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Abstract: Delivering drugs to intracerebral regions can be accomplished by improving the 

capacity of transport through blood–brain barrier. Using sertraline as model drug for brain 

targeting, the current study aimed at modifying its liposomal vesicles with mannopyranoside. 

Box-Behnken design was employed to statistically optimize the ultrasound parameters, namely 

ultrasound amplitude, time, and temperature, for maximum mannosylation capacity, sertraline 

entrapment, and surface charge while minimizing vesicular size. Moreover, in vitro blood–brain 

barrier transport model was established to assess the transendothelial capacity of the optimized 

mannosylated vesicles. Results showed a dependence of vesicular size, mannosylation capac-

ity, and sertraline entrapment on cavitation and bubble implosion events that were related to 

ultrasound power amplitude, temperature. However, short ultrasound duration was required to 

achieve .90% mannosylation with nanosized vesicles (,200 nm) of narrow size distribution. 

Optimized ultrasound parameters of 65°C, 27%, and 59 seconds for ultrasound temperature, 

amplitude, and time were elucidated to produce 81.1%, 46.6 nm, and 77.6% sertraline entrap-

ment, vesicular size, and mannosylation capacity, respectively. Moreover, the transendothelial 

ability was significantly increased by 2.5-fold by mannosylation through binding with glucose 

transporters. Hence, mannosylated liposomes processed by ultrasound could be a promising 

approach for manufacturing and scale-up of brain-targeting liposomes.

Keywords: CNS delivery, sizing, lipid based formulations, quality by design, sertraline 

hydrochloride

Introduction
The prevalence of central nervous system (CNS) disorders is considered one of the 

important surfacing areas of unsatisfactory medical need, which represent more hos-

pitalizations, extra long-term attention, and additional chronic suffering than mostly 

all other diseases. The intensive yet difficult clinical care of these diseases is required 

due to their influences on the intracerebral functional regions.1 These CNS disorders 

would include but not limited to brain tumors, depression, cerebral ischemic injury, 

epilepsy, and neurodegenerative disorders.2 Two major problems must be overcome 

to successfully deliver a CNS-acting medication to an intracerebral region, namely 

permeability and specificity of blood–brain barrier (BBB). BBB would limit the 

uptake of not only most ionized small molecules but also most large molecules.3,4 

The specificity to achieve a sufficient concentration of the active medication at a 

specific intracerebral region is also considered a major challenge.5 Therefore, drug 

delivery systems that can transport BBB then deliver CNS-acting drugs to target 

specific functional brain regions would propose an alternative therapy of many CNS 
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disorders. Different studies in the literature have demon-

strated that surface-modified small unilamellar liposomes 

with P-aminophenyl-α-d-mannopyranoside, namely man-

nosylated liposomes, can target the intracerebral region.6,7 

Mannosylated liposomes can be transported across BBB by 

glucose transporter 1 (GLUT1), which is mainly expressed 

by both endothelial cells of the BBB and glioma cells in the 

brain.8,9 Moreover, GLUT1 protein levels are differentially 

expressed in different intracerebral regions.8 Consequently, 

this different expression of GLUT1 might achieve targeting 

of mannosylated liposomes in the CNS with a region-specific 

distribution.

Different techniques are proposed in the literature to pre-

pare multilamellar, large unilamellar, and small unilamellar 

liposomal vesicles.10,11 The application of ultrasound energy 

to prepare small unilamellar vesicles is widely reported.12,13 

However, the poor ultrasound experimental set-up might 

result in poor reproducibility not only to prepare these 

vesicles but also to achieve the desired targeted delivery. The 

mechanism of ultrasound energy in liquid media to prepare 

and comminute these vesicles would be the potentiation of 

mass transport of their components in a nonhomogeneous 

mode to reassemble in smaller sizes.14 Different studies 

demonstrated the relationships between the liposomal char-

acteristics and ultrasound power and duration of inputs.15 

Nevertheless, to increase the robustness, other parameters 

should also be monitored such as ultrasound field intensity, 

distance from the ultrasound probe to the vessel’s bottom, 

and the ultrasound wave reflection at the bottom. Rae et al 

demonstrated that cavitation can be produced in the disper-

sion media by the ultrasound mechanical waves with the 

formation of local hot regions and free radicals.16 On the 

other hand, it has been shown that ultrasound path-length 

would greatly contribute to the resultant temperature rise 

and free radical formation.17 Consequently, these ultrasound 

parameters, namely energy magnitude, sonication time, 

ultrasound probe position, and sonication temperature would 

have a great influence on the ultrasound input applied to the 

vesicles. Moreover, the effect of the formed hydroxyl radi-

cals on the cavitation bubble collapse is seldom considered 

in impairment of the produced tensile stresses imparted by 

ultrasound.17

The objective of the current study was to prepare man-

nosylated liposomes of sertraline hydrochloride, a selec-

tive serotonin reuptake inhibitor, as a model CNS-acting 

medication to enhance its brain delivery. Sertraline has 

been reported to alleviate depression symptoms such as 

feelings of intense sadness, helplessness, worthlessness, 

and impaired functioning.18 This work intended to statisti-

cally optimize the ultrasound operating parameters using 

Box-Behnken design to engineer the characteristics of these 

brain-targeting mannosylated liposomes. Three ultrasound 

operating parameters, namely sonication amplitude, time, 

and temperature, were investigated for their influences on 

liposomal vesicle formation. The formation phase was then 

related with drug entrapment efficiency (EE), vesicular size, 

size distribution as expressed by the skewness of size distri-

bution curves, surface charge, and mannosylation capacity. 

