivery system for antimalarial therapy.  
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INTRODUCTION 

Malaria is caused by the Plasmodium parasite and is transmitted 
through the bites of infected female anopheles. Malaria remains a 
constant challenge worldwide and according to WHO 2022 report, 
there were approx. 247 million cases of malaria were reported in 
2021 worldwide [1]. The majority of cases are reported in the South 
African region, South East Asia, and Eastern Mediterranean regions. 
Children under the age of 5 y and pregnant women are at higher risk 
[2]. In 1940, chloroquine shows promising results; however, the 
development of resistance has been observed in the case of P. 
falciparum. Thus the emergence of resistance has put pressure on 
public health systems to search for and develop novel antimalarial 
drug therapy [3]. Nanotechnology seems to be a promising strategy 
to overcome not only resistance as well as reduce side effects but it 
also improves the therapeutic index of combinatorial drugs [4].  

Artesunate is a semisynthetic derivative of artemisinin obtained from 
the Chinese herb Artemisin annual. ART is one of the safe and highly 
effective antimalarial drugs [5]. World Health Organization (WHO) 
recommended artemisinin-based combination therapy for the 
treatment of multidrug-resistant against Plasmodium Vivax and P. 
falciparum malaria [6]. ART is a widely used drug in sub-Saharan 
Africa and South-East Asia for the treatment of uncomplicated malaria 
[7]. Apart from malaria, it is also used for the inhibition of uncontrolled 
division of cancer cells due to the induction of apoptosis ability in 
several solid tumors in vitro [8]. The unique 1, 2,4-trioxane structure, 
which contains an endoperoxide bridge a is prerequisite for its 
antimalarial activity. Heme present in the food vacuole of plasmodium 
interacts with the endoperoxide bridge of ART and activates it. The 
generation of reactive oxygen species subsequently binds to 
membrane protein and induces lipid peroxidation and, ultimately lysis 
of the plasmodium parasite [9]. Short half-life and rapid metabolism; 
however, limit the application of ART. Thus ART is administered in 
combination with a drug having a longer half-life [10].  

Solid lipid nanoparticles (SLNs) are identical to o/w emulsion, 
except the liquid lipid is replaced by solid lipids at room 

temperature. Both hydrophilic and hydrophobic drugs can be 
incorporated into SLNs [11]. Various advantages offered by SLNs 
include small size, greater surface area, enhanced bioavailability, 
high drug loading, protection of active pharmaceutical ingredients, 
and enhanced penetration of topical preparation. SLNs containing 
various marketed products are available in the market [12]. SLNs 
are usually sphere-shaped colloidal systems having a size range 
between 50-1000 nm [13]. Solid lipids used in the SLNs preparation 
include triglycerides, diacylglycerol, a mixture of mono-, di-and 
triglycerides, waxes, fatty acids (lauric/stearic/myristic acid), and 
fatty alcohols. The selection of appropriate emulsifiers, a 
combination of emulsifiers, and their concentration is crucial in the 
preparation of SLNs. Most of the emulsifiers are derived from mono 
or diacylglycerol or alcohol. Diacylglycerol has better emulsification 
and hydrophilic properties due to the free-OH group presented in its 
structure [14]. Nonionic emulsifiers are tween 20, 40, and 80, due to 
their high interfacial properties, have been widely used in the 
preparation of nanoemulsion [15]. 

Resistance against artemisinin requires an adjuvant therapy with 
different mechanisms to help complete the eradication of P. 
falciparum. Glyceryldilaurate is a nutritional requirement of the 
plasmodium parasite. Fatty acid synthesis is very important for 
Plasmodium species because fatty acid plays a crucial role in the 
synthesis of new organelles. New organelles synthesis takes place 
when the plasmodium is turning from the ring stage into schizont (a 
collection of merozoites) or the gametocyte stage. Fatty acids are 
also important components in the membrane synthesis of 
Plasmodium parasite [16].  

