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Highly active antiretroviral therapy (HAART) is the currently employed therapeutic intervention against
AIDS where a drug combination is used to reduce the viral load. The present work envisages the devel-
opment of a stealth anti-CD4 conjugated immunoliposomes containing two anti-retroviral drugs (nevira-
pine and saquinavir) that can selectively home into HIV infected cells through the CD4 receptor. The
nanocarrier was characterized using transmission electron microscopy, FTIR, differential scanning calo-
rimetry, particle size and zeta potential. The cell uptake was also evaluated qualitatively using confocal
microscopy and quantitatively by flow cytometry. The drug to lipid composition was optimized for max-
imum encapsulation of the two drugs. Both drugs were found to localize in different regions of the lipo-
some. The release of the reverse transcriptase inhibitor was dominant during the early phases of the
release while in the later phases, the protease inhibitor is the major constituent released. The drugs deliv-
ered via anti-CD4 conjugated immunoliposomes inhibited viral proliferation at a significantly lower con-
centration as compared to free drugs. In vitro studies of nevirapine to saquinavir combination at a ratio of
6.2:5 and a concentration as low as 5 ng/mL efficiently blocked viral proliferation suggesting that co-
delivery of anti-retroviral drugs holds a greater promise for efficient management of HIV-1 infection.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction the other leading to poor bioavailability of drug(s) in the combina-
Acquired immune deficiency syndrome (AIDS), caused by the
human immunodeficiency virus (HIV), presents a huge challenge
for treatment as it tends to disable the immune system thereby leav-
ing the patient susceptible to many opportunistic infections [1].
According to the 2013 WHO report, about 34 million people have
been diagnosed to be HIV positive throughout the world [2]. Highly
active retroviral therapy (HAART) is one of the treatment strategies
currently employed for treatment of HIV infections where a cocktail
of drugs, each active at different stages of the disease, is adminis-
tered to the patient [3]. However, HAART therapy has not proved
very effective and is severely limited due to various factors. Most
of the conventional HAART drugs produce various adverse effects
such as skin rashes, vomiting, diarrhea and liver disorders [4].

Systemic administration of combinations of various drugs may
also result in enhanced elimination of one drug with respect to
tion. For instance, it has been demonstrated that when the two
drugs nevirapine and saquinavir are administered in tandem,
selective metabolization of saquinavir is promoted due to the acti-
vation of the cytochrome enzyme CYP3A4 [5]. This reduces the bio-
availability of saquinavir and necessitates higher dosage of the
drug thereby amplifying the possibility of adverse effects [6]. This
problem can be circumvented if both drugs are made available to
the target cell simultaneously. Administration of higher doses of
the drugs in the conventional therapy may evoke the drug resis-
tance mechanism thus lowering the therapeutic efficacy [7]. In
addition, most drugs suffer from poor bioavailability due to metab-
olization or rapid elimination and hence the amount of drug reach-
ing the target CD4 positive cells is inadequate [8]. Currently,
frequent doses are administered to counter this effect, but these
results in higher levels of adverse effects. Most of the drugs used
in HAART are unable to cross the blood–brain barrier and therefore
could not annihilate the HIV virions residing in the glial cells of
the brain [9]. These disadvantages of the conventional therapy
can be overcome by specifically targeting virus-infected cells.

The advent of nanotechnology has opened new vistas in
chemotherapeutics by imparting target specificity and enhanced
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therapeutic dosages to the target site. This can result in reduced
frequency of administration and side effects while improving bio-
availability and therapeutic efficacy. Many attempts have been
made to improve the bioavailability of drugs through the use of
nanocarriers [10]. A wide range of nanocarriers has been investi-
gated for site-specific delivery of anti-cancer agents and anti-
microbial agents [11]. However, not much focus has been directed
toward site-specific delivery of anti-retrovirals. Some of the nano-
carriers that have been explored for delivery of anti-retroviral
drugs are liposomes [12], dendrimers [13], solid lipid nanoparticles
[14], chitosan nanoparticles [15] and polymeric nanoparticles [6].
Most of these carriers have been developed for monotherapy i.e.,
treatment with a single drug. Combinational therapy employing
nanocarriers has been reported for PLGA nanoparticles containing
ritonavir, efavirenz and lopinavir [16]. A PLGA-based vaginal gel
with raltegravir and efavirenz has also been reported [17]. No
other reports are available in the context of multiple drug-loaded
carriers for treatment of HIV infections.

HAART alone is not solely efficient for the treatment of the HIV
because there are other opportunistic infections like histoplasmo-
sis, Kaposi’s sarcoma, tuberculosis, and pneumonia that accom-
pany HIV infections due to the decrease in the number of the
CD4 positive immune cells. Treatment with liposomal doxorubicin
has been employed for reducing the tumor progression in HIV-
associated Kaposi’s sarcoma, which is currently in the phase II clin-
ical trials [18]. Thus a combined therapy of HAART drugs and other
drugs are used for the treatment of HIV infections in conventional
therapy. However, effective reduction in the viral load may reduce
the risk of development of such opportunistic infections thereby
decreasing the need for other types of drugs along with HAART
emphasizing the need for development of efficient anti-HIV strat-
egies. Use of targeted nano-carriers containing co-encapsulated
anti-retroviral drugs may improve treatment outcomes. However,
this facet remains relatively unexplored.

Targeting of the liposomal system to the virus infected cells is a
key requisite to ensure undesirable interactions resulting in the
loss of efficacy as well as to minimize adverse effects. Many strat-
egies have been attempted to specifically target virus-infected
cells. These include conjugation of specific ligands to bind to
gp120 in the HIV [19], glycan residues in the viral envelope [20],
CXCR4 in the T cells [21], CCR5 in the macrophages, T cells and
dendritic cells, HLA receptors in the virus infected cells [22], tuftsin
receptors in the macrophages [23], CD4 receptors of both T cells
and macrophages [24–27], etc. However, each strategy has met
with limited success owing to various factors.