Moreover, based on mouse brain endothelialpolyoma middle 

T antigen–transformed cell line, in vitro BBB transport model 

was established to assess the transendothelial capacity of the 

optimized formulation of mannosylated liposomes.

Materials and methods
Distearoylphosphosphatidyl ethanolamine was purchased 

from Avanti Polar Lipids (Alabaster, AL, USA). Sertraline 

hydrochloride was donated by Riyadh Pharma (Riyadh, KSA). 

Highly purified polyethylene glycol 200 was purchased from 

Croda Inc. (Edison, NJ, USA). Chloroform was purchased 

from PCCA Inc. (Houston, TX, USA). Chromatographic 

grade phosphoric acids were purchased from VWR Scientific 

(Bridgeport, NJ, USA). Dicetyl phosphate, P-aminophenyl-α-

d-mannopyranoside, cholesterol, monobasic and dibasic potas-

sium phosphates, and HPLC-grade acetonitrile were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA).

Preparation of mannosylated liposomes
Pegylated multilamellar liposomes were prepared using the 

thin-film method as described by Zidan et al.19 Briefly, lipo-

somal suspension was prepared by dissolving phospholipid, 

cholesterol, dicetyl phosphate, and polyethylene glycol (PEG) 

600 in 30 mL chloroform in a round-bottomed flask at a molar 

ratio of 40:40:15:5 (mol/mol). Chloroform was evaporated 

under vacuum using a rotary evaporator (R10 Rotavapor, 

Buchi, Flawil, Switzerland) at 63°C to form a thin film. Evapo-

ration was continued for approximately 15 minutes followed 

by purging with nitrogen for 5 minutes then overnight vacuum 

drying at room temperature. Multilamellar liposomes were 

obtained by film hydration with isotonic sertraline hydrochlo-

ride solution in distilled water (100 µg/mL) at 63°C.

Mannosylation was then performed by conjugating 

the prepared liposomes with P-aminophenyl-α-d-mann

opyranoside according to a reported method.20 Briefly, a 

specified volume of liposomal suspension, corresponding to  

30 mg/mL of total lipid, was mixed with 7 mg of P-aminophenyl-

α-d-mannopyranoside. Excess coupling agent, namely 25 mg 
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glutaraldehyde, was then added dropwise to the vesicles 

followed by incubation at 30°C for 30  minutes. In this 

reaction, the amino groups of phospholipids were coupled 

with P-aminophenyl-α-d-mannopyranoside. Unentrapped 

sertraline hydrochloride, uncoupled P-aminophenyl-α-d-

mannopyranoside, and excess glutaraldehyde were then 

removed by exhaustive dialyzing against isotonic phosphate-

buffered saline.21 Mannosylated liposomes were then 

subjected to size reduction using a probe sonicator (Oscar 

Ultrasonics Co., Mumbai, Maharashtra, India) at different 

amplitudes, times, and temperatures according the experi-

mental combinations of Box-Behnken design (Table 1). The 

free drug and P-aminophenyl-α-d-mannopyranoside were 

removed by ultracentrifugation (Beckman XL-90 ultracen-

trifuge; Beckman, Fullerton, CA, USA) of 65,000 rpm for 

2 hours at 4°C. The resultant liposomal residue was recon-

stituted with 5 mL of isotonic solutions and stored at -2°C 

for further analysis. To evaluate mannosylation capacity, 

the uncoupled amino groups of the mannosylated liposomes 

were assessed spectrophotometrically using trinitrobenzene 

sulfonic acid as a visualization agent.22 Mannosylation 

capacity was then calculated as described in the following 

equation:

	 Mannosylation capacity (%) ,a=
−1

100
0

A

A
× �

where A
a
 is the absorbance of uncoupled amino groups of 

liposomes after modification with P-aminophenyl-α-d-

mannopyranoside and A
0
 is the absorbance of amino groups 

of amino groups of liposomes prior to conjugation with 

P-aminophenyl-α-d-mannopyranoside.