In the current research, we have designed and developed artesunate 
loaded SLNs by modified solvent emulsification diffusion technique 
where GDL was used as a solid lipid and lecithin and tween 80 is used 
as an emulsifier. We hypothesize that ART-GDL SLNs have carrier, 
targeting, and antimalarial functionalities. ART-GDL SLNs can be 
selectively targeted to iRBCs due to lipids as a nutritional requirement 
of plasmodium parasite, thus exhibiting better antimalarial activity.  
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MATERIALS AND METHODS 

Materials 

Artesunate (ART, purity ≥ 99%) was obtained as a gift sample from 
Ipca Laboratories Limited, Ratlam (M. P.). Glyceryldilaurate (GDL) 
was procured as a gift sample from Subhash Chemical Industries, 
Pune, Maharashtra. Phospholipon® 90H (HSPC) was received as a 
gift sample from Lipoid GmbH Germany. Phosphatidylcholine 
content was approximately 97%. Tween 80 was purchased from 
Sigma-Aldrich Chemical Co. Distilled water was purified using a 
Milli-Q system. All other solvents and reagents used were of 
analytical grade and used without further purification.  

Preparation of slns 

A modified microemulsion dilution technique was used to prepare 
GDL-based ART-SLNs [17, 18]. Briefly, ART (100 mg) was dispersed in 
melted GDL (500 mg) (60-70 °C) in a water bath with continuous 
stirring. Separately, an aqueous emulsifier mixture containing 2.5% 
w/w of Tween 80 (surfactant) and 2.5% w/w of lecithin (co-
surfactant) was stirred at 1200 rpm for 10 min at the same 
temperature. Under mild mechanical stirring, the emulsifier mixture 
was then added to the ART-GDL mixture. The hot microemulsion was 
formed by mixing two phases, then added dropwise to the ice-cold 
water and homogenized for 1 h at 9000 rpm. GDL-based ART-SLNs 
were formed and then subjected to sonication. Blank SLNs were 
prepared using the same procedure except for the addition of ART. 
Purification of GDL-based ART-SLNs was carried out to separate the 
excess raw material from the formulation. For that, ultracentrifugation 
was carried out at 35000 rpm for 1 h. at 15 °C. In the bottom of the 
tube, GDL-based ART-SLNs have appeared as pellets while excess raw 
materials are present in the supernatant. Pellet was collected from the 
bottom of the tube and further resuspended in purified water and 
sonicated for 10 min [19].  

Characterization of Gdl-based Art-slns 

Particle size, PDI, and zeta potential 

Particle size, polydispersity index (PDI), and zeta potential (ZP) of GDL-
based ART-SLNs were determined by Dynamic Light Scattering (DLS) 
using Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK). In brief, GDL-
based ART-SLNs were diluted with deionized water and then transferred 
to a quartz cuvette and then analyzed for size, PDI, and ZP.  

Transmission electron microscopy (TEM) 

Shape and surface morphology of the GDL-based ART-SLNs were 
characterized by Transmission Electron Microscopy (FEI, TECNAI G2, 
S-Twin, transmission electron microscope, Netherland). For shape 
analysis, the formulation was placed on a carbon-coated copper grid. 
Excess of the solution was drained off with filter paper. The grid was 
air-dried and the formulation was viewed under the TEM instrument.  

Differential scanning calorimetry (DSC) 

DSC measures the heat gain or loss resulting from chemical or 
physical changes within a sample as a function of temperature. DSC 
scanning calorimetry analysis of drug and excipients is performed 
(NET ZSCH STA 449 FI, leading thermal analysis). The DSC analysis 
was conducted using the Perkin-Eimer model at a temperature 
gradient of 20 °C/min. The sample was heated at a range of 30-300 
°C at a scan rate of 10 °C/min.  