The present study aims to develop a liposomal delivery system
encapsulating two drugs. The drugs chosen for the study are a
reverse transcriptase inhibitor (nevirapine) that is active in the
early life cycle of the HIV life cycle [28] and the protease inhibitor
(saquinavir) that is more effective during the late phase of the HIV
life cycle [29]. The difference in the hydrophobicity of both drugs is
expected to influence their localization within the liposomes and
consequently their release profiles. Target-specificity is achieved
by introducing an anti-CD4 moiety on the surface of the liposomes
to specifically home into cells that are commonly infected with
HIV. The antibody employed in the present work is expected to tar-
get to both CD4 positive TH (helper T) cells and also the macro-
phages, which are the primary hoarding cells for HIV and hence
can provide better therapeutic benefits.

2. Materials and methods

2.1. Materials

Sodium dihydrogen phosphate, disodium hydrogen phosphate
and HEPES (hydroxyethylpiparazinyl ethane sulfonic acid) were
purchased from Merck Chemicals, India. Saquinavir was a kind gift
from M/s Hetero drugs, India and nevirapine was a kind gift from
M/s Boehringer Ingelheim Ltd., Germany. RPMI 1640 medium
was procured from Sigma–Aldrich, USA and CellTiter 96�AQueous
one solution was purchased from Promega, USA. Dulbecco’s
modified Eagle’s medium (Sigma–Aldrich, USA), fetal bovine
serum (Biological Industries, Israel) were also used in the study.
Egg phosphatidyl choline (Egg PC), distearoylphosphatidyletha-
nolamine–poly(ethylene glycol) (DSPE–PEG), NBD-DPPE (1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,
3-benzoxadiazol-4-yl) [Triethylamine salt] and maleimide-
terminated DSPE–PEG (DSPE–PEG-mal) were purchased from
NOF, Japan while cholesterol was procured from Sigma–Aldrich,
USA. The anti-CD4 antibody purified from a hybridoma clone
producing human monoclonal antibody against CD4 at JNCASR
was used for conjugation [30], Traut’s reagent (2-iminothiolane)
was procured from Sigma–Aldrich, USA, CellTiter 96� AQueous
one solution was purchased from Promega, USA.

2.2. Preparation of dual drug loaded anti-CD4 conjugated
immunoliposomes

The liposomes were prepared by the thin film hydration method
[31,32]. The lipid combination of egg PC:cholesterol:DSPE–PEG of
desired composition dissolved in chloroform was purged with nitro-
gen for removal of solvent and formation of a thin layer of lipid. This
was followed by the addition of the hydrophobic drug nevirapine in
chloroform and the solvent was removed by purging with nitrogen.
Saquinavir dissolved in phosphate buffered saline (PBS) was added
to the lipid–nevirapine layer for hydration. The mixture was con-
stantly stirred at 60 �C for half an hour in a water bath followed by
extrusion through a polycarbonate membrane with pore size of
0.2 lm to obtain unilamellar liposomes. The liposomes were then
centrifuged at 845g (3000 rpm) to sediment the unencapsulated
nevirapine [31]. The supernatant was then centrifuged at 21,130g
(15,000 rpm) to sediment the dual drug loaded liposome. The super-
natant containing the unencapsulated saquinavir was used to esti-
mate the amount of drug encapsulated in the liposomes [32]. For
conjugation of the anti-CD4 antibody to the dual drug loaded lipo-
some was achieved in two steps. Initially, the antibody was thiolated
using Traut’s reagent with an antibody to reagent ratio of 1:20 (mol/
mol) [33]. The reaction was carried out at room temperature for 1 h
at pH 8. The unreacted Traut’s reagent was removed by dialysis and
the thiolated antibody was conjugated with the dual drug loaded
liposomes by incubation overnight at 4 �C in HBS (HEPES buffer
solution of pH 7.4) [34]. The unconjugated antibody was separated
using Centriprep� (Millipore, India) at 9391 g (10,000 rpm). The
amount of antibody conjugated to the liposome was estimated
using the standard Lowry’s method and the colored product
obtained was read at 660 nm using multimode reader (Infinite
M200, Tecan, Austria). The anti-CD4 conjugated immunoliposomes
were freeze-dried (Alpha 2-4 LD plus, Christ, Germany) and stored in
airtight moisture-free vials at �20 �C until further use.

2.3. Characterization of anti-CD4 conjugated immunoliposomes

Lyophilized unconjugated liposomes or anti-CD4 conjugated
immunoliposomes (500 lg) were dispersed in 500 lL of PBS and
placed over a copper grid. Then, PBS was removed using filter
paper and the sample was allowed to dry followed by imaging
using high resolution transmission electron microscopy (JEM
2100F, JEOL, Japan).

The amount of nevirapine and saquinavir encapsulated was
determined from the amount of unencapsulated drugs. The unen-
capsulated nevirapine was pelletized by centrifugation of the
extruded liposomes at 3000 rpm (Eppendorf 3340R, Germany).
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The pellet was dissolved in methanol and the absorbance was mea-
sured at 284 nm using UV–visible spectrophotometer (Lambda 25,
Perkin Elmer, USA). The supernatant was centrifuged at
15,000 rpm to sediment the dual drug loaded liposomes and the
supernatant was analyzed at 239 nm to determine the amount of
unencapsulated saquinavir. The absorbance values were converted
to concentration using standard plots for nevirapine and saquina-
vir. The entrapment efficiency was calculated as follows:

Encapsulation efficiency ¼ Total drug � Unencapsulted drug
Total drug

� 100
2.4. FTIR

The infrared spectra of the unconjugated liposomes, anti-CD4
conjugated immunoliposomes and free drugs were recorded using
a FTIR spectrometer (Spectrum 100, PerkinElmer, USA). The sam-
ples were pelletized using KBr (IR grade, Merck, India) using a
hydraulic press. The FTIR analysis was performed between 4000
and 400 cm�1 at a resolution of 1 cm�1 averaging 10 scans.