Entrapment efficiency
The free sertraline hydrochloride was assessed after ultra-

centrifugation, Sorvall WX 100+ Ultracentrifuge (Thermo 

Fisher Scientific) at 90,000 rpm for 90 minutes at 2°C, using 

an in-house–developed and validated chromatographic 

analysis. Quantitation was performed using HPLC Agilent 

1200 LC Quaternary series pump coupled with Agilent 

1200 high-performance autosampler (Agilent Technologies, 

Santa Clara, CA, USA). Phenomenex Luna C18 column 

(250×4.6 mm, 5 µm, Phenomenex Co., Torrance, CA, USA) 

and Zorbax C18 guard column (12.5×4.6 mm, 5 µm, Agilent 

Technologies) were used. The mobile phase consisted of 

10 mM ammonium formate buffer (pH 4.5) and acetonitrile 

at 20:80 v/v ratio and was pumped isocratically at a flow rate 

of 1.3 mL/minute and column temperature of 35°C. Detector 

wavelength was fixed at 220 nm and the injection volume 

was 20 µL. The EE of the sertraline hydrochloride in the 

liposomes after sonication was calculated as the percentage 

of the initial experimental loading as follows:

	 Entrapment efficiency %.total free

total

=
−Drug Drug

Drug
×100 �

Particle size and surface charge
The vesicular size and size distribution, expressed as 

the skewness value of the size distribution curve, were 

determined by dynamic light scattering technique. Malvern 

Table 1 Experimental variables and the observed response values for sertraline hydrochloride liposomes according to Box-Behnken design

Batch # Experimental variablesa Observed responsesb

X1(°C) X2(%) X3(seconds) Entrapment  
efficiency (%)

Number-weighted  
vesicular size (nm)

Skewness Zeta potential  
(mV)

Polarity Mannosylation  
capacity (%)

F1 35 20 60 93.09 5,010 0.1 0.58 Positive 95.3
F2 35 35 30 74.61 5,975 0.03 2.18 Positive 96.4
F3 35 35 90 81.68 5,970 0.02 4.04 Positive 97.4
F4 35 50 60 87.16 2,029.2 0.16 0.59 Negative 92.6
F5 50 20 30 97.55 865.3 0.49 0.55 Positive 85.6
F6 50 20 90 95.29 21.97 0.84 0.6 Positive 54.3
F7 50 35 60 85.93 600 0.2 8.6 Positive 73.4
F8 50 35 60 79.65 433.1 0.45 9.6 Positive 80.2
F9 50 35 60 83.78 29.9 0.23 8.39 Positive 75.2
F10 50 50 30 77.04 30.2 0.98 2.02 Negative 57.5
F11 50 50 90 70.24 133.7 0.46 7.97 Negative 72.1
F12 65 20 60 88.08 69.1 0.65 0.57 Positive 65.2
F13 65 35 30 72.53 961 0.98 0.61 Positive 87.4
F14 65 35 90 67.59 363.5 0.99 13.29 Negative 78.2
F15 65 50 60 65.22 164.1 0.98 0.61 Positive 73.4

Notes: aExperimental variables include sonication temperature (X1), amplitude (X2), and time (X3). bStandard deviation values for three replicates did not exceed 4% of 
the stated response values.
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ALV CGS system (Malvern Instruments, Malvern, UK) with 

a scattering angle of 90° at 25°C. Liposomal suspensions after 

ultrasound treatment were diluted as required with double-

distilled water before measurement. Electric properties of the 

produced vesicles, expressed as the resultant zeta potential 

values, were determined by recording the electrophoretic 

mobilities using the same Malvern ALV CGS system.

Surface morphology
The morphology of optimized liposomes was assessed using 

scanning electron microscopy (JSM-6390 LV; JEOL, Tokyo, 

Japan) at an accelerated voltage of 15 kV. Samples were gold 

sputter coated before scanning electron microscopy mounting 

under high vacuum of 45 mTorr and voltage of 30 mV.

In vitro BBB transport model
Mouse brain endothelialpolyoma middle T antigen– 

transformed cell line (bEnd.3, ATCC® CRL-2299™, 

American Type Culture Collection, Manassas, VA, USA) 

of passage between 5 and 10 were used for sertraline trans-

port experiments. Cells were seeded on 2% gelatin-coated 

culture cell inserts at a density of 5.8×104 cells per filter and 

grown for 5 days. The plated cells were then incubated with 

Dulbecco’s Modified Eagle’s Medium supplemented with 

10% fetal bovine serum, 2 mmol/L l-glutamine, 100 µg/mL  

endothelial cell growth factor, 100  U/mL penicillin, and 

100 µg/mL streptomycin. Cells were maintained at 5% CO
2
, 

95% relative humidity, and 37°C. The cells were allowed to 

adhere for 24 hours, and the media was replaced every other 

day until the cells reached ~80% confluency. The cells were 

then subcultured on 12 transwell inserts for unidirectional 

transport experiment of the optimized formulation. To test 

the integrity of the monolayer, cells’ tightness was assessed 

before and after the transport study by measuring the transen-

dothelial electrical resistance (TEER) with a Millicell ERS-2 

Voltohmmeter (EMD Millipore, Billerica, MA, USA). After 

appropriate treatment, 1.25 mg/mL of the optimized formula-

tion was added into the apical side of the BBB model. At 2-, 

4-, 8-, 12-, and 16-hour intervals, aliquots were withdrawn 

from the basolateral side for sertraline assay using the 

chromatographic analysis method after appropriate dilu-

tion. Triplicate samples were performed. The accumulated 

permeating sertraline amount was calculated by dividing the 

accumulated amount of the drug recovered in the basolateral 

side by its initial concentration in the apical side.