Entrapment efficiency 

GDL-based ART-SLNs were weighed on an analytical balance for 
obtaining yield. Encapsulation efficiency was determined by dissolving 
100 mg of GDL-based ART-SLNs in 10 ml of methanol and further 
sonicated for 10 min for complete solubilization of lipid. The resultant 
solution was transferred in a centrifuge tube and further centrifuged 
at 10,000 rpm for 15-20 min (Remi Instruments Pvt. Ltd., India). UV-
spectroscopy of the supernatant was carried out after filtering through 
Whatman Anodisc 25, a filter of pore size 20 nm. Absorbance was 
taken at 228 nm against a blank solution. Percentage encapsulation 
efficiency was calculated using the following equation [20].  

Entrapment Efficiency (%) = Amount of drug in SLNs
Total amount of drug added

× 100% 

In vitro drug release study 

In vitro, drug release studies of ART from GDL-based ART-SLNs were 
carried out by using the dialysis bag diffusion technique described 
by Yang et al. [16] at 37 °C for 24 h at various pH values under the 
sink condition. Dialysis bags were placed in PBS buffer at pH 7.4 
overnight before being used in the experiment. Then, 10 ml of the 
formulation containing 1000 µg/ml concentration equivalent to ART 
was placed in the cellulose membrane dialysis tube (Mw cut off: 
3500). Dialysis bags were tied at both ends, and the formulation 
containing dialysis tubes were immersed in 200 ml of PBS buffer (pH 
7.4) or PBS buffer (pH 5) and 0.5 % Tween-80 and incubated at 37 
°C. The dissolution media (10 ml) was taken out at different time 
intervals and replaced with an equal volume of fresh buffer to 
maintain the sink condition. The concentration of free drug was 
measured for artesunate by using UV spectroscopy at λmax 228 nm. 
All the measurements were carried out in triplicate.  

Hemolysis study 

Hemolytic characteristics of GDL-based ART-SLNs were investigated 
using rat red blood cells (RBCs). A fresh rat blood sample (2 ml) was 
collected in a vial. Erythrocytes suspension in sterile PBS and 20 % 
triton X 100 was used as a negative and positive control, 
respectively. Free ART and GDL-based ART-SLNs were added to the 
RBCs suspension, incubated for 1 h at 37±1 °C, and then centrifuged 
at 5000 rpm for 15 min to remove any non-hemolyzed erythrocytes 
and ghosts. Furthermore, the GDL-based ART-SLNs in the 
supernatant were removed with a Millipore Ultrafree-PF filter (Cat. 
No. UFP1 THK BK, Millipore). Then released Hb was measured in the 
supernatant by ultraviolet spectroscopy at 540 nm and percentage 
hemolysis was calculated [21].  

Percent hemolysis = (At−An)
(Ap−An)

× 100 % 

Where At is the absorbance of the treatment group, Ap is a positive 
control and An belongs to a negative control. 

In vitro antimalarial activity 

In vitro Malaria SYBR Green I-based fluorescence assay was used to 
explore the antimalarial activity of the GDL-based ART-SLNs and 
equivalent free ART. In brief, the 3D7 strain of plasmodium falciparum 
was maintained in human RBCs consisting of RPMI 1640 medium 
supplemented with 25 mmol HEPES, 1% glucose, 0.23% sodium 
bicarbonate, and 10% type human AB serum. The humidified 
atmosphere with 5% CO2, and 5% O2 with a desired supply of N2 at 37 
°C was maintained using a CO2 incubator to perform the assays. Stock 
solutions of each of the test formulations and free ART (distilled water 
with 5% sodium bicarbonate), were added into an asynchronous 
culture of the parasite (2-3% parasitemia and 2-3% of hematocrit) in a 
96-well plate. Culture medium without drug was considered as blank 
control and culture medium without parasitemia was used as a 
positive control. After an incubation period of 48 h, 50 µl of lysis buffer 
containing SYBR Green I staining solution was added to each well and 
then incubated for 30 min in darkness at room temperature. After that, 
fluorescence was recorded by microplate fluorometer with excitation 
and emission wavelength at 485 and 538 nm, respectively. IC50 value 
and percent parasitic inhibition were calculated using GraphPad Prism 
software.  