2.5. Particle size and zeta potential

The particle size of the blank and dual drug-loaded unconju-
gated liposomes and anti-CD4 conjugated immunoliposomes was
measured using the laser diffraction method (Microtrac Blue wave,
Nikkiso, Japan). About 500 lg of the sample dispersed in 1 mL of
PBS was introduced in the flow channel and the average particle
size was analyzed at the flow rate of 50%. The zeta potential of
the samples was measured using the Zeta sizer (Nano-ZS, Malvern,
UK). About 500 lg of the sample dispersed in 1 mL of the PBS was
used for recording the zeta potential.

2.6. Thermal analysis

The phase transition temperatures of the blank and dual
drug-loaded unconjugated liposomes and anti-CD4 conjugated
immunoliposomes were determined using differential scanning
calorimetry (DSC, Q20, TA Instruments, USA). Two mg of the sam-
ple was placed in an aluminum pan and the DSC was recorded
between 10 �C and 100 �C in nitrogen atmosphere at a ramp rate
of 10 �C per minute. Aluminum was used as the reference to
determine the heat flow.

2.7. Colloidal stability

The colloidal stability of the liposomes was determined by mea-
suring the particle size at pre-determined time intervals at 37 �C.
About 30 mg of the liposomal sample was added in 100 mL of
PBS supplemented with 10% FBS and incubated at 37 �C for differ-
ent time intervals. The samples were withdrawn at regular inter-
vals of time and the particle size was measured using the laser
diffraction method (Microtrac Blue wave, Nikkiso, Japan).

2.8. Release kinetics

The in vitro drug release of nevirapine and saquinavir from the
anti-CD4 conjugated immunoliposomes and unconjugated lipo-
somes in PBS and in PBS containing 10% FBS (fetal bovine serum)
was carried out. The lyophilized liposome samples were dispersed
in 4 mL of PBS and taken in a dialysis bag sealed on both sides. The
bag was placed in a release medium containing PBS and 10% meth-
anol to achieve perfect sink conditions. The release medium was
withdrawn at pre-determined time intervals to quantify the
amount of drug released and replaced with fresh medium. The
amount of drug released was determined by measuring the absor-
bance using a UV–visible spectrophotometer (Lambda 25, Perkin
Elmer, USA) at 239 nm for saquinavir and 280 nm for nevirapine
with appropriate controls. The absorbance was then converted to
concentration using standard plots. The same procedure was fol-
lowed for evaluating the stability of liposomal samples in the pres-
ence of protein where the release medium also contained 10% FBS
solution in addition to PBS.

2.9. Evaluation of cell uptake of anti-CD4 conjugated
immunoliposomes

The cell uptake of the unconjugated liposomes and anti-CD4
conjugated immunoliposomes was qualitatively assessed using
laser scanning confocal microscopy (FV1000, Olympus, Japan)
[35]. The liposomes were labeled with fluorescent NBD-conjugated
lipids and loaded with the fluorophore Alexafluor 647 for visualiza-
tion. Fifty thousand Jurkat T cells were suspended in 200 lL of
RPMI medium and were incubated with the fluorescent liposomal
samples. The cells were incubated at 37 �C in an incubator in 5%
CO2 for 15 min followed by addition of 200 lL of PBS supple-
mented with 5 lg of Hoechst 33258. The cells were then imaged
using laser scanning confocal microscopy. For flow cytometry anal-
ysis, Jurkat T-cells, 0.5 � 105 cells were incubated in 200 lL of plain
RPMI containing blank unconjugated liposomes or Alexafluor 647
loaded anti-CD4 conjugated immunoliposomes of concentration
of lipid. The cells were incubated at 37 �C in 5% CO2 incubator for
30 min and washed twice in 1� PBS. Cells were stained with
Live/Dead Fixable Green Stain Kit (Molecular Probes, Invitrogen
Detection Technologies, USA) for 30 min in dark as per manufac-
turer’s instructions. Cells were washed twice in 1� PBS and fixed
in 400 lL of 1% paraformaldehyde before acquisition using FACS
Calibur flow cytometer. Data were analyzed using BD Cell Quest
Pro software.
3. Evaluation of in vitro cytotoxicity

Cytotoxicity was evaluated in vitro for both unconjugated lipo-
somes and anti-CD4 conjugated immunoliposomes with dual
drugs loaded and blank liposomes in Jurkat T-cells using the MTS
cell proliferation assay. Briefly, 2 � 104 cells in RPMI 1640 media
were seeded in a 96-well flat-bottomed tissue culture plates. The
cells were incubated at 37 �C in a 5% CO2 incubator for 24 h. Appro-
priate concentrations of different liposomes suspended in PBS
were added and the cells were incubated for 48 h. After incubation,
the cells were washed with PBS and MTS assay was performed as
per the manufacturer’s instructions.

3.1. In vitro antiviral efficacy of dual drug-loaded anti-CD4 conjugated
immunoliposomes

Human embryonic kidney HEK293T cells were grown in
Dulbecco’s modified Eagle’s medium (Sigma–Aldrich, USA) supple-
mented with 10% heat inactivated fetal bovine serum (Biological
Industries, Israel), 2 mM glutamine, 100 units/mL penicillin G,
and 100 g/mL streptomycin. The Jurkat cells were cultured in RPMI
1640 medium (Sigma–Aldrich, USA) supplemented with 10% fetal
bovine serum. All the cells were maintained at 37 �C in an
incubator in the presence of 5% CO2.

3.1.1. Production of the viral stocks
The viral stocks were prepared using HEK293T cells by tran-

siently transfecting the cells with plasmid DNA containing the
HIV-1 molecular clones NL4-3 (subtype B). Cells seeded in
100 mm dishes at a low confluency were transfected 24 h later
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with 10 lg of the viral plasmid DNA. The culture medium was
changed after 6 h of incubation and the culture supernatant con-
taining the virus was harvested at 60 h, passed through a
0.45 lm filter and stored in multiple aliquots at �80 �C until use.
The concentration of the viral core protein p24 in the viral stocks
was measured using a commercial ELISA kit (Advanced BioScience
Laboratories, USA) following the manufacturer’s instructions. Viral
stock of 10 ng p24 equivalent was used for the infection of Jurkat-T
cell lines [36].

