
Advanced Powder Technology 32 (2021) 3161–3173
Contents lists available at ScienceDirect

Advanced Powder Technology

journal homepage: www.elsevier .com/locate /apt
Original Research Paper
Construction and characterization of a novel Tenofovir-loaded PEGylated
niosome conjugated with TAT peptide for evaluation of its cytotoxicity
and anti-HIV effects
https://doi.org/10.1016/j.apt.2021.05.047
0921-8831/� 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: A_bolhasani@pasteur.ac.ir (A. Bolhassani), h_bakhshandeh@

pasteur.ac.ir (H. Bakhshandeh).
Maryam-Sadat Yadavar-Nikravesh a,b, Saeedeh Ahmadi a, Alireza Milani b, Iman Akbarzadeh a,c,
Mehdi Khoobi d,e, Rouhollah Vahabpour f, Azam Bolhassani b,⇑, Haleh Bakhshandeh a,⇑
aNanobiotechnology Department, New Technologies Research Group, Pasteur Institute of Iran, Tehran, Iran
bDepartment of Hepatitis, AIDS and Blood Borne Diseases, Pasteur Institute of Iran, Tehran. Iran
cDepartment of Chemical and Petrochemical Engineering, Sharif University of Technology, Tehran, Iran
dDepartment of Medicinal Chemistry, Faulty of Pharmacy, Tehran University of Medical Science, Tehran, Iran
eBiomaterials Group, Pharmaceutical Science Research Center, The Institute of Pharmaceutical Science (TIPS), Tehran University of Medical Science, Tehran, Iran
fDepartment of Medical Lab Technology, School of Allied Medical Sciences, Shahid Beheshti University of Medical Sciences, Tehran. Iran

a r t i c l e i n f o
Article history:
Received 7 January 2021
Received in revised form 1 April 2021
Accepted 25 May 2021
Available online 31 July 2021

Keywords:
Tenofovir
Niosome
TAT
PEGylation
Anti-Scr HIV
a b s t r a c t

In recent years, nanocarriers have become potent drug delivery system candidates, especially in anti-HIV
therapies. Meanwhile, using cell-penetrating peptides such as TAT for improvement of cellular transporta-
tionhas beenwidely noticed. In the current study, a novel PEGylated niosomal formulation (PEG-NI) loaded
with an anti-HIV drug (Tenofovir) has been prepared by using thin-filmhydrationmethod based on choles-
terol and Span 60 surfactant. Then, the TAT peptide was incorporated into optimized PEGylated niosome.
Further morphological and in vitro studies were performed by TAT conjugated (TAT-NI1) and PEGylated
niosomes. The average size, polydispersity index and encapsulation efficiency of Tenofovir-loaded TAT-
NI1 were 208 ± 9.004 nm, 0.39 ± 0.008 and 75 ± 2.516%, respectively. The cytotoxicity effects of TAT-NI1
andPEG-NI niosomeswere analyzedbyMTTassay in comparisonwithTenofovir. The IC50of PEG-NI, empty
PEG-NI, TAT-NI1, free Tenofovir and TAT peptide were 65.41, 37.04, 41.02, 43.07, and 37.12, respectively.
Furthermore, the inhibitory effects of samples against the HIV infected HeLa cells were evaluated. The
results displayed a higher cytotoxicity, lower anti-Scr HIV effect and improved Tenofovir release profile
for TAT-NI1 in comparison with PEG-NI. Overall, this study revealed that PEGylation is a superior alterna-
tive rather than TAT conjugation in anti-HIV drug delivery systems.
� 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights reserved.
1. Introduction

The human immunodeficiency virus type 1 (HIV1) is a lentivirus
and an example of genus retroviruses which targets the CD4 + lym-
phocytes. Theoretically, acquired immunodeficiency syndrome
(AIDS) occurs when the blood CD4 count drops below 200 cells/
lL [1,2]. The reports showed that in 2019 about 38 million individ-
uals were infected by HIV in which is increased by 1.7 million peo-
ple annually [3]. Early diagnosis and treatment of patients would
prevent HIV transmission and increase their lifespan from 1 year
to over 10 years, recently [4]. Various prevention and therapeutic
strategies have been performed to stop the progression of HIV in
all over the world [5]. HIV is localized and hidden in certain inac-
cessible compartments of the body, such as the CNS where it can-
not be reached by the majority of therapeutic agents easily.
Tenofovir is an HIV reverse transcriptase inhibitor, which is pre-
scribed as first-line AIDS therapy. The low toxicity, long plasma
half-life of about 17 h, and convenient dosing of 300 mg per day
of Tenofovir made it favored in HIV/AIDS-burdened countries.
Although Tenofovir has hydrophobic nature (log p: 1.25) but its
penetration against the biological barriers is low (about 25%) [6,7].

Particles are used as an active or inactive pharmaceutical ingre-
dient in drug formulation, so powder technology is occupied to
design enhanced solid dosage forms based on the properties of
their particles. Consequently, small sized like Nano or micro sized
particles have prominent role in particle technology‘s perspective
[8]. Nanoparticle-based drug delivery systems have led to efficacy
improvement, toxicity reduction, sustained release provision and
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Table 1
RSM experimental parameters and levels for preparation of nanoparticles.

Independent variable levels

Low Medium High

X1 = Molar ratio of lipid/drug 10 15 20
X2 = Molar ratio of Span 60/Cholesterol 0.5 1 2
Dependent variable Constraints
Y1 = Particle size Minimum
Y2 = PDI Minimum
Y4 = EE Maximum
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bioavailability enhancement of drugs to treat chronic human dis-
eases. Niosomes are the nanocarrier systems based on the self-
assembly of cholesterol and non-ionic surfactants. Niosomes are
more stable and cheaper in contrast with liposomes that can deli-
ver different types of drugs including synthetic or natural active
ingredients which is due to the usage of non-ionic surfactants
[9–14]. Niosomes are biodegradable and biocompatible, which
can increase gastric absorption, improve shelf life, reduce the tox-
icity of drugs and also can be functionalized for targeted drug
delivery. Targeted nanodrug delivery systems can deliver nanocar-
riers specifically via adsorption or surface ligand attachment to the
targeted organs, thereby they can expand the therapeutic window,
accumulate drug in the targeted organ and improve drug bioavail-
ability [15,16]. PEGylation of nanocarriers can prevent carriers
binding to plasma proteins and removal by RES, so they can pro-
long circulation time and accumulate nanocarriers in infected tis-
sue via enhanced permeability and retention time (EPR effect).
Also, by means of PEGylation on the surface of nanoparticles, the
hydrophobicity can be changed, targeted delivery achieved and
controlled drug release will be generated. Moreover, PEGylated
nanocarriers can be easily functionalized to conjugate various tar-
geting moieties for the efficient delivery of drugs to the target cell
[17–19]. DSPE-PEG-Maleimide is a commercially available PEGy-
lated lipid that has been widely used for preparation of targeted
lipid-based drug delivery systems such as niosomes which is due
to its coupling efficiency and stable covalent bond with ligands
containing thiol group like antibodies and cell-penetrating pep-
tides (CPPs) [20–22].

Cell-penetrating peptides, as a class of short peptides with cell
membrane translocation properties, are widely used for delivery
of various types of cargoes such as small molecules, proteins, MABs
and nucleic acids across the biological membrane especially blood-
brain barrier efficiency (BBB) [23]. This process of traversing the
cell membrane is termed protein transduction and is usually con-
fined to a domain of <20 amino acids, designated as the protein-
transduction domain (PTD) [24]. One example of well-known CPP
is cationic TAT peptide (AYGRKKRRQRRR) which is the basic region
of the trans-activating transcriptional activator protein from HIV-1
and it is essential for viral replication. Furthermore, this peptide is
well-known due to its non-immunogenicity and low cytotoxicity
properties [25]. Also, this CPP can improve different nanocarriers
transportation across biological barriers via energy independent
pathway, such as the blood-brain barrier so it can be taken up by
brain infected cells [26,27].

Design of experiment (DOE) is a statistically tool which pro-
vides a study for investigation of most critical promoters and their
impact on formulation of nanoparticle with ideal attribute via at
least experiment and cost. One example of DOE study is Response
surface methodology (RSM) which can effectively optimized
nanoparticle formulation process. In this regard, the relationship
of multifactor on response variables is considered [28–32]. The
study aimed to investigate the inhibitory effect of TAT peptide con-
jugated niosome on Scr HIV replication for the first time. Opti-
mized PEGylated noisome which was loaded with Tenofovir,
prepared based on the optimum molar ratio of Span 60 to choles-
terol and drug to lipid and then functionalized by TAT cell-
penetrating peptide. Optimum condition obtained by Response
surface methodology (RSM). Accordingly, physicochemical proper-
ties such as mean size, PDI and encapsulation efficacy were ana-
lyzed. The in vitro drug release profile, cytotoxicity, and anti-Scr
HIV activity of empty PEGylated niosome (empty PEG-NI),
Tenofovir-loaded PEGylated niosome (PEG-NI) and Tenofovir-
loaded TAT conjugated niosome (TAT-NI1) was studied. Cellular
uptake of optimum Tenofovir-loaded TAT conjugated noisome
was evaluated by confocal electron microscopy.
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2. Materials and methods

2.1. Chemicals

Tenofovir was received as a gift from Bakhtar Bioshimi Co.
Sorbitan monostearate (Span 60), Cholesterol, Chloroform,
Methanol, Phosphate buffer solution (PBS), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (mPEG2000-DSPE) were purchased from Lipoid
(Ludwigshafen, Germany). 1, 2-distearoyl-sn-glycero-3-phosphoetha
nolamine-N-[maleimide (polyethylene glycol)-2000] (ammonium
salt) (Mal-PEG2000-DSPE) was obtained from Avanti Polar Lipids
(Alabaster, AL), Cys-TAT peptide was received from bio basic. Iodine
powder, TLC silica gel and Amicon filter (Ultra-15-Membrane,
MWCO 3000 and 30000 Da) were bought from Sigma Aldrich (St.
Louis, Missouri, United States). Dialysis membrane (MWCO
12000 Da) and MTT (Methyl thiazolyl diphenyl-tetrazolium
bromide) were obtained from Sigma Aldrich (USA). Medium
RPMI-1640, DMEM (Dulbecco’s Modified Eagle Medium) and
Penicillin/Streptomycin (PS) were purchased from Gibco, (USA).
P24 assay kit was obtained from Abcam, USA. Deionized water
was used as an aqueous medium.

2.2. Synthesis of TAT conjugated DSPE-PEG

DSPE-PEG2000-Maleimide was reacted with Cys-TAT peptide
(1:1.5 M ratio) in chloroform/methanol (2:1 v/v) under Argon
atmosphere at room temperature and stirring condition for 48 h.
The coupling reaction was traced by thin-layer chromatography
with a mobile phase of chloroform/methanol/deionized water/
NH3 (83: 12: 2.3: 2.3 v/v) as well as iodine vapor exposure after-
ward. After the disappearance of the DSPE-PEG-Mal spot on the
TLC, the organic solvent was evaporated by a rotary evaporation
procedure. For removing a trace amount of excess Cys-TAT, the
resulting thin film was hydrated in PBS (pH 7.4) and filtrated with
Amicon ultrafilter (MWCO 3000 Da). Then the supernatant was
evaporated under vacuum condition, freeze-dried and stored at
�20 �C until noisome preparation step. Formation of the conjugate
was confirmed by H NMR and FTIR [33–37].

2.3. Design of the experiments and formulation optimization using
RSM

Response surface methodology is widely used in order to inves-
tigate the effective preparation parameters in the optimization of
nanoparticles. Accordingly, two-factors (molar ratios of Span 60/
Cholesterol and Lipid/Drug) and their levels were represented in
Table 1. These levels were defined by literature review and screen-
ing study [34–48]. The effect of these variables was examined on
the mean size (nm), polydispersity index (PDI) and entrapment
efficiency (EE). The optimum formulation was selected based on
the minimum size and polydispersity index range of the niosomes
and the maximum range of entrapment efficiency.Table 2.



Table 2
Design of experiments using response surface methodology (RSM) to optimize the
niosomal formulation of Tenofovir.

Sample ID lipid/drug
(Molar ratio)

Span 60/Cholesterol
(Molar ratio)

Molar composition1 (%)

PEG-NI1 0.5 2 9.1:28.8:57.6:4.5
PEG-NI 2 0.5 1 9.1:43.2:43.2:4.5
PEG-NI 3 0.5 0.5 9.1:57.6:28.8:4.5
PEG-NI 4 2 2 4.7:30.3:60.5:4.5
PEG-NI 5 2 1 4.7:45.4:45.4:4.5
PEG-NI 6 2 0.5 4.7:60.5:30.3:4.5
PEG-NI 7 1 2 6.2:29.8:59.6:4.5
PEG-NI 8 1 1 6.2:44.6:44.6:4.5
PEG-NI 9 1 0.5 6.2: 29.8:59.6:4.5

1: Molar composition of Tenofovir: Cholesterol: Span 60: DSPE-PEG-PE in percent.
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Design-Expert� V10.0.1 software (Stat-Ease, Inc., Minneapolis,
MN, USA) was used for the experimental designs and the regres-
sion analysis of the experimental data. The significance of the data
was evaluated using ANOVA. Many perturbations and three-
dimensional (3D) surface plots were drawn to illustrate the effects
of the factors on the responses. The significance and the impor-
tance of the variable‘s effects and their interactions were deter-
mined by using probability value (p value). The fitness of the
model was checked by the coefficient of determination (R 2) and
signal to noise (F-test) for ANOVA [49].
2.4. Preparation of Tenofovir-loaded niosomes

Nanoparticles were prepared by thin-film hydration method
using rotary evaporator. The synthesized niosomes included in this
study were PEGylated niosome (PEG-NI) and TAT conjugated nio-
some (TAT-NI) which were loaded with Tenofovir. In order to
achieve the optimized formulation of Tenofovir-loaded PEGylated
niosome, different amounts of Span 60, cholesterol and Tenofovir,
which were obtained by RSM, (the molar ratio of lipid/drug were
10, 15, 20 and span 60/cholesterol were 0.5, 1 and 2) and constant
molar percent of DSPE-PEG-PE (4.5%), were dissolved in an organic
solvent (chloroform, 10 ml), followed by evaporation of chloroform
using a rotary evaporator (120 rpm, 60 �C, 30 min). Then, the dried
thin films were hydrated using the PBS (pH7.4) at 37 �C for 60 min.
Finally, the samples were sonicated for 3 min via probe sonicator in
ice bath to obtain niosomes with uniform size distribution.

The ingredient molar composition of optimized PEG-NI is repre-
sented in Table 3 (the molar percent of Tenofovir, Cholesterol, Span
60 and DSPE-PEG-PE were9.1, 45.6, 41.1 and 4.2percent
respectively). This formula was used for the TAT-NI niosomes
formulation. Accordingly, 3 different molar compositions of
Table 3
Different molar composition of optimized Tenofovir-loaded PEGylated niosome.

Sample ID lipid/drug
(Molar ratio)

Span 60/Cholesterol
(Molar ratio)

Molar
composition1 (%)

PEG-NI 10 0.9 9.1:45.6:41.1: 4.2

1: Molar composition of Tenofovir: Cholesterol: Span 60: DSPE-PEG-PE in percent.

Table 4
Different molar composition of TAT of functionalized noisome.

Sample ID lipid/drug(Molar ratio) Span 60/Cholesterol (Molar ratio)

TAT-NI1 10 0.9
TAT-NI2 10 0.9
TAT-NI3 10 0.9

1: Molar composition of Tenofovir: Cholesterol: Span60: DSPE-PEG-PE: DSPE-PEG-TAT i
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DSPE-PEG-TAT, DSPE-PEG-PE, Span 60, Cholesterol, and Tenofovir
were used for TAT-NI niosomes preparation (Table 4) [24]. After
physical characteristics investigation of TAT-NI niosomes (encap-
sulation efficiency, mean particle size, Poly disperse index and zeta
potential), the best one (TAT-NI1; the molar percent of Tenofovir,
Cholesterol, Span 60, DSPE-PEG-PE and DSPE-PEG-TAT was
9.1:45.6:41.1:2.3:2.3) were lyophilized with a cryo-protectant
and stored at �20 �C for further characterization studies.

2.5. Characterization of Tenofovir-loaded niosomes

2.5.1. Encapsulation efficiency (EE)
The encapsulation efficiency (EE) of formulations was evaluated

by the ultrafiltration method. The solution containing drugs loaded
niosomes was ultra-filtered at 4000�g for 20 min using an Amicon
Ultra filter (MWCO 30,000 Da). During filtration, the Tenofovir con-
taining niosomes remained in the top chamber and free drugs
moved through the filter membrane. The concentration of each
drug was measured by UV visible spectroscopy (JASCO V-530,
Japan) at a wavelength of 270 nm. The entrapment efficiency per-
cent was calculated by using the following equation.

EncapsulationEfficiency %ð Þ ¼ ½ðA� BÞ=A� � 100 ð1Þ
Where A is the amount of initial drug entrapped into the nioso-

mal formulations and B is the amount of free drug passed through
the membrane.

2.5.2. Size distribution and polydispersity index
Mean size and polydispersity index (PDI) of freshly hydrated

niosomes were examined by Zetasizer Nano ZS at 25 �C, using a
45 mm focus lens and a beam length of 2.4 mm (Malvern Instru-
ment ltd. Malvern, UK). Zeta potential was measured to evaluate
the surface charge on the functionalized and optimized niosomes
and functionalized niosome stability [50]. 1 ml of the sample was
tested in a polystyrene cuvette. Three independent measurements
were conducted and the results were reported as mean ± SD (see
supplementary information, Fig. S1).

2.5.3. Morphological study
The morphology of the best sample was determined by scan-

ning electron microscopy (SEM). In this regard, 500 ml of lyophi-
lized Tenofovir-loaded TAT-NI1 were diluted in 2 cc deionized
water and then 5 ml of the sample was loaded on a glass slide
and dried overnight. The sample was coated with gold particles
of 100 Å for 3 min under Argon atmosphere using a sputter in a
high vacuum evaporator. Then it was visualized in a FE-SEM (volt-
age of 15 kV and current of 0.5 mA; FEI Nova NanoSEM 450
Bruker X Flash 61 10) To notice the size and shape of the
nanoparticles.

2.5.4. Fourier transform infrared spectroscopy (FTIR)
FTIR analysis was performed to confirm the conjugation of pep-

tide to lipid and drug-carrier interaction. So FTIR spectra of pure
Tenofovir disoproxil fumarate (TDF), Span 60, Cholesterol,
Tenofovir-loaded TAT-NI1 and empty TAT-NI1 were recorded and
scanned in the region between 4000 cm�1 and 400 cm�1 and res-
DSPE-PEG-PE/DSPE-PEG-TAT(Molar ratio) Molar composition1 (%)

1 9.1:45.6:41.1:2.3:2.3
0.5 9.1: 45.6:41.1:5:3
2 9.1: 45.6:41.1:3:1.5

n percent.
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olution of 0.5 cm�1 by using Perkin Elmer Spectrum FTIR spec-
trophotometer version 10.03.06, USA.

2.5.5. Differential scanning calorimetry (DSC)
Empty and Tenofovir-loaded TAT-NI1 were dried before DSC

analysis by using a freeze drier. 5 mg of each sample were sealed
in an aluminum pan and then analyzed under nitrogen atmosphere
with a heating range from 30 �C to 300 �C with a scanning rate of
10 �C/min. The baseline was recorded with a blank aluminum pan
as a Ref. [51].

2.5.6. Confocal electron microscopy
Cellular uptake of TAT conjugated model drug-loaded niosome

was evaluated with confocal laser scanning microscopy. Accord-
ingly, 105 HeLa cells/mL were seeded in DMEM medium with FBS
10%, on 20 � 20 mm coverslips overnight. Then HeLa cells were
treated with 1 ml Nile red loaded TAT-NI1 which was diluted with
1 ml DMEMmedium and incubated at 37 �C for 16 h. the cells were
washed three times with 1 ml PBS 10% and fixed with 4%
paraformaldehyde (PFA) for 4 min at room temperature. Then
the HeLa cells were stained with coumarin-6 to stain plasma mem-
brane and imaged by a laser scanning confocal electron micro-
scope. [52]

2.5.7. In vitro drug release
Sustained drug release is an important property of nanoscale

drug delivery systems that will minimize the side effects of the
drug [53]. For evaluation of the drug release pattern of PEG-NI,
TAT-NI1 and free Tenofovir, the dialysis method was used [54].
Accordingly, free drug, the lyophilized PEG-NI and TAT-NI1 were
dispersed in 1.5 ml PBS (pH 7.4), and then were dialyzed against
15 ml PBS (pH 7.4) for a total period of 72 h at 37 �C on a mag-
netic stirrer. The released drug in 1 ml aliquots at specific inter-
vals (0.5, 1, 2, 4, 6, 24, 48 and 72 h) was analyzed by UV
spectrophotometer at a wavelength of 270 nm [54,55]. The cali-
bration curve was plotted over concentration range of 10–100
ϻg/ml (supplementary information, Fig.S2.) and the proposed
method was validated for precision, accuracy, linearity, limit of
detection (LOD) and limit of quantitation (LOQ) (supplementary
information, Table S1).

2.5.8. MTT assay
3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bro-

mide (MTT) assay were used to determine the cytotoxicity of the
niosomal formulations. Hela cells (104 cells/well) were seeded in
96-well plate in a volume of 100 ml and cultivated for 24 h at
37 �C. After replacement with fresh medium (DMEM medium with
FBS 10%), cells were treated with the pure drug, drug-loaded
PEG-NI, TAT-NI1, Empty PEG-NI and free TAT peptide at different
concentrations (Table 8) for 48 h. Then, 200 ml of 0.05 mg/ml
MTT solution was added and incubated for 4 h at 37 �C. The media
were removed and replaced with isopropanol and incubated for
15 min at 37 �C. Finally, UV adsorptions were analyzed by UV ELISA
reader at 570 nm wavelength [56]. The effects of cell cytotoxicity
were determined by Eq. (2).

ODtest � ODcontrol
ODcontrol

� 100 ð2Þ
2.5.9. The inhibitory effects of drug-loaded niosomes on HIV- 1
replication

The anti-Scr HIV activity was measured by using single-cycle
replication assay. Briefly, single cycle replicable HIV virions
(Scr HIV) were generated as Zabihollahi, Rezvan reported [57].
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Then, HEK-293 T cells were seeded in a 6-well plate and trans-
fected with three different plasmids (pSPAX2, pMD2G plasmids
and pmzNL4-3) by using Turbofect transfection reagent (Fermen-
tas). Viral supernatants were cultured for 24, 48 and 72 h after
transfection procedure, then centrifuged at 10,000�g for 10 min,
and filtered via 0.22 lm filters. Virions were stored at �70 �C
and infectious titers were determined by the ELISA method [58].
To investigate the anti-Scr HIV effect of Tenofovir, PEG-NI, Empty
PEG-NI, TAT-NI1 and Cys-TAT peptide, Hela cells were seeded
and incubated into the 6-wells plate (5 � 105 cells per well, 18hr
at 37 �C), and then, HIV virions were added to each well (600 ng
P24/well) and incubated for 5hr at 37 �C. After the removal of extra
free virions by fresh medium (DMEM medium with FBS 10%),
200 ml of infected HeLa cells were added to each well of the 96-
well plate. Then, 100 ml of different treatments (0.15, 0.75, 1.25,
5 and 10 mM) were loaded to each well and incubated for 72 h at
37 �C. In order to investigate P24 load of supernatant (it is a struc-
tural protein of HIV and a significant marker of viral infection), a
P24 capture ELISA kit (Biomerieux) was applied based on the ELISA
kit́s protocol. The UV absorbance was evaluated at 490 nm and the
HIV inhibitory rate was measured by Eq. (3).

AverageP24wasproductedbytreatment�AverageP24wasproductedbycontrol
AverageP24wasproductedbycontrol

�100

ð3Þ
2.5.10. Statistical analysis
Design-Expert version 8.0 was used for experimental design

and its statistical analysis. All experiments were done in three
independent experiments. For MTT assay, anti-Scr HIV efficacy
and in vitro drug release, the graphs were plotted using Graph
Pad Prism version 8.3.0. All data were reported as mean ± SD and
were statistically analyzed using one-way analysis of variances
(ANOVA) followed by the post-Tukey test. The p-value < 0.05 was
considered as a significant difference.

3. Results

3.1. Characterization of functionalized DSPE-PEG2000-Maleimide

Thin-layer chromatography (TLC) was used for primary identifi-
cation of reaction completion and DSPE-PEG2000-TAT formation
(Fig. 2C-F). As shown in (Fig. 1B), the disappearance of the DSPE-
PEG2000-Maleimide spot from the reaction mixture was con-
firmed by iodine vapor.

The H NMR and FTIR spectra of DSPE-PEG2000-Maleimiede and
DSPE-PEG2000-TAT were shown in Fig. 1C-F. In the FTIR spectra of
DSPE-PEG2000-MAL (Fig. 1C), a weak C@O stretch band at
1686.21 cm�1, and an NAH stretch band at 3600–3200 cm�1 were
found which may be responsible for the amide groups in DSPE-
PEG2000-MAL. The intensity of the two bands in the spectrum of
DSPE-PEG2000-TAT were remarkably enhanced (Fig. 1D), which
should be due to the increased number of amide groups compared
with DSPE-PEG-MAL. The results suggested that the TAT peptide
had been conjugated to DSPE-PEG-MAL in the H NMR spectrum
of DSPE-PEG2000-TAT (Fig. 1F). The Maleimide had a characteristic
peak at 6.7 ppm (Fig. 1E). This peak disappeared in the H NMR
spectrum of DSPE-PEG2000-TAT and two characteristic peaks at
(5–5.5) ppm were observed (Fig. 1F). According to the results, it
can be suggested that thiol group of Cys-TAT had completely
reacted with the Maleimide group of lipids. As illustrated in
Fig. 1E and F, the characteristic resonance peak of 7.400 ppm was
the solvent residual peak and the characteristic peaks of PEG



Fig. 1. DSPE-PEG2000-TAT Peptide characteristics; Schematic representation of TAT peptide conjugation to DSPE-PEG2000-MAL lipid (A) DSPE-PEG-TAT TLC (B) FTIR spectra
of DSPE-PEG2000-MAL (C) FTIR spectra of DSPE-PEG2000-TAT (D) H NMR spectra of DSPE-PEG2000-MAL (E) H NMR spectra of DSPE-PEG2000-TAT (F).
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(3.600 ppm) and the methylene protons peaks of DSPE (1.200 ppm)
were shown too.

3.2. Formulation optimization

Response surface experimental design was used to indicate the
effect of preparation variables on noisome characteristics as parti-
cle size, PDI and EE. The observed results are listed in Table 5.
Accordingly, all of them had negative charges, the particle size of
150–231 nm, PDI about 0.3 and EE% of 55–89. Also, the niosomes
loaded with Tenofovir exhibited similar particle sizes and narrow
particle size distributions.

Response data of all formulations were fitted to the quadratic
model as suggested via Design-Expert� software. Quadratic models
correlating the relationship between the factors and responses
were made and shown below:

Y1 = 227.00 – 12.84 X1 – 18.57X2 – 5.69 X1 X2– 23.06 X1
2– 52.16

X2
2

Y2 = 0.27 – 0.023 X1 – 0.022 X2 + 0.016 X1 X2 + 0.037 X1
2– 0.052

X2
2

Y3 = 82.12 – 10.33 X1 – 1.67 X2 + 2.25 X1 X2– 6.07 X1
2– 16.07 X2

2

(Y1 = mean size, Y2 = PDI, Y3 = EE, X1 = molar ratio of lipid/drug
and X2 = molar ratio of Span 60/Cholesterol)

Accordingly, Y1 and Y2 were settled at minimum and Y3 at max-
imum level, while X1 and X2 are within the obtained range. The sta-
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tistical validity of models was determined by the ANOVA in the
Design Expert �software. The ANOVA results for three responses
is presented in Table 6. The results are represented in Fig. 2 as
response surfaces (3D) and contour plots too.

Response surface graph of Y1 (Fig. 2A) shows that the particle
size of niosome was reduced by increasing X1 and X2. In addition,
the response surface graph of Y2 (Fig. 2B) indicates that PDI of PEGy-
lated niosomes (PEG-NIs) was enhanced by decreasing X1 and X2. In
the Response surface graph of Y3, an inverse relationship displays
between dependent factors and encapsulation efficiency (Fig. 2C).

According to ANOVA results (Table 6), the determination coeffi-
cient (R2) for mean size and EE models were larger than 0.8. It indi-
cates that over 80% of the variation in the responses could be
explained by the developed models. The ANOVA result for the
PDI model was above 0.6. When The ‘‘p” value of the models is
lower than 0.05, the model term are meaningful. So for Y1 and Y3

the model terms were significant but for Y2 was insignificant.
F-values of model responses for mean size, PDI and EE were 8.06,
2.16 and 10.29, respectively which demonstrated that the lack of
fit of both models was not significant relative to the pure error.

The optimized formulation was achieved at X1:10, X2:0.9 with
the corresponding desirability (D) value of 0.867. This factor level
combination predicted the responses Y1:217 nm, Y2:0.335, Y3:86%
(Table 7). The optimized formulation (PEG-NI) was prepared three
times for evaluation and indicating the success of the design.



Fig. 2. Response surface and its Contour plot shows effect of X1 and X2 on vesicle size (A) Response surface and its Contour plot shows effect of X1 and X2 on PDI (B))
Response surface and its Contour plot shows effect of X1 and X2 on EE (C).
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3.3. Characterization of optimum formulation

3.3.1. Physicochemical characterization
Table 8 is representing the physicochemical properties of

different formulations of drug-loaded TAT conjugated niosomes
including size, PDI and encapsulation efficacy. As shown, all sam-
ples had negative charges, mean size of 199–208 nm, PDI about
3166
0.39 and EE above 70 percent. These TAT-NIs formulations exhib-
ited almost similar mean sizes and narrow particle size distribu-
tions. The mean size of TAT-NI formations were slightly
increased in comparison with PEG-NIs. After TAT conjugation on
the surface of PEG-NI niosomes, the zeta potential has decreased
from around �3 to �5.85 mv. This result would prolong the
niosome circulation time.



Table 5
Observed RSM response for Tenofovir-loaded PEGylated niosome.

Sample ID Mean size (mm) PDI EE (%)1

PEG-NI1 148.1 0.20 69
PEG-NI2 222 0.37 89
PEG-NI3 175.9 0.30 69
PEG-NI4 131.2 0.20 57
PEG-NI5 156 0.29 60
PEG-NI6 181.8 0.24 48
PEG-NI7 143.4 0.25 55
PEG-NI8 231.4 0.26 83
PEG-NI9 176.4 0.24 74

1: Encapsulation Efficiency percent.

Table 6
ANOVA result for four responses.

Response p-value R square(R2) F-value

Y1(particle size) 0.01 0.85 8.06
Y2(PDI) 0.17 0.60 2.16
Y3(EE) 0.00 0.88 10.29

Table 7
The predicted and observed responses after RSM optimization.

Source Mean size ± SD (nm) PDI ± SD EE(%) ± SD

predicted 217 0.33 86.00
observed 154.8 ± 2.6 0.262 ± 0.032 71.00 ± 0.01

Table 8
Physicochemical characterization of Tenofovir-loaded TAT conjugated niosomes.

Sample ID Z-average size (nm) PDI Zeta potential(mv) EE (%)

TAT-NI1 208.9 0.39 �5.85 75
TAT-NI2 217.4 0.40 �2.59 70
TAT-NI3 199.4 0.41 �3.47 72
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The encapsulation efficiency percent of TAT-NI1 were better
than TAT-NI2 and TAT-NI3 leading to its selection for further mor-
phology investigations and cell study.
3.3.2. Morphology evaluation
Based on SEM image shown in Fig. 3, the obtained formulation

of TAT-NI1 was possessed spherical shape with no visible
aggregation. Also the niosome mean particle size was in the suit-
able range and similar to the size captured by DLS.
Fig. 3. Scanning electron microscopy of Ten
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3.3.3. Cellular uptake
The HeLa cells were stained with fluorescent dye, Nile Red-

loaded niosomewith similar composition to confirm that the devel-
oped formulation could penetrate the cell membrane. As shown in
Fig. 4C, D, the HeLa cells were well stained by the Nile Red-loaded
niosomes and the niosomes located near the nuclei of the cells.
3.3.4. Drug-carrier interactions
The FT-IR spectra of the TAT conjugated niosomes indicated the

successful formation of niosome (Fig. 5A-C). The NAH stretching
vibration was shown in the region of 3470 cm�1 that is due to
the functional group of TAT peptide. The strong characteristic band
in the region 3414 cm�1 was due to the existence of the OH
stretching vibration of the cholesterol and Span 60 molecules.
The C@O stretching vibration was observed at 1640 cm�1 that
was indicative of Span 60, DSPE-PEG-TAT and DSPE-PEG-PE. In
addition, the intense band at 2920 cm�1 was assigned to the
CAH stretching vibration of DSPE-PEG-TAT and DSPE-PEG-PE.
The band in the region 1083 cm�1 was due to the CAO stretching
vibration of DSPE-PEG-TAT, DSPE-PEG-PE, Span 60 and Tenofovir.
The FTIR of Tenofovir-loaded TAT-NI1 showed a remarkable
increase in the intensity of bands in 1083 cm�1 and 983 cm�1

which were due to phosphate ester stretching vibration of Teno-
fovir disoproxil fumarate [59].

Cholesterol showed an endothermic peak at 150 �C in DSC ther-
mograms. Tenofovir and Span 60 thermograms showed a strong
endotherm around 170 �C and 55 �C corresponding to their melting
points. Fig. 5D shows DSC thermograms of empty and Tenofovir-
loaded TAT-NI1. Accordingly, endothermic peaks of cholesterol,
Span 60 and Tenofovir were disappeared and two similar peaks
were shown around 37 �C belonging to empty and Tenofovir-
loaded TAT-NI1 [60].
3.4. Release of Tenofovir from optimum niosomal formulations

Fig. 6A shows the release profile of Tenofovir from a dialysis bag
containing TAT-NI1, PEG-NI and free Tenofovir samples. The
results represented a similar and sustained release manner with
an initial burst release (Fig. 6). TAT-NI1 formulation indicated
slower cumulative drug release percent than PEG-NI under the
same condition. The cumulative release percent of PEG-NI was
95% but for TAT-NI1 was 67.7% within 6 h. After 72 h PEG-NI could
release 100% of Tenofovir while TAT-NI1 released 78% of the drug.
Also, both of Tenofovir release profiles followed the sustained
release in 2 phases, initially rapid release phase, and a subsequent
slow release phase. Basically when the reservoir systems such as
niosomes placed in the release environment, the drug which has
diffused to the external membrane was released immediately
ofovir niosome (TAT-NI1) formulation.



Fig. 4. Confocal images of HeLa cells incubated for 16 h with Nile Red-loaded TAT-NI1 (A-D). Nile Red-loaded TAT-NI1 staining (A, B), overlapped of Nile Red-loaded TAT-NI1
and plasma membrane staining (C, D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and caused the burst release [61]. Also, the subsequent slow
release phase occurred after bilayers degradation [62].
3.5. Physical stability study of Tenofovir-loaded niosomes

Breaking down or aggregation of niosomes during the storage
process could change their shelf time. Therefore, the stability of
TAT-NI1 during the storage was studied at two different tempera-
tures (25 �C and 4 �C) and different time-interval by measuring the
mean size, PDI and % EE of the TAT-NI1 sample. As shown in Fig. 7,
there was a significant increase in mean size and PDI and decrease
in EE of TAT-NI1 overtime at two different storage temperatures.
These results indicated that developed niosomal formulation did
not have physical stability.
3.6. In vitro cytotoxicity study

The cytotoxicity of the optimized Tenofovir-loaded PEGylated
niosome (PEG-NI), Tenofovir-loaded TAT-NI1 (TAT-NI1), free drug,
TAT peptide and empty PEG-NI were investigated by MTT assay on
HeLa cell line after 48 h of incubation (Fig. 8). All of the treatments
exhibited specified dose-dependent cytotoxicity on HeLa cells.
TAT-NI1 showed higher cytotoxicity effect than PEG-NI. The IC50

values of treatments were represented in Table 9 and analyzed
by Graph pad prism 8.3.0 software.
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3.7. Evaluating the inhibitory effects of Tenofovir-loaded niosomes on
HIV-1 replication

The anti-HIV1 efficacy of PEG-NI, TAT-NI1, empty PEG-NI, free
drug and TAT peptide was evaluated at different non-toxic concen-
trations (150, 750, 1250, 5000 and 104 nM) after 72 h incubation on
HIV infected HeLa cells in the presence of HIV virion. Anti-Scr HIV-
1 effects of all treatments displayed a dose-dependent manner
(Fig. 9). Employing both TAT-NI1 and PEG-NI showed stronger
inhibitory effects than free Tenofovir at different doses. TAT-NI
indicated weaker anti-HIV-1 effects than PEG-NI.
4. Discussion

Although extensive researches have been carried out on novel
drug delivery systems to treat and diagnose of wide type of dis-
eases, like HIV, there are limitations including toxicity and unsuit-
able immune responsibility in this field [63,64]. Several strategies
have been suggested to overcome these drawbacks. For example,
PEGylation of nano-based drug delivery systems can reduce the
immunogenicity and enhance the half-life and flexibility of peptide
bindings [38]. The surface targeting approach is another policy for
improving therapeutic effects. For instance, conjugation of TAT
peptide to various cargoes can increase physiological barrier pene-
tration [39]. Therefore, the present study was designed to provide



Fig. 5. FTIR of empty TAT-NI1 and TAT-NI1 (A-C), DSC thermograms of empty TAT-NI1 and TAT-NI1 (D). (Empty TAT-NI1: Empty TAT conjugated niosome, TAT-NI1:
Tenofovir-loaded TAT conjugated niosome).
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an effective Tenofovir drug delivery system based on TAT conjuga-
tion, against HIV-1 infection for the first time. To obtain optimum
niosomal formulation, the influence of various preparation param-
eters must be considered. In this regard, response surface method-
ology was used to improved niosomal formulation with at least
runs. According to earlier researches, particle size was considered
as a major limiting parameter for the characterization of lipid
nanocarriers, which remarkably affects stability, entrapment effi-
ciency, bioavailability, bio-distribution, and drug penetration
[65]. Entrapment efficiency is another limiting parameter for
nanocarriers. Indeed, high Entrapment efficiency led to formatting
(or shaping) niosomes with low total mass and the extensive
amount of drug [66]. The entrapment of hydrophobic drugs such
as Tenofovir in lipid bilayer affects the preparation process
directly. Polydispersity index is another critical attribute that can
indicate size distribution and homogeneity of the dispersions
[67]. According to a much earlier published paper, cholesterol con-
tent had an important effect on niosomal particle size and EE% [68].
While cholesterol enrichment can increase EE by stabilizing the
niosomal membrane and reducing the permeability of the lipid
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bilayer, the exceeding enhancement can disrupt the regularity of
the lipid membrane, compete with the drug for packing within
the bilayer and finally decrease the EE [69]. Also, Non-ionic,
biodegradable and biocompatible surfactants like Spans can affect
the EE and particle size of niosomes [70]. As well as, the interaction
of cholesterol and surfactant in niosomal bilayer can increase the
width of niosomal layer and thus enhance niosomal mean size
afterward [71]. Furthermore, previous researches have shown that
lipid/drug molar ratio can affect both particle size and EE [72].
However, by increasing drug concentration in the lipid bilayer,
the encapsulation efficiency is improved but particle size grows
up. Based on bilayer planar fragments (BPFs) theory, the lipid con-
centration enrichment in the niosomal formation can increase the
number of Small Uni-lamellar Vesicles (SUVs), so it can enrich
the thickness of the niosome and therefore it can elevate the
mean size of niosomes [73]. Accordingly, the molar ratio of Span
60/cholesterol and lipid/drug was selected as an independent attri-
bute in Tenofovir-loaded PEGylated niosome formulation opti-
mization. Based on pointed literature reviews, the particle size,
PDI and EE were selected as dependent features. According to



Fig. 6. Cumulative release profile of free Tenofovir and Tenofovir from Tenofovir
loaded TAT-NI1 and PEG-NI.
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our one-way ANOVA results, lipid/drug molar ratio enhancement
led to niosomal mean size reduction, homogeneity improvement
and encapsulation efficiency decrease. Therefore, by selecting the
lipid/drug molar ratio at the lowest level, we will have bigger nio-
somes. In agreement with previous researches, cholesterol content
can have two different effects on EE. Also, the interaction of Span
and cholesterol has a critical impact on encapsulation efficiency.
Based on our optimization results, the molar ratio of Span 60/c-
holesterol displayed an inverse relationship to Tenofovir encapsu-
lation efficiency. Moreover by reducing this parameter, niosomal
particle size will be increased which this outcome can prove previ-
ous reports. Span 60/cholesterol molar content has a positive effect
on PDI, so increasing this molar ratio can improve the homogeneity
of the niosomal system.

TAT peptide is a cell-penetrating peptide derived from HIV
trans-activator of transcription protein. This cell-penetrating pep-
tide typically has a positive charge which consists of a short stretch
of basic amino acids (protein transduction domain) and can
translocate peptide across the cellular membrane [74]. So, TAT
peptide conjugation can improve the delivery of different types
of therapeutics through the plasma membrane and enhance the
efficacy of treatments afterward. These characteristics depend on
several factors including the nature of targeted tissue. As reported
previously, TAT modification of liposome can improve drug
delivery in the brain and especially glioma tissues while it doesn’t
display any significant delivery enhancement in heart, spleen and
Fig. 7. the effect of storage at different temperatures on mean size (A), PDI (B), and Tenof
Mean ± SD, n = 3, (** p-value < 0.01 and *** p-value < 0.001).
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liver tissue as compared to unconjugated liposome [67]. Actually,
the route of administration has a critical impact on TAT conjuga-
tion efficiency. For example, because of faster kinetic removal of
TAT conjugated delivery system in comparison with unconjugated,
administration via intravenous rout was not an appropriate choice
for TAT conjugated therapeutics [30]. Besides, the efficiency of drug
delivery by TAT modification is dependent on the component of
the nanocarrier. For instance, TAT modification of lipoplex contain-
ing DOTAP surfactant improves gene delivery in 30 M percent
across Cos-7 cells, but reduces delivery efficiency in 50 mol percent
[75]. Also, the PEGylation of liposomes, which is essential for long
circulation time, reduced the uptake efficiency of TAT modified
PEGylated liposome in special molar PEG ratio and PEG length. This
principle lies in the steric effect of the PEG which hindered the
interaction between the nanocarriers with the targeted cells [31].
Based on our study, conjugation of TAT peptide on optimized
PEGylated niosome improved encapsulation efficiency and zeta
potential, so this conjugation could lead to entrap more Tenofovir
molar content by niosomes with higher shelf life. Increasing parti-
cle size and PDI were not considerable. The characteristic peaks of
Tenofovir were disappeared in the TAT-NI1 sample thermogram.
This disappearance proved previous reports and it was due to drug
and niosomal components interaction and Tenofovir incorporation
within the niosomal bilayer [42]. Briefly, TAT-NI1 morphological
studies displayed spherical and homogenous particles without
any aggregation. Also, the DLS method showed a larger mean par-
ticle size while SEM showed a smaller one. This achievement might
be due to the drying process during SEM imaging. In other words,
SEM represented the mean size of dried nanoparticles (measures
the exact diameter of each particle). However, DLS measured the
hydrodynamic diameter that included core plus any molecule
attached or adsorbed on the surface, including ions and water
molecule [67].

In vitro cytotoxicity studies showed higher IC50 for PEG-NI than
free Tenofovir on the HeLa cell line. This can be due to the reduc-
tion in the diffusive uptake process of PEGylated niosome com-
pared to free Tenofovir [42]. Besides, our MTT assay indicated
that the toxic effect of all treatments on the HeLa cell line was
dose-dependent manner. Also, Tenofovir-loaded TAT conjugated
niosome (TAT-N1I) displayed a higher cytotoxic effect than TAT-
unconjugated niosome (PEG-NI) and free drug. This achievement
confirmed the previous researches that indicated toxic nature of
TAT peptide and conjugation of this CPP to cargoes showed a
higher toxic effect than unconjugated forms as explained by the
high affinity of TAT peptide to HeLa cell line, too [76].

Anti-Scr HIV1 investigation of all treatments represented a
dose-dependent manner on the HIV infected HeLa cells. Also, TAT
conjugated (TAT-NI1) and un-conjugated (PEG-NI) niosomal for-
mulation could significantly increase the inhibitory effect of free
Tenofovir against HIV1 virion. Our results illustrated that the
ovir encapsulation efficiency (EE) (C) of the TAT-NI1 sample. Data are represented as



Fig. 8. The cytotoxicity activity of treatments in different doses on HeLa cells after
48hr. The error-bars represent the standard deviation from the mean (N = 3, *** p-
value < 0.001). (Empty PEG-NI: Empty PEGylated niosome, PEG-NI: Tenofovir-
loaded PEGylated niosome, TAT-NI1: Tenofovir-loaded TAT conjugated niosome.)

Fig. 9. Anti HIV-1 Efficacy of treatments in different doses on infected HeLa cell
after 72hr incubation. The error-bars represent the standard deviation from the
mean (N = 3). (Empty PEG-NI: Empty PEGylated niosome, PEG-NI: Tenofovir-loaded
PEGylated niosome, TAT-NI1: Tenofovir-loaded TAT conjugated niosome).

Table 9
The IC50 values were calculated using Graph Pad Prism 8.3.0.

PEG-NI Empty PEG-NI Tenofovir TAT-NI1 TAT peptide

IC50(mM) 65.41 37.04 43.07 41.02 37.12
R2 0.922 0.995 0.978 0.968 0.983
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enhancement of free TAT peptide could decrease the inhibitory
effect of TAT-NI1 in comparison with PEG-NI on HIV infected HeLa
cells. This achievement might be explained by the existence of the
transduction domain of TAT peptide which could support Scr HIV
virion entrance. Therefore, this outcome caused a lower inhibitory
effect for Tenofovir-loaded TAT conjugated niosome rather than
un-conjugated forms. According to the pointed literature reviews,
the TAT conjugation efficiency also might be due to the surfactant
content of PEG molar ratio. The release profile of Tenofovir might
be another reason for low potency of inhibition. According to the
result of release profile, TAT peptide conjugation on the surface
3171
of nanocarrier led to slower cumulative drug release of TAT-NI1
through 72hr in contrast with PEG-NI. It may be reclined in TAT
hydrophilic nature that decorates the surface of niosomal formula-
tion which was loaded with hydrophobic Tenofovir anti HIV drug
(TAT-NI1). Based on the previous studies, TAT conjugation can
enhance nanocarrier internalization through the endocytosis path-
way into Hela cells [77]. On this basis, confocal electron micro-
scopy showed successful uptake for Tenofovir-loaded TAT
conjugated noisome into Hela cells.

5. Conclusion

To date, several studies have proved the benefit of TAT peptide
conjugation in nano-based drug delivery systems. However, the
obtained results in the current study indicated that TAT peptide
conjugated niosome had a lower anti-viral effect than PEGylated
samples. We concluded that the anti-HIV effects of Tenofovir-
loaded niosomes on infected HeLa cells have been enhanced
through PEGylation and TAT peptide conjugation. Furthermore,
TAT peptide niosomal surface decoration could improve the drug
release profile. The current study revealed that this conjugation
could improve Tenofovir encapsulation efficiency and niosomal
shelf life. So, PEGylated niosomal formulation is preferred against
TAT peptide conjugation in anti-HIV cases.
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