Antimalarial efficacy studies in the murine malaria model 

Antimalarial studies were performed after getting approval from the 
Institutional Animal Ethics Committee of the Department of 
Pharmaceutical Sciences, Dr. Harisingh Gour Vishwavidyalaya, Sagar 
(M. P.). All the experiments were carried out as per the guidelines of 
the Committee for the Purpose of Control and Supervision of 
Experiments on Animals (CPCSEA). Specific pathogens-free six-eight 
weeks old male Swiss mice (20-25 g) were selected and used for the 
experiment. A standard pellet diet and water ad libitum were 
provided for all the mice.  

Modified Peter’s 4 d suppressive test protocol 

Modified Peter’s 4 d suppressive test was used for the evaluation of 
the antimalarial efficacy of GDL-based ART-SLNs in P. berghei-
infected murine malaria model [22]. Mice were randomly divided 



A. Jain & S. P. Vyas 
Int J App Pharm, Vol 15, Issue 5, 2023, 68-74 

 

70 

into three experimental groups (n=5). Plasmodium berghei (NK65) 
resistant strain was obtained from the National Institute of Malaria 
Research (NIMR), New Delhi (India), and was used as a source of 
parasites. P. berghei NK65 infection was initiated by intraperitoneal 
(i. p.) injection of 106 infected RBCs except normal one. Geimsa 
staining thin blood smear was used for the monitoring progress of 
infection. Normal control animals received saline solution (0.2 ml). 
Free ART was dissolved in 5% NaHCO3 in sterile distilled water and 
further diluted with saline. On the day ‘5’ postinfection i. p. injection 
of the formulations was given for 4 consecutive days. Blood was 
withdrawn by the tail vein and parasitemia was observed by 
examining a thin blood smear under the optical microscope. 2-3 
drops of blood were taken on a glass slide smeared and air dried 
then fixed with methanol and further stained with Geimsa dye to 
count parasites per thousand RBCs per slide. Negative results were 
considered after treatment if plasmodium was not observed in 10 
microscopic fields. The mice were monitored for survival till 21 d 
post-infection. The % parasitemia was calculated as follows:  

Parasitemia (%) = Number of Parasited RBCs 
Total number of RBCs examined

× 100% 

Statistical analysis 

Data obtained from the drug release was evaluated using GraphPad 
Prism 7.0 software and expressed as the mean and standard error of 
the mean.  

RESULTS  

Particle size and polydispersity index (PDI) analysis 

Particle size is one of the most significant determinants of biological 
fate, in vivo distribution, and targeting ability of the SLNs. Particle size 
distribution is used to determine the size range of drug-loaded SLNs, 
to ascertain that formulations are in the nano range. An emulsion 
containing non-ionic surfactant exhibited a larger size as obtained 
from ionic surfactant. The combination of lecithin and non-ionic 

surfactant also tended to increase the size of nanoparticles. Various 
reports are available which demonstrated the importance of 
emulsifiers on the particle size of lipid nanoparticles on 
microemulsion-based SLN [23]. Cavalli et al. prepared SLNs by taking 
stearic acid as the lipid phase and compared the effect of ionic and 
non-ionic surfactants on particle size. SLNs prepared by non-ionic 
surfactants were of a layer in size as compared to ionic surfactants. 
The average particle size and polydispersity index of the formulation 
were found to be 327 nm and 0.164, respectively as shown in fig. 1(A) 
Zeta potential of the GDL-based ART-SLNs was-23.4 mV (fig. 1B). 

Entrapment efficiency  

The entrapment efficiency of the GDL-based ART-SLNs formulation 
was 85.68%. The key factor to determine whether ART would be 
firmly incorporated or expelled into the GDL-based ART-SLNs is the 
lipid crystalline structure, which is related to the chemical nature of 
lipids. Drug expulsion is caused due to lipids that form a high 
crystalline state. Lattice defects in the lipid could provide more 
space to accommodate the active medicaments. The greater 
entrapment efficiency of SLNs was due to the less ordered 
arrangement of lipids, wherein enhanced imperfection may allow 
drug molecule incorporation into the lipid matrix [24].  