3.1.2. Viral inhibition assay
The in vitro viral inhibition was evaluated in Jurkat T-cell lines.

The cells suspended in plain RPMI medium and seeded in 24-well
culture plates, 0.5 � 106 per well, were exposed to five different
concentrations (0, 5, 25, 125 and 625 ng/500 lL) of saquinavir
(SQV) in the soluble form, five different concentrations (0, 6.2,
31.2, 156 and 780 ng/500 lL) of neviraprine (NVP) in the soluble
form, five different concentrations of dual drug (SQV and NVP)
loaded liposomes or soluble form of dual drug treatment (in dual
drug treatment concentrations of the SQV and NVP drug is normal-
ized to the single drug treatment). The total amount of liposome
used in the experiment was normalized to 1260 ng and anti-CD4
conjugated immunoliposomes were normalized to 1660 ng using
blank anti-CD4 conjugated immunoliposomes nanoparticles. Cells
in 400 lL of plain medium were incubated for 30 min at 37 �C
and in the presence of 5% CO2. Following the incubation, Jurkat-T
cells were infected with NL4-3 viruses, respectively, by adding
10 ng of p24 equivalent of the virus to appropriate wells. The final
volume in each well was made up to 500 lL by adding complete
medium supplemented with fetal bovine serum and DEAE dextran,
the latter used at a final concentration of 8 lg/mL. Cells were incu-
bated for 6 h, at 37 �C and in the presence of 5% CO2. The cells were
centrifuged at 2000 rpm and the cell pellet was washed three times
with 500 lL of 1X PBS (pH 7.2). The cells resuspended in 1 mL of
complete medium were incubated for 3 days at 37 �C in the pres-
ence of 5% CO2. All the assays were performed in duplicate wells.
The amount of viral antigen p24 secreted into the medium was
monitored using a commercial kit (Advanced BioScience Laborato-
ries, USA). 100 lL of cell-free supernatants of the infected cultures
was harvested at 48 h and the frozen aliquots were stored in a deep
freezer until the analysis. An unpaired two-tailed t-test was per-
formed using the Graphpad Prism 5 software to determine the sig-
nificance of differences in the magnitude of viral inhibition
between the groups.
4. Results and discussion

4.1. Formation of anti-CD4 conjugated immunoliposomes

The conjugation of the anti-CD4 conjugated immunoliposomes
was achieved through covalent linking of the thiolated antibody
to maleimide terminated PEGylated lipid used to form the lipo-
somes according to the following scheme represented in Fig. 1.
Quantification of the amount of free antibody by Lowry’s method
revealed that about 75% of the antibody used for the reaction
was conjugated to the liposome. The successful conjugation of
the antibody was confirmed using FTIR spectroscopy.

4.2. Morphology of anti-CD4 conjugated immunoliposomes

The morphology of the liposome samples was investigated
using transmission electron microscopy (Fig. 2). Both unconju-
gated liposomes and anti-CD4 conjugated immunoliposomes
exhibited a nearly spherical morphology [37,38]. The transmission
electron micrograph of the anti-CD4 conjugated immunoliposomes
also reveals the presence of antibodies on the surface the anti-CD4
conjugated immunoliposomes. Further confirmation of the pres-
ence of antibodies on the surface of the anti-CD4 conjugated
immunoliposomes was obtained through FTIR spectroscopy.

4.3. FTIR

The unconjugated liposomes showed a band at 2912 cm�1 due
to the –C–H stretch of the methylene groups and a strong band
at 1723 cm�1 due to the stretching vibration of the ester carbonyl.
The –CH2– scissoring bend appears at 1465 cm�1 and the long
chain band due to the –CH2– rocking appears around 738 cm�1.
The P–O stretch corresponding to the phosphate groups appears
at 963 cm�1. The FTIR spectrum of the anti-CD4 conjugated immu-
noliposomes displays a prominent broad band around 3400 cm�1

that may be attributed to the hydrogen bonded –OH stretching
vibrations which is present in the PEG chains [39]. The character-
istic bands due to the asymmetric stretch and symmetric stretch
respectively of –CH2– appear at 2926 cm�1 and 2852 cm�1. The
corresponding scissoring vibrations were observed at 1464 cm�1.
The stretching vibration of the ester carbonyl is visible at
1736 cm�1. The vibration of the P–O bond from the phospholipids
appears at 934 cm�1. The FTIR spectrum of the anti-CD4 conju-
gated immunoliposomes also exhibited several new bands. The
strong band at 1643 cm�1 may be attributed to the stretching
vibrations of the amide carbonyl group. The band at 635 cm�1 indi-
cates the presence of a C–S bond (thioether bond) formed due to
the covalent linking of the thiolated antibody to the maleimide ter-
minal of the PEGylated lipid. The OH vibrations arise mainly due to
the PEG moiety in DSPE-PEG lipid and from bound water. The new
vibration band due to thioether linkage (C–S bond) at 635 cm�1

confirms the conjugation of the antibody with the malemide group
of the liposome, which is absent in case of the unconjugated lipo-
somes. Similar observations have been reported in earlier literature
[40–42]. The strong vibration band at 1188 cm�1 may be attributed
to the –C–O stretch from the PEG chain in the anti-CD4 conjugated
immunoliposomes. Fig. 3 shows the FTIR spectra of the blank lipo-
somes and blank anti-CD4 conjugated immunoliposomes.

4.4. Entrapment efficiency

The encapsulation of nevirapine and saquinavir in liposomes
was attempted with different lipid compositions. The presence of
both drugs in the liposome was confirmed using UV–visible spec-
troscopy. Fig. 4 shows the UV–visible spectra of the dual drug
loaded liposomes, free nevirapine and saquinavir.

