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Background: The blood–brain barrier prevents many drug moieties from reaching the central 

nervous system. Therefore, glutathione-modulated nanoliposomes have been engineered to 

enhance the targeting of flucytosine to the brain.

Methods: Glutathione-modulated nanoliposomes were prepared by thin-film hydration 

technique and evaluated in the primary brain cells of rats. Lecithin, cholesterol, and span 65 

were mixed at 1:1:1 molar ratio. The molar percentage of PEGylated glutathione varied from 

0 mol% to 0.75 mol%. The cellular binding and the uptake of the targeted liposomes were both 

monitored by epifluorescent microscope and flow cytometry techniques. A biodistribution and a 

pharmacokinetic study of flucytosine and flucytosine-loaded glutathione–modulated liposomes 

was carried out to evaluate the in vivo brain-targeting efficiency.

Results: The size of glutathione-modulated nanoliposomes was ,100 nm and the zeta potential 

was more than -65 mV. The cumulative release reached 70% for certain formulations. The 

cellular uptake increased as molar percent of glutathione increased to reach the maximum at 

0.75 mol%. The uptake of the targeted liposomes by brain cells of the rats was three times greater 

than that of the nontargeted liposomes. An in vivo study showed that the relative efficiency was 

2.632±0.089 and the concentration efficiency was 1.590±0.049, and also, the drug-targeting 

index was 3.670±0.824.

Conclusion: Overall, these results revealed that glutathione-PEGylated nanoliposomes enhance 

the effective delivery of flucytosine to brain and could become a promising new therapeutic 

option for the treatment of the brain infections.
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Introduction
Infection of central nervous system with fungi can cause abscesses, parenchymal 

brain lesions, acute and chronic meningitis, encephalitis, or myelopathy.1,2 Crypto-

coccal meningitis is the most common fungal meningitis. The antifungal flucytosine 

is recommended for central nervous system infections caused especially by Candida 

and Cryptococcus neoformans.3,4

Nonetheless, the drug delivery to brain is very challenging. These challenges are clas-

sified into chemical and physical barriers. The blood–brain barrier (BBB) is an example 

of both physical and chemical barriers, where tight junction among endothelial cells of 

BBB presents physical barrier and also endothelial cells of the BBB produce significant 

amount of adenosine triphosphate-driven drug efflux transporters, which present chemi-

cal barrier. The blood–brain barrier protects the brain by regulating transport in and out 

of the brain.5 Many receptors are overexpressed on the brain cells such as the cloned  

μ opioid receptor,6 the low-density lipoprotein receptor,7 N-methyl-d-aspartate recep-

tor, insulin receptor,8 kinin-B2 receptors (BK-B2R),9 angiotensin II AT1 and AT2 

receptors,10 and glutathione.11–13
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Recently, many targeting moieties are being used to 

deliver drug into the brain efficiently. This was recognized 

with scopine,14 monoclonal antibody 2C5,15 the OX2616 or 

R17217 antibodies,16 glutathione,17 and anti-transferrin.16,18 

These moieties were found to enhance the uptake of the 

pharmaceutical moieties up to 14.25-fold.

Glutathione receptors in the brain were largely local-

ized in the white matter, more specifically in the neuroglial 

cells.19 Mechanism of glutathione transportation across the 

brain cells was proven to be performed through a specific 

mechanism.20 Adsorptive-mediated endocytosis is one of the 

mechanisms used for drug targeting the brain.21 Endocytic 

pathways are activated within the cells using a directing 

moiety or a ligand, which is used as a vector.22 It has recently 

been shown that glutathione is coupled with micelles and 

nanoparticles and showed enormous potential in both target-

ing and enhancing the drug moieties into brain.23

In literatures, liposomes were used extensively as drug 

carriers.24,25 Therefore, liposomes possess excellent criteria as 

drug carriers, because they are closed vesicles composed of 

an internal aqueous core and an external lipophilic bilayer of 

phospholipids molecules. External surface of liposomes can 

be modified by polyethyleneglycol (PEG) to produce stealth 

liposomes.26 Stealth liposomes are characterized by long 

circulation time in vivo. They are easily coupled to different 

targeting moieties to improve the targeting of administered 

drugs27 to their site of action.28–30

Drug targeting is usually used to achieve ultra-high 

concentrations of prepared targeted liposomes in an infected 

target organ as compared with an equivalent dose given either 

in nontargeted liposome or free drug. It is desirable to deliver 

drugs selectively to the brain tissue. To this end, glutathione 

receptors can be used as a target due to the high expression 

of this receptor on the surface of neurons.19,31–34

In this study, glutathione–maleimide–polyethyleneglycol–

distearoyl phosphatidyl ethanolamine was attached to nano-

liposomes to deliver flucytosine. Moreover, in this study the 

ability of glutathione-modulated liposomes to target neuron 

cells of rat brain primary cell culture was evaluated.

Materials and methods
Phosphatidylcholine from soya bean (PC), cholesterol 

(Ch), calcein green AM, and span 65 (SA) were purchased 

from Sigma Chemical Co. (St Louis, USA). Glutathione–

maleimide–polyethylene glycol
2000

–distearoyl phosphatidyl 

ethanolamine (glutathione–maleimide–PEG
2000

–DSPE) was 

purchased from Dutch Biotechnology Company (Leiden, 

the Netherlands). Methyl alcohol was obtained from BDH 

Ltd (Poole, UK). Chloroform, diethyl ether, sodium hydro-

gen phosphate, disodium hydrogen phosphate, and sodium 

chloride were purchased from Adwic, El-Nasr Pharmaceuti-

cal Co. (Cairo, Egypt) and were prepared according to the 

methods of Prolabo (Paris, France). Primary rat brain cells 

were extracted from rats that were purchased from the animal 

house of Assiut University. Dulbecco’s Modified Eagle’s 

Medium and fetal bovine serum were purchased from Sigma 

Chemical Co. All reagents were of analytical grade and 99% 

pure. All chemicals were used as received.

liposome preparation
Liposomes were prepared using thin-film hydrating 

technique.35–37 In this method, four different liposomal formulae 

were prepared. They were composed of soya bean phosphati-

dylethanolamine, cholesterol, span 65, and glutathione–

maleimide–polyethyleneglycol–distearoyl phosphatidyl 

ethanolamine (Table 1). All the components were dissolved 

in an appropriate amount of chloroform and methanol mix-

ture (3:2 v/v). The mixtures were dried up to thin lipid films 

under vacuum using a rotary evaporator (Buchi, Switzerland). 

These films were kept under high vacuum for at least 2 hours 

to remove traces of chloroform. The dry films were hydrated 

with aqueous solution of flucytosine (15 mL, 1.9 mg/mL) in 

PBS (pH 7.4) by rotation at 90 rpm for 1 hour. The resulting 

vesicles were kept for 4 hours at 25°C to form large multila-

mellar vesicles. The liposomal suspensions were agitated for 

30 minutes using an ultrasonic bath (model 275 T manufac-

tured by Crest Ultrasonics, Trenton, NJ, USA). The prepared 

suspensions were kept at 4°C overnight. The encapsulated 

flucytosine was separated by ultracentrifugation at 20,000 rpm 

Table 1 Flucytosine nanoliposomes expressed as molar ratios of lipid components, whereas glutathione–malemide–Peg2000–distearoyl 
phosphatidyle ethanolamine is expressed as percentage molar substitution

Liposomal 
formulae

Soya bean phosphatidylcholine  
(PC) 

Cholesterol Span 65 Glutathione–maleimide–PEG2000–distearoyl  
phosphatidyl ethanolamine (expressed as 
percent molar substitution)Molar ratio (M)

F1 1 1 1 0
F2 1 1 1 0.25
F3 1 1 1 0.50
F4 1 1 1 0.75

Note: glutathione was coupled to the liposomal formulae (F1–F4) in escalating mole percent ranging from 0 mol% to 0.75 mol%.
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at 4°C. Free flucytosine was separated from the liposomes by 

centrifugation (20,000 rpm, 1 hour) at 4°C using a high-speed 

centrifuge model T-70BL (Laby Instrument Industry, Haryana, 

India). The supernatant was aspirated and the concentration 

was calculated at λ
276

 (USP 2012). All steps of the liposome 

preparation were carried out under aseptic conditions using a 

laminar air flow hood (horizontal laminar flow hood, BZ Series, 

model BZ-3SSRX; Germfree, Ormond Beach, FL, USA).

Determination of entrapment efficiency  
of the liposomes
The liposomes were separated from the supernatant, and 

then 1 mL of the supernatant was diluted 10 times with 

methanol.38 The concentration of drug was determined 

spectrophotometrically at λ=285. The entrapped efficiency 

of flucytosine was expressed as weight percent. Loading 

efficiency is usually defined as the percent fraction of the 

total input drug encapsulated both in lipid bilayers and in 

aqueous compartments within the liposomes at a particular 

phospholipid concentration and expressed as weight percent-

age and was calculated by the following equation:

 %E =
( )TD UED

TD

− × 100
 

where %E is the percent encapsulation or loading efficiency, 

TD is the total drug added, and UED is the amount of 

unencapsulated drug.

Determination of the particle size  
and zeta potential of liposomes
The liposome dispersion aliquots (100 μL) were diluted with 

deionized water (900 μL) and were used to characterize both 

the particle size and the zeta potential of the liposomes.39–41 

They were measured by the method of dynamic light scatter-

ing by Malvern Zetasizer, Malvern Instruments Corp (Nano 

ZS ZEN 3600, Worcestershire, UK).

investigation of the morphology  
of the liposomes
The morphology of prepared liposomes was recognized by 

transmission electron microscopy, where the prepared lipo-

somes were diluted with double-distilled water.42,43 One drop 

of prepared suspension was added onto hydrophobic carbon 

grids to adsorb liposome particles from the suspension. The 

samples were air dried for 1 minute at room temperature. The 

specimens were stained by 2.5% uranyl acetate for 4 minutes. 

The excess of uranyl acetate was blotted by filter paper. The 

specimens were observed under a TEM-1010 Transmission 

Electron microscope (JEOL, Japan) operated at 80 kV.

in vitro release study from the liposomes
In vitro release of the liposomes was carried out via a dialysis 

method according to the method described by Hao et al.44 

The equivalent of 5 mg of the drug of flucytosine-loaded 

liposomal suspension was introduced into dialysis bags with 

a molecular weight cut-off 12,000 kDa. The dialysis bags 

were fully immersed under the surface 250 mL of isotonic 

phosphate buffer (pH 7.4) at speed of rotation 100 rpm and 

placed within the dissolution flask of the USP dissolution 

apparatus with a constant temperature of 37°C±0.5°C. The 

samples were measured spectrophotometrically at λ
276

. The 

concentration of flucytosine at time (t) was calculated using 

the following equation:

 Drug released
i

(%) =






×

Q

Q
t 100  

To elucidate the equation, Q
i
 and Q

t
 are the initial amounts 

of drug encapsulated in the liposomes and the amounts of 

drug released at time t, respectively.

Stability study of the flucytosine-loaded 
liposomes
For evaluating the aggregation of the prepared liposomes 

and leakage of flucytosine from the same during storage, 

a physical stability study of the prepared liposomes was 

carried out. A protocol developed by Du Plessis et al was 

adopted with some modifications.45 The prepared liposomal 

formulations were stored in tightly sealed 20 mL glass 

vials at 4°C±1°C, 25°C±1°C (room temperature, RT) and 

37°C±1°C (physiologic temperature) for 3 months. The 

particle size and entrapment efficiency of the prepared 

liposomes were evaluated over the period of the physical 

stability study. Samples of liposomal dispersions were 

regularly examined for evaluating their particle size and 

encapsulation efficiency. Signs of sedimentation, creaming 

(if any), or any changes in color of the examined dispersions 

were evaluated.

Preparation of rat brain primary cell culture
Protocol of the performed experiments was approved by the 

animal ethical committee of the Faculty of Medicine, Assiut 

University. The rats were humanely executed by decapita-

tion. The preparation of brain cells was carried out using the 

following procedures, as reported by Watson et al with some 

modifications.46 The dorsal side of rat head is pushed toward a 

dissecting board and ethanol 70% v/v is sprayed to decrease a 

possible contamination. All steps of the experiment were car-

ried under laminar flow cabinet. The skin from the head was 

removed by using sharp curved scissors. A circular cut was 
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made to remove the top of the skull, revealing the brain and 

the two olfactory bulbs at the tip of the nose.47–51 The olfac-

tory bulbs were gently released from the brain, and they were 

placed in a Petri dish containing 5–10 mL ethanol 70% v/v for 

1 minute, followed by inoculation with 5–10 mL of fresh rat 

brain tissue washing medium for 5 minutes. The olfactory bulbs 

were then chopped into small pieces of size 3–4 mm. Brain tis-

sue pieces were washed with an isotonic phosphate salt solution 

free from calcium and magnesium three times. Dissociation 

of cells from primary tissue was carried out mechanically by 

forcing tissue suspension using syringe. Cell suspension was 

centrifuged for 5 minutes at 3,000 rpm. The primary cell culture 

media was prepared by the addition of fetal bovine serum (10% 

fetal bovine serum, 5 mL) to Dulbecco’s Modified Eagle’s 

Medium (45 mL), which contains glutamine (2 mL). A mixture 

of penicillin (1 mL, 100 IU) and streptomycin (0.1 mg/mL) 

was added to the prepared cell culture medium. Cells 1×106 

were incubated at 37°C±0.5°C in a CO
2
 incubator.

Qualitative binding and uptake of nanoliposomes
Half milliliter of glutathione-modulated liposomes and 

glutathione-free liposomes were added to each well at a con-

centration of 75 m mole per 1×106 seeded cells and incubated 

with the cells for 24 hours at 37°C in cell culture medium. 

Unbounded liposomes were then removed by washing with 

phosphate-buffered saline (PBS). The cells were fixed in 

4% paraformaldehyde in PBS for 10 minutes, stained with 

excess 4′,6-diamidino-2-phenylindole stain, and mounted 

with coverslips. 4′,6-diamidino-2-phenylindole was used to 

stain nucleic acid of cell’s nucleus. The cells were visualized 

under epifluorescence microscope (excitation wavelength, 

495 nm; emission wavelength, 516 nm) and images were 

obtained with IX81 (Olympus, Tokyo, Japan) and photo-

graphed using Nikon D7000 camera (Tokyo, Japan).52

The samples were taken for microscopic fluorescence 

evaluation at 0 and 6-hour time intervals.

Binding and uptake measurements of liposomes using 
flow cytometry
Both the cellular binding and uptake of liposomes were 

calculated using the number of cells bound to the labeled 

liposomes. Calcein-AM was used as labeling material for 

the liposomes. Flow cytometry was used to monitor the 

interactions between targeted liposomes and the rat brain 

primary cells.53,54 Rat primary cells 1×106 per mL were 

trypsinized (trypsin 0.25% v/v with EDTA 0.1% v/v) and 

resuspended in ice-cold flow buffer PBS.

One million rat brain primary cells per mL were incubated 

with both conventional liposomes (500 μL, F1) and with 

glutathione-modulated liposomes (500 μL, F2, F3, and F4). 

Free calcein-AM (200 μL) was considered as control I. The 

liposomes were incubated for different time interval with the 

cells. Aliquots of rat brain primary cells (100 μL) were with-

drawn from the tubes at 1 hour, 2.5 hours, 5 hours, 6 hours, and 

24 hours. The cells were taken and centrifuged at 3,000 rpm 

for 5 minutes. The precipitated cells were washed three times 

with ice-cold PBS. Flow cytometric analysis was conducted, 

followed by immediate binding and the uptake of the liposomes 

was measured. Ten thousand events were acquired. The gates 

exclude all debris and dead cells. All expressions were assessed 

by percentage of positive cells (green fluorescence).

Flow cytometric analysis for all the above experiments was 

performed at the flow cytometry laboratory (BD FACSCalibur, 

BD Cell Quest Pro software on Mac® OS 9, version 5.1; 

Biosciences, San Jose, CA, USA). In the competition assays, 

excess of free glutathione (0.1 mol) was incubated with 1×106 

of rat brain primary cells 2 hours before adding the targeted 

liposomes. This was followed by washing the cells twice with 

PBS. Then the glutathione-modulated liposome (500 μL, 

F4), which is functionalized with 0.75 molar percent (mol%) 

glutathione, was added to the cells. The cell population was 

described using the signals produced from the overlap of the 

forward scatter and the side scatters, as a measurement for both 

the cell size and granularity of the cells, respectively.

in vivo targeting study
animal
Male Sprague-Dawley rats (200–250 g) were provided by the 

animal house of the Faculty of Medicine, Assiut University. 

They were kept at standard condition (25°C±1°C, 40% RH). 

All steps of animal study were approved by Assiut University 

Ethical Experimentation Committee.

chromatographic conditions
An HPLC assay was adopted to determine the concentration 

of flucytosine in plasma, brain, and other tissue biosamples. 

HPLC (Schimadzu Instruments, Japan) system consisted 

of LC-10AD Schimadzu liquid chromatograph pumps 

(pump A and pump B), DGU-12A Schimadzu degasser, 

SIL-10AD Schimadzu autoinjector, SCL-10A Schimadzu 

system controller, CTO-10A Schimadzu column oven fixed 

with reverse-phase C18 column (MICRA Scientific column, 

4.6 mm ×250 mm), and CTO-10A Schimadzu UV-Vis detec-

tor with response time 0.5 second, using Schimadzu Class-VP 

V6.12SP5 computer software, for instrument control and data 

analysis. A reverse-phase precolumn (50×4.6 mm) was added 

to the HPLC system to prevent contamination of the column 

with plasma traces remaining after plasma precipitation 
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procedures. Analyses were performed using methanol 0.25 

M KH
2
PO

4
, pH 2.5 (5:95), as mobile phase.

Biodistribution and 
pharmacokinetic studies 
of flucytosine and its loaded 
glutathione-modulated liposome
Efficiency of glutathione-modulated liposomes in targeting the 

brain was evaluated in vivo.55 A biodistribution and pharma-

cokinetic study was performed using 63 Sprague-Dawley rats 

(200–250 g), provided by the animal house of the Faculty of 

Medicine, Assiut University. They were randomly divided into 

five groups. In the first group, 3 rats were treated with flucy-

tosine solution (10 mg/kg); in the second group, 27 rats were 

treated with flucytosine-loaded liposome (F1; 10 mg/kg); in 

the third group, 3 rats were treated with glutathione-modulated 

liposome (F2; 10 mg/kg); in the fourth group, 3 rats were 

treated with glutathione-modulated liposome (F3; 10 mg/kg); 

in the fifth group rats, 27 rats were treated with glutathione-

modulated liposome (F4; 10 mg/kg). A sterile flucytosine 

solution and its loaded glutathione-modulated liposomal 

formulae (F1, F2, F3, or F4) were injected via the caudal 

vein. For the biodistribution study, the rats were humanely 

killed at 30 minutes after dosing (n=3). Tissue samples of 

brain were removed and flushed with saline solution (0.9% 

w/v). Homogenization of the tissue samples was carried out 

using saline (0.9% w/v) at 1:2 ratio. The tissue homogenate 

samples were stored at -20°C until HPLC assay was per-

formed. For the pharmacokinetic study, only the second and 

the fifth group were included. As soon as blood samples were 

collected from the ocular artery at 30 minutes, 45 minutes,  

60 minutes, 120 minutes, 240 minutes, 360 minutes, 

480 minutes, 600 minutes, and 720 minutes postdose, they were 

centrifuged at 3,000 rpm for 10 minutes. The plasma samples 

were stored at -20°C till HPLC analysis was conducted.

Processing of biosamples
A 200 μL volume of plasma or 500 μL volume of tissue 

homogenate was mixed with 200 μL volume of 10 μg/mL 

5-chlorouracil solution. The mixture was transferred into 

tubes containing 20 μL of 4 M trichloroacetic acid; they were 

centrifuged for 10 minutes at 0°C to separate the precipitated 

protein. The supernatant was diluted (1:4) with distilled water 

and 20 μL was assayed using HPLC system.

Data analysis
A two-compartment open model was applied for calculat-

ing the pharmacokinetic parameters of flucytosine and the 

prepared liposomal formulae (F1–F4) using winLIN 3.2 

software package (Colo-Parmer Co. Ltd.). The maximal 

concentration (C
max

), area under the curve (AUC), and the 

mean residence time were calculated for either plasma or 

tissue homogenate samples separately.

For evaluating the brain-targeting efficiency of 

glutathione-modulated liposomes, the relative uptake 

efficiency (RE), concentration efficiency (CE), and drug-

targeting index (DTI) were calculated using the following 

equations:

 RE
AUC mole/mole glutathione-modulated liposome F

=
( ) . % ,0 75 4

( ) % ,AUC mole/mole glutathione-modulated liposome F0 1
 

 CE
( ) . % mole/ ole glutathione modulated liposome, F

(
=

C

C

max

m

0 75 4m -

aax) % mole/ ole glutathione modulated liposome, F0 1m -
 

DTI

AUC

AUC
. % mole/ ole glutathione mod

=











brain

plasma

0 75 m - uulated liposome, F

AUC

AUC

% mole/ ole glut

4

0brain

plasma











m aathione modulated liposome, F- 1

statistical analysis
All experiments were carried out in triplicate. The differences 

were evaluated for statistical significance using Student’s t-test.

Results
Entrapment efficiency
Flucytosine entrapment efficiency in liposomes was studied, 

when different mole percentages of glutathione–maleimide–

polyethyleneglycol–distearoyl phosphatidyl ethanolamine 

were used. Incorporation of glutathione–maleimide–

PEG
2000

–DSPE at different mole% ranging from 0 mole% 

to 0.75 mole% did not show any significant difference in the 

entrapment efficiency as shown in Table 2. These results may 

suggest that the glutathione was attached onto the surface 

of the liposomes rather than interfering with the liposome 

bilayers. Optimization study for selection of the optimum 

Table 2 Entrapment efficiency of flucytosine within targeted 
liposomes when different ratios of glutathione moiety were used 
(means ± sD [n=3])

Liposomal  
formulae

Entrapment  
efficiency (% w/w)

± SD

F1 76.85 ±2.49
F2 76.06 ±3.05
F3 77.52 ±1.71
F4 75.65 ±1.58
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ratio of the different liposomal ingredients was summarized 

in Supplementary material.

Determination of zeta potential measurements  
for the prepared liposomes
The entire charge of the targeted liposome could be affected 

by the charge of the glutathione. Incorporation of glutathione–

maleimide–PEG
2000

–DSPE at different mole% ratios 

(0.25 mole%, 0.50 mole%, and 0.75 mole%) led to increased 

zeta potential values of liposomal surfaces as shown in Table 3.  

The zeta potential of formula 1 (F1), which did not have 

glutathione–maleimide–PEG
2000

–DSPE among its com-

ponents, showed the lowest value of zeta potential when 

compared to the other formulae (F2, F3, and F4). This effect 

suggested that increasing the content of glutathione–maleim-

ide–PEG
2000

–DSPE in liposomal preparations led to increas-

ing the zeta potential values of liposomal formulae (F2–F4). 

The effect of glutathione–maleimide–PEG
2000

–DSPE on zeta 

potential could be explained taking into account the effect of 

both polyethylene glycol and distearoyl phosphatidyletha-

nolamine. The zeta potential value for PEG–DSPE-containing 

liposomes (F2–F4) was more negative than that of the con-

ventional liposome (F1) as shown in Table 3. A carbamate 

linkage, which is typically a conjugation between PEG and 

DSPE, is responsible for a net negative charge on the phos-

phate moiety at physiological pH.56 Increasing negative values 

of zeta potential of prepared liposomes (F1–F4) may be due to 

the presence of thiole groups of glutathione.57,58 The presence 

of escalated negative charges could enhance the stability of 

the liposomes according to what was reported in literature.59 

To this end, the obtained results indicated that all liposomal 

preparations are colloidally stable and are concurrent with 

the articles reported in the literature.60

Particle size and ultrastructure study of the prepared 
liposomes
Particle size measurements showed that incorporation of 

glutathione–maleimide–PEG
2000

–DSPE into liposomal 

preparation led to a significant decrease (P.0.05) in the 

particle size. The particle size of F2, F3, and F4 was measured 

and seems to be smaller than that of formula (F1). The only 

difference between F1 and the rest of the formulae is that 

F1 is deficient in glutathione–maleimide–PEG
2000

–DSPE. 

Particle size of glutathione–maleimide–PEG
2000

–DSPE 

liposomes decreased when glutathione–maleimide–PEG
2000

–

DSPE content increased. These results may be attributed to 

incorporation of glutathione–maleimide–PEG
2000

–DSPE. The 

incorporation of glutathione moiety might lead to enhance 

the packaging of the phospholipids within the liposome 

bilayer. The polydispersity index (PDI) is dimensionless. 

The maximum value is arbitrarily limited to 1.0. PDI value 

of 1.0 indicates that the sample has a very broad size dis-

tribution and may contain large particles or aggregates.61 

Incorporation of glutathione–maleimide–PEG
2000

–DSPE into 

liposomal formulation might lead to lower PDI, and thus, it 

enhanced the uniformity of the system. Low particle size 

and low PDI are very important parameters in enhancing 

the binding and the uptake of the liposomes within the brain 

cells and their transportation across the BBB. The findings 

of the current study are concurrent with those of Sriwong-

sitanont Supaporn and Ueno Masaharu (2002), who have 

found that the particle size of DMPC liposomes containing 

DSPE–PEG
2000

 decreases significantly when DSPE–PEG
2000

 

content increases.62

Figure 1 represents transmission electron micrographs of 

free and modulated glutathione nanoliposomes. Both conven-

tional (Figure 1A) and glutathione–maleimide–PEG
2000

–DSPE  

liposomes (Figure 1B–D) are closed bilayer structure. They 

are spherical and hollow structures ranging in size from 

80 nm to 150 nm. These findings were consistent with 

results obtained from the particle size measurement shown in 

Table 4. The particles seem to be colloidally stable because 

formation of aggregates is not detected within the investi-

gated fields. These outcomes are concurrent with the results 

of the zeta potential.

Kinetic studies of the drugs released:  
in vitro study
The in vitro release kinetics of flucytosine out of both 

glutathione-modulated liposome and conventional liposome 

is shown in Figure 2. The data were represented as cumu-

lative percent of drug release versus time over a period of 

12 hours. The measurements were taken at 0 hour, 1 hours, 

2 hours, 3 hours, 4 hours, 6 hours, 8 hours, 10 hours, and 

12 hours. Dialysis method was used for evaluation of the in 

vitro drug released from the encapsulated liposomes.63

The release of flucytosine from glutathione-modulated 

liposomes with a final molar% of 0.25, 0.50, and 0.75 was 

Table 3 Zeta potential values of glutathione-targeted nanoli-
posomes (measurements ± sD [n=3])

Liposomal formulae Zeta potential (-mV) ± SD

F1 -36.4 ±1.41
F2 -43.7 ±2.70
F3 -49.3 ±1.77
F4 -64.3 ±1.49
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lower than that of nonmodulated liposomes (F1; Figure 2). 

Glutathione–maleimide–PEG
2000

–DSPE moiety may play a 

role in reducing the release value. This may be due to the 

effect of the alkyl chain of the DSPE polymer in improving 

the packaging within the liposomal bilayers. The earlier 

results showed that DSPE–PEG
2000

 decreased the diffusion 

of hydrophilic drugs.64 The hydrophobic long alkyl chains 

200 nm

200 nm 200 nm

200 nm

A

C D

B

Figure 1 Transmission electron micrographs of flucytosine-loaded nanoliposomes: (A) represents F1 liposomes without targeting moiety, (B) represents F2, (C) represents 
F3, and (D) represents F4.

Table 4 Particle size measurements and polydispersity index of 
targeted liposomes (measured ± sD [n=3])

Liposomal  
formulae

Particle size  
(nm) ± SD

Polydispersity  
index

F1 105.7±2.4 0.59±0.02
F2 99.0±3.2 0.27±0.01
F3 96.1±3.1 0.29±0.01
F4 90.0±1.7 0.29±0.005

of the polymer increased the entrapment of the drug in the 

polymers.65

stability study
The particle size and entrapment efficiency measurements 

obtained from different liposomal formulations during the 

stability study are shown in Tables 5 and 6. There were insig-

nificant changes (P.0.05) in the entrapment efficiency and 

vesicle size of the liposomal formulations stored at 4°C±1°C 

in refrigerated conditions.

On the other hand, evaluation of the liposomal formu-

lations stored at higher temperature conditions showed 

significant changes (P,0.05) in the measuring parameters. 

A dramatic increase in the vesicle size and drug leakage was 

observed at both room temperature and physiologic tempera-

ture. Lower percentage of flucytosine was leaked from the 
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liposomal formulations stored at 4°C compared to the others 

stored at higher temperatures. By the end of the study, all 

liposomal formulations stored at refrigerated temperature 

(4°C±1°C) were physically stable. No sedimentation or 

change in color was observed. The liposomal formulations 

stored at 25°C±1°C showed slight sedimentation, which can 

be redispersed easily on shaking. The color of the liposomal 

formulations stored at 37°C±1°C was changed to greenish 

yellow which cannot be redispersed on shaking. Formation 

of big clumps was observed.

Qualitative binding and uptake of 
glutathione-modulated nanoliposomes  
using epifluorescent microscope
Specific glutathione binding sites in the brain are widely 

localized in the white matter, indicating the presence of 

glutathione receptors on neuroglial cells.66,67 To explore the 

effect of increasing the mole percentage of glutathione moiety 

on the efficiency of cellular uptake, binding experiments 

were conducted.

The cellular binding and the uptake of different 

liposomal formulations were investigated by fluorescence 

microscopy.68

The conventional liposome (F1) was used as zero 

percent glutathione moiety-modulated liposome. When 

F1 was incubated with the cells, the green fluorescence of 

calcein-loaded liposomes showed a relatively low signal. 

This phenomenon could point to the low concentration of 

liposomes that are delivered within the cells in the case of 

the nontargeted liposomes.

In contrast, glutathione-modulated liposomes (F2–F4) 

were accumulated to significant extents in the cytoplasm 

of the brain cells. All the glutathione-modulated liposomal 

formulae were found to be efficient in delivering drug. How-

ever, this was in an escalating manner reaching maximum 

when glutathione moiety 0.75 mole%-modulated liposome 

was used (F4) as shown in Figure 3.

The binding and the uptake results revealed that the 

increase in molar percentage of glutathione moiety caused the 

increase in the cellular uptake of liposomes. This conclusion 

suggested that glutathione moiety enhanced the uptake of 

liposomes especially when escalating molar percentage of 

glutathione was used.

Competition study was conducted to explore the mecha-

nism of binding. This experiment was conducted to show 

whether the binding sites were specific or nonspecific. As 

shown in Figure 3, intracellular uptake of primary cell culture 

incubated with liposomes functionalized with 0.75 mol% of 

glutathione moiety became very weak as a result of pretreat-

ing with excess free glutathione.

The quenching of fluorescent signal occurred due to satu-

ration of the receptor with the excess free glutathione, which 

suggested that the binding of the glutathione-modulated 

nanoliposomes to glutathione receptors was specific. In 

contrast to that, free calcein-AM solution showed a very 

weak fluorescent signal within the cytoplasm, which 

boosts the suggestion that the binding and the uptake of 

glutathione-modulated liposomes was due to the presence 

Table 5 The mean particle size measurements (nm) of the prepared vesicles during storage at 4°c±1°c, 25°c±1°c, and 37°c±1°c 
for three months (n=3, the values were the means ± sD)

Liposomal  
formulae

Initial After 3 months

4°C±1°C 25°C±1°C 37°C±1°C

F1 105.7±2.4 110.72±2.44 129.21±2.41 151.24±2.74
F2 99.0±3.2 102.16±2.78 121.24±1.45 154.21±2.42
F3 96.1±3.1 100.01±1.47 116.45±1.24 155.42±3.25
F4 90.0±1.7 93.01±1.47 108.25±2.12 142.21±4.21

Note: The values were the means ± standard deviation from three parallel measurements.

Figure 2 Percent drug released against time (h) from both glutathione-free and 
glutathione-modulated liposome formulae (F1–F4).
Note: glutathione was coupled to the liposomes in escalating mole percent ranging 
from 0 to 0.75 mol%.
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Table 6 The entrapment efficiency measurements (%) of the prepared vesicles during storage at 4°c±1°c, 25°c±1°c, and 37°c±1°c 
for 3 months (n=3, the values were the means ± sD)

Liposomal  
formulae

Initial After 3 months

4°C 25°C 37°C

F1 76.85±2.49 74.92±2.75 67.19±4.1 57.21±3.12
F2 76.06±3.05 74.54±3.84 69.57±2.31 55.37±2.41
F3 77.52±1.71 75.87±2.13 68.89±3.02 56.78±3.25
F4 75.65±1.58 74.87±2.87 68.05±3.45 56.74±2.54

Note: The values were the means ± standard deviation from three parallel measurements.

of the targeting moiety and not due to the hydrophobic 

nature of the labeling agent or the nature of the liposomes 

(Figure 3).

The quantitative uptake of glutathione-
targeted liposomes using flow cytometry
The main objective of current study was to quantitatively 

measure the difference in binding and the uptake of both 

naked and glutathione-modulated liposomes at different mole 

percentages ranging from 0 to 0.75. Flow cytometric analy-

sis was used to identify the cell populations that bound and 

absorbed glutathione-modulated nanoliposomes. Therefore, 

the cells were incubated with the escalating concentration of 

glutathione-modulated nanoliposomes.

 Increasing the mole percentage of glutathione–maleimide–

PEG
2000

–DSPE within liposomal bilayers enhanced the cellular 

uptake of liposomes. The highest cellular uptake of liposome 

was observed when 0.75 mol% of glutathione–maleimide–

PEG
2000

–DSPE was incorporated within the bilayer liposomal 

formula (F4). The cellular uptake of liposome conjugated 

with 0.75 mol% glutathione–maleimide–PEG
2000

–DSPE 

was threefold higher than that of conventional liposomes 

(F1), as shown in Figures 4 and 5. This finding suggested 

that increasing the concentration of glutathione moieties on 

the surface of liposomes led to the increase in the cellular 

uptake of liposome.

In the competition assay, excess free glutathione was 

added in the medium in order to examine the specifity of 

the targeting moiety to the glutathione receptor. Excess free 

glutathione was used in this study to grant saturation of 

the glutathione receptors. After saturation of the receptors, 

the cells were incubated with glutathione-modulated lipo-

some (F4) over a period of 24 hours. The cellular uptake of 

glutathione-modulated liposomes (F4) in the absence of free 

glutathione was compared to their uptake in the presence of 

excess free glutathione. The result showed a steep decline 

in the percent cells that absorbed the liposomes in the pres-

ence of free glutathione. This may indicate saturation of 

the receptors with free glutathione, which competed for the 

glutathione receptor when glutathione-modulated liposomes 

were added. The uptake of the modulated nanoliposomes 

in the presence of free glutathione was 11.31% of that 

obtained in the absence of free glutathione (Figure 6). The 

uptake of the conventional liposome (F1) was achieved by 

18.12% of the cell population when it was incubated for 

24 hours with the cells. This observation suggests that the 

uptake of the liposomes could be achieved either specifi-

cally through targeting of the liposomes with glutathione 

moiety or nonspecifically through the hydrophobic nature 

of the liposomes.

In vivo targeting efficiency study
A biodistribution and pharmacokinetic study of flucytosine 

and flucytosine-loaded glutathione-modulated liposomes was 

carried out to evaluate in vivo the brain-targeting efficiency. 

The pharmacokinetic measurements in the present study only 

indirectly respond to the targeted accumulation of the drug 

loaded into brain. The concentration of flucytosine in the 

brain versus that in the plasma (C
brain

/C
plasma

)
flucytosine

 was used 

to evaluate the brain-targeting efficiency of the liposomal 

formulations. The concentration of flucytosine in the plasma 

and brain 30 minutes after intravenous injection of flucyto-

sine solution or flucytosine-loaded glutathione-modulated 

liposomes (F1–F4; equivalent to 10 mg of flucytosine) was 

determined as shown in Figure 7. The liposomal formulations 

displayed increased drug concentrations in the brain (Figure 8, 

P,0.05). The calculated (C
brain

/C
plasma

)
flucytosine

 ratios 30 minutes 

postinjection of flucytosine or flucytosine-loaded glutathione–

modulated liposomes (F1, F2, F3 and F4) were 0.147±0.018, 

0.266±0.107, 0.382±0.082, 0.495±0.107, and 0.734±0.095, 

respectively, as shown in Figure 8 (n=3).

To evaluate the brain-targeting efficiency of flucytosine-

loaded glutathione-modulated liposomes, ratios of the flu-

cytosine concentration in the brain versus its concentration 

in plasma (C
brain

/C
plasma

) were determined and plotted as 

shown in Figure 8. The (C
brain

/C
plasma

) ratios were moderate 
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Figure 3 intracellular uptake of liposomes functionalized with 0.75 mol% of glutathione moiety at different time intervals: (A) 0 hour and (B) at 6 hours, and intracellular 
uptake of primary cell culture pretreated with excess free glutathione and then incubated with liposomes functionalized with 0.75 mol% of glutathione moiety at different 
times intervals (C) 0 hour and (D) 6 hours.
Note: The blue fluorescence represents cell nuclei stained with 4′,6-diamidino-2-phenylindole, while the green fluorescence represents the uptake of calcein-loaded liposomes.
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Figure 4 A dot-plot representation of flow cytometry data of green fluorescent cells LR (lower right quarter) and nonfluorescent cells LL (lower left quarter) within cultured 
primary rat brain cells are represented.
Notes: The cells were incubated with glutathione-modulated liposomes (F1, F2, F3, and F4), functionalized with 0 mol%, 0.25 mol%, 0.5 mol%, and 0.75 mol% of glutathione 
moiety. The measurements were taken at different time intervals: (a) 1 hour, (b) 2.5 hours, (c) 5 hours, (d) 6 hours, and (e) 24 hours. The results are average of three 
measurements ± standard error.

Figure 5 The uptake of glutathione-labeled liposomes (F1–F4) when added into the 
primary brain cells of rats and also the competition assay of formula (F4) incubated with 
the cells (pretreated with excess glutathione) during a 24-hour incubation period.
Note: The results are expressed as a percent of total green fluorescent cell versus 
time in comparison to the cellular uptake of free calcein solution (control).

Figure 6 Flow cytometric measurements of glutathione-modulated liposomes when 
incubated with cultured primary rat brain cells for 24 h.
Note: The results are expressed as percentage of total green fluorescent cells 
within the medium.
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(not .0.2666) postinjection of the conventional liposomal 

formula (F1) as shown in Figure 8. The AUC
brain

/AUC
plasma

 

ratio of conventional liposomal formula (F1) was only 0.142. 

Those results indicated that although conventional lipo-

somal formula (F1) could pass the BBB, the concentration 

of flucytosine in brain is still low. In comparison with the 

injection of conventional liposomal formula (F1), the brain 

concentration of flucytosine postinjection of flucytosine-

loaded glutathione-modulated liposome (F4) was signifi-

cantly increased (P,0.05).

In comparison with intravenous injection of conventional 

liposomal formula (F1), the flucytosine plasma concentration 

postinjection of flucytosine-loaded liposome (F4) was mod-

erate as shown in Figure 9. The concentration of flucytosine 

in plasma was 29.47±2.49 μg/g 30 minutes postinjection of 

flucytosine-loaded liposome (F4), which was lower than that 

of conventional liposomal formula (F1) (51.118±6.75 μg/g, 

P,0.05). The (C
brain

/C
plasma

)
flucytosine

 ratio of loaded liposome 

(F4) was 0.734±0.095 at 30 minutes, much higher than that of 

the (C
brain

/C
plasma

)
flucytosine

 ratio of conventional liposomal formula 

Figure 7 Flucytosine concentration (μg/g) in the plasma and brain 30 minutes postintravenous injection of flucytosine solution (10 mg/kg) or flucytosine-loaded liposomes 
functionalized with 0%, 0.25%, 0.50%, or 0.75% mole/mole glutathione moiety (F1–F4).
Notes: Each formula was equivalent to 10 mg of flucytosine. Each point represents the mean ± standard deviation of three experiments. P,0.05 versus flucytosine.

Figure 8 comparison of (Cbrain/Cplasma)flucytosine ratios of flucytosine or flucytosine-loaded liposomes (F1–F4). Cbrain, Cplasma: flucytosine concentration (μg/g) in the brain or plasma 
30 minutes postintravenous injection of flucytosine solution (10 mg/kg) or flucytosine-loaded liposomes functionalized with 0%, 0.25%, 0.50%, or 0.75% mole/mole glutathione 
moiety (F1–F4).
Notes: Each formula was equivalent to 10 mg of flucytosine. Each point represents the mean ± standard deviation of three experiments (P,0.05 versus flucytosine).
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12.24 μg/g h, respectively. The (AUC
0–12brain

/AUC
0–12plasma

)  

ratio of flucytosine postinjection conventional liposomal for-

mula (F1) was 0.14199. The observed finding was attributed 

to role of the BBB in decreasing the entry of conventional 

liposomal formula (F1) into the brain. In the brain, the 

values of C
max

 postintravenous injection of conventional 

liposomal formula (F1) and flucytosine-loaded liposome 

(F4) were 13.61±2.75 μg/g and 21.64±4.81 μg/g, respec-

tively, as shown in Table 7. As listed in Table 8, in the brain, 

the RE (RE = AUC
liposomal formulation F4

/AUC
liposomal formulation F1

) 

was 2.632±0.089 and the CE (CE = (C
max

)
liposomal formulation F4

/ 

(C
max

)
liposomal formulation F1

) was 1.590±0.049. And also, the DTI 

was calculated as 3.670±0.824 from:

 DTI

AUC

AUC
lipsomal formulae

AUC
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plasma

brain
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Discussion
Recently, several delivery systems have been developed 

to improve drug targeting to the brain.11,13 In an attempt to 

prepare the most suitable liposomal formula, the optimiza-

tion study using phospholipids, cholesterol, and span 65 was 

conducted. The selected liposomal formula to be modified 

with glutathione moiety should be characterized with a high 

encapsulation efficiency, small particle size, and slow release 

rate. According to the recorded findings of the particle size 

and encapsulation efficiency, this result could be due to the 

surfactant chemical structure. All span types have the same 

head group and different alkyl chain. Increasing the alkyl 

chain number leads to increase entrapment efficiency.44  

It is known that span 65 has three alkyl chains (stearate 

alkyl chain). Consequently, it may play a role in decreas-

ing the permeability of the membrane and increases the 

encapsulation efficiency. In addition, span 65 has higher 

transition temperature (Tc). The span surfactant having 

the highest Tc provides the highest entrapment efficiency 

for the drug.69 Also the ordered gel state and higher phase 

transition temperature exhibited by span 65 plays a role in 

the observed outcomes.23,70 Incorporation of cholesterol led 

to increase the membrane rigidity and reduce its perme-

ability in the liquid–crystalline state.71 The encapsulation 

efficiency results may suggest that glutathione is attached 

Figure 9 Flucytosine concentration in the plasma and brain (μg/g) versus time 
postintravenous injection of flucytosine-loaded liposomes functionalized with 0% 
and 0.75% mole/mole glutathione moiety (F1 and F4, respectively).
Notes: Each injected formula was equivalent to 10 mg of flucytosine. Each point 
represents the mean ± sD of three experiments. P,0.05 versus flucytosine.

(F1). While the (C
brain

/C
plasma

)
flucytosine

 ratio of conventional 

liposomal formula (F1) was only 0.266±0.091 at 30 minutes 

(Figure 10; P,0.05). These findings show a diminished effect 

of the BBB in response to glutathione-modulated liposome 

(F4), and also, the observed high concentration of flucyto-

sine in brain was slowly decreased, with a mean residence 

time of 1.62±0.089 hour. The (C
brain

/C
plasma

)
flucytosine

 ratios of 

glutathione-modulated liposomes (F2–F4) were 1.43, 1.86, and 

2.76-fold higher, respectively, than those of conventional lipo-

somal formula (F1). So, the glutathione-modulated liposomes 

showed good brain-targeting efficiency (P,0.05). The relative 

brain-targeting efficiency could be arranged as follow (F4.

F3.F2.F1). The plasma and the brain concentrations of the 

flucytosine versus time postintravenous injection (10 mg) were 

determined. The pharmacokinetic parameters of flucytosine 

and its loaded liposome (F4, liposome functionalized with 

0.75% mole/mole glutathione moiety) were performed.

The AUC
0–12

 values in the brain postintravenous injection 

of conventional liposomal formula (F1) and flucytosine- 

loaded liposome (F4) were 25.011±5.74 μg/g h and 65.82± 
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onto the surface of the liposomes rather than interfering with 

the liposomes bilayers. Being amphipathic, cholesterol can 

insert itself into the bilayer membrane with its hydrophilic 

head oriented toward the aqueous surface and aliphatic chain 

line up parallel to the hydrocarbon chains in the center of the 

bilayer. It is known that cholesterol increases the chain order 

of the liquid-state bilayer and strengthens the nonpolar tail of 

the nonionic surfactant.72,73 At low cholesterol concentration, 

cholesterol leads to a close packing of surfactant monomers 

with increasing curvature and reducing the size. Cholesterol 

also increases the membrane thickness and the liposome’s 

overall size.19,74,75 Polydispersity index value of 1 indicates 

that the sample has a very broad size distribution and may 

contain large particles or aggregates.61 The incorporation of 

glutathione moiety might lead to enhance the packaging of 

the phospholipids within the liposome bilayer and lower the 

PDI so it enhanced the uniformity of the system. Low particle 

size and low PDI are very important parameters in enhanc-

ing the binding and the uptake of the liposomes within the 

brain cells. These findings of current study are concurrent 

with those of Supaporn and Masaharu, who have found that 

the particle size of DMPC liposomes containing DSPE–

PEG
2000

 decreases significantly when the DSPE–PEG
2000

 

content increases.62 The particles seem to be colloidally 

stable because no formation of aggregate is detected within 

the investigated fields. These outcomes are concurrent with 

the results of the zeta potential.

According to zeta potential measurements, increasing 

the content of glutathione–maleimide–PEG
2000

–DSPE in 

liposomal preparations led to increasing the zeta potential 

values of liposomal formulae. The effect of glutathione–

maleimide–PEG
2000

–DSPE on zeta potential could be 

Figure 10 (Cbrain/Cplasma)flucytosine ratios of flucytosine-loaded conventional liposomes (F1) and flucytosine-loaded liposomes (F4) versus time (h). (Cbrain/Cplasma)flucytosine concentration 
(μg/g) in the brain or plasma postintravenous injection of flucytosine-loaded conventional liposomes (F1) (equivalent to 10 mg/kg) or flucytosine-loaded liposomes functionalized 
with 0.75% mole/mole glutathione moiety (F4).
Notes: Each formula was equivalent to 10 mg of flucytosine. Each point represents the mean ± standard deviation of three experiments. P,0.05 versus flucytosine.

Table 7 Pharmacokinetic parameters of flucytosine in brain, plasma, and certain tissues of rats, postintravenous injection of flucytosine-
loaded 0% mole/mole glutathione-modulated liposome (F1) or flucytosine-loaded 0.75% mole/mole glutathione-modulated liposome, 
F4 (equivalent to 10 mg/kg of flucytosine) (n=3, P,0.05)

Tissue Flucytosine 0.75% mole/mole  
glutathione-modulated  liposome, F4

Flucytosine-loaded 0% mole/mole  
glutathione-modulated liposome, F1

AUC0–12 (μg/g⋅h) Cmax (μg/g) MRT0–t (h) AUC0–12 (μg/g⋅h) Cmax (μg/g) MRT0–t (h)

Plasma 126.27±14.89 29.47±4.57 1.83±0.089 176.14±21.14 51.118±6.75 1.62±0.041
Brain 65.82±12.24 21.64±4.81 1.62±0.078 25.011±5.74 13.61±2.75 1.13±0.076
heart 21.85±3.78 6.01±1.02 0.98±0.089 20.72±4.74 5.07±1.05 1.51±0.078
lung 22.21±3.65 8.76±2.54 0.90±0.014 15.45±4.35 6.08±2.35 1.12±0.069
liver 41.81±4.89 12.12±2.84 1.01±0.092 30.25±3.74 8.78±2.78 1.34±0.157
Kidney 29.54±4.52 7.59±3.65 0.89±0.823 15.87±4.95 5.87±1.91 1.71±0.126
spleen 12.75±2.55 3.97±0.95 0.95±0.0628 14.51±2.81 4.02±0.98 1.48±0.045
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explained taking into account the effect of both polyethylene 

glycol and distearoyl phosphatidylethanolamine. The zeta 

potential value for PEG–DSPE-containing liposomes was 

more negative than that of conventional liposomes. A car-

bamate linkage, which is typically a conjugation between 

PEG and DSPE is responsible for a net negative charge on 

the phosphate moiety at physiological pH.56 Increasing the 

negative values of zeta potential of the prepared liposomes 

(F2–F4) may be due to the presence of thiole groups of 

glutathione.57,58 The presence of escalated negative charges 

could enhance the stability of the liposomes according to 

what was reported in literature.59 To this end, the obtained 

results indicated that all liposomal preparations are colloi-

dally stable and are concurrent with the articles reported in 

the literature.60,76

On the basis of hydrophilic–lipophilic balance of the 

surfactant which is used in the liposomal preparations, it 

was found that an increase of hydrophilicity of the surfactant 

leads to an increase of zeta potential values. Consequently, 

the more stable liposome was produced. These results are in 

agreement with what was reported in the literature.77 

Glutathione–maleimide–PEG
2000

–DSPE moiety may play 

a role in reducing the release value. This may be due to the 

effect of the alkyl chain of the DSPE polymer in improving 

the packaging within the liposomal bilayers. The earlier 

results showed the fact that DSPE–PEG
2000

 decreases the 

hydrophilic drug diffusion.64 The hydrophobic long alkyl 

chains of the polymer increases the entrapment of the drug 

in the polymers.65

The stability study of liposomal formulations is an 

important factor to be considered in the development of 

an efficient drug delivery system. In the present study, 

the stability of different liposomal vesicles at different 

temperatures was carried out to mimic physiological condi-

tions. The obtained findings have revealed that the prepared 

liposomal vesicles were physically and chemically stable 

at refrigerated temperature (4°C±1°C) for 3 months. At 

refrigerated condition, the liposomal formulations were 

found to be reasonably stable in terms of aggregation and 

fusion. No significant changes in the physical appearance, 

particle size, and entrapment efficiency were determined for 

different liposomal formulations during the stability study 

at refrigerated condition (P.0.05).

However, the liposomal formulations stored at 25°C±1°C 

and 37°C±1°C showed an increase in particle size, which may 

be attributed to the aggregation or swelling of vesicles. The 

decrease in the entrapment efficiency was reported, which 

shows a significant leakage of flucytosine from different 

liposomal formulations over time of the stability study. The 

decrease in encapsulation efficiency at 37°C±1°C may be 

explained on the basis of the fluidity of vesicular membrane. 

The fluidity of vesicular membrane is increased at higher 

temperature, resulting in a significant leakage of the loaded 

drug.78 Possible chemical degradation of the phospholipids 

at 37°C±1°C may be another reason. It leads to defects in 

the vesicular membrane packing.79 Those findings are in 

accordance with other scientists, who found that clofazimine-

loaded liposomes were stable at refrigeration temperature 

(4°C±1°C).80 Above absolute zero temperature, colloidal 

particles in the bilayer of liposomes are in a dynamic state. 

As the temperature increases, the motion and vibration of 

colloidal particles increases.78

The binding and the uptake results revealed that the 

increase in molar percentage of glutathione moiety caused 

an increase in the cellular uptake of liposomes. This conclu-

sion suggested that glutathione moiety enhanced the uptake 

of liposomes, especially when escalating molar percentage 

of glutathione was used.

The quenching of fluorescent signal that occurred due 

to saturation of the receptor with the excess free glutathione 

suggested that the binding of the glutathione-modulated 

nanoliposomes to glutathione receptors was specific. In 

contrast to that, free calcein-AM solution showed a very 

weak fluorescent signal within the cytoplasm, which boosts 

the suggestion that the binding and the uptake of glutathione-

modulated liposomes was due to the presence of the targeting 

Table 8 Targeting efficiency of flucytosine-loaded 0.75% mole/mole glutathione-modulated liposome (F4) compared with flucytosine-
loaded 0% mole/mole glutathione-modulated liposome (F1) postintravenous injection of flucytosine-loaded liposomal formulae 
(equivalent to 10 mg/kg) in male rats (n=3)

Brain Heart Lung Liver Kidney Spleen

rea 2.632±0.089 1.054±0.011 1.437±0.017 1.382±0.019 1.861±0.064 0.878±0.052
ceb 1.590±0.049 1.185±0.071 1.440±0.037 1.380±0.045 1.293±0.085 0.988±0.074
DTic 3.670±0.824 1.470±0.074 2.005±0.045 1.927±0.039 2.596±0.098 1.225±0.074

Notes: are = (aUc)liposomal formulation, F4/(aUc)liposomal formulation, F1. 
bce = (Cmax)liposomal formulation F4/(Cmax)liposomal formulation, F1. 

cDTi = (aUctissue/aUcplasma)liposomal formulation, F4/(aUctissue/aUcplasma) 

liposomal formulation, F1.
Abbreviations: AUC, area under the curve; CE, concentration efficiency; DTI, drug-targeting index; RE, relative efficiency.
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moiety, and not due to the hydrophobic nature of the labeling 

agent or the nature of the liposomes (Figure 3).

According to quantitative uptake of glutathione-targeted 

liposomes using flow cytometry, the cellular uptake of lipo-

some conjugated with 0.75 mol% glutathione–maleimide–

PEG
2000

–DSPE was threefold higher than that of conventional 

liposomes (F1). This finding suggested that increasing the 

concentration of glutathione moieties on the surface of lipo-

somes led to the increase in the cellular uptake of liposome. 

This observation suggests that the uptake of the liposomes 

could be achieved either specifically through targeting of the 

liposomes with glutathione moiety or nonspecifically through 

the hydrophobic nature of the liposomes.

In the competition assay, the results may indicate satura-

tion of the receptors with free glutathione, which competed 

for the glutathione receptor when glutathione-modulated 

liposomes were added.

On the basis of the represented overall data, these 

results indicated significant brain-targeting efficiency of 

glutathione-modulated liposome and a decreased plasma 

biodistribution. Hence, the formulation of flucytosine in 

glutathione-modulated liposomes led to improved brain 

targeting of flucytosine and a decrease in peripheral side 

effects. Those results are concurrent with the studies of many 

scientists, who found that glutathione–PEGylated liposomes 

may be an efficient brain drug delivery system.81–83

PEG
2000

 in the glutathione–maleimide–PEG
2000

–DSPE has 

important properties, which may augment the targeting effi-

ciency of the glutathione–PEGylated liposomes. PEG polymer 

gave the liposome surface kinetic rather than thermodynamic 

protection.84,85 de Gennes has reported that the polymer linked 

to a surface follows one of two regimens relying on the graft 

density of the polymer.86 The mushroom regimen can be 

followed when the polymer graft density is low, while brush 

regimen can be followed when the polymer graft density is 

high. The degree of surface coverage and the distance between 

graft sites were governed by both the molecular weight of the 

polymer as well as the graft density. Bedu-Addo et al have 

proposed that PEG chains interact via interchain hydrogen 

bonding and van der Waals forces interchain hydrogen bond-

ing leading to chain entanglement generating “PEG-rich” 

and “PEG-poor” domains.87 Allen et al have reported that the 

circulation residence time of cholesterol-containing liposomes 

increased depending on the mole fraction of the incorporated 

PEG and also on the length or molecular weight of the PEG.88 

In most of the studies, it has reported that the circulation 

residence time of liposomes was increased because the PEG 

chains inhibit the interaction of the PEGylated liposomes 

with proteins of plasma or cell surface.89–93 Allen et al have 

reported that insertion of the PEG chains into liposomes leads 

to a decrease in the mononuclear phagocytic system uptake 

of the PEGylated liposomes.88 However, several studies have 

reported that although an inclusion of the PEG chains leads 

to extend the circulation time of the PEGylated liposomes, it 

does not affect the cumulative cellular uptake of the mono-

nuclear phagocytic system.94–96

Another formula component that may contribute in 

increasing the brain concentration of the formulated drug 

was the surfactant. In the present study, span 65 was used 

in the preparation of liposome. Troster et al, Lockman et al, 

and Koziara et al have reported that the inclusion of certain 

surfactants might enhance the brain-targeting efficiency.97–101 

The transmembrane proteins located in the brain are involved 

in active transport across the BBB. Those proteins interact 

with the glutathione molecule. A grafting of the liposome 

with glutathione could potentiate the brain-targeting effi-

ciency through interaction with transmembrane proteins, 

one of them being the P-glycoprotein (Pgp). The permeation 

of flucytosine-loaded glutathione-modulated liposomes 

across the endothelial cell membrane might be carried out 

via adenosine triphosphate-coupled reactions with Pgp and 

also a number of other proteins are implicated in a similar 

mechanism.102,103 An elevated retention of the glutathione-

modulated liposomes in the blood capillaries of the brain 

is due to the adsorption of the glutathione-modulated lipo-

somes to the capillary walls. Hence, a higher concentration 

gradient which is created enforces the permeation across the 

BBB, and as a result, the delivery to the brain is achieved. 

Incorporated surfactant span 65 might suppress the efflux 

system, especially Pgp, and also it may solubilize the lipids 

of the endothelial cell membrane, and as a result, the fluidiza-

tion of endothelial cell membrane potentiates the transport 

across the BBB. The nanoliposomes might cause a gap in the 

tight junction between the endothelial cells; consequently, 

the permeation of the drug-loaded liposomes or the released 

drug through the endothelial cell is achieved. The endocytosis 

of glutathione-modulated liposomes by the endothelial cells 

might be one of the possible mechanisms in the delivery 

of drug-loaded glutathione-modulated liposomes.104–106 

Finally, flucytosine-loaded glutathione-modulated liposomes 

could actively or passively transcytose through the layer of 

endothelial cells.107

Conclusion
Glutathione–maleimide–PEG

2000
–DSPE liposomes were 

evaluated in the present study to determine if they meet the 
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criteria of in vitro and in vivo targeting ability to the brain 

cells. Both in vitro and in vivo, the brain-targeting evaluations 

unambiguously showed a significantly increased delivery of 

flucytosine to the brain with glutathione–maleimide–PEG
2000

–

DSPE liposomes compared with conventional liposome or 

free flucytosine. Glutathione-modulated liposomes could be 

a valuable tool for delivery of flucytosine to the brain. 
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Table S1 Molar concentration of lipids and surfactants in the prepared liposomal formulations

Formulation Soya bean phosphatidyl  
choline (PC), molar ratio

Cholesterol,  
molar ratio

Span 65,  
molar ratio

Span 80,  
molar ratio

s1 3 1
s2 2 1
s3 1 1
s4 3 1 1
s5 2 1 1
s6 1 1 1
s7 3 1 1
s8 2 1 1
s9 1 1 1

Supplementary materials
Preparation of liposome samples
In attempt to prepare the most suitable liposomal formula, the 

optimization study was conducted. The selected liposomal 

formula to be modified with glutathione moiety should be 

characterized with a high encapsulation efficiency, small 

particle size, and slow release rate. 

Liposomal formulae (S1–S9) were prepared using a thin-

film hydrating technique as explained in main text. In this 

method, different ratios of phosphatidylcholine were used in 

formulating the different liposomal formulae. Span 65 and 

span 80 were also used in the optimization study as shown in 

Table S1. All the steps were performed under aseptic condi-

tions. All glassware was sterilized by heating in a hot air oven 

over 120°C for 2 hours. Boiled double-distilled water was 

passed through a 0.22 μm disposable syringe filter (bacterial 

filter), and the entire procedure was performed in a laminar 

air flow hood in the presence of flame. Flucytosine liposomes 

were prepared using the thin-film hydration method. The pre-

pared liposomes were in vitro characterized to evaluate their 

entrapment efficiency, particle size, zeta potential charge, and 

in vitro release as mentioned in the main text.

results and discussion
Entrapment efficiency and particle size
From Table S2, it can be concluded that flucytosine has been 

successfully incorporated into liposomes. Encapsulation effi-

ciency was ranging from 32.41%±2.41% to 76.85%±3.05%.

The effect of the cholesterol concentration and surfactant 

concentration was studied. From the results listed in Table S2, 

it could be concluded that an increase of cholesterol molar 

ratio led to an increase in the encapsulation efficiency, 

as shown with formulae S1–S3. This might be due to the 

fact that an increase of cholesterol concentration leads to a 

decrease in the membrane permeability and promotes the 

encapsulation efficiency. These results are in agreement with 

those reported in literature.1 It was observed that an inclusion 

of nonionic surfactant led to an increase in the entrapment 

efficiency and decrease in particle size, as shown with for-

mulae S4–S9. But the effect of span 65 on decreasing the 

particle size or increasing the entrapment efficiency is more 

obvious than that of span 80.

This result could be due to the surfactant chemical 

structure. All span types have the same head group and dif-

ferent alkyl chain. Increasing the alkyl chain number leads 

to increased entrapment efficiency.2,3 It is observed that span 

65 has three alkyl chains (three stearate alkyl chains) while 

span 80 has one (oleate alkyl chain). Consequently, span 65 

decreased the permeability of the membrane and increased 

the encapsulation efficiency. In addition, span 65 has higher 

transition temperature (Tc) than span 80. The span having 

the highest Tc provides the highest entrapment efficiency 

for the drug.4 Also the ordered gel state and higher phase 

transition temperature exhibited by span 65 plays a role in 

the observed outcomes.5,6

Particle size of the liposomal formulae with polydisper-

sity index was reported in Table S2. It could be noticed that 

an increase of cholesterol concentration led to an increase 

in the particle size of liposomes as is obvious with the for-

mulae S1–S3.

This finding could be attributed to fact that incorporation 

of cholesterol led to an increase in the membrane rigidity and 

reduced its permeability in the liquid–crystalline state.7

Being amphipathic, cholesterol can insert itself into the 

bilayer membrane with its hydrophilic head oriented toward 

the aqueous surface and aliphatic chain line up parallel to the 

hydrocarbon chains in the center of the bilayer. It is known 

that cholesterol increases the chain order of the liquid-state 

bilayer and strengthens the nonpolar tail of the nonionic 

surfactant.8,9

At low cholesterol concentration, cholesterol leads to 

a close packing of surfactant monomers with increasing 
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Table S2 Entrapment efficiency values of flucytosine in flucytosine-loaded liposomes formulae (means ± sD [n=3])

Formula no Entrapment efficiency  
EE (% w/w) ± SD

Particle size  
(nm) ± SD

Polydispersity  
index

s1 32.41±2.37 333±4.5 0.322
s2 35.04±1.52 396±1.1 0.232
s3 40.7±3.11 458±15.5 0.822
s4 59.32±2.95 120.7±1.6 0.408
s5 66.84±1.98 109.7±2.9 0.425
s6 76.85±3.05 105.7±2.4 0.595
s7 45.52±2.83 149.29±5.6 0.427
s8 49.52±1.74 163.77±6.8 0.458
s9 57.56±3.67 181.77±3.6 0.200

Table S3 Zeta potential values of flucytosine-loaded liposomes 
(measured ± sD [n=3])

Formula no Zeta potential (mV)

s1 -25.7±1.02
s2 -27.3±2.02
s3 -33.0±2.21
s4 -43.3±1.91
s5 -40.3±1.05
s6 -36.4±1.41
s7 -48.0±1.08
s8 -53.8±2.32
s9 -59.4±2.13

curvature and reducing size. Cholesterol also increases the 

membrane thickness and the liposome’s overall size.10–12

Zeta potential measurements
Nanoparticles with zeta potential values greater than +25 mV  

or less than -25 mV typically have high degrees of 

stability.

From Table S3, it can be noticed that the zeta potential 

values of liposomal preparations ranged from -25.7±1.02 

to -59.4±2.13 mV. These results indicate that the lipo-

somal formulae are stable according to what was reported 

in literatures.13,14

It could be noticed that an increase of cholesterol molar 

ratio led to an increase in the zeta potential of liposomal 

preparations, as shown with formulae S1–S3. The abso-

lute zeta potential and the electrostatic repulsion between 

phosphatidylcholine liposomes increased as a result of an 

increase in the cholesterol molar ratio, thereby enhancing 

their stability.15–18 It could be noticed that an increase of sur-

factants concentration led to a different effect on liposomes 

zeta potential values. As increase of span 65 concentration 

led to a decrease in the negative charge of zeta potential 

values as shown with formulae S4–S6, whereas an increase 

of span 80 concentration led to an increase in negative charge 

of zeta potential values as shown with formulae S7–S9. This 

can be explained on the basis of hydrophilic–lipophilic bal-

ance (HLB) of the surfactant, which is used in liposomal 

preparations. It was found that an increase of hydrophilicity 

of the surfactant led to an increase of zeta potential values. 

Consequently, the effect of span 80 (HLB 4.3) on increasing 

the negative charge of zeta potential is an opposite to that of 

span 65 (HLB 2.1). These results are in agreement with what 

is reported in the literature.19

In vitro release study of flucytosine from  
flucytosine-loaded liposomes
It was found that, in vitro release of free flucytosine was the 

fastest as shown in Figure S1. As cholesterol and surfactant 

concentrations were increased, the release rate of drug 

decreased as is obvious with formulae S1–S9. Liposomal for-

mula (S6) had the lowest drug release (77.49%±2.52%) while 

the fastest one was achieved by formula S1 (96.1%±2.45%) 

after 12 hours.

The current investigation showed that an increase of 

cholesterol concentration led to a decrease in the drug 

release from liposomal formulae. These findings could 

be attributed to an increase of lipophilicity and delayed 

release of the drug from liposome. These results are in 

agreement with what is reported in the literature.20 It was 

also noticed that surfactant concentrations and types have 

an effect on flucytosine release from flucytosine-loaded 

liposome. In general, addition of both span 65 and span 80 

led to a decrease in the flucytosine release rate. This could 

be attributed to increased stability of vesicle membranes.21 

The effect of increasing the concentration of span 65 was 

more obvious than that of span 80.

This could be explained based on the fact that they have 

strong hydrophilic moieties to form micelles in aqueous 
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Figure S1 Percent drug released against time (h) from both free drug and flucytosine-loaded liposome formulae (S1–S9).

solutions. A mixture of cholesterol and span 65 or span 80 

gave a high hydrophobic moiety as well as high hydrophilic 

moiety. This system was excellent to retard the release of 

flucytosine from flucytosine-loaded liposomes.22

amount and type of surfactant
The type of surfactant is very important. The ester type sur-

factant is safer than the ether type. The safety of the ester 

type could be attributed to a degradation of these to fatty 

acids and triglycerides in vivo.23 An increase in the HLB of 

the surfactants such as span 65 (Sorbitan tristearate, HLB 

2.1) compared to span 80 (Sorbitan monooleate, HLB 4.3) 

leads to an increase in the mean size of liposomes because 

an increase in surfactants’ hydrophobicity leads to a decrease 

in the surface free energy.24 The mean size of liposomes 

increases proportionally with an increase in the HLB of 

the surfactants such as span 65 (Sorbitan tristearate, HLB 

2.1) compared to span 80 (Sorbitan monooleate, HLB 4.3) 

because the surface free energy decreases with an increase 

in hydrophobicity of surfactants.24 Depending on the tem-

perature, the type of lipid or surfactant, and the presence of 

other components such as cholesterol, the vesicle bilayers 

are either in the so-called liquid or in the gel state. Conse-

quently, alkyl chains of liposomes are well ordered in the 

gel state but they are more disordered in the liquid state. The 

gel–liquid phase transition temperature (TC) is considered 

an important physical characteristic for both the surfactants 

and lipids. The entrapment efficiency of the liposomes is 

affected by the gel–liquid phase transition temperature (TC) 

of the surfactant, ie, span 65 having higher TC provides better 

entrapment efficiency.

cholesterol content
Inclusion of cholesterol in the liposomes increases its hydro-

dynamic diameter and entrapment efficiency.

The particle size and the entrapment efficiency of lipo-

somes are increased as a result of inclusion of cholesterol. 

As cholesterol concentration is increased, the rigidity of the 

resulting bilayers of liposomes is increased. Consequently, 

the permeability of liposome membrane is decreased.24,25  

A decrease in the release rate of encapsulated drug is deter-

mined. Hence, greater drug retention results.26
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