Transmission electron microscopy (TEM) 

The physical state of SLNs is of great significance from the 
biopharmaceutical as well as technological point of view. 
Morphology studies of the GDL-based ART-SLNs were carried out by 
using Transmission electron microscopy (TEM). TEM images of ART-
loaded SLNs confirm that GDL-based ART-SLNs are spherical (fig. 2). 
TEM images indicated that there is no apparent change in 
appearance due to the entrapment of the drug. The size of the GDL-
based ART-SLNs obtained by TEM was smaller than dynamic light 
scattering (DLS) results. The difference in size may be attributed to 
the shrinkage of GDL-based ART-SLNs in a dried state during the 
preparation of a sample of TEM [25]. 

  

 

 

Fig. 1: (A) Particle size distribution of GDL-based ART-SLNs. (B) Zeta potential of GDL-based ART-SLNs 
 

 

Fig. 2: (A) TEM images of GDL-based ART-SLNs (B) Enlarge TEM image 
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Differential scanning calorimetry (DSC) studies 

DSC thermogram of pure artesunate is typical of an anhydrous 
crystalline drug. A sharp endothermic peak at 142.4 °C, clearly indicates 
the melting point of an ART. DSC thermogram of ART, GDL, and GDL-
based ART-SLNs are shown in fig. 3 A, B, and C, respectively. The 
disappearance of the melting peak of ART peak at 142.4 °C was found in 

DSC thermograms of GDL-based ART-SLNs as compared to the 
thermograms of raw material. It can be inferred from the thermogram 
that the disappearance of the melting peak of ART may be attributed to 
the amorphous or molecularly dispersed structure of ART in the GDL 
lipid matrix. Other studies also reported the same result (absence of drug 
melting point) [26]. Cavalli et al. also reported that progesterone and 
hydrocortisone were present in noncrystalline form in SLNs [27]. 

  

 

Fig. 3: DSC thermogram of (A). ART (B). GDL (C). GDL-based ART-SLNs formulation 
 

In vitro drug release studies 

In vitro, drug release profile of ART from the SLNs is shown in fig. 4. 
As shown in fig. 4 ART as a free drug exhibited a fast diffusion, while 
nanoencapsulation showed controlled drug release. The burst 
release is due to the adsorption of a drug on the surface of the 
nanoparticle and due to the peripheral migration of the drug during 
the maturation process of nanoparticles. In the present formulation, 
ART was well harbored within the lipid matrix of SLNs, hence due to 
the exceeding hydrophobic nature of GDL-based ART SLNs and the 
exclusion of surface adsorption due to the use of emulsifier(s) in 
optimum concentration, this resulted in slow and constant release, 

without the occurrence of initial burst release. The slower release 
was observed from SLNs suggesting that drug release was affected 
due to sink condition under a concentration gradient. ART affinity 
for Solid lipidic phase [28]. In vitro drug release studies were carried 
out at pH 7.4 and pH 5 to mimic the in vivo physiological condition of 
blood and food vacuole of the plasmodium parasite, respectively. 
ART release profiles from SLNs are shown in fig. 4 at pH 7.4, ART 
release from SLNs was relatively slow (20.56%). Slow release at 
blood pH is indicative of the promising carrying ability of ART-GDL 
by SLNs. Additionally, at pH 5.0; GDL-based ART-SLNs showed a 
relatively faster release rate as approximately 83.45% of parent ART 
was released in 24 h. 

 

 

Fig. 4: Cumulative drug release of ART from GDL-based ART-SLNs at different pH (pH 7.4 and pH 5). Data are expressed as mean±SD (n=3) 
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Hemolysis study 

Triton X-100 a known hemolytic agent, was used as a positive control in 
this study that caused 100% hemolysis and thus could validate the 
experiment. Glyceryldilaurate, lecithin, and ART showed some degree of 
hydrolysis as reported in earlier reports as well [29, 30]. It is supposed 
that the combination of all the above-mentioned components additively 
contributes to comparatively greater hemolysis. However, such a 
hemolysis pattern was not recorded in this study (fig. 5). It can be 
concluded that the use of the above-mentioned components in SLNs 
altered their mode and degree of interaction with RBCs. Thus additive 
effect as reported in the literature got excluded may be due to the 
combination of the above all components. Similar findings have also 
been reported for lipid emulsion by Jumma et al. [32] and M. Joshi et al. 
[31] It should be noted that in vitro hemolysis studies only provide an 
idea about the hemolytic character of individual components as well as 
in formulation. It does not correlate with in vivo conditions. 
 

 

Fig. 5: Percentage hemolysis caused by excipients, free ART, and 
GDL-based ART-SLNs (n=3) 

In vitro antimalarial activity 

In vitro, antimalarial activity results showed that GDL-based 
ART-SLNs are active against P. falciparum 3D7 strain at very low 
concentrations. In vitro, the antimalarial activity of GDL-based 
ART-SLNs on the P. falciparum 3D7 strain was carried out by 
employing MSF protocol [33]. For mimicking in vivo conditions, 
the 3D7 RBCs culture was incubated with free ART (as control) 
and GDL-based ART-SLNs for 48 h. Moreover, the IC50 value of 
the free ART and GDL-based ART-SLNs was calculated and found 
to be 0.80 µM and 0.32 µM respectively as shown in fig. 6. It 
indicates that SLNs have higher inhibitory effects as compared to 
equivalent doses of ART. 
 

 

Fig. 6: In vitro antimalarial activity of Free ART and GDL-based 
ART-SLNs versus P. falciparum (3D7 strain). Data are presented 

as mean±SD (n=3) 
  

 

Fig. 7: Photomicrograph of the blood smears of (A) control group (B) GDL-based ART-SLNs treatment group on the 8th day at 40 x 
magnifications under oil immersion 

 

 

Fig. 8: In vivo antimalarial activity of GDL-based ART-SLNs in P. 
berghei-infected mice (n=5) as compared to ART 

In vivo antimalarial efficacy 

The infected mice were treated with ART and GDL-based ART-SLNs 
for four days. Blood smears and staining of plasmodium parasites 
from control and treatment groups are illustrated in fig. 7. The 
results of the effect of GDL-based ART-SLNs on parasitemia 
progression of P. berghei-infected mice are shown in fig. 8. On day 7, 
the control group showed 50 % parasitemia and followed by the 
death of the entire group died within a week. On day 10, the 
treatment group with the current formulation exhibited 1.10 % 
parasitemia. Thus, GDL-based ART-SLNs were effective in the 
complete elimination of the parasite by day 21. Additionally, GDL-
based ART-SLNs enhanced the life expectancy of mice while delayed 
recrudescence as compared to free ART under identical conditions. 
The obtained results indicated that the present formulation 
significantly protected mice against P. berghei infection. 

DISCUSSION 

The development of GDL-based ART-SLNs has shown great potential 
for improving the therapeutic efficacy of poorly water-soluble drugs 
(artesunate). World Health Organization (WHO) recommended 
Artemisinin-based combination therapy for complicated malaria. 
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The optimum effectiveness of artemisinins is hindered by 
hydrophobicity, short half-life, and instability. GDL-based ART-SLNs 
were prepared by using a modified microemulsion dilution 
technique. GDL was used for SLNs preparation; particle size and size 
distribution are two important characteristic of SLNs, which affect 
drug release and biodistribution. The judicious and optimal use of 
emulsifier/co-emulsifier could yield SLNs of the average 
hydrodynamic size of 327 nm with PDI 0.164, revealing the 
homogeneity of SLNs regarding size and distribution. This was 
smaller as compared to similar studies performed by Wadzanayi et 
al., who obtained 1109 nm particle size and 0.082 PDI [34]. Zeta 
potential (ZP) measures the surface charge of nanoparticles. Storage 
stability of the aqueous colloidal dispersion was provided by ZP. 
High zeta potential is required for the stability of colloidal 
dispersion. ZP obtained in this study is-23.4 mV. The negative charge 
on SLNs is due to lipid and nonionic surfactants [35]. The 
entrapment efficiency (EE) of the present formulation was 85.68%. 
The key factor to determine whether ART would be firmly 
incorporated or expelled into the GDL-based ART-SLNs is the lipid 
crystalline structure, which is related to the chemical nature of 
lipids. Drug expulsion is caused due to lipids that form a high 
crystalline state. Lattice defects in the lipid could provide more 
space to accommodate the active medicaments. The high EE of ART 
could be attributed to the increased imperfections and less ordered 
arrangement of the GDL matrix [24]. Further, TEM is used for the 
characterization of SLNs. The formulation was found devoid of 
aggregates which could be attributed to the emulsifier layer around 
individual particles, which may offer a protective barrier where the 
particle approach closer to each other or repelled due to surface-
associated charge (zeta potential). These results are in close 
agreement with Paliperidone-loaded SLNs reported by Kumar et al. 
[36]. No peak of ART at 142.4 °C was detected in DSC studies of the 
present formulation as compared to DSC of raw materials. Loss of 
ART melting peak could be due to the molecularly dispersed 
structure or amorphous nature of ART in a lipid matrix. Previous 
studies also reported the absence of a melting peak of the drug in 
formulation [37, 38]. Drug release from SLNs is depend on the 
solubility of the drug in the lipid, lipid matrix, and concentration of 
surfactant [39]. In this study drug release studies were carried out at 
two different physiological pH (blood pH 7.4 and parasitic food 
vacuole pH 5.0). The present formulation follows a biphasic release 
pattern in the first-hour initial burst release was obtained, followed 
by sustained release of the drug over 24 hr (fig. 4). Different release 
profiles from solid lipid nanoparticles (SLNs) are reported in the 
literature. In the present formulation, results obtained are in close 
agreement with the data obtained by Kelidari et al. [40]. They 
reported the initial burst release due to the large surface area of 
SLNs as well as the surface enrichment of the drug. Further, it was 
noticed that the prepared formulation was appreciatively stable in 
terms of drug release from SLNs was recorded to be consistent and 
slow provided 83.45% percentage release time over 24 h. The slow 
drug behavior leads to the condition of longer exposure of parasites 
to the drugs, which may avert the possibility of drug resistance. The 
hemolytic activity demonstrated that ART in SLNs is relatively safer 
as minimum hemolysis was recorded on an equivalent dose basis 
comparison with plain drug; thus, it is safe for intravenous 
administration. IC50 recorded in the case of the present formulation 
was comparatively less than the plain drug, this is attributed to the 
improved antiplasmodial activity. This may be ascribed to the 
avidity of the iRBCs to mono/diglyceride, where GDL was used as a 
matrix of SLNs in the carrier of the drug. Further, the better activity 
recorded could be accounted to the accumulation of SLNs in the 
digestive vacuole. Similar results were also reported by Ibrahim et 
al. [37]. In vivo, studies demonstrated fast clearance of P. berghei 
from infected mice corroborated and substantiate improved 
therapeutic index of the drug when administered entrapped within 
the SLNs. 

CONCLUSION 

The results of the present study suggest that microemulsion dilution 
and solvent/cosolvent technique can successfully be used for the 
preparation of nanometric GDL-based SLNs loaded with ART. The 
formulation is uniform in shape, smaller in size, narrow in size 
distribution, and safe for intravenous administration. In vitro and in 

vivo results show that the formulation has a higher antimalarial 
activity at a low dosage of ART. In conclusion, the GDL-based SLNs 
may emerge as a potential option for antimalarial therapy, which 
could avert the drug resistance or may be used for the purpose when 
given in an antimalarial combination. However, further systematic 
studies to explore and appreciate entail the clinical application of 
nanometric SLNs-based formulation.  

ABBREVIATIONS 

ART-Artesunate, GDL-Glyceryl dilaurate, SLNs-Solid Lipid 
Nanoparticles, DAG-Diacylglycerol, PBS-Phosphate Buffer Saline, 
RBCs-Red Blood Cells 
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