For transport inhibition study, either 0.07 M/mL cytochala-

sin B or 50 µM/mL phenobarbital as transport inhibitors were 

added to the apical chamber and incubated with the bEnd.3 

cells at 37°C for 30 minutes. Following this preincubation 

with the inhibitors, the permeation study was performed the 

same as described earlier.

Results and discussion
The treatment of CNS disorders intensely depends on the 

transport of CNS-acting medications into the brain. In 

a previous study, liposomal surface was modified with 

P-aminophenyl-α-d-mannopyranoside to investigate its 

specific interaction with GLUT1, hence facilitating the 

transport of medications across the BBB.20 Nevertheless, 

GLUT1 is widely distributed in the CNS and might contribute 

significantly to liposomal distribution in brain.23 The aim of 

the current study was to propose mannosylated liposomes 

of sertraline hydrochloride through systematic methodology. 

Moreover, ultrasound effects on the critical liposomal char-

acteristics was also investigated. Pegylation was performed 

to improve circulation of the liposomes through minimiz-

ing the termination by reticuloendothelial system.24 It has 

been reported that vesicular sizes of .200 nm are exposed 

to splenic filtration, because they cannot pass through the 

interendothelial cell slits in the walls of venous sinuses.25 

Because the vesicular size affects liposomal endocytosis by 

brain capillary endothelial cells, liposomes are developed 

with vesicular size .200 nm in diameter.26 In the current 

investigation, an optimization study based on Box-Behnken 

design was constructed to optimize ultrasound parameters, 

namely sonication amplitude, time, and temperature, regard-

ing drug EE, vesicular size, size distribution, surface charge, 

and mannosylation capacity.

Influence of ultrasound variables on 
vesicular size and size distribution
To explore the influence of ultrasound parameters on the resul-

tant liposomal size and extent of size distribution expressed 

by the resultant skewness value of size distribution curves, the 

liposomal size was recorded using number-weighing strategy. 

Number-weighted vesicular size is the same as measuring 

vesicle’s size using a microscope. It assigns a size value to 

each vesicle inspected so that it builds a number distribution 

wherein each vesicle has equal weighting once the final dis-

tribution is calculated. In multiple light scattering techniques, 

the scattered intensity of the light during size measurement is 

weighted by both the liposomal mass and the other vesicular 

factors such as the hydrodynamic vesicular radius. Number-

weighted measurement is independent of the scattering angle, 

and hence, it would describe the obtained results better than 

the intensity and volume weightings.
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The obtained results demonstrated a potential of ultra-

sound input to comminute the vesicles to nanosize range 

with a homogenous size distribution for most formulations. 

For the various ultrasound parameter combinations, Table 1 

shows that the number-weighted vesicular size ranged from 

21.97 nm (F6) with a skewness value of 0.84–5975 nm (F2) 

with a skewness value of 0.02. On the other hand, maxi-

mum and minimum skewness values, of 0.99 (F14) for a 

vesicular size of 363.5 nm and 0.02 (F3) for a vesicular size  

of 5,970 nm, respectively, were noted. The “Estimate” col-

umn in Table 2 demonstrates each factor’s relative strength 

to the other factors. In particular, the higher the estimate 

value of the factor, the more the influence of that factor 

on the response. Moreover, an estimate with positive sign 

shows a direct relationship of the factor with the response, 

whereas a negative estimate shows an inverse relationship. 

The most significant factors affecting the number-weighted 

vesicular size were the individual and polynomial effects 

of the sonication temperature and the interaction term of 

sonication temperature and amplitude (P,0.05, Table 2 

and Figure 1). The obtained results showed that increasing 

the sonication temperature resulted in a linear and polyno-

mial decrease in vesicles size, and the individual term (X1) 

had a more dominant influence (Figure 1). On the other 

Table 2 Results of regression analysis to test the design in portions 

Term Entrapment  
efficiency (%)

Number-weighted 
vesicular size (nm)

Skewness Zeta potential (mV) Mannosylation 
capacity (%)

Estimate P-value Estimate P-value Estimate P-value Estimate P-value Estimate P-value