It was observed that the dual drug loaded liposomes exhibited
two bands at 280 nm and 239 nm that correspond to the kmax of
nevirapine and saquinavir respectively. This confirms the presence
of both drugs in the liposome. Table 1 shows the encapsulation
efficiency of both drugs in liposomes along with the particle sizes
and zeta potential. It was observed that the encapsulation effi-
ciency of nevirapine in liposomes was greater than that of saquin-
avir. This may be attributed to the differences in the
hydrophobicity of both drugs. Nevirapine is more hydrophobic
and hence preferentially localizes in the hydrophobic region of
the liposome that constitutes the major part of the liposome
[43]. In the case of the saquinavir, owing to its lower hydrophobic-
ity, it is mainly localized closer to the hydrophilic aqueous core and
hence exhibits lower encapsulation in the liposomes when com-
pared with nevirapine. The lipid composition was found to influ-
ence the amount of drug encapsulated. The encapsulation
efficiency of the hydrophilic drug saquinavir shows only a slight
increase with PEGylation (p > 0.05). However, the encapsulation
efficiency of the hydrophobic nevirapine decreases significantly
on PEGylation. Nearly 45% decrease was observed in the



Fig. 1. Schematic representation of formation of anti-CD4 conjugated anti-CD4 conjugated immunoliposomes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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encapsulation of nevirapine on introduction of PEG in the lipo-
somes. The incorporation of cholesterol did not alter the encapsu-
lation efficiency of saquinavir. But a significant increase in the
encapsulation efficiency of nevirapine was observed in cholesterol
containing liposomes [44]. The incorporation of PEG chains in the
liposome enhances the hydrophilicity of the surface that may
retard the partition of the hydrophobic nevirapine into the lipo-
somes during the passive encapsulation process. In contrast, the
incorporation of cholesterol contributes to the hydrophobicity as
well as creates voids in the hydrophobic segment due to the acyl
chain length mismatch [45]. This facilitates accommodation of
more nevirapine molecules in the liposome. Presence of both cho-
lesterol and PEG in equal proportions contributes equally in
improving the encapsulation efficiency of both the hydrophobic
nevirapine and hydrophilic saquinavir when compared with lipo-
somes without cholesterol and PEG. Thus the ratio of 9:1:1 Egg
PC:Chol:DSPE–PEG was found to be the best and hence used for
further trials. The maximum entrapment efficiency for the hydro-
phobic drug nevirapine was 45% for nevirapine and 30% for saquin-
avir. Surface conjugation of the antibody on the liposome was not
found to influence the encapsulation efficiencies of nevirapine and
saquinavir significantly.
4.5. Particle size and zeta potential

Table 1 shows the particle size of the unconjugated liposomes
and anti-CD4 conjugated immunoliposomes before and after
encapsulation of the two drugs. The particle size of the anti-CD4
conjugated immunoliposomes was found to be larger than the
unconjugated liposomes due to the additional layer of antibody
on the surface. Other groups have also reported similar observa-
tions for antibody conjugated immunoliposomes [46]. The drug
encapsulated liposomes exhibited larger size when compared to
their blank counterparts. It was also observed that the amount of
nevirapine in the liposomes influenced the particle size to a greater
extent when compared to the amount of saquinavir. This may be
due to the difference in the localization of the two drugs. While
saquinavir is expected to localize preferentially closer to the aque-
ous core, nevirapine is localized in the hydrophobic regions that is
reflected in the observed change in the particle size. The zeta
potential of the unconjugated liposome and anti-CD4 conjugated
immunoliposomes samples is negative due to the negatively
charged phosphate groups in the phospholipids. Conjugation of
antibody to the liposome leads to a slight positive shift in the zeta
potential due to the masking of the surface charges on the lipo-
some by the antibody. The PEG chains in the liposome shifts the
zeta potential to the small extent but the presence of the antibody
shifts the zeta potential to a larger extent due to its bulky nature
that effectively masks the surface charges. In contrast, the PEG
chains that are in constant motion expose the surface charges on
the liposome for a longer duration when compared to the antibody
[47]. The difference in the zeta potential of the blank and drug
loaded liposomes also arises due to the masking of the surface
charges by some drug molecules present in the surface as well as
due to a decrease in the surface area leading to a decrease in the
negative zeta potential [48,49]. The combined effect of increase
in the hydrodynamic radius due to drug encapsulation and conju-
gation of the antibody on the liposomal surface contributes to the
maximum positive shift observed in the drug loaded anti-CD4 con-
jugated immunoliposomes when compared to other combinations.
4.6. Thermal analysis

Fig. 5 shows the heat flow changes in the dual drug loaded anti-
CD4 conjugated immunoliposomes compared with those in the
anti-CD4 conjugated liposomes and free drugs. It was observed



Fig. 2. Transmission electron micrographs of (A) and (C) Dual drug loaded PEGylated liposome, (B) and (D) Dual drug loaded anti-CD4 conjugated anti-CD4 conjugated
immunoliposome. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. FTIR spectra of (A) plain liposome and (B) anti-CD4 conjugated anti-CD4
conjugated immunoliposomes.

Fig. 4. UV–visible spectra of (A) free nevirapine, (B) free saquinavir and (C) dual
drug loaded liposomes (D) Blank immunoliposomes. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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that the dual drug loaded anti-CD4 conjugated immunoliposomes
exhibited four endothermic peaks. The peak at 46 �C corresponds
to the phase transition of the phospholipids from the liquid crystal-
line phase to the gel phase while the peak at 112 �C corresponds to
the melting curve of cholesterol [50]. The endothermic peaks at
226 �C and 254 �C correspond to the melting curves of nevirapine
and saquinavir respectively. The differential scanning calorimetry
confirms the presence of both drugs in the anti-CD4 conjugated
immunoliposomes. The melting point of saquinavir in the liposome
does not show any significant change when compared with the
free drug. However, a small negative shift in the melting point



Table 1
Encapsulation efficiency, particle size and zeta potential of liposome with various lipid combinations.

Lipid composition Encapsulation efficiency (%) Particle size (nm) Zeta potential (mV)

Nevirapine Saquinavir

Egg PC (10:0) 42 ± 3 25 ± 3 149 ± 15 �19 ± 3
Egg PC:Chol (9:1) 55 ± 3 30 ± 1 189 ± 12 �23 ± 1
Egg PC:DSPE–PEG (9:1) 23 ± 2 28 ± 2 95 ± 8 �30 ± 1
Egg PC:Chol:DSPE–PEG (8:1:1) 40 ± 1 31 ± 2 122 ± 6 �31 ± 5
Egg PC:Chol:DSPE–PEG (9:1:1) 44 ± 2 30 ± 1 160 ± 2 �29 ± 2
Egg PC:Chol:DSPE–PEG-mal-anti-CD4 (9:1:1) 40 ± 1 29 ± 1 173 ± 7 �22 ± 1
Egg PC:Chol:DSPE–PEG (9:1:1) Blank – – 145 ± 2 �35 ± 1
Egg PC:Chol:DSPE–PEG-mal-anti-CD4 (9:1:1) Blank – – 150 ± 2 �32 ± 1

Fig. 5. Heat flow profiles of (A) Blank immunoliposomes (B) dual drug loaded anti-
CD4 conjugated immunoliposomes; (B) free nevirapine and (C) free saquinavir.
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curve of nevirapine in the liposome was observed when compared
with the free drug. The endothermic heat flow recorded for nevira-
pine is broad instead of the sharp transition observed in the case of
the free nevirapine. This indicates that nevirapine interacts with
the phospholipid constituents of the liposomes. Similar observa-
tions have been reported for describing the interactions between
verapamil and dextran [51]. The phase transition temperature
(Tm) of the dual drug loaded anti-CD4 conjugated immunolipo-
somes was found to be higher than the Tm values recorded for
the dual drug loaded liposomes (39 �C). A similar positive shift
was observed in the case of blank anti-CD4 conjugated immuno-
liposomes (Tm = 63 �C) and blank liposomes (59 �C). This shift
may be attributed to the covalently linked additional layer on the
surface of the liposomes formed by the antibodies and PEGylated
lipids. It was also observed that the encapsulation of both drugs
in the anti-CD4 conjugated immunoliposomes resulted in a
decrease of 27% in the phase transition temperature. This is
because of the fluidity introduced in the acyl chains due to the
incorporation of the drugs [52]. The dual drug loaded liposomes
exhibit a corresponding decrease of about 34% in the phase transi-
tion temperature for the same reason. The greater magnitude of
decrease observed in the unconjugated liposomes when compared
with anti-CD4 conjugated immunoliposomes is due to the greater
percentage of drugs encapsulated in the unconjugated liposomes
resulting in a greater perturbation of the acyl chain packing.
4.7. In vitro release of nevirapine and saquinavir

Fig. 6A and B shows the release profiles of nevirapine and saqu-
inavir from unconjugated liposomes and anti-CD4 conjugated
immunoliposomes with PBS and 10% FBA as release medium. The
release of saquinavir from PEGylated non-targeted liposomes over
30 min, 1 h and 2 h was 15%, 19% and 32% respectively. In compar-
ison, the release of saquinavir from the immunoliposomes over the
same time points of 30 min, 1 h and 2 h was 7%, 9.5% and 23%
respectively. This represents a decrease in the release of saquinavir
from immunoliposomes by 2.1-fold after 30 min, 2-fold after 1 h
and 1.4-fold after 2 h when compared with its release at the same
time points from PEGylated non-targeted liposomes. This decrease
may be attributed to the additional layer of antibody present in the
immunoliposomes [53,54]. In the case of nevirapine release also, a
similar trend is observed. However, the magnitude of decrease is
lesser in the case of nevirapine when compared to saquinavir. This
is because burst release occurs due to drug molecules present clo-
ser to the surface of the liposome. Nevirapine being hydrophobic is
localized in the lipid bilayer while saquinavir is predominantly
localized in the interior aqueous core. Therefore, the difference in
the drug release profiles from PEGylated non-targeted liposomes
and immunoliposomes is more pronounced in the case of saquina-
vir than in nevirapine. Complete release of nevirapine and saquin-
avir was achieved in 28 h and 36 h respectively for nevirapine and
saquinavir from the unconjugated liposomes and in 26 and 48 h
respectively from the anti-CD4 conjugated immunoliposomes
(Fig. 6A). The slower release observed in the anti-CD4 conjugated
immunoliposomes may be attributed to the additional antibody
layer on its surface that hinders the drug release. Similar observa-
tions have been reported in literature earlier [54,55].

Among the two drugs, saquinavir releases more slowly when
compared with nevirapine. This difference may be due to the dif-
ference in the localization of the two drugs in the liposome. Nevi-
rapine is closely associated with the acyl chains in the bilayer
owing to its hydrophobic nature while saquinavir is expected to
localize closer to the aqueous core. Hence it takes a longer time
for saquinavir to diffuse from the interior of the liposomes to the
exterior. The release profiles of the drugs from the liposomal carri-
ers were fit in different kinetic models for drug release (Tables 2
and 3). It was observed that both nevirapine and saquinavir release
profiles from anti-CD4 conjugated immunoliposomes and uncon-
jugated liposomes agree well with the Korsmeyer–Peppas model
suggesting that diffusion–swelling regime controls the extent of
drug release from the liposomal carriers. The release exponent ‘a’
value was below 0.5 for nevirapine release in both PEGylated and
anti-CD4 conjugated immunoliposomes indicating that the release
follows a Fickian diffusion. However, the ‘a’ values for release of
saquinavir from both unconjugated liposomes and anti-CD4



Fig. 6. In vitro release profile of nevirapine and saquinavir from PEGylated liposome and anti-CD4 conjugated anti-CD4 conjugated immunoliposomes in (A) PBS and (B) 10%
FBS.

Table 2
Release kinetics model for dual drug release in PBS.

Kinetics model PEGylated liposome
Anti-CD4 conjugated anti-CD4 conjugated immunoliposomes

Nevirapine Saquinavir Nevirapine Saquinavir

K R2 k R2 k R2 k R2

Zero order (k0) 3.891 0.569 2.904 0.825 3.079 0.766 2.388 0.906
First order (k1) 0.089 0.764 0.057 0.892 0.066 0.881 0.05 0.961
Higuchi model (kH) 17.87 0.914 14.75 0.962 15.745 0.966 13.851 0.974
Korsmeyer–Peppas (kKP) 26.023 0.951 14.15 0.962 17.74 0.968 9.435 0.986

a = 0.366 a = 0.513 0.461 0.613
Hixson–Crowell (kHC) 0.023 0.721 0.015 0.886 0.017 0.868 0.013 0.969
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conjugated immunoliposomes were above 0.5 indicating a non-
Fickian diffusion [56].

The liposomal architecture is known to destabilize in the pres-
ence of proteins. Hence, the membrane integrity and stability of
the liposomal carriers in protein medium was evaluated by moni-
toring the drug release in a medium containing 10% FBS (fetal
bovine serum). As observed in phosphate buffered saline medium,
the anti-CD4 conjugated immunoliposomes exhibit relatively
slower release when compared with the unconjugated liposomes
(Fig. 6B). However, the burst release as well as the time taken for
complete release of the drugs is nearly fourfold more rapid in the
protein-containing medium. This may be attributed to the disrup-
tion of the liposomal architecture through displacement of the
phospholipids by the proteins in the medium [57]. The release
kinetics of nevirapine and saquinavir from anti-CD4 conjugated
immunoliposomes and unconjugated liposomes in protein-con-
taining medium is found to agree with the Korsmeyer–Peppas
model. The ‘a’ values in all cases were below 0.5 indicating a Ficki-
an type of diffusional release from the liposomal carriers. The
release of nevirapine from both anti-CD4 conjugated immunolipo-
somes and unconjugated liposomes also agree with the first order
kinetics suggesting that the release of nevirapine is proportional to
its concentration in the nanocarrier (Table 3). Saquinavir releases
from the anti-CD4 conjugated immunoliposomes and unconju-
gated liposomes also follows the Baker–Lonsdale model indicating
that the release is from a spherical matrix (Table 3) [56].
4.8. Colloidal stability

One of the challenges in the use of nanocarriers is their ten-
dency to aggregate with time as a result of various factors such
as masking of the surface charges by the ions in the medium, ran-
dom collisions, fusion of nanoparticles and adsorption of proteins.
PEGylation of liposomes has been reported to impart colloidal sta-
bility to the nanoparticles due to its ability to retard protein
adsorption [58]. Fig. 7 shows the temporal variations in the particle
size of the dual drug loaded unconjugated liposomes and anti-CD4
conjugated immunoliposomes. It was observed that the anti-CD4
conjugated immunoliposomes exhibited better colloidal stability
when compared to the unconjugated liposomes up to 6 h. The
enhanced steric repulsion between the particles due to the conju-
gation of the antibody to the liposome surface could have contrib-
uted to the improved colloidal stability in the case of anti-CD4
conjugated immunoliposomes [59,60].
4.9. Cell uptake of unconjugated liposomes and anti-CD4 conjugated
immunoliposomes

The uptake of the unconjugated liposomes and anti-CD4 conju-
gated immunoliposomes by Jurkat T cells was evaluated qualita-
tively using laser scanning confocal microscopy and
quantitatively using flow cytometry (Fig. 8A–C). To visualize the
liposomes, they were formed using NBD-labeled lipids and were
loaded with the fluorescent dye Alexa Fluor 647 (Fig. 8A). The con-
focal images recorded after 15 min show very good uptake of both
unconjugated liposomes and anti-CD4 conjugated immunolipo-
somes by the cells (Fig. 8B). It is also evident that the distribution
of the green fluorescent probe labeled anti-CD4 conjugated immu-
noliposomes is distinctly different from that observed in the
unconjugated liposomes. The fluorescent anti-CD4 conjugated
immunoliposomes were found to be localized on the surface of
the cell membrane and are visible as bright intense spots



Table 3
Release kinetics of dual drugs in the presence of 10% FBS.

Kinetics model PEGylated liposome
Anti-CD4 conjugated anti-CD4 conjugated immunoliposomes

Nevirapine Saquinavir Nevirapine Saquinavir

K R2 k R2 k R2 k R2

Zero order (k0) 31.63 0.097 20.497 0.059 21.541 0.352 15.78 0.15
First order (k1) 1.978 0.977 1.124 0.934 1.767 0.956 1.056 0.918
Higuchi model (kH) 58.167 0.725 45.24 0.775 48.131 0.615 40.08 0.696
Korsmeyer–Peppas (kKP) 72.8 0.954 60.433 0.936 69.724 0.956 59.839 0.933

a = 0.230 a = 0.271 a = 0.202 a = 0.242
Hixson–Crowell (kHC) 0.362 0.85 0.23 0.839 0.248 0.719 0.178 0.773
Baker–Lonsdale (kBL) 0.125 0.942 0.083 0.947 0.083 0.887 0.062 0.924

Fig. 7. Colloidal stability of PEGylated liposome and anti-CD4 conjugated anti-CD4 conjugated immunoliposomes supplemented with 10% FBS at various time points. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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indicating that the liposomes are bound with the target CD4
receptor. The binding with the receptor minimizes tumbling of
the fluorescent molecule and hence its emission is bright. The
unconjugated liposomes do not exhibit such intense emissions
and are dispersed throughout the field suggesting that its mode
of entry into the cells is not receptor-mediated. The appearance
of red fluorescence inside the cells indicates that the liposomal car-
riers effectively delivered the fluorescent cargo into the cells.
Quantification of the cell uptake using flow cytometry revealed a
54% uptake of the Unconjugated liposomes and a 98% uptake for
the anti-CD4 conjugated immunoliposomes after 30 min but at a
lower concentration (Fig. 8C) [61]. The difference in the uptake
may be attributed to the presence of PEG chains at the liposomal
surface in the unconjugated liposomes that hinders the uptake
due to steric hindrance while in the case of the anti-CD4 conju-
gated immunoliposomes, the targeting moiety i.e., anti-CD4 pres-
ent in the distal end selectively binds to the CD4 receptors
present in the surface of the Jurkat cells leading to efficient uptake
through receptor-mediated endocytosis [62–65].
5. Evaluation of in vitro cytotoxicity

The in vitro cytotoxicity of the unconjugated liposomes and
anti-CD4 conjugated immunoliposomes loaded with dual drugs is
shown in Fig. 9. The drugs exhibited a dose-dependent cytotoxicity
both in the free as well as liposomal form. At lower concentration
of 0.5:0.62 lg of saquinavir and nevirapine, the toxicity is less
when compared with those at higher concentration. The anti-
CD4 conjugated immunoliposomes show higher toxicity at 20 lg
due to its higher cellular uptake. The toxicity is lesser in case of
the unconjugated liposomes and free dual drugs due to their lower
uptake. The lower uptake in the unconjugated liposomes mainly
arises due to the steric hindrance of the PEG chains on the surface
of the liposome that inhibits the entry whereas in case of the free
drugs nevirapine and saquinavir, the poor uptake may be attrib-
uted to their physicochemical properties.
5.1. In vitro antiviral efficacy of the liposomes

Considering the superior cell targeting properties of the anti-
CD4 conjugated immunoliposomes nanoparticles, we examined if
the anti-CD4 conjugated immunoliposomes could deliver anti-
HIV drugs to target T-cells with a greater targeting efficiency since
this could be beneficial by reducing the effective drug concentra-
tion required for comparable viral inhibition. Additionally, efficient
drug delivery could also minimize the risk of drug resistance. We
employed NL4-3, a subtype B molecular clone of HIV-1 in this
assay. Cells in the group treated with the anti-CD4 conjugated
immunoliposomes nanoparticle were exposed to an equal concen-
tration of nanoparticle by using unconjugated liposomes or



Fig. 8. Confocal image of (A) AF-647 loaded PEGylated fluorescent liposome and (B) AF-647 loaded fluorescent anti-CD4 conjugated anti-CD4 conjugated immunoliposomes.
(C) Flow data for AF-647 loaded anti-CD4 conjugated anti-CD4 conjugated immunoliposomes. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Invitro cytotoxicity of PEGylated and anti-CD4 conjugated anti-CD4 conju-
gated immunoliposomes with dual drugs. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Antiviral efficacy for dual drug loaded anti-CD4 conjugated anti-CD4
conjugated immunoliposomes. Jurkat T-cells were treated with five different
concentrations of soluble SQV (blue bars), NVP (red bars), dual drugs (green bars)
and dual drug loaded anti-CD4 conjugated anti-CD4 conjugated immunoliposomes
(purple bars). In the anti-CD4 conjugated anti-CD4 conjugated immunoliposomes
loaded drug treatment, the anti-CD4 conjugated anti-CD4 conjugated immunolipo-
somes concentration was normalized using blank anti-CD4 conjugated anti-CD4
conjugated immunoliposomes nanoparticles. Jurkat cells were infected with NL4-3
viruses respectively. The secretion of the viral antigen p24 into the medium was
monitored using a commercial antigen-capture assay at 48 h following viral
infection. An unpaired two-tailed t test was performed using Graphpad Prism 5
software to determine the significance of differences in the magnitude of viral
inhibition. The results presented were obtained from two independent experiments
with each experiment having n = 4. The standard deviations are for n = 4. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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anti-CD4 conjugated immunoliposomes nanoparticles for normali-
zation. Saquinavir is a potent anti-retroviral agent that inhibits the
viral protease efficiently and blocks viral maturation. On the other
hand, neviraprine is a non-nucleoside reverse transcriptase inhibi-
tor (NNRTI). We have studied viral inhibition by simultaneous dual
drug treatment as well. T-cells in plain RPMI medium were first
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treated by varying concentrations of soluble drug or with the nano-
particles loaded with an equivalent concentration of the drug
(Fig. 10).

The single drug formulations were not as effective as the dual
drug combination. In the case of the dual drug loaded anti-CD4
conjugated immunoliposomes, the p24 level seems to be four
times reduced than the plain dual drug dosage at lower concentra-
tion of 7:5 ratio of nevirapine and saquinavir. In case of increasing
the concentration the fold seems to be decrease from four to two
folds. But in case of the higher dual drug dosage we can see that
there is complete inhibition of the viral load, which is not observed
in the case of the free dual drug dosage of the same concentration.
Thus the targeting efficiency in the presence of the dual dosage
shows the complete viral reduction at a concentration of 625 ng/
mL of saquinavir.

6. Conclusions

Two anti-retroviral drugs were successfully loaded in a single
nanocarrier and characterized for their physicochemical proper-
ties. The conjugation of anti-CD4 antibody enabled better uptake
into CD4+ Jurkat cells. The use of both drugs simultaneously has
shown better anti-viral efficacy at a lower concentration when
compared with the individual drugs. The targeted nanocarrier fur-
ther facilitates preferential delivery into HIV infected cells thereby
reducing the dosage required for decreasing the viral load. The dual
drug loaded anti-CD4 conjugated immunoliposomes exhibited bet-
ter reduction of the p24 levels at much lower concentrations when
compared to the free drugs indicating the potential of such tar-
geted strategies in effectively reducing HIV load.
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