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Background: Antiretroviral Therapy (ART) is currently the major therapeutic intervention in the treatment of
AIDS. ART, however, is severely limited due to poor availability, high cytotoxicity, and enhanced metabolism
and clearance of the drug molecules by the renal system. The use of nanocarriers encapsulating the anti-
retroviral drugs may provide a solution to the aforementioned problems. Importantly, the application of mildly
immunogenic polymeric carrier confers the advantage of making the nanoparticles more visible to the immune
system leading to their efficient uptake by the phagocytes.
Methods: The saquinavir-loaded chitosan nanoparticles were characterized by transmission electronmicroscopy
and differential scanning calorimetry and analyzed for the encapsulation efficiency, swelling characteristics, par-
ticle size properties, and the zeta potential. Furthermore, cellular uptake of the chitosan nanocarriers was evalu-
ated using confocal microscopy and Flow cytometry. The antiviral efficacy was quantified using viral infection of

the target cells.
Results:Using novel chitosan carriers loadedwith saquinavir, a protease inhibitor, we demonstrate a drug encap-
sulation efficiency of 75% and cell targeting efficiency greater than 92%. As compared to the soluble drug control,
the saquinavir-loaded chitosan carriers caused superior control of the viral proliferation as measured by using
two different viral strains, NL4-3 and Indie-C1, and two different target T-cells, Jurkat and CEM-CCR5.
Conclusion: Chitosan nanoparticles loaded with saquinavir were characterized and they demonstrated superior
drug loading potential with greater cell targeting efficiency leading to efficient control of the viral proliferation
in target T-cells.
General significance: Our data ascertain the potential of chitosan nanocarriers as novel vehicles for HIV-1
therapeutics.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Acquired ImmuneDeficiency Syndrome (AIDS) is a dreadful immune
disorder caused by the human immunodeficiency virus (HIV) that has
resulted in the death of millions across the globe. Currently, more than
36million people are infected with HIV globally, with a large percentage
living in the developing countries [1]. The current treatment employs a
combination regimen known as Highly Active Anti-Retroviral Therapy
(HAART) [2]. There arefivemajor classes of anti-retroviral drugs current-
ly approved for treatment of AIDS. These are reverse transcriptase inhib-
itors that include the nucleoside reverse transcriptase inhibitors (NRTIs),
nucleotide reverse transcriptase inhibitors (NtRTIs) and non-nucleotide
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reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), fu-
sion inhibitors and integrase inhibitors [3]. These drugs act at different
phases of the viral life cycle [4]. Protease inhibitors target the viral prote-
ase that is involved in the cleavage of the GAG-POL precursor responsible
for the production of viral enzymes necessary for the viral proliferation
[5]. Inhibition of the viral proliferation at the later stages is critical to pre-
vent viral maturation resulting in the formation of the immature and
non-infectious virions [6]. Currently, there are eight protease inhibitors
approved by the FDA among which saquinavir is the most potent.

Conventional saquinavir therapy is not quite effective due to its poor
bioavailability [7]. The poor bioavailability of saquinavir ismainly attrib-
uted to a group ofMDR1 (multi-drug resistant 1) proteins, the P-gpme-
diated efflux system,which causes the elimination of the drug due to its
resemblance with the substrate analog of the P-gp mediated system
[8,9]. The accelerated drug efflux results in the low intracellular concen-
tration of the drug in the target cells. Yet another mechanism proposed
for the low bioavailability of saquinavir is its metabolism by the hepatic
system and small intestine leading to the rapid clearance of the drug
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[10]. It is reported that the cytochrome P450 isoenzymes, especially the
CYP3A4, are involved in the biotransformation of the drug leading to its
rapid clearance and low availability thus affecting its efficacy. The poor
bioavailability of saquinavir requires an increase in the dosage, and in
the absence of which rapid emergence of drug resistance is a possible
outcome [11]. Apart from the bioavailability issues, the use of saquinavir
is also accompanied by several adverse effects including dizziness, nau-
sea, arrhythmia, etc. The nanotechnology enabled platforms such as
dendrimers [12], liposomes [13], polymeric nanoparticles [14], etc.,
could alleviate the limitations of the use of saquinavir, thereby enhanc-
ing the therapeutic potential of saquinavir.

Only a few studies attempted to enhance the bioavailability of sa-
quinavir using the nanocarrier-mediated delivery strategies. A solid
lipid nanoparticle was used to improve the bioavailability of saquinavir
although its efficacy on reducing the viral load was not investigated
[15]. A poly(ethylene glycol) modified poly(caprolactone) (PEO-PCL)
nanoparticle system prepared using the solvent displacement method
was found to enhance the intracellular concentrations of saquinavir
suggesting improved cell uptake of the drug [16]. Using an in vitro cell
model for the blood–brain barrier and HIV-1 infection, the saquinavir-
loaded and transferrin-conjugated quantum rods were shown to cross
the barrier alluding to improved efficacy of the drug [17]. Oil in water
emulsions of saquinavir were found to exhibit superior oral bioavail-
ability [18]. Similarly, hydroxylpropyl-β-cyclodextrin and poly(alkyl
cyanoacrylate) nanoparticles have also shown improvement in the bio-
availability of saquinavir [19]. Cationic submicron emulsions of saquin-
avir were shown to improve the oral absorption of saquinavir although
its effect on the viral proliferation was not studied [20]. We previously
developed a liposomal delivery system for saquinavir that exhibited ex-
cellent cell uptake properties [21].

In the present work, we report a chitosan-based nanodelivery strat-
egy for saquinavir. The choice of chitosan, a natural polymer, is due to its
immunogenicity and its anti-microbial properties [22]. The cationic sur-
face of chitosan is expected to contribute to its superior targeting effica-
cy to negatively charged cells. Furthermore, the polycationic nature of
chitosan is expected to favor the deposition of the complement proteins
on the nanoparticles resulting in their uptake by the macrophages
through complement receptors [23]. The macrophages serve as HIV-1
reservoirs thus efficient drug delivery to these cells via chitosan could
be an added advantage. The drug release from the chitosan carriers
could be accentuated in the acidic endosome due to extensive proton-
ation and destabilization of the polymer matrix [24].

2. Materials & methods

2.1. Materials

Sodium dihydrogen phosphate and disodium hydrogen phosphate
were purchased from Merck Chemicals, India. Chitosan (M.W. =
140 kDa, 85% deacetylated) was a kind gift from India Sea Foods,
Kochi, India. Saquinavirwas a kind gift fromM/sHetero drugs, India. So-
dium tripolyphosphate (TPP) was purchased from Lobachemie, India.
RPMI 1640media and fetal bovine serum were procured from Sigma-
Aldrich, USA.

2.2. Preparation of blank and saquinavir loaded nanoparticles

Chitosan nanoparticles were prepared by the ionic gelation tech-
nique. A 1000 μg (w/v) solution of chitosan dissolved in 1% acetic acid
was stirred with 0.1% (w/v) TPP. The appearance of the turbidity was
taken as an indicator of the formation of the chitosan nanoparticles
[25]. For the preparation of saquinavir loaded chitosan, 1mg/ml of the
chitosan solution and 1mg/ml of the drug were dissolved in the phos-
phate buffered saline (PBS) (1:1 chitosan:saquinavir) followed by the
addition of the TPP until the appearance of a turbid solution with con-
stant stirring. The samples were centrifuged at 18,000rpm and washed
thrice to remove the unencapsulated saquinavir. The samples were ly-
ophilized and stored in a cool dry place before use. 1% w/v sucrose
was used as the cryoprotectant during lyophilization. The Alexa Fluor
647 loaded chitosan nanoparticles were prepared following the same
protocol employed for preparation of saquinavir-loaded nanoparticles.

2.3. Morphology of chitosan

The ultra fine structure of the blank chitosan and saquinavir loaded
chitosan was observed using field emission transmission electron mi-
croscopy (JEM2100 F, JEOL, Japan). 500 μg of the lyophilized drug-
loaded and blank chitosan nanoparticles was taken and dispersed in
500μl of PBS and placed on a copper grid coated with carbon. The sam-
ple was left overnight for drying and then imaged.

2.4. Physico-chemical characterization

The saquinavir loaded chitosan solution was centrifuged at
20,000rpm for 20min to separate the drug loaded with chitosan as pel-
let and the supernatant containing the unencapsulated saquinavir. The
blank corrections were carried out using TPP and the absorbance of
the unencapsulated drug was measured using the UV–vis spectropho-
tometer (Lambda 25, Perkin Elmer, USA) at 239nm [26]. The absorbance
was converted to concentration using a standard curve.

The encapsulation efficiency was calculated as:

Encapsulation Efficiency ¼ Total Drug−Unencapsulated Drug
Total Drug

� 100:

1000μg of blank anddrug loaded chitosannanoparticles dispersed in
1000 μl PBS was used for the particle size and zeta potential measure-
ments. The particle size and zeta potential of the samples were mea-
sured using the Zeta sizer (Nano-ZS, Malvern, UK). The blank chitosan
and drug loaded chitosanwere dispersed in 1ml PBS and themean par-
ticle size and zeta potential were measured.

The glass transition temperature of the blank chitosan and drug
loaded samples was measured using a differential scanning calorimeter
(DSC, Q20, TA Instruments, USA). Six milligrams of the sample was kept
in an aluminum pan along with the standard reference aluminum and
the glass transition temperature was measured between the range of
10°C and 180°C at a scan rate of 10°C/min under nitrogen atmosphere.

100mg of placebo chitosanwas placed in a dialysis bag and the dial-
ysis bag was immersed in the 200ml of buffer solution that was main-
tained at 37 °C. The swelling studies were carried out at different pH
values (5.5, 7.4 and 9.0). After 1 h of incubation, sample was removed
from the buffer medium and the excess moisture was removed gently
using tissue paper followed by weighing. The swelling ratio was calcu-
lated using the following formula:

SW ¼ WT−WO
WO

� 100

where SW represents the swelling ratio, WO represents the original dry
weight of the blank chitosan andWT represents the weight of the sam-
ple at time t.

2.5. Release kinetics

1000μg of the drug-loaded chitosanwas taken and dispersed in 4ml
of PBS and then the entire sample was placed in a dialysis bag, which
was then sealed at both the ends and immersed in 4ml of PBS buffer so-
lution. Each experiment was carried out in triplicate. The PBS was re-
moved at a predetermined interval of time and replaced with the
fresh media of the same volume. The procedure was repeated for dif-
ferent pH values (5.5, 7.4 and 9.0) and the absorbance of the collected
PBS was measured at 239 nm using a UV–visible spectrophotometer
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(Lambda 25, Perkin Elmer, USA). The absorbancewas converted to con-
centration using a standard curve.

2.6. In vitro protein adsorption

1000 μg of the chitosan nanoparticles (blank or drug-loaded) was
dispersed in PBS and incubated with 1000 μg of FBS protein at 37 °C
for 12 h. The sample was then centrifuged at 18,000 rpm to sediment
the chitosan nanoparticles with the adsorbed layer of proteins. The
supernatant was used for estimating the unadsorbed protein using
Lowry's method. The intensity of the colored product obtained after
treating the samples with Lowry's reagent was quantified at 660 nm
using a UV–visible spectrophotometer (Lambda 25, Perkin Elmer, USA).

2.7. Evaluation of the cellular uptake

2.7.1. Evaluation of chitosan delivery using flow cytometry and confocal
microscopy

Jurkat T-cells, 0.5 × 105 cells per assay, were incubated in 200 μl of
plain RPMI containingplain chitosan (PC) or Alexa Fluor 647 (AFL) load-
ed chitosan nanoparticles, normalized for 300 or 600μg of total chitosan
nanoparticles. The cellswere incubated at 37°C in a 5% CO2 incubator for
30min and washed twice in 1X PBS. Cells were stained using the Live/
Dead Fixable Green Stain Kit (Cat. No: L-23101, Molecular Probes,
Invitrogen Detection Technologies, Carlsbad, CA, USA) for 30 min in
the dark as per the manufacturer's instructions. Cells were washed
twice in 1X PBS and fixed in 400 μl of 1% paraformaldehyde before the
acquisition using a FACS Calibur flow cytometer. Data were analyzed
using the BD CellQuest Pro software.

2.7.2. The confocal analysis
Jurkat T-cells, 50,000 cells suspended in 200 μl of RPMI medium,

were incubated in the presence of 300μg of Alexa Fluor 647 loaded chi-
tosan nanoparticles. The cells were incubated at 37 °C in a 5% CO2 incu-
bator for 30 min, centrifuged at 2000 rpm and the pellet was washed
with 400 μl of PBS. The cells were stained with the Hoechst 33258 dye
(5 μg/ml) for 30 min at room temperature. Cells were washed with
PBS and thenmounted in 70% glycerol for imaging using the laser scan-
ning confocal microscope (FV1000, Olympus, Japan).

2.7.3. Cellular uptake of the plain saquinavir and saquinavir loaded
chitosan

Jurkat T-cells, 50,000 cellswere suspended in 200μl of RPMImedium
and incubated with 100μg, 300μg and 600μg of saquinavir-loaded chi-
tosan nanoparticles containing 72 μg, 216 μg and 432 μg saquinavir re-
spectively. The results were compared with those for cells incubated
with the same quantity of free saquinavir for comparison. The cells
were incubated at 37°C in a 5% CO2 incubator for 30min and centrifuged
at 2000 rpm. The resultant pellet was treated with cell lysis buffer and
then incubated for 30 min. The absorbance of the samples was mea-
sured at 239nm using a UV–vis spectrophotometer (Lambda 25, Perkin
Elmer, USA). The absorbance was converted to concentration using the
standard curve.

2.8. In vitro antiviral efficacy

2.8.1. Cell culture
The human embryonic kidney HEK293T cells were grown in

Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, USA)
supplemented with 10% heat inactivated fetal bovine serum (Biological
Industries, Israel), 2mM glutamine, 100U/ml penicillin G, and 100g/ml
streptomycin. The Jurkat and CEM-CCR5 cells were cultured in RPMI
1640 medium (Sigma, St. Louis, Missouri, USA) supplemented with
10% fetal bovine serum. All the cells were maintained at 37 °C in an in-
cubator in the presence of 5% CO2.
2.8.2. Production of the viral stocks
The viral stocks were prepared using HEK293T cells by transiently

transfecting the cells with plasmid DNA containing the HIV-1molecular
clones NL4-3 (subtype B) or Indie-C1 (subtype C). Cells seeded in
100 mm dishes at a low confluency were transfected 24 h later with
10 μg of the viral plasmid DNA. The culture medium was changed after
6 h of incubation. The culture supernatant, containing the virus was
harvested at 60h, passed through a 0.45μm 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
(Cat. No: 5421, Advanced BioScience Laboratories, Kensington, MD,
USA) following the manufacturer's instructions. Viral stock of 5 ng p24
equivalentwas used for the infection of CEM-CCR5 or Jurkat-T cell lines.

2.8.3. Viral inhibition assay
The in vitro viral inhibition was evaluated in CEM-CCR5 or 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 six different
concentrations (0, 4, 16, 64, 256 and 1024ng/500μl) of saquinavir (SQV)
in the soluble form or as drug loaded in chitosan nanoparticles (SQVNP).
The total amount of chitosan used in the experimentwas normalized to
1400ng using blank chitosan nanoparticles. Cells in 400 μl of plain me-
dium were incubated for 30min at 37°C and in the presence of 5% CO2.
Following the incubation, CEM-CCR5 and Jurkat-T cells were infected
with Indie-C1 or NL4-3 viruses, respectively, by adding 5ng of the p24
equivalent of the virus to appropriate wells. The final volume in each
well wasmade up to 500μl by adding a completemedium supplement-
edwith fetal bovine serumandDEAE dextran, and the latterwas used at
a final concentration of 8μg/ml. Cellswere incubated for 6h, 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 μl of 1X PBS (pH 7.2).
The cells resuspended in 1ml of complete medium were incubated for
3days at 37°C in the presence of 5% CO2. All the assays were performed
in duplicate wells and repeated two times. The amount of viral antigen
p24 secreted into the medium was monitored using a commercial kit
(Cat. No: 5421, Advanced BioScience Laboratories, Kensington, MD,
USA). One hundred microliters of cell-free supernatants of the infected
cultures were harvested at three different time points (24, 48 and 72h)
and stored frozen in aliquots in a deep freezer until the analysis. An un-
paired two-tailed t-test was performed using the Graphpad Prism 5
software to determine the significance of differences in the magnitude
of viral inhibition between the groups.

2.9. Statistical analysis

The data are represented as mean±standard deviation (n=3). The
analysis of variances was calculated using two-way ANOVA and the
Tukey test was performed to test the level of significance for cell culture
assay. A two-wayANOVA testwas performed using theGraphpad Prism
5 software to determine the significance of differences in themagnitude
of viral inhibition between the groups.

3. Results and discussion

3.1. Encapsulation efficiency

The encapsulation of saquinavir into chitosan was achieved through
passive loading and Table 1 shows the encapsulation efficiency of the
drug at various chitosan to drug ratios. Chitosan presents a hydrophilic
matrix that can load hydrophilic drugs more effectively. Saquinavir is a
derivative of the amino acid asparagine and retains some hydrophilic
character in spite of the aromatic modifications. Its aqueous solubility
increases in acidic pH and as the encapsulation is carried out at
pH 5.5, about 75% of saquinavir encapsulation is achieved in chitosan.
As the ratio of chitosan to drug is increased from 1:1 to 2:1, a marginal
increase in the encapsulation efficiency is observed beyond which no



Table 2
Zeta potential and particle size of blank chitosan and saquinavir loaded chitosan.

Nanoparticle Size (nm) Zeta potential (mV)

Blank chitosan 132±2.91 30.6± 1.42
Saquinavir loaded chitosan 211±11.50⁎ 24.4± 1.02

⁎ p b 0.05.

Table 1
Encapsulation efficiency of saquinavir at different chitosan:drug ratios.

Chitosan:Saquinavir Encapsulation efficiency (%)

1:1 72.24± 0.69
1:2 74.34± 1.47
1:3 76.99± 2.02a⁎

2:1 75.82± 1.74a⁎

3:1 77.73± 4.33a⁎

4:1 78.70± 2.23a⁎

a The data is compared with the 1:1 ratio of drug:chitosan.
⁎ p b 0.05.

479L.N. Ramana et al. / Biochimica et Biophysica Acta 1840 (2014) 476–484
further enhancement is obtained. The increase in the drug to chitosan
ratio also results in a very small increase in the encapsulation efficiency.
However, the lack of substantial increase in the encapsulation efficiency
from the values obtained in the 1:1 chitosan to drug ratio suggests that
the chitosan matrix has been saturated with the drug. Hence this ratio
was used for further experiments.

3.2. Characterization of the plain and saquinavir-loaded chitosan
nanoparticles

The shape of the blank and saquinavir-loaded chitosan nanoparticles
was investigated using high-resolution transmission electronmicrosco-
py (HR-TEM) (Fig. 1). Both the blank as well as drug-loaded chitosan
systems exhibited a smooth spherical morphology. However, the size
of the drug-loaded system was found to be nearly twice than that of
the blank chitosan system.

Table 2 shows the particle size and the zeta potential of the blank
and drug loaded chitosan nanoparticles. The size of the saquinavir load-
ed chitosan nanoparticles exhibited a significant increase indicating the
incorporation of the drug. The increase in size may be attributed to the
localization of the drug in the interior of the matrices of chitosan [27].
No significant changes were observed in the particle sizes of the blank
chitosan after lyophilization. The polydispersity index of the chitosan
nanoparticles was around 0.166–0.199. The zeta potential of chitosan
exhibited a positive value owing to the amino groups present in chito-
san. The positive zeta potential prevents the aggregation of chitosan
nanoparticles as is evident from the transmission electron micrographs
(Fig. 1). The zeta potential of chitosan reduces on encapsulation of sa-
quinavir and the reduction in the zeta potential indicates the presence
of somedrugmolecules on the surface of chitosan,whichmasks the sur-
face charges thereby lowering the zeta potential [28]. The positive zeta
potential of the drug-loaded chitosan nanoparticles may prove to be
Fig. 1. Transmission electron micrographs of [A] blan
beneficial in vivo since saquinavir loaded in cationic microspheres ex-
hibits superior absorption of the drug by the intestine [29].

3.3. Thermal analysis

The drug–matrix interactions were investigated by determining the
phase transition temperature of the chitosan carrier in the absence and
presence of saquinavir. Fig. 2 shows the melting point curves of the
blank chitosan and saquinavir-loaded chitosan. The melting point
curves of the blank chitosan and the saquinavir loaded chitosan show
endothermic peaks at 75 °C and 95°C respectively. The positive shift in
the transition temperature in the drug loaded system suggests exten-
sive interactions between saquinavir and chitosan, possibly through hy-
drogen bonds which decrease the flexible segmental motion of the
chains [30]. The appearance of a broad peak for the blank chitosan
may be ascribed to moisture throughout the matrix [31]. Interestingly,
the width of this peak decreases in the presence of saquinavir suggest-
ing that the localization of the drug in the interior of the chitosan re-
duces the water content through displacement [32].

3.4. Swelling ratio

The swelling profiles at different pH values for chitosan nanoparti-
cles are presented in Fig. 3A. The extent of swelling of the chitosannano-
particles is expected to strongly influence the rate of drug release. The
percentage of swelling after 1h in pH5.5, 7.4 and 9.0 for chitosan nano-
particles was found to be 168%, 42% and 25% respectively. The amino
groups in chitosan get protonated at acidic pH resulting in repulsive
forces between the chains. This leads to influx of solvated counter ions
from the medium causing the swelling. The intrusion of water mole-
cules and the subsequent swelling disrupts fewhydrogen bonds leading
to extension of the chains and higher hydrodynamic volumes [33].
Beyond pH 7.0, the −NH3

+ groups get deprotonated to form the basic
−NH2 form reducing the influx of charged solvated species into the chi-
tosanmatrix. Also, the amino groups are involved in extensive intermo-
lecular hydrogen bonding with the polymeric chains causing them to
k chitosan and [B] saquinavir-loaded chitosan.



Fig. 2. Phase transition of blank chitosan and saquinavir loaded chitosan.
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associate more closely. Consequently, the water permeation is retarded
and hence the swelling ratio decreases progressively with the increase
in pH. The magnitude of swelling does not increase beyond 1h indica-
ting the onset of equilibrium in the system.
Fig. 3. [A] Percentage swelling of chitosan at different pH values i.e. 1.2, 5.5, 7.4 and 9.0 an
3.5. In vitro release profiles of saquinavir

Fig. 3B depicts the release profiles of saquinavir from chitosan at dif-
ferent pH values. It is observed that the release profiles match the trend
followed during swelling of chitosan at different pH values. The release
of the drug was found to be fastest in acidic pHwhere the swelling was
also found to be the highest. The slowest release profile was observed at
pH 9.0 while the release at pH 7.4 was intermediate between the two.
The initial burst release was prominent in the acidic pH. About 62% of
the drug was released within 2 h in pH5.5 compared to 12% and 7% at
pH7.4 and 9.0 respectively for the sameduration. The complete drug re-
lease in acidic medium occurred in 12h when compared to 48 and 36h
for the total release of saquinavir from chitosan in pH7.4 and 9.0 respec-
tively. Faster drug release in the acidic pH can be directly correlated
with the enhanced swelling of chitosan caused by its polycationic na-
ture resulting in the expulsion of the drug from the matrix. Further,
the enhanced drug release from the chitosan matrix in acidic pH may
also be due to the increase in solubility of chitosan in acidic pH [34].
The drug release is retarded in neutral and alkaline pH conditions due
to the limited solubility of the chitosan at pH7.4 and 9.0 [35]. Also the
deprotonation of the amino groups in chitosan favors the formation of
hydrogen bonds, both interchain and intrachain, thereby lowering its
swelling capacity and leading to minimal drug release.

In order to understand the possible mechanism of release of saquin-
avir from the chitosan matrix, the release data at various pH values was
d [B] in vitro release kinetics of saquinavir at different pH values i.e. 5.5, 7.4 and 9.0.

image of Fig.�2
image of Fig.�3
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analyzed using different kinetic models. The kinetic equations used are
as follows.
T
R

Th
Zero order equation
able 3
elease kinetics of saquinavir from drug loaded

Kinetics model pH1.2

k

Zero order(k0) 8.998
First order (k1) 0.3690
Higuchi model (kH) 29.139
Korsmeyer–Peppas (kKP) 40.514
Hixson–Crowell (kHC) 0.097
Baker–Lonsdale(kBL) 0.029
Weibull model (α) 1.510
Hopfenberg model (kHB) 0.0001
Gompertz model (α) 0.8880

e bold letter signifies the best fit model for th
Gompertz modeln o

f=k0× t
 f ¼ 100� e −∝e−β� log tð Þ½ �

t= time

k0=Reaction rate coefficient
 f= Amount of the drug release

t= time
 β=Shape of the dissolution curve
α=Scale parameter describes the
time dependence
First order equation
 Baker–Lonsdale model� �

f ¼ 100� 1−e−k1t

� �

kBLt ¼ 3

�
2 1− 1− f

�
100

� �2=3 − f
�
100
k1=Rate constant
 f= Amount of the drug release

t= time
 kBL= Release constant
t= time

Higuchi model and Weibull modelffiffip
 n o

f ¼ kH t
 f ¼ 100� 1−e − t−Tið Þβð Þ

α½ �

kH=Higuchi dissolution constant
 t= time

f =Amount of the drug release
 f= Amount of the drug release

t= time
 β=Shape of the dissolution curve

α=Scale parameter describes the
time dependence
Korsmeyer–Peppas model
 Hopfenberg model

f = kKPtn
 f= 100 × e[1− (1− kHB × t)n]

kKp=Constant depicting the
experimental parameters
based on geometry and
dosage forms
kHB= Erosion rate constant
f=Amount of the drug release
n= release exponent
 t= time

f =Amount of the drug release

t= time

Hixson–Crowell model

f = 100[1− (1− kHCt)3]

kHC=Constant depicting surface
volume relation
f =Amount of the drug release

t= time
The regression coefficient values obtained for the various kinetic
models are listed in Table 3. It is evident that the release profiles for sa-
quinavir from chitosan exhibit good agreementwith theWeibull model
at all pH conditions suggesting that chitosan presents a matrix-type of
drug loading. The zero order kinetics is not obeyed at any pH and the ki-
netic data fits better for the Korsmeyer–Peppas model than the Higuchi
model at all pH conditions, especially at pHN7. This implies that saquin-
avir release from the chitosan matrix is a combination of both diffusion
aswell as erosion. The diffusional exponent values determined from the
Korsmeyer–Peppas equation for the saquinavir release from chitosan
indicate that at acidic pH, a quasi-Fickian diffusion occurs in the system
while at alkaline pH, the diffusion becomes non-Fickian. The anomalous
behavior is expected as chitosan also undergoes swelling.

First order release kinetics is obeyed at alkaline pH indicating that
the rate of drug release is proportional to the amount of drug present
in the matrix. The regression coefficient values for the first order kinet-
ics at acidic pHare below0.97 indicating that there are other factors that
influence the drug release at acidic pH. The release profiles of saquinavir
chitosan nanoparticles.

pH5.5

R2 k

0.4605 9.557
0.9533 0.490
0.9059 31.167
0.9661 46.115
0.9141 0.1090
0.9794 0.040
0.9982 1.3580
0.9533 0.0001
0.9979 0.7280

e drug release kinetics.
from chitosan at alkaline pH also show agreement with the Hixson–
Crowell and Hopfenberg models. This indicates that the erosion pro-
cesses are more dominant at alkaline pH resulting in a progressive
change in the surface area. The agreement with the Hopfenberg model
indicates a surface erosion regime operating at the alkaline pH. The re-
lease kinetics at all pH conditions agrees well with the Gompertz
model suggesting the release of a water-soluble drug from the matrix.
Interestingly, the release data at the acidic pH agrees better with the
Gompertz model and this may be attributed to the enhanced solubility
of saquinavir in acidic pH [36]. The Baker–Lonsdalemodel that is associ-
ated with the release of a drug from a spherical matrix, is found to be
followed at pH5.5 at which the chitosan exhibits maximum swelling.
3.6. In vitro protein adsorption

One of the challenges for a nanoparticle in in vivo conditions is im-
mune recognition,which is triggered through a process of blood protein
adsorption on the surface of the nanoparticle known as ‘opsonization’.
The influence of saquinavir loading on the protein adsorption properties
of chitosan nanoparticles was determined and the results are shown in
Fig. 4. When the chitosan nanoparticles were incubated in fetal bovine
serum for 12 h, the amount of protein adsorbed on the blank chitosan
and the saquinavir loaded chitosan nanoparticles was 84% and 67% re-
spectively. Higher values of protein adsorption for blank chitosan arise
mainly due to its cationic charge that easily interactswith the negatively
charged proteins in the serum, especially albumin [37]. Thus it is evident
that chitosan will be easily recognized by the immune system in vivo,
which is in agreement with earlier reports [38]. The magnitude of pro-
tein adsorption on the chitosan surface has a close correlation with its
zeta potential [39]. Higher zeta potential favors greater protein adsorp-
tion as in the case of the blank chitosan. The drug loaded chitosan has
lower zeta potential, which in turn leads to reduced protein adsorption
because of lesser surface charges. As the magnitude of surface charges
are bound to change with pH, it is likely that chitosan nanoparticles
will attractmore proteins in acidic pHwhen comparedwith alkaline pH.
3.7. Cellular uptake using confocal microscopy and flow cytometry

The cellular uptake of chitosan nanoparticles loaded with the fluo-
rescent dye Alexa Fluor 647 was qualitatively assessed using laser scan-
ning confocal microscopy and quantitatively assessed using flow
cytometry (Fig. 5). The confocal images confirm the AF-647 loaded chi-
tosan uniformly distributed in the Jurkat cells both in the cytosol aswell
as in the nucleus thereby confirming efficient delivery of the cargo to
the targeted cells by chitosan nanoparticles. The flow cytometry data
also support the confocal microscopy results with the cells exhibiting
greater than 90% uptake of the chitosan nanoparticles. The superior up-
take of the chitosan nanoparticles by cells may be attributed to the po-
sitive charges on the surface of chitosan that enable it to interact
pH7.4 pH9.0

R2 k R2 k R2

0.3964 2.189 0.9458 2.922 0.9188
0.9682 0.042 0.9914 0.0590 0.9943
0.8780 12.726 0.9602 14.921 0.9798
0.9716 6.541 0.9901 10.225 0.9922
0.9153 0.012 0.9973 0.016 0.9923
0.9864 0.004 0.9201 0.0061 0.9477
0.9992 21.473 0.9950 50.132 0.9972
0.9682 0.006 0.9949 0.0120 0.9973
0.9966 8.6730 0.9704 21.039 0.9814



Fig. 4. Protein adsorption studies for Blank and saquinavir loaded chitosan after 12 h.

Fig. 5. Cell-targeting efficiency of the Alexa Fluor 647-loaded chitosan nanoparticles in Jurkat T-
particles. The gray-filled histogram represents the cells unstained, the dashed line represents th
stained with Alexa fluorophore-loaded (AFL) particles. The percentage of cells stained for the
Fluor 647-loaded chitosan to Jurkat cells. Nuclear staining by Hoechst has been depicted in colo
chitosan and plain saquinavir using Jurkat cell line. Dark bar represents the chitosan nanoparti
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electrostatically with the negatively charged glycoproteins on the cell
surface [40].

The cellular uptake of the drug loaded chitosan and free drug are
shown in Fig. 5C. The cell uptake of the free drug was found to increase
in a dose-dependent manner from 31 to 46%. In comparison, the cell up-
take of the drug loaded chitosan nanoparticles was found to be nearly 2.5
times greater and ranged between 82% and 92% at the same drug concen-
trations. This confirms the finding that saquinavir loaded chitosan nano-
particles exhibit better cell uptake when compared with the free drug.

3.8. In vitro antiviral efficacy

Considering the superior cell targeting properties of the chitosan
nanoparticles, we examined if the nanoparticles could deliver anti-HIV
drugs to target T-cells with a greater targeting efficiency. A superior
drug targeting efficiency could be beneficial by reducing the effective
cells. A) Flow cytometry: cells were treatedwith plain or dye-loaded (300 or 600μg) nano-
e cells stainedwith plain chitosan particles (PC) and the solid black line represents the cells
fluorophore is depicted above the marker. [B] Confocal images showing delivery of Alexa
r blue and the red color represents Alexa Fluor 647 [C] cellular uptake of saquinavir loaded
cles loaded with saquinavir (SQVNP) and white bar represents the plain saquinavir (SQV).

image of Fig.�4
image of Fig.�5


Fig. 6. The viral inhibition profiles of SQV and SQVNP. (A) Jurkat T-cells or (B) CEM-CCR5 cells were treated with six different concentrations of soluble SQV (filled bars) or SQVNP (gray
bars). In the SQVNP treatment, the chitosan concentration was normalized using blank chitosan nanoparticles. Jurkat and CEM-CCR5 cells were infected with NL4-3 and Indie-C1 viruses,
respectively. The secretion of the viral antigen p24 into the mediumwas 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 themagnitude of viral inhibition between two different groups (SQV and SQVNP). Bars
with p b 0.05 and p b 0.01 values represent significant inhibition of viruses in cells treated with SQVNP compared to SQV treatment. The data presented are from one of the two represen-
tative experiments.
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drug dose required for comparable viral inhibition. Additionally, efficient
drug delivery could also minimize the risk of drug resistance. We
used two different molecular clones of HIV-1, NL4-3 and Indie-C1,
representing twomajor genetic subtypes (subtypes B and C, respective-
ly) in these assays and two different cell lines Jurkat and CEM-CCR5
both permissive for the virus as they express the primary receptor
CD4. The Jurkat cells, expressing only the coreceptor CXCR4, but not
CCR5, are permissive for the viral strains such as NL4-3. The Indie-C1
virus with a requirement for the coreceptor CCR5 in contrast cannot in-
fect the Jurkat cells. The CEM-CCR5 cells naturally express CXCR4 and
have been engineered to express human CCR5 on the surface. CEM-
CCR5 cells therefore can be infected by both NL4-3 and Indie-C1 viral
strains. In the assays, we used the Jurkat cells for the proliferation of
NL4-3 and CEM-CCR5 cells for the proliferation of Indie-C1.

The T-cells in plain RPMI medium were first treated with varying
concentrations of soluble SQV or with the nanoparticles loaded with
an equivalent concentration of the drug (Fig. 6). Cells in the group treat-
ed with the nanoparticle were exposed to an equal concentration of
chitosan by using blank chitosan nanoparticles for normalization. Sa-
quinavir is a potent anti-retroviral agent that inhibits the viral protease
efficiently and blocks viral maturation. After 30min of incubation, cells
were infected with 5 ng p24 equivalent of the virus and incubated for
6 more hours. After the infection, cells were washed thoroughly to re-
move residual virus, suspended in complete medium and incubated
under controlled conditions. The amount of the virus secreted into the
mediumwasmonitored every 24h up to 72h and the viral core protein
p24 was quantified using a commercial antigen-capture ELISA kit. The
data obtained at 48h are presented (Fig. 6).

In the absence of the drug, both the viruses proliferated efficiently in
the target cells. In Jurkat cells, 111ng of p24was secreted from theNL4-3
infection in the absence of the drug. Indie-C1 on the other hand secreted
only10 ng of p24 from the CEM-CCR5 cells as expected. The viral clone
Indie-C1 does not proliferate to the same extent as NL4-3 in T-cells.
When the viruseswere treatedwith SQV, therewas a progressive inhibi-
tion in the viral proliferation with increasing drug concentration. Impor-
tantly, SQV delivered to the T-cells through the nanoparticles inhibited
viral proliferation at significantly lower concentrations as compared to
the drug used in the soluble form, as is evident in both the virus-cell sys-
tems employed in the assay. For instance, in the CEM-CCR5/Indie-C1
model, in the presence of 64 ng/500 μl of soluble SQV, 6.25 ng/ml of
p24 was secreted representing 28% of inhibition in viral proliferation.
At the same concentration of the drug delivered as nanoparticle, only
0.96 ng/ml of p24 was secreted representing 82% of inhibition which is
a significantly superior viral inhibition compared to that of the soluble
drug. Comparable results were obtained at other drug concentrations,
other time points (data not shown) and in the Jurkat/NL4-3 model.
Collectively, the data are suggestive of an increased efficiency in drug de-
livery resulting in a significant viral inhibition when SQV was delivered
through the chitosan nanoparticles. The enhanced reduction in the
viral load from 64ng/500μl onwards for the saquinavir-loaded chitosan
nanoparticles may be attributed to their better cell uptake when com-
pared with the free drug.

4. Conclusion

Chitosan nanogels between 10 and 200nmwere prepared using the
ionic gelation technique and 72% encapsulation of the protease inhibitor
saquinavir was achieved. Maximum swelling was observed in acidic
pH where maximum drug release also occurred. The drug loaded
chitosan showed a slight reduction in serumprotein adsorptionwithout
compromising on the cell uptake. The saquinavir loaded chitosan nano-
particleswere found to exhibit superior potency than the free drug even
in nanogram levels. Both strains of HIV – NL4-3 and Indie-C1 - were
found to respond to chitosan containing saquinavir indicating the po-
tency of this system as an effective anti-HIV system.
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