Intercept 83.12 0.0001 354.33 0.4313 0.293 0.0128 8.86 0.0012 76.27 0.0001

X1 (°C) -5.39 0.0143 -2,177.6 0.0004 0.413 0.0003 0.96 0.2944 -9.69 0.0026

X2 (%) -9.29 0.0014 -451.14 0.1354 0.064 0.2369 1.11 0.2339 -0.60 0.7439

X3 (seconds) -0.86 0.5797 -167.16 0.539 0.021 0.6731 2.56 0.026 -3.11 0.1332

X1*X2 -4.23 0.0963 -768.94 0.0349 0.068 0.3607 0.01 0.9951 2.73 0.3178

X1*X3 -3.05 0.2066 -149.37 0.6943 0.003 0.9717 2.71 0.0472 -2.55 0.3469

X2*X3 -1.13 0.6071 -236.71 0.5385 -0.220 0.0220 1.47 0.2599 -11.48 0.0055

X1*X1 -5.33 0.0463 -2,258.5 0.0018 -0.007 0.9277 3.01 0.0448 -13.92 0.0028

X2*X2 -5.59 0.0484 -794.77 0.0865 0.186 0.0449 5.26 0.0073 -8.56 0.0204

X3*X3 -3.68 0.1477 -703.23 0.1183 0.216 0.0272 -0.81 0.5286 -0.33 0.9014

R2 0.9396 0.9625 0.9546 0.8973 0.9535

RMSE 4.14 717.33 0.13 2.32 4.91

Notes: Experimental variables include sonication temperature (X1), amplitude (X2), and time (X3), whereas R2 and RMSE values are coefficients of multiple determination 
for predicted versus measured values and RMSE values for models’ predictabilities, respectively. Bold figures demonstrate significant variables (P0.05) on the investigated 
responses.
Abbreviation: RMSE, root mean square error.

Figure 1 Pareto charts of standardized effects of various factors, namely sonication temperature (X1), amplitude (X2), and time (X3), on the investigated responses.
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hand, increasing the magnitude of interaction between the 

sonication temperature and amplitude was associated with 

a less significant decrease in the vesicular size (Figure 1). 

Regarding the size distribution, skewness values increased 

significantly by increasing not only sonication temperature 

but also polynomial term of sonication amplitude and time 

(Table 2 and Figure  1). The models’ predictabilities for 

the vesicular size and skewness values were acceptable 

(P,0.05) with root mean square error values of 717.33 and 

0.13, respectively. Moreover, regression coefficients (R2) 

of 0.9625 and 0.9546 were obtained for plotting the pre-

dicted number-weighed vesicular size and skewness values 

versus their experimental values, respectively (Table 2 and 

Figure 2). On the other hand, plotting the models’ residuals 

against the actual values did not show any trend to indicate 

both nonsignificant models’ errors and models robustnesses. 

After neglecting the insignificant variables, the reduced 

linear model equations that explain the effect of only the 

significant variables on vesicular size and skewness can be 

expressed as:

Number 
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vesicular 

size (nm)
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Before applying ultrasound energy, all formulations were 

large multilamellar vesicles with wide size distributions. Most 

vesicles were more than 5 μm in size with approximately 5% 

of vesicles below 200 nm. The negative effect of sonication 

temperature on the resultant size would be explained by the 

cavitation and bubble implosion which contributed to the 

heat energy of the dispersion.12 These effects would result in 

vesicular friction within the bulk dispersion from the mixing 

effect and vesicular friction between the bulk dispersion with 

the stationary boundary layer adjacent to the side of the vessel. 

These augmented friction forces by temperature increase could 

be responsible for sustaining effective cavitation to reduce the 

vesicular size.17 On the other hand, a decrease of the vesicular 

size with homogenous distribution was observed with the 

increase of sonication amplitude (Table 2 and Figure 3). This 

effect could be described by increasing the sonication power 

to exert greater shear forces within the dispersion. The greater 

extent of streaming at higher ultrasound amplitude stimulated 

higher mixing of the liposomal dispersion and hence more 

homogeneity.12 Different hypotheses in the literature sug-

gested that ultrasound energy would randomly comminute 

large multilamellar vesicles to unilamellar vesicles that fold 

up into thermodynamically stable vesicles with narrow size 

distribution.27 Alternatively, fine unstable vesicles formed 

in microdomains of ultrasound probe might fuse together to 

form slightly larger, however stable, vesicles.

Influence of ultrasound variables on zeta 
potential
Considering the electrical double-layer theory, assessing the 

surface charge at the vesicular surface by electrophoresis 

has been performed by many researchers.28 Hence, assess-

ment of zeta potential could provide information about the 

charge intensity outside the hydrodynamically stagnant layer 

in relation to counter charges inside of the stagnant layer. 

For the different ultrasound variable combinations, Table 1 

shows that zeta potential values varied from 0.55 mV (F5) 

at the positive side to 13.29 mV (F14) at the negative side. 

The most significant factors affecting the electrical proper-

ties of the liposomal suspension were the polynomial term 

of sonication amplitude followed by sonication time then 

sonication temperature (P,0.05, Table 2 and Figure 1). 

The obtained results showed that increasing the significant 

sonication parameters resulted in significant increase in 

surface charge intensity (Figures 1 and 3). It is worth not-

ing that adsorbed conjugated acidic moieties of sertraline at 

the surface of the neutral liposomes would impart positive 

electrophoretic mobilities. However, the resultant positive 

zeta potential decreased by the negatively charged counter 

ions of dicetyl phosphate and PEG to change the sign to 

negative. This result would indicate the effective coating 

of the vesicular surface by PEG and dicetyl phosphate with 

lesser association with sertraline moieties. The positive 

influence of sonication parameters on the electrophoretic 
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mobilities could be explained by their influences on the 

resultant vesicular size. This behavior could be explained 

by the shift of hydrodynamic slipping plane toward the 

liposomal surface as the vesicular size decreases. In par-

ticular, as the vesicular size decreased, the head groups of 

the lipids became closely packed with each other so that the 

electric repulsion between the charged groups is increased 

to stabilize the formed vesicles.29 Thus, constraints should 

be applied to ultrasound parameters to not only produce the 

desired vesicular size but also maintain the required entropy 

at the vesicular surface for sufficient repulsive force. The 

constructed model showed good predictability of P=0.0483 

for zeta potential estimation with quantile–quantile correla-

tion coefficients of 0.8973 and root mean square error value 

of 2.32 (Table 2 and Figure 2). The linear reduced model 

equation to predict surface charge of the liposomal disper-

sion can be expressed as:

Zeta

potential

(mV)
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Influence of ultrasound variables on drug 
entrapment
The association of dicetyl phosphate with the lipid matrix 

would impart negatively charged environment for elec-

trostatic interaction with sertraline. Most probably, the 

insertion of sertraline into phospholipid vesicles occurs 

due to both hydrophobic interactions of the weak base 

form and association of its conjugated acid with negatively 

charged bilayer structures.30 Table 1 shows that the EE 

varied from 65.22% (F15) to 97.55% (F5) by changing 

the combinations of ultrasound parameters. The most 

significant factors were individual and polynomial terms 

of both sonication temperature and amplitude (P,0.05, 

Table 2 and Figure 1). The obtained results showed that 

increasing all sonication parameters would contribute to 

a decrease in the EE and sonication amplitude had a more 

predominant effect (Figure 1). The results would suggest 

that ultrasound’s shear forces to disrupt the multilamellar 

vesicles formed into unilamellar vesicles caused significant 

sertraline leakage from liposomes.31 Another possible 

explanation would be that the limited aqueous compartment 

for sertraline entrapment existed as unilamellar vesicles 

were assembled during sonication.32 Moreover, the nega-

tive effect of thermal ultrasound on sertraline entrapment 

could be attributed to the acoustic cavitation-derived shear 

force to facilitate drug leakage. In particular, the cavitation-

derived shear force could improve the permeability of 

vesicular lamellae by generating transient pore formation 

in the lipid membranes of liposomes.33 On the other hand, 

sertraline leakage at the high temperature of sonication 

would be a consequence of the enhanced phospholipid 

molecular mobility to partition the hydrophilic drug with 

the dispersion medium.30

The prediction confidence level of the model to sertraline 

entrapment was 89.3% and an acceptable correlation was 

obtained between the observed and predicted entrapment 

percentages as indicated by the R2 value of 0.9396 with a 

root mean square error of 4.14 (Table 2 and Figure 2). The 

linear model equation to predict sertraline entrapment can 

be expressed as:

Entrapment 
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Influence of ultrasound variables on 
mannosylation capacity
The conjugation capacity between mannopyranoside moieties 

and vesicular surface would significantly affect the targeting 

ability and cellular uptake of the vectors. In particular, the 

length and flexibility of the linking agent between the sac-

charide head group and vesicular surface mainly influence the 

target specificity and uptake of liposome by macrophages.34 

In this regard, liposomes modified with a higher content of 

saccharide residues would exhibit more efficient cellular 

recognition and internalization rather than vesicles with 

lower sugar association. Consequently, theoretically, the 

more P-aminophenyl-α-d-mannopyranoside loaded onto the 

vesicles, the better the targeted delivery could be attained. 
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However, excessive mannosylation could initiate the disin-

tegration of liposomes in the circulation due to drug leakage 

out of the vector and cause a remarkable decline of the drug-

loading capacity.7 For this reason, a constraint should be 

applied to optimize mannosylation capacity in order to not 

only improve the targeting potential but also achieve accept-

able drug entrapment.

In the current study, the mannosylation capacity per-

centages were fluctuating from 54.3% (F6) to 97.4% (F3) 

by varying the ultrasound parameters under investigation 

(Table 2). As shown in Figure 1 and Table 2, individual and 

polynomial terms of sonication temperature had the most 

significant effects (P,0.05) to lower the mannosylation 

capacity followed by the interaction term of sonication 

amplitude and time. With an increase in the mannosylation 

capacity, the loading percent of sertraline showed no spe-

cific trend at constant dicetyl phosphate loading (Figure 4).  

This result would confirm two facts. First, mannopyrano-

side moieties were associated at the vesicular surface with 

minimal effect on both lamellar structure and volume of 

aqueous compartment. Second, sertraline entrapment was 

mostly affected by its interaction with the lipid pool with 

no influence of coupling process. On the other hand, a sig-

nificant increase in mannosylation capacity was observed 

by increasing vesicular size through a logarithmic rela-

tionship (Figure 4). In particular, mannosylation capacity 

would be predicted from vesicular size using the following 

equation:

	
Mannosylation

capacity (%)
 6.61 vesicular size (nm) 39.44.= × + �

This relationship would describe the negative influ-

ence of sonication parameters on the resultant mannosyla-

tion capacity. After the coupling reaction, the uncoupled 

P-aminophenyl-α-d-mannopyranoside and the coupling 

agent were removed by the exhaustive dialysis. Hence, the 

production of smaller vesicles would create free lipid sur-

faces devoid of mannopyranoside to lower the overall man-

nosylation capacity. On the other hand, at lower values of 

sonication parameters, larger multilamellar vesicles were pro-

duced with mannosylated surfaces. Therefore, 1:4 w/w was 

deemed effective as the mannopyranoside moieties to lipid 

matrix for surface modification with sertraline entrapment of 

approximately 90% and vesicular size below 200 nm. Similar 

results were observed by other researchers for mannosylation 

of polyethylene glycol–coated phosphatidylethanolamine 

liposomes to entrap 90% green fluorescence protein plasmid 

as a model gene at vesicular size of 237 nm and ligand to 

carrier ratio of 10%.7 The developed prediction model to 

predict mannosylation capacity as a function of sonication 

parameters showed good predictability of P=0.0077 with 

quantile–quantile correlation coefficient of 0.9535 and root 

mean square error of 4.91% (Table 2 and Figure 2). The linear 

reduced model equation to predict mannosylation capacity 

is given below:

Mannosy-
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Model validation and analysis of variance
The developed predication equations revealed linear relation-

ships between the experimental and predicted values for all 

responses with R2 values .0.89 and root mean square errors 

,5% (Table 2 and Figure 2). The individual residuals were 

scattered about zero with no trends to not only exclude any 

missing values, nonconstant variance, or outliers but also 

evidence normal distribution of the experimental data (Fig-

ure 2). In addition, significant difference existed between 

Cook’s distance values for all individual responses and the 

conforming threshold values to confirm the absence of outli-

ers or abnormalities. At P,0.05 and degree of freedoms of 

9 and 5 for the models’ predictions and errors, respectively, 

sum of squares values of 1,332.5, 66×106, 1.89, 235.6, and 

2,474.9 with mean of squares values of 148.5, 7.3×106, 0.21, 

26.1, and 274.9 were obtained for EE, number-weighted 

vesicular size, skewness, zeta potential, and mannosylation 

capacity, respectively (Table 3). Values of F-ratio, Prob . F,  

and lack of fit F-ratio (FLOF) were used to evaluate the 

predictability of the constructed models. Greater than their 

corresponding critical values, F-ratios of 8.6, 14.7, 11.6, 4.8, 

and 11.34 and Prob . F-values as low as 0.0143, 0.0046, 

0.0073, 0.0483, and 0.0077 for EE, number-weighted vesicu-

lar size, skewness, zeta potential, and mannosylation capac-

ity, respectively, were obtained (Table 3). Moreover, FLOF 

values were more than 0.05 to evidence the nonsignificance 

of models’ lack of fit for all responses. Therefore, analysis of  

variance results demonstrated the precision and accuracy of 

the developed prediction models.
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Table 3 Summary of ANOVA testing for evaluating the significance of the model in portions

Responses ANOVA parameters Lack-of-fit parameters

DF SS MS F ratio Prob  F F ratio Prob  F

Entrapment efficiency (%)

Model 9 1,332.5 148.5 8.6 0.0143 2.3 0.3344

Error 5 85.7 17.4

Number-weighted vesicular size (nm)
Model 9 66×106 7.3×106 14.7 0.0046 9.3 0.0985
Error 5 2.5×106 0.51×106

Skewness
Model 9 1.89 0.21 11.6 0.0073 0.945 0.5511
Error 5 0.09 0.018

Zeta potential (mV)
Model 9 235.6 26.1 4.8 0.0483 20.8 0.0861
Error 5 26.9 5.3

Mannosylation capacity (%)
Model 9 2,474.9 274.96 11.34 0.0077 2.57 0.2921
Error 5 120.71 24.43

Abbreviations: ANOVA, analysis of variance; DF, degree of freedom; SS, sum of squares; MS, mean of square values.

Figure 4 Mannosylation capacity percentages of sertraline liposomes processed with different sonication parameters as the function of either number-weighted vesicular 
size (A) or drug entrapment efficiency values (B).
Note: Standard deviation values for three replicates did not exceed 4% of the stated responses’ values.

Optimization and desirability function
A generalized desirability function was employed to 

maximize EE, skewness, zeta potential, and mannosyla-

tion capacity while minimizing the vesicular size below 

200 nm. Optimized ultrasound parameters were obtained 

with predicted responses of 81.1%, 46.6 nm, 0.68, 12.3 mV, 

and 77.6% for EE, vesicular size, skewness, zeta potential, 

and mannosylation capacity, respectively, at ultrasound 

temperature, amplitude, and time of 65°C, 27%, and 

59 seconds, respectively. To validate the optimization 

process, a fresh formulation was processed with these opti-

mized ultrasound parameters that resulted in EE, vesicular 

size, skewness, zeta potential, and mannosylation capacity 

80%, 55  nm, 0.75, 11.8  mV, and 75%, respectively. At 

P,0.05, nonsignificant difference was observed between 

the predicted and measured values to demonstrate the 

feasibility of the optimization process to understand the 

influence of ultrasound to prepare mannosylated liposomes 

for brain targeting.

The scanning electron microscopy image of the optimized 

formulation shows the spherical nature of intact liposomes 

with approximated vesicular size range of 180 nm and nar-

row size distribution (Figure 5). These observations were 

in a good agreement with those obtained by light scattering 

that unveiled a vesicular size of approximately 50 nm and 

skewness value of 0.6.
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In vitro BBB transport model
The endothelialpolyoma middle T antigen–transformed cell 

lines were employed as in vitro BBB model to evaluate the 

transendothelial ability of mannosylated liposomes. Measures 

of TEER were primarily utilized to assess tight junctions’ 

integrity of monolayers in prior transport studies. The 

obtained results showed that TEER values before and after 

the transport study varied between 160 Ω/cm2 and 195 Ω/cm2  

to indicate that the monolayer’s tightness was robust and 

controlled.35 Figure 5 represents the rank of accumulated 

percentage sertraline permeated across the in vitro BBB over 

a period of 16 hours. The percentage of sertraline permeated 

at 16 hours was 9.5%±1.9% for nonmannosylated sertraline-

loaded liposomes and 47.5%±9.6% for mannosylated 

sertraline-loaded liposomes. This significant enhancement 

(P,0.05) of sertraline permeation would indicate the effec-

tiveness of mannosylation in the transendothelial process of 

brain-targeting liposomes. In particular, GLUT1 expression 

at the BBB facilitated this transport across the BBB.

As a confirmation of the transport mechanism, inhibi-

tion assay was then performed by preincubation with either 

cytochalasin B or phenobarbital.1 Figure 5 demonstrates that 

the transendothelial ability of the optimized mannosylated 

liposomes significantly decreased after this preincubation. 

Moreover, treatment with cytochalasin B led to a greater 

reduction of the transendothelial ability than phenobarbital. 

For example, the percentage of sertraline permeated after 

16 hours was 6.7%±2.3% and 17.5%±3.5% for cytochalasin B  

and phenobarbital preincubation, respectively. This result is 

attributed to the affinity of cytochalasin B as a ligand to bind 

to GLUT1, and hence, glucose transport across the endothelial 

cells was inhibited.36 On the other hand, phenobarbital might 

interact directly with GLUT1 and, hence, abolish the intrinsic 

activity of the transporter.37 In addition, no significant reduc-

tion in TEER values was detected in any group during this 

study to indicate that both the preincubation with the inhibi-

tors and sertraline transport did not disrupt the BBB barrier 

properties. Regarding the larger size of liposomes compared 

to mannose moieties, two pathways for liposomal transport 

might be encountered: a transcytosis pathway that is rapid 

and of short route and an adsorptive endocytosis pathway 

that is low and of long route. Similar observations were 

reported by other researchers that mannosylated liposomes 

not only could promote the transendothelial penetration 

but also could be accumulated in the brain with a distinct 

spatio-temporal pattern.1 Moreover, Du et al have proposed 

a unique study of targeting mannosylated liposomes to the 

cerebellum and cerebral cortex.38 The authors demonstrated 

that the transcytosis by GLUT1 and GLUT3 was a pathway 

of mannosylated liposomes into brain, and the special brain 

distribution of mannosylated liposomes was closely related 

to the nonhomogeneous distribution of GLUT1 and GLUT3 

in the CNS.

Conclusion
Box-Behnken design was employed to optimize the ultra-

sound parameters for maximum mannosylation capacity 

and entrapment of sertraline hydrochloride in its pegylated 

and mannosylated liposomes as a promising brain-targeting 

vector. The obtained results showed a modification of 

vesicular surface by mannosylation with P-aminophenyl-

α-d-mannopyranoside. The obtained results showed that 

Figure 5 (A) Scanning electron microscopy image of the optimized liposomal formulation; and (B) transendothelial permeability of the optimized sertraline-loaded 
mannosylated liposomes through an in vitro blood–brain barrier model.
Note: The data represent cumulative percentage sertraline permeated (mean ± standard deviation, n=3) at specified time-points.
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potential study on binding of drugs on liposomes. Colloids Surf B 
Biointerfaces. 2010;78(2):275–282.
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Temperature- and ionic strength-induced conformational changes in 
the lipid head group region of liposomes as suggested by zeta potential 
data. Biophys Chem. 1991;41(2):175–183.
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investigate product and process variabilities for brain targeting 
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increasing the sonication temperature resulted in a linear 

and polynomial decrease in vesicles size with a significant 

increase in size distribution. However, increasing all sonica-

tion parameters resulted in a significant increase in surface 

charge intensity while decreasing sertraline entrapment and 

mannosylation capacity. Applying a generalized desirability 

function, optimized ultrasound parameters of 65°C, 27%, 

and 59 seconds for ultrasound temperature, amplitude, and 

time, respectively, were obtained with predicted responses of 

81.1%, 46.6 nm, 0.68, 12.3 mV, and 77.6% for EE, vesicular 

size, skewness, zeta potential, and mannosylation capacity, 

respectively. Moreover, the transendothelial ability was 

significantly increased by 2.5-fold by mannosylation through 

the intrinsic activity of GLUT1. Despite maximization of the 

mannosylation capacity of the prepared liposomes, a balance 

should exist between its transport potential and the recogni-

tion by the macrophages to increase its circulation time.
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