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Abstract
Infection with human immunodeficiency virus (HIV)‐1 causes immunological disorders
and death worldwide which needs to be further assisted by novel anti‐retroviral drug
delivery systems. Consequently, finding newer anti‐retroviral pharmaceuticals by using
biocompatible, biodegradable nanomaterials comprising a nanoparticle as core and a
therapeutic agent is of high global interest. In this experiment, a second generation of a
negatively charged nano‐biopolymer linear globular G2 dendrimer was carefully conju-
gated and loaded with well‐known anti‐HIV drugs lamivudine and efavirenz, respectively.
They were characterised by a variety of analytical methods such as Zetasizer, Fourier‐
transform infrared spectroscopy, elemental analysis and liquid chromatography‐mass
spectroscopy. Additionally, conjugated lamivudine and loaded efazirenz with globular
PEGylated G2 dendrimer were tested on an HEK293 T cell infected by single‐cycle
replicable HIV‐1 virion and evaluated using XTT test and HIV‐1 P24 protein load.
The results showed that lamivudine‐conjugated G2 significantly decreased retroviral ac-
tivity without any cell toxicity. This effect was more or less observed by efavirenz‐loaded
G2. These nano‐constructs are strongly suggested for further in vivo anti‐HIV assays.

1 | INTRODUCTION

Human immunodeficiency virus (HIV) has brought about high
rates of mortality, as much as a war fatality, since its start in
1981. Among the populations infected by HIV infection, HIV‐
1 subtype is a common cause of death [1–7]. There are enor-
mous investigations on HIV/AIDS in different databases such
as PubMed, National Institute of Health (NIH) and ISI web of
Knowledge, which are not coherent. The absence of an
effective treatment or an operative vaccine put HIV/AIDS in
the category of impressive medical problems of our era. Anti‐
retroviral medical care such as highly active anti‐retroviral
therapy is still the basic pillar for HIV treatment [3–10]. In
recent years, the development of investigations and applica-
tions in the field of nano‐science has been improved [8].
Brilliant nanoparticles such as gold and silver nanoparticles are
considered the most indicative of nano therapeutic purposes
[9, 10]. Diverse nano particulate‐based anti‐retroviral applica-
tions, for example, gold nanoparticles, chitosan‐based or poly
(lactic‐co‐glycolic acid) (PLGA)‐based even dendrimeric

structures have been part of recent research studies. Their
pharmaceutical advantages are that theyare money saving, they
blend effortlessly, have simple functionalisation, biocompati-
bility/biodegradability as well as an innate non‐poisonous
quality [9, 11–14]. Nanoparticle‐based drug delivery systems
may provide an opportunity to facilitate the eradication of viral
load by delivering anti‐viral drugs for therapeutic purposes
(such as HIV‐infected cells and viral reservoirs) [15–17].

Dendrimerswereoneof thenano‐sizedpolymeric families of
the nanoparticles. Based on their diverse molecular weights,
generations and surface charges, they are divided into threemain
groups:positivelycharged(PAMAM),negativelycharged(anionic
linear globular: G2) and neutralised. The important and useful
features of dendrimers are the presence of suitable space inside
them,which is agoodpositiontoembedvarioushydrophobicand
hydrophilicdrugmolecules.Also, thepresenceofnumerouswell‐
knownfunctionalgroupsat thesurfaceof thesesphericalparticles
converts them into suitable carriers to bind various types of
molecules or different ligands. In this way, they can help with
targetingmedications[18]. Negativelychargeddendrimers,dueto
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their unique properties and surface cellular adsorption, showed
less cellular toxicity as well as higher effectiveness in lower mo-
lecular weight (G2 generation) compared to other groups [19].

Lamivudine is an effective anti‐HIV pharmaceutical that is
used for therapeutic purposes or prevention of HIV/AIDS [1].
Lamivudine was also successfully applied to treat other viral
diseases such as the chronic Hepatitis B virus, while other
applications were not favoured [20]. The effectiveness of
lamivudine against both types of HIV, HIV‐1 and HIV‐2 was
discussed in the literature [20]. Such anti‐HIV pharmaceutical
is generally employed in combination therapy with other anti‐
HIV drugs such as zidovudine and or abacavir [21]. Lam-
ivudine is included as part of post‐exposure prevention in
persons who might be infected with HIV. Lamivudine is
administered orally, with pharmaceutical dosage in the form of
tablet or capsule [1]. Efavirenz, described as benzoxazinone
derivative (2H‐3,1‐Benzoxazin‐2‐one,6‐chloro‐4‐(cyclo-
propylethynyl)‐1,4‐ dihydro‐4‐(trifluoromethyl)‐,(4S)), shows
its anti‐HIV activity by non‐competitive binding to a hydro-
phobic pocket at the HIV reverse transcriptas, which provokes
its conformational changes and leads to diminished enzyme
activity. This drug does not need to be phosphorylated inside
cells and makes a single daily dose viable. The application of
nanoparticles as drug delivery vehicles is in the centre of
attention for the studies on their effectiveness in anti‐HIV drug
delivery such as lamivudine, zidovudine etc. Concurrent use of
nanoparticles like gold or chitosan or PLGA has been signifi-
cantly increased. Such effect may decrease undesirable side
effects such as cell toxicity as well as inefficient delivery of
drugs into the infected cells [4–8]. Considering the desirable
properties of negatively charged second generation PEGylated
dendrimer, such as low cost of synthesis and water solubility
characteristics, we designed for the first time to conjugate such
dendrimeric structures to lamivudine and efavirenz. We char-
acterised their structure and assessed their inhibitory effects on
an in vitro model of HIV as a novel anti‐retroviral cell delivery
system.

2 | MATERIALS AND METHODS

All combinations for the arrangement of integrated nano‐
sedate including Sulfo‐NHS, dimethyl sulfoxide (DMSO), N,
N'‐Dicyclohexylcarbodi (DCC), citrus extract, silver and
polyethylene glycol (PEG) 600 were purchased from Merck,
Germany. The pSPAX.2, pmzNL4‐3 or pMD2.G plasmids
were set up for transfection individually. For sub‐atomic cell
tests, HEK293 cells (human embryonic kidney) were used and
cultured in a Dulbecco's modified Eagle's medium (DMEM)
essential medium and foetal bovin serum (FBS).

2.1 | Synthesis of G2 anionic linear globular
dendrimer

At first, two generations of dendrimers (G1, G2) were prepared
according to the reported method [22]. Briefly, diacid poly
(ethylene glycol) was chlorinated using thionyl chloride (SOCl2)

and reacted with citric acid as the monomer to generate G1.
Then, the G1 was coupled with citric acid to produce G2 with
DCC in the pyridine medium. Subsequently, to purify the syn-
thesised G2 dendrimer, it was run on the Sephadex G‐75 col-
umn (Merck). The G2 solution previously deposited solid
impurities such as DCC on filter paper and was transferred to
the column and the purified solution was collected. This step
was repeated and all the impurities were removed and the pure
G2 dendrimer soluble in water was lyophilised. The G2 den-
drimer structure was approved by verification tests such as
Fourier‐transform infrared spectroscopy (FTIR) and liquid
chromatography–mass spectrometry (LC‐MS) [22].

2.2 | Preparation of drugs (lamivudine and
efavirenz)‐G2 dendrimer combinations

Due to the significantly increased tendency of lamivudine mol-
ecules in the oxygen atoms on the surface of the G2 dendrimer,
the reaction and conjugation between lamivudine and dendrimer
was possible using 1‐ethyl‐3‐[3‐dimethylaminopropyl]carbodii-
mide (EDC), which belongs to a carbodiimide family and sulfo‐
NHS/CaCl2 as catalysts and water resistance agents as well. In
exceptional conditions using isolation and light protection, the
reactant molecules mixture was stirred for at least one week.
Then, the conjugated nanodrug was separated from other free
un‐reactant molecules such as those of lamivudine, EDC and
sulfo‐NHS/CaCl2 by dialysis using 500–1000 KD cut off
(Spectrum Company). During the analyses the final product
(liquid or lyophilised) was lastingly protected from light and air.
The structure of the product was assessed by FTIR, mass
spectroscopy and 1H nuclear magnetic resonance spectrum. It
was also compared with G2 dendrimer data from previous
publications. The size and charge of the nanoconjugate was
assessed as well. The same procedure was performed for the
combination of efavirenz‐G2 dendrimer nanocomposite.
However, all the evaluations confirmed the loading of drug in
the dendrimer and not its conjugation.

2.3 | Stability assessment of the
combinations

The study of drug (lamivudine and efavirenz) release was car-
ried out by dialysis with 500–1000 KD cut off. A certain
amount of each drug combination with the G2 dendrimer
(20 mg) was placed in a separate dialysis bag in a 50 ml PBS
pH = 7.4 on a magnetic stirrer at room temperature. Finally,
the concentration of the drug was measured at 254 nm.

2.4 | Biological studies

2.4.1 | Transfection of the plasmids into the
HEK293 T cell line

Three plasmids, psPAX2, PmzNL4‐3 and pMD2.G, were used
to produce HIV‐1 single cycle replication (SCR) virions
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[23, 24]. They were responsible for encoding the HIV‐1 Gag‐
Pro‐Pol protein, production of proviruses without reverse
transcriptase enzyme and vