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Abstract
Malaria is a major health problem affecting millions of people especially in Africa. A limited
amount of new drugs are being developed to help alleviate this problem. Incorporation of
existing drugs into drug delivery systems to improve bioavailability and decrease toxicity
can be used in the fight against malaria. Mefloquine was chosen for further investigation
due to the advantageous high efficacy and limited resistance, but as disadvantage toxicity
concerns and poor solubility. This study investigates the use of lipid drug delivery systems
in combination with mefloquine. Incorporation of mefloquine in liposomes and Pheroid™
vesicles was successful with 62.96% and 63.03% entrapment efficacy respectively.
Cellular evaluation of Pheroid™ vesicles showed concentration dependent hemolysis and
increase in ROS levels.

Liposomes in contrast, showed little hemolysis and ROS

production. A decrease of 186% and 207% in parasitemia levels were seen after a 48
hour incubation period. Pheroid™ vesicles illustrated the possibility of neuroprotection
during in vitro studies on Nb2A cells. Pheroid™ vesicles with mefloquine showed high
efficacy and neuroprotection with an increase in ROS levels. The current study illustrates
the potential of Pheroid™ vesicles to increase efficacy and decrease toxicity of
mefloquine.

1. Introduction
Malaria, caused by Plasmodium spp., is responsible for millions of deaths annually and
has a high economic burden mainly affecting third world countries (1). An increase in
resistance and limited amounts of drugs available (2) contribute to the lack of effective
disease control. Research to help alleviate this burden includes evaluation of combination
therapy, including a 3 day mefloquine artesunate regime (3-5), synthesis of new moieties
(6) and incorporation of existing antimalarial compounds in drug delivery systems to
improve bioavailability and decrease toxicity (7-10).

Mefloquine (MQ) is a highly effective drug used against multidrug resistant strains of
Plasmodium falciparum (11). The exact mode of action of MQ is unknown but the drug is
known to interact with a variety of biological systems and physiological processes. Some
of these include neuronal calcium homeostasis (12), the calcium pump (13), blood brain

barrier glycoproteins (14,15) and potassium channels (16). MQ, unlike chloroquine does
not accumulate in the food vacuole inhibiting heme polymerization (17) and is, therefore,
considered a more effective drug (18). MQ is known to bind with high affinity to infected
and uninfected erythrocytes and cell membranes (19-21) that may be responsible for the
long half life of MQ (22).

Shortcomings of MQ include the dose dependent adverse reactions ranging from mild to
severe.

Mild adverse reactions include headache, nausea, fatigue and depression

whereas the more severe reactions include hallucinations and physcosis (23).

Other

limitations of the drug include the extensive tissue and protein binding, slow clearance,
poor solubility and variation in oral absorption. MQ is known for its neurological effects as
established by numerous case studies (24-26) as well as in vitro and in vivo neurotoxicity
studies (12,27). The neurological effects have been ascribed to increased reactive oxygen
species (ROS) production responsible for neurodegeneration in cortical neurons (28).

ROS are chemical reactive oxygen containing molecules and play an essential role in both
cell death and malaria pathology.

They have unpaired electrons making them highly

reactive leading to damage of DNA, lipids, proteins and carbohydrates. ROS are used as
defense mechanism during infections, but when the ROS levels in relation to the
antioxidant defense mechanisms of the host is too high, irreversible damage occurs.
Increasing of ROS leads to mitochondrial damage followed by DNA damage initiating
apoptosis and cell death (29-31). Hemoglobin degradation by malaria parasites, a source
of amino acids, releases heme that is oxidized to produce ROS. The parasite has various
methods of protection against ROS (32,33) including hemoglobin scavaging of ROS.
Parasites are surrounded by hemoglobin when inside erythrocytes and are only
susceptible to ROS for a short period of time between erythrocyte rupturing and reinvading
of erythrocytes (34). Decreasing the natural defense or overwhelming the antioxidant
protection against ROS can be used as a mechanism to decrease parasitemia levels (33).

MQ has been formulated in submicron emulsions. This formulation proved to be stable
and good vehicles for this poorly soluble drug. High antimalarial effect was reported as
well as the need for further investigation (7,8).

Drug delivery systems are utilized to

improve bioavailability and reduce side effects (35) by enhancing drug solubility (36)(36).
Lipid excipients, mainly long and medium chain fatty acids, phospholipids and steroids are

a popular choice because they modulate the activity of drug efflux, serve as fuel and yield
important biological functions (37). Liposomes, a model membrane system consists of
either a single or multiple lipid bilayers enclosing an aqueous compartment (38,39).
Liposomes have the ability of entrapping both hydrophilic and hydrophobic drugs.
Hydrophillic drugs are entrapped in the aqueous compartment and are dependent on the
volume of the compartment. Dependent on the lipid concentration, the hydrophobic drug
is entrapped in the lipid bilayer (38,40,41). Liposomes are mainly used to reduce toxic
side effects and increase efficacy (42).

Disadvantages include rapid removal from

circulation, as well as chemical and physical instability (39).

Pheroid™ technology is a novel, colloidal system of lipid bilayers constructed of natural
essential fatty acids necessary for normal cell function.

Submicron and micro sized

structures are formed when the oil phase is dispersed in a nitrous oxide saturated water
phase. Pheroid™ can also entrap both hydrophilic and hydrophobic drugs and can be
administered orally, transdermally and nasally.

Applications include nasal delivery of

calcitonin and peptide drugs (43-45).

Because the main focus of drug delivery systems is to increase efficacy and decrease
toxicity it is, therefore, necessary to determine the efficacy and toxicity of the drug delivery
systems (46). The aim of this study was to characterize two lipid drug delivery systems,
Pheroid™ vesicles and liposomes loaded with MQ and to determine their in vitro biological
effects utilizing methods to determine efficacy, neurotoxicity, ROS analysis and hemolysis.

2. Methods
2.1 Formulation and characterization of lipid drug delivery systems

2.1.1 Formulation of liposomes

Liposomes were prepared by the film hydration method.

L-α-phosphatidylcholine and

cholesterol (Sigma-Aldrich®, St. Louis, MO, USA) were dissolved in chloroform:methanol
(2:1 v/v). The organic solvent was removed under reduced pressure to obtain a thin film
on the side of the flask. Hydration with phosphate buffer solution (PBS) (pH 7.4) to form
the lipid suspension was obtained with gentle swirling with glass beads. Suspensions

were submitted to sonication to reduce the size of particles for 5 minutes at 4°C
(38,47,48). Mefloquine hydrochloride (MQ) (Sifavito S.p.A. Mairano, Italy) was added to
the organic solvent phase before evaporation to obtain loaded liposomes. The pH of each
formulation was measured before analysis.

2.1.2 Formulation of Pheroid™ vesicles

Vitamin F ethyl ester (CLR, Berlin, Germany) and Cremophor® EL (BASF, Germany) was
heated to 75°C and left to cool after which DL-α-tocopherol (DSM, Basel, Switzerland) was
added and heated to 55°C. The oil phase was added to the nitrous oxide saturated PBS,
preheated to 75°C and homogenized at 13500 rpm until a temperature of below 40°C was
reached. The suspension was shaken until room temperature was attained (44). Loading
of Pheroid™ vesicles with MQ was obtained by addition of MQ to the oil phase. The pH of
each formulation was measured before analysis.

2.1.3 Size determination of Pheroid™ vesicles and liposomes

Size determination was done as previously described by Vorauer-Uhl et al. (2000). Briefly,
FACSCalibur™ (Becton and Dickson, Mountain View, CA, USA) benchtop flow cytometer
equipped with a 488 nm Argon ion laser was used to determine the size distribution. Size
calibration beads (Molecular Probes, Invitrogen™, Breda, The Netherlands) were analyzed
and the geometric mean of each bead size was used to plot a graph yielding a equation of
y=mx+c. Diluted samples, to give a flow rate of less than 2000 events per second were
analyzed, yielding size distribution (49). Span was determined by the following equation:

Span (μm)

=

(S95% - S5%)
S50%

where S95% and S5% is the size where 95% and 5% of particles are smaller and S50% is the
median.

2.1.4 Entrapment efficacy
The amount of unentrapped MQ in Pheroid™ vesicles and liposomes was determined by
UV-Spectrophotometry as described by Rao and Murthy (2002). The unentrapped MQ
was separated from the lipid drug delivery system using Sephadex G50 centrifuge
columns (50). A comparative study to determine the maximum entrapment efficacy was
done.

The percentage entrapment efficacy (%EE) was determined by the following

equation:

%EE

=

(Initial drug load – unentrapped drug)
Initial drug load

x 100

2.2 In vitro cellular evaluation

2.2.1 Evaluation of hemolysis

Hemolytic activity assays were performed with and without MQ at different concentrations.
Pheroid™ vesicles and liposomes, without MQ were added at different concentrations to
erythrocytes in 96 well plates. Human erythrocytes were isolated from whole blood and
after washing, resuspended in RPMI1640 medium. Plates were incubated at 37°C for 7
days with daily analysis. Plates were centrifuged at 2000 rpm for 8 minutes where after
100 μl supernatant was removed and added to a new plate. Lysis of erythrocytes was
quantified by spectrophotometrically measuring the release of hemoglobin in the
supernatants at 540 nm. Control of 100% hemolysis was obtained by addition of water
(51).

Results were expressed as absorbance and background subtraction was done

before determining the percentage hemolysis by the following equation:

% Hemolysis

=

Abs of sample
Abs of 100% hemolysis

x 100

The optimal drug delivery system concentration where no hemolysis was observed was
used to determine the hemolytic activity of MQ.

MQ at different concentrations was

analyzed as described above. MQ dissolved in ethanol at a final concentration of less
than 0.1% was used as control.

2.2.2 Cultivation of Plasmodium falciparum

The method as described by Trager and Jensen was used (1976). In short, W2 strain
(kindly supplied by Prof P. Smith, University of Cape Town, Department Pharmacology)
was maintained in continuous culture supplemented with RPMI 1640 medium (SigmaAldrich®, St. Louis, MO, USA) and Albumax II (Gibco®, Invitrogen™, Breda, The
Netherlands).

Cultures were incubated at 37°C in an atmosphere of 5% oxygen, 5%

carbon dioxide and the balance nitrogen. Cultures were used in analysis of ROS and
efficacy studies.

2.2.3 ROS analysis of infected and uninfected erythrocytes

ROS analysis was performed by flow cytometry using a FACSCalibur™ bench top flow
cytometer linked to Cell Quest Prof Software (2002, Becton and Dickson, Mountain View,
CA, USA).

DCFH-DA (2’,7’-dichlorodihydrofluoresceindiacetate) (Molecular Probes,

Invitrogen™, Breda, The Netherlands) is converted to DCFH (non-fluorescent 2’,7’dichlorfluorescein) by intracellular esterase and in the presence of ROS is converted to the
highly fluorescent DCF (2’,7’dichlorofluorescein). DCF is excited at 488 nm and emits
green fluorescence proportional to the intracellular levels of ROS. DCFH-DA was added
to each sample at a final concentration of 10 μM after a 24 hour incubation period of
Pheroid™ vesicles and liposomes at different concentrations. Histograms with markers
representing the negative control (M1) and positive control (M2) were set to each sample.
A ratio between the geometric mean of each sample and the percentage of events in
marker M2 was determined. ROS analysis of a MQ concentration range was determined
at the optimal Pheroid™ vesicle and liposome concentration and compared to MQ in
ethanol (52,53).

2.2.4 In vitro efficacy of MQ

MQ, incorporated into the drug delivery system or alone was added to infected
erythrocytes (iRBC) in a 1:1 ratio.

After 48 hours incubation at 37°C, samples were

analyzed by flow cytometry. Samples were fixated with 0.025% gluteraldehyde, perforated
with 0.005% saponin (Sigma-Aldrich®, St. Louis, MO, USA) followed by incubation with
propidium iodide (PI) (Molecular Probes, Invitrogen™, Breda, The Netherlands) for 50
minutes (54). Nile Red (Sigma-Aldrich®, St. Louis, MO, USA) at a final concentration of
0.8 μg/ml was added and left for an incubation period of 10 minutes (44,55). Samples
were gated to exclude noise and analyzed at a flow rate of less than 2000 events per
second as previously described (Technical Note: Chapter 6).

2.2.5 Neurotoxicity

Mouse neuroblastoma cells (Nb2a) (ATCC, Manassas, Virginia) were cultivated in
modified DMEM medium supplemented with 10% fetal bovine serum (Hyclone®, Thermo
Scientific, Waltham, MA, USA) in a humidified atmosphere of 5% carbon dioxide. Various
concentrations of free or loaded MQ were added to cells in duplicate with the inclusion of
appropriate controls. Controls included 100% viable cells and 100% dead cells obtained
by addition of hydrogen peroxide (10 mM).

After a 24 hours incubation period, the

endpoint of cell viability was determined with the Live/Dead® Viability/Cytotoxicity Kit
(Molecular Probes, Invitrogen™, Breda, The Netherlands).

Calcein AM and ethidium

homodimer-1 were added to each sample and left to incubate for 20 minutes. Markers on
the histogram representing viable and dead cells were drawn up.

The toxicity was

expressed as a percentage of the dead cells (56).

2.3 Statistical analysis

Data was analyzed with repeated measure ANOVA using Statistica 9 (StatSoft, San
Diego, California, USA). All data were termed statistically significant with p-values less
than 0.05. P-values for the formulation data were determined by Tukey’s post hoc test and
the Bonferroni post hoc test was performed on ROS, hemolysis, efficacy and neurotoxicity
data. Data for cellular assay were transformed, X = log (X), normalized between 0% and
100% and fitted with sigmoidal dose response curves.

3. Results
3.1 Characterization of lipid drug delivery systems

Figure 1 Size and entrapment efficacy of Pheroid™ vesicles (A) and liposomes (B)
formulated with different MQ concentrations.

Size is seen in bars and percentage

entrapment efficacy as a line. Note the difference in values of the left y-axis (size) of A
and B.

MQ added in concentrations ranging from 0.1% to 0.5% was formulated in combination
with Pheroid™ vesicles and liposomes. Pheroid™ vesicles with MQ showed an average
size of approximately 3 μm at all concentrations.

No significant difference in size of

Pheroid™ vesicles was noted with the different MQ formulations (as seen in Figure 1A).
Liposomes formulated with 0.2% - 0.5% MQ showed size distribution of less than 8 μm
with 5.22 μm at 0.5% (Figure 1B).

The 0.5% formulation differed significantly from

Pheroid™ vesicles. Pheroid™ vesicles illustrated an increase in entrapment efficacy with
an increase in MQ concentration. No significant difference was seen between 0.2% to
0.5% with the maximum %EE of 63.03% obtained at 0.4%. Liposomes did not show
significant lower entrapment efficacy

compared to Pheroid™ vesicles with 62.96% at

0.5% MQ concentration. The pH of all formulations was between 7.07 and 7.48. No
difference in size or entrapment efficacy was observed for Pheroid™ vesicles between
0.2% and 0.5% whereas the optimal liposome formulation appears to be 0.5%. Therefore,
cellular evaluation was done with a initial concentration of 0.5% MQ in both liposomes and
Pheroid™ vesicles.

3.2 Cellular evaluation

3.2.1 Hemolysis
The hemolytic activity of Pheroid™ vesicles and liposomes without MQ was determined
over a 7 day period. As seen in Figure 2A, Pheroid™ vesicles showed an increase in
hemolytic activity at concentrations ranging from 0.01% to 0.5% with hemolysis above
90% from 72 hours for the highest concentration.

Hemolysis under 10% wais observed

with concentration below 0.05%. Daily readings were significantly higher from the initial
reading with p-values < 0.05.

No significant difference was observed between

measurements from 24 hours to 144 hours (data not shown). Liposomes showed lower
hemolytic activity (Figure 2B). Concentration dependent hemolysis is observed with no
significant difference when compared to initial readings. Daily measurements of Pheroid™
vesicles compared to liposomes differed significantly in hemolytic activity.
Hemolytic activity of MQ entrapped Pheroid™ vesicles and liposomes at an entrapment
efficacy of 60% were determined at a drug delivery system concentration of 0.05% (Figure
3). Hemolytic activity of MQ was measured over 144 hours for both the control and in
liposomes. The control of MQ showed no hemolysis over 144 hours (Figure 3A). In
contrast, Pheroid™ vesicles illustrated a concentration dependent increase in hemolytic
activity. Concentration between 2.5 μg/ml and 12.5 μg/ml showed hemolytic activity with
significant

difference

between

the

initial

values

and

24

and

48

hours

for

concentrations above 0.75 μg/ml (p value < 0.005%) (Data not shown). As seen in Figure
3B, the hemolytic activity of liposomes increased with an increase in concentration and
over time. P values of less than 0.005% were observed at 10 μg/ml and 12.5 μg/ml from
24 hours to 144 hours compared to the initial readings. Figure 3C illustrates the difference
in hemolytic activity of the control, Pheroid™ vesicles and liposomes after 48 hours
incubation. Pheroid™ vesicle at the highest concentration MQ after 48 hours incubation,
showed hemolysis of 55.42 ± 3.32%, liposomes only 24.08±1.06% with no hemolysis seen
at the control. Comparison of the control and liposome formulation at 48 hours gave a p
value of 0.1712.

An overall increase in hemolytic activity of Pheroid™ is observed

compared to liposomes and control with p-values of 0.0073 and 0.0053 respectively.

Figure 2 Comparison of log concentration-hemolysis curves by spectrophotometric
analysis of Pheroid™ vesicles (A) and liposomes (B) over 7 days. Measurements under
10% are non-hemolytic and above 25% are hemolytic. Each point represents the mean ±
SEM of triplicate measurements. Data was transformed and normalized before sigmoidal
dose response curve was fitted.

Figure 3 Curves of the log concentration-hemolysis of MQ as control (A) and entrapped in
liposomes (B) over 144 hours.

Comparison between MQ as control and in combination

with a 0.05% Pheroid™ vesicles or liposome concentration after 48 hours incubation (C).
Measurements under 10% are non-hemolytic and above 25% are hemolytic. Each point
represents the mean ± SEM of triplicate measurements.
normalized before sigmoidal dose response curve was fitted.

Data was transformed and

3.2.2 ROS analysis

Figure 4 Comparison curves of log concentration plotted against the ratio between the
geometric mean of the fluorescent intensity and the amount of cells by flow cytometric
analysis of Pheroid™ vesicles and liposomes on infected and uninfected erythrocytes (A).
ROS analysis of MQ control and entrapped in liposomes and Pheroid™ vesicles after an
24 hour incubation period with infected and uninfected erythrocytes (B).
represents the mean ± SEM of triplicate measurements.

Each point

Data was transformed and

normalized before sigmoidal dose response curve was fitted.
Pheroid™ vesicles and liposomes at different concentrations showed concentration
dependent ROS production (Figure 4A). Higher ROS levels were observed in infected
erythrocytes but were not statistically different. P-value of 0.0221 indicates significant
difference between the Pheroid™ vesicles and liposome formulation as determined on

infected erythrocytes. Determination of ROS levels with the addition of MQ at different
concentrations showed dose dependent increase in ROS levels for Pheroid™ vesicles
(Figure 4B).

Infected erythrocytes showed higher ROS levels than the uninfected

samples. Both control samples and liposomes showed no major increase in ROS levels.

3.2.3 Efficacy

The antimalarial activity of MQ did not change with an increase in concentration with a
parasitemia of 2.950 ± 0.363% at 0 µM and 3.060 ± 0.313% at a concentration of 12.5 µM.
The results of the efficacy study illustrated highly significant lower values of percentage
parasitemia of Pheroid™ vesicles and liposomes compared to the control (p<0.0001).
Pheroid™ vesicles had a parasitemia of 1.047 ± 0.252% and 1.000 ± 0.167% for 0 µM and
12.5 µM MQ concentrations respectively.

Liposomes showed a slight decrease in

parasitemia from 1.870 ± 0.076% at 0 µM to 1.067 ± 0.117% at 12.5 µM. Pheroid™
vesicles showed a 186% decrease in parasitemia levels and liposomes a 207% compared
to the control.

3.2.4 Neurotoxicity

Table 1 Percentage cell death as determined by flow cytometry after a 48 hour incubation
period with MQ. A 0.05% Pheroid™ vesicle and liposome concentration was used. Data
is shown as mean ± SEM of duplicate readings.
µM

Control

Pheroid™ vesicles

Liposomes

0
0.125
0.25
0.5
0.75
1
2.5
5
10
12.5

14.370 ± 0.770
17.550 ± 2.220
2.505 ± 2.475
7.925 ± 7.905
14.640 ± 0.250
16.275 ± 2.565
14.660 ± 0.680
16.460 ± 0.370
13.285 ± 0.225
13.365 ± 1.055

1.680 ± 1.650
4.690 ± 0.066
1.595 ± 0.205
1.530 ± 0.090
2.480 ± 0.090
5.105 ± 0.295
0.955 ± 0.955
2.850 ± 2.070
10.705 ± 4.345
7.080 ± 1.820

20.590 ± 2.530
20.060 ± 2.350
14.760 ± 3.580
11.270 ± 6.660
8.585 ± 5.145
16.100 ± 7.620
21.545 ± 0.535
18.335 ± 2.865
11.120 ± 4.900
11.530 ± 0.050

Experiment on the neurotoxicity of MQ showed that free MQ and liposome entrapped MQ
was much more toxic to the neuroblastoma cells than Pheroid™ vesicles loaded MQ
(Table 1). Pheroid™ vesicles increased the viability of neuroblastoma cells after a 24 hour
incubation period with MQ.

A significant lower amount of dead cells was observed

compared to the control (p<0.0001) and liposomes (p=0.0014).

4. Discussion
The purpose of this study was to evaluate the MQ loaded drug delivery system toxicity on
various cells and assays. This included the characterization of the formulation after which
the hemolytic activity, ROS analysis, efficacy and neurotoxicity were determined. The
results obtained showed that MQ can be entrapped in both Pheroid™ vesicles and
liposomes at an efficacy of 63.03% and 62.96% respectively.

Because no major

difference between the 0.4% and 0.5% Pheroid™ vesicle MQ formulations were seen,
0.5% formulations was used for all experiments. Size determination showed no difference
between the Pheroid™ vesicle formulations. In contrast, liposomes showed a variety of
sizes with 5.2 µm for the 0.5% MQ formulation.
ROS levels increased with an increase in concentration of both Pheroid™ vesicles and
liposomes with higher ROS production with infected erythrocytes.

Pheroid™ vesicles

illustrated ROS levels significantly higher in comparison with ROS levels generated by
liposomes with iRBC. MQ showed no increase in ROS levels in vitro but in combination
with Pheroid™ showed a dose dependent increase in ROS levels.

Lower MQ

concentrations, however, showed no increase in ROS levels. The exact mechanism of
increased ROS levels in unknown.

Hemolysis, the release of hemoglobin because of an alteration or destruction of the
erythrocyte membranes, is used to access the safety of pharmaceutical formulations
(57,58).

Hemolytic activity of a compound is directly proportional to the amount of

hemoglobin released (51). Strong hemolytic activity is illustrated with Pheroid™ vesicles
at high concentrations. Values under 10% are deemed to be non-hemolytic and above
25% are hemolytic (58). A Pheroid™ vesicle concentration of 0.05% is non-hemolytic over
a 7 day period. MQ illustrated no hemolysis but when entrapped in liposomes, dose
dependent hemolytic activity was observed. MQ entrapped in Pheroid™ vesicles was a

more potent hemolytic formulation.

The mechanism is not clearly understood, but

increased levels of ROS causes modification in cell structures leading to cell damage that
may play a role in hemolytic activity and parasite death (59,60). The hemolytic activity of
Pheroid™ vesicles may be related to the increased ROS levels observed. ROS levels at
high liposome concentrations were slightly elevated with increased hemolytic activity at the
same concentrations.

After 24 hours incubation with MQ loaded liposomes, no ROS

production or hemolysis were observed.

Even though MQ did not show a dose dependent decrease in parasitemia, MQ entrapped
in Pheroid™ vesicles and liposomes decreased parasitemia levels.

No documented

mechanism of action of MQ includes the increasing of ROS production to decrease the
parasitemia levels. Liposomes only showed an increase in ROS levels and the lowest
parasitemia levels at the highest MQ concentration. However, an overall increase of MQ
entrapped in liposomes was seen. The increase in solubility of MQ in the lipid bilayer can
also increase the efficacy of MQ. The efficacy of a drug is dependent on the solubility of
the compound in the pharmaceutical compound or bodily fluids (61). The higher solubility
of MQ in Pheroid™ vesicles could also have contributed to the increase in efficacy. The
increase in ROS and hemolysis can contribute to the decrease in parasitemia levels, but
the exact mode of action is unknown and should be investigated.

MQ has been proven to be neurotoxic in vitro and in vivo (12,27). Increase in ROS levels
was illustrated in vitro with rat cortical neurons when treated with MQ (28). Oxidative
stress leads to apoptosis and cell death and can thus be responsible for neurotoxicity
(28,30).

MQ showed neurotoxicity through an increase in neuroblastoma cell death.

Liposomes illustrated no increase in neurotoxicity when compared to the control. The
neurotoxicity of MQ was decreased when entrapped in Pheroid™ vesicles with a cell
viability of above 92%.

Nitrous oxide at sub anesthetic concentrations may have

potentially neuroprotective properties (62) and an increase in ROS levels may be hindered
by the anti-oxidant effect of α-tocopherol (63,64) present in Pheroid™ vesicles. Further
studies should be conducted to evaluate the possible neuroprotective effect of Pheroid™
vesicles.

5. Conclusion
Pheroid™ vesicles was stable and uniform in size with a relatively high entrapment
efficacy. Pheroid™ vesicles increased the ROS levels alone and in combination with MQ
and may be responsible for the hemolytic activity and efficacy observed. The anti-oxidant,
α-tocopherol is known to provide protection against ROS (65), however, in the presence of
iron may act as a pro-oxidant, that induces ROS. Increasing ROS levels found in RBC
and iRBC can thus partly be attributed to the pro-oxidant effect of α-tocopherol.

A

neuroprotective effect was seen with Pheroid™ vesicles possibly due to the anti-oxidant
effect of α-tocopherol as well as the neuroprotection of nitrous oxide. Liposomes showed
less hemolysis and ROS production but no difference in neurotoxicity. Pheroid™ vesicles
were more stable and reproducible lipid drug carriers with potential of possible
neuroprotection compared to liposomes. It is, therefore, necessary for further in vitro and
in vivo investigations into the possible increase in efficacy and neuroprotective effect of
MQ entrapped in Pheroid™ vesicles.
(66-68)

6. References
[1]

WHO. WHO | World Malaria Report 2009. 2009; Available at:
http://www.who.int/malaria/world_malaria_report_2009/en/index.html. Accessed
9/1/2010, 2010.

[2]

Bloland BP. WHO | Drug resistance: malaria. 2010; Available at:
http://www.who.int/drugresistance/malaria/en/. Accessed 9/1/2010, 2010.

[3]

Sun HY, Fang CT, Wang JT, Kuo PH, Chen YC, Chang SC. Successful treatment of
imported cerebral malaria with artesunate-mefloquine combination therapy.
J.Formos.Med.Assoc. 2006 Jan;105(1):86-89.

[4]

Smithuis F, Kyaw MK, Phe O, Win T, Aung PP, Oo AP, et al. Effectiveness of five
artemisinin combination regimens with or without primaquine in uncomplicated
falciparum malaria: an open-label randomised trial. Lancet Infect.Dis. 2010
Oct;10(10):673-681.

[5]

Van den Broek IV, Maung UA, Peters A, Liem L, Kamal M, Rahman M, et al. Efficacy
of chloroquine + sulfadoxine--pyrimethamine, mefloquine + artesunate and
artemether + lumefantrine combination therapies to treat Plasmodium falciparum
malaria in the Chittagong Hill Tracts, Bangladesh. Trans.R.Soc.Trop.Med.Hyg. 2005
Oct;99(10):727-735.

[6]

Casagrande M, Basilico N, Rusconi C, Taramelli D, Sparatore A. Synthesis,
antimalarial activity, and cellular toxicity of new arylpyrrolylaminoquinolines.
Bioorg.Med.Chem. 2010 Sep 15;18(18):6625-6633.

[7]

Mbela TK, Deharo E, Haemers A, Ludwig A. Submicron oil-in-water emulsion
formulations for mefloquine and halofantrine: effect of electric-charge inducers on
antimalarial activity in mice. J.Pharm.Pharmacol. 1998 Nov;50(11):1221-1225.

[8]

Mbela TKMN, Ludwig A, Landau I, Deharo E, Haemers A. Preparation,
characterization and in vivo activity of mefloquine submicron emulsions. Int.J.Pharm.
1994;110(2):189-196.

[9]

Singh KK, Vingkar SK. Formulation, antimalarial activity and biodistribution of oral
lipid nanoemulsion of primaquine. Int.J.Pharm. 2008 Jan 22;347(1-2):136-143.

[10] Aditya NP, Patankar S, Madhusudhan B, Murthy RS, Souto EB. Arthemeter-loaded
lipid nanoparticles produced by modified thin-film hydration: Pharmacokinetics,
toxicological and in vivo anti-malarial activity. Eur.J.Pharm.Sci. 2010 Aug
11;40(5):448-455.
[11] Basco LK. Field application of in vitro assays for the sensitivity of human malaria
parasites to antimalarial drugs. Geneva, Switzerland: World Health Orginization;
2007.
[12] Dow GS, Hudson TH, Vahey M, Koenig ML. The acute neurotoxicity of mefloquine
may be mediated through a disruption of calcium homeostasis and ER function in
vitro . Malar J. 2003 Jun 12;2:14.
[13] Go ML, Lee HS, Palade P. Effects of mefloquine on Ca 2+ uptake by crude
microsomes of rabbit skeletal muscle. Arch.Int.Pharmacodyn.Ther. 1995 MarApr;329(2):255-271.
[14] Lu L, Leonessa F, Baynham MT, Clarke R, Gimenez F, Pham YT, et al. The
enantioselective binding of mefloquine enantiomers to P-glycoprotein determined
using an immobilized P-glycoprotein liquid chromatographic stationary phase.
Pharm.Res. 2001 Sep;18(9):1327-1330.
[15] Pham YT, Regina A, Farinotti R, Couraud P, Wainer IW, Roux F, et al. Interactions of
racemic mefloquine and its enantiomers with P-glycoprotein in an immortalised rat
brain capillary endothelial cell line, GPNT. Biochim.Biophys.Acta 2000 Dec
15;1524(2-3):212-219.
[16] Gribble FM, Davis TM, Higham CE, Clark A, Ashcroft FM. The antimalarial agent
mefloquine inhibits ATP-sensitive K-channels. Br.J.Pharmacol. 2000 Oct;131(4):756760.
[17] Slater AF. Chloroquine: mechanism of drug action and resistance in Plasmodium
falciparum. Pharmacol.Ther. 1993 Feb-Mar;57(2-3):203-235.

[18] Schmidt LH, Crosby R, Rasco J, Vaughan D. Antimalarial activities of various 4quinolonemethanols with special attention to WR-142,490 (mefloquine).
Antimicrob.Agents Chemother. 1978 Jun;13(6):1011-1030.
[19] San George RC, Nagel RL, Fabry ME. On the mechanism for the red-cell
accumulation of mefloquine, an antimalarial drug. Biochim.Biophys.Acta 1984 Mar
23;803(3):174-181.
[20] Desneves J, Thorn G, Berman A, Galatis D, La Greca N, Sinding J, et al.
Photoaffinity labeling of mefloquine-binding proteins in human serum, uninfected
erythrocytes
and
Plasmodium
falciparum-infected
erythrocytes.
Mol.Biochem.Parasitol. 1996 Nov 25;82(2):181-194.
[21] Chevli R, Fitch CD. The antimalarial drug mefloquine binds to membrane
phospholipids. Antimicrob.Agents Chemother. 1982 Apr;21(4):581-586.
[22] Schwartz DE, Eckert G, Hartmann D, Weber B, Richard-Lenoble D, Ekue JM, et al.
Single dose kinetics of mefloquine in man. Plasma levels of the unchanged drug and
of one of its metabolites. Chemotherapy 1982;28(1):70-84.
[23] Rosenthal P. Antiprotozoal drugs. In: Katzung BG, editor. Basic & Clinical
Pharmacology. 9th ed. Boston: McGrawHill; 2004. p. 864-885.
[24] Jacquerioz FA, Croft AM. Drugs for preventing malaria in travellers. Cochrane
Database Syst.Rev. 2009 Oct 7;(4)(4):CD006491.
[25] Meier CR, Wilcock K, Jick SS. The risk of severe depression, psychosis or panic
attacks with prophylactic antimalarials. Drug Saf. 2004;27(3):203-213.
[26] Thapa R, Biswas B. Childhood mefloquine-induced mania and psychosis: a case
report. J.Child Neurol. 2009 Aug;24(8):1008-1009.
[27] Dow G, Bauman R, Caridha D, Cabezas M, Du F, Gomez-Lobo R, et al. Mefloquine
induces dose-related neurological effects in a rat model. Antimicrob.Agents
Chemother. 2006 Mar;50(3):1045-1053.
[28] Hood JE, Jenkins JW, Milatovic D, Rongzhu L, Aschner M. Mefloquine induces
oxidative stress and neurodegeneration in primary rat cortical neurons.
Neurotoxicology 2010 Sep;31(5):518-523.
[29] Halliwell B. Biochemistry of oxidative stress. Biochem.Soc.Trans. 2007 Nov;35(Pt
5):1147-1150.
[30] Halliwell B. Reactive species and antioxidants. Redox biology is a fundamental
theme of aerobic life. Plant Physiol. 2006 Jun;141(2):312-322.
[31] Stahl W, Sies H. Introduction: Reactive Oxygen Species. 2010; Available at:
http://www.uniklinik-duesseldorf.de/img/ejbfile/ROS.pdf?id=48. Accessed 9/30/2010,
2010.

[32] Francis SE, Sullivan DJ, Goldberg DE. Hemoglobin metabolism in the malaria
parasite Plasmodium falciparum. In: Ornston LN, Balows A, Greenberg EP, editors.
Annual review of microbiology. 1st ed. Palo Alto, CA, USA: Annual Reviews Inc.;
1997. p. 97-123.
[33] Becker K, Tilley L, Vennerstrom JL, Roberts D, Rogerson S, Ginsburg H. Oxidative
stress in malaria parasite-infected erythrocytes: host-parasite interactions.
Int.J.Parasitol. 2004 Feb;34(2):163-189.
[34] Sobolewski P, Gramaglia I, Frangos JA, Intaglietta M, van der Heyde H. Plasmodium
berghei resists killing by reactive oxygen species. Infect.Immun. 2005
Oct;73(10):6704-6710.
[35] Gardner CR. Drug delivery - Where now? In: Johnson P, Lloyd-Jones JG, editors.
Drug Delivery Systems: Fundamentals and Techniques. First edition ed. England:
Ellis Horwood LTD; 1987. p. 11-31.
[36] Speiser PP. Poorly soluble drugs, a challenge in drug delivery. In: Müller RH, Benita
S, Böhm BHL, editors. Emulsions and nanosuspensions for the formulation of poorly
soluble drugs. 1st ed. Stuttgart: Medpharm; 1998. p. 15-28.
[37] Pang KS, Liu L, Sun H. Interaction of drug transporters with excipients. In: Wasam
KM, editor. Role of lipid excipients in modifying oral and parenteral drug delivery:
Basic principles and biological examples. 1st ed. Hoboken, NJ: John Wiley & Sons,
Inc.; 2007. p. 1-205.
[38] New RRC editor. Liposomes a practical approach. 1 st ed. New York: Oxford
University Press; 1990.
[39] Jeong SH, Park JH, Park K. Formulation issues around lipid-based oral and
parenteral delivery systems. In: Wasam KM, editor. Role of Lipid excipients in
modifying oral and parenteral drug delivery: Basic principles and biological examples.
1st ed. Hoboken, NJ: John Wiley & Sons, Inc.; 2007. p. 1-205.
[40] Roerdink FH, Daemen T, Bakker-Woudenberg IAJM, Storm G, Crommelin DJA,
Scherphof GL. Therapeutic utility of liposomes. In: Johnson P, Lloyd-Jones JG,
editors. Drug Delivery Systems: Fundamentals and Techniques. First edition ed.
England: Ellis Horwood LTD; 1987. p. 66-80.
[41] Ranade VV, Hollinger MA. Drug delivery systems. 2nd ed. Boca Raton, FL: CRC
Press; 2004.
[42] Müller RH, Göppert TM. Protein adsorption patterns on parenteral lipid formulations:
key factor determing the in vivo fate. In: Wasan KM, editor. Role of lipid excipients in
modifying oral and parenteral drug delivery: basic principles and biological examples.
1st ed. Hoboken, NJ: John Wiley & Sons, Inc.; 2007. p. 124-159.
[43] Grobler A, Kotze A, Du Plessis J. The design of a skin friendly carrier for cosmetic
compounds using PheroidTM technology. In: Wiechers J, editor. Delivery systems
technologies Wheaton, IL: Allured Publishing Corporation; 2007.

[44] Du Plessis LH, Lubbe J, Strauss T, Kotze AF. Enhancement of nasal and intestinal
calcitonin delivery by the novel PheroidTM fatty acid based delivery system, and by Ntrimethyl chitosan chloride. Int.J.Pharm. 2010 Jan 29;385(1-2):181-186.
[45] Steyn D, du Plessis L, Kotze A. Nasal delivery of recombinant human growth
hormone: in vivo evaluation with Pheroid technology and N-trimethyl chitosan
chloride. J.Pharm.Pharm.Sci. 2010;13(2):263-273.
[46] De Jong WH, Borm PJ. Drug delivery and nanoparticles:applications and hazards.
Int.J.Nanomedicine 2008;3(2):133-149.
[47] Mozafari MR. Liposomes: an overview
Cell.Mol.Biol.Lett. 2005;10(4):711-719.

of

manufacturing

techniques.

[48] Yamabe K, Kato Y, Onishi H, Machida Y. In vitro characteristics of liposomes and
double liposomes prepared using a novel glass beads method. J.Control.Release
2003 Jun 5;90(1):71-79.
[49] Size characterization of PheroidTM formulations and liposomes. 7th World meeting of
pharmaceutics, biopharmaceutics and pharmaceutical technology; 8-11 March 2010;
; 2010.
[50] Fry DW, White JC, Goldman ID. Rapid separation of low molecular weight solutes
from liposomes without dilution. Anal.Biochem. 1978 Oct 15;90(2):809-815.
[51] Reed KW, Yalkowsky SH. Lysis of human red blood cells in the presence of various
cosolvents. J.Parenter.Sci.Technol. 1985 Mar-Apr;39(2):64-69.
[52] Sarkar M, Varshney R, Chopra M, Sekhri T, Adhikari JS, Dwarakanath BS. Flowcytometric analysis of reactive oxygen species in peripheral blood mononuclear cells
of patients with thyroid dysfunction. Cytometry B.Clin.Cytom 2006 Jan;70(1):20-23.
[53] Amer J, Goldfarb A, Fibach E. Flow cytometric analysis of the oxidative status of
normal and thalassemic red blood cells. Cytometry A. 2004 Jul;60(1):73-80.
[54] Moll K, Ljungström I, Perlmann H, Scherf A, Wahlgren M. Methods in Malaria
Research. 5th ed. Paris, France: MR4 / ATCC; 2008.
[55] Saunders J, Davis H, Coetzee L, Botha S, Kruger A, Grobler A. A novel skin
penetration enhancer: evaluation by membrane diffusion and confocal microscopy.
J.Pharm.Pharm.Sci. 1999 Sep-Dec;2(3):99-107.
[56] Molecular Probes. LIVE/DEAD ® Viability/Cytotoxicity Kit *for mammalian cells*.
2005;MP 03224.
[57] Krzyzaniak JF, Alvarez Nunez FA, Raymond DM, Yalkowsky SH. Lysis of human red
blood cells. 4. Comparison of in vitro and in vivo hemolysis data. J.Pharm.Sci. 1997
Nov;86(11):1215-1217.

[58] Amin K, Dannenfelser RM. In vitro hemolysis: guidance for the pharmaceutical
scientist. J.Pharm.Sci. 2006 Jun;95(6):1173-1176.
[59] Clark IA, Hunt NH. Evidence for reactive oxygen intermediates causing hemolysis
and parasite death in malaria. Infect.Immun. 1983 Jan;39(1):1-6.
[60] Schiar VP, Dos Santos DB, Paixao MW, Nogueira CW, Rocha JB, Zeni G. Human
erythrocyte hemolysis induced by selenium and tellurium compounds increased by
GSH or glucose: a possible involvement of reactive oxygen species.
Chem.Biol.Interact. 2009 Jan 15;177(1):28-33.
[61] Barich DH, Zell MT, Munson EJ. Physicochemical properties, formulation and drug
delivery. In: Wang B, Siahaan T, Soltero R, editors. Drug delivery: Principles and
applications. 1st ed. Hoboken, NJ: John Wiley & Sons, Inc.; 2005. p. 1-448.
[62] Abraini JH, David HN, Lemaire M. Potentially neuroprotective and therapeutic
properties of nitrous oxide and xenon. Ann.N.Y.Acad.Sci. 2005 Aug;1053:289-300.
[63] Sperling O, Bromberg Y, Oelsner H, Zoref-Shani E. Reactive oxygen species play an
important role in iodoacetate-induced neurotoxicity in primary rat neuronal cultures
and in differentiated PC12 cells. Neurosci.Lett. 2003 11/20;351(3):137-140.
[64] Yang SG, Wang WY, Ling TJ, Feng Y, Du XT, Zhang X, et al. Alpha-tocopherol
quinone inhibits beta-amyloid aggregation and cytotoxicity, disaggregates preformed
fibrils and decreases the production of reactive oxygen species, NO and
inflammatory cytokines. Neurochem.Int. 2010 Oct 7.
[65] Metzger A, Mukasa G, Shankar AH, Ndeezi G, Melikian G, Semba RD. Antioxidant
status and acute malaria in children in Kampala, Uganda. Am.J.Trop.Med.Hyg. 2001
Aug;65(2):115-119.
[66] Rao AB, Murthy RS. A rapid spectrophotometric method for the determination of
mefloquine hydrochloride. J.Pharm.Biomed.Anal. 2002 Mar 1;27(6):959-965.
[67] Trager W, Jensen JB. Human malaria parasites in continuous culture. J.Parasitol.
1976 Jun;91(3):484-486.
[68] Vorauer-Uhl K, Wagner A, Borth N, Katinger H. Determination of liposome size
distribution by flow cytometry. Cytometry 2000 Feb 1;39(2):166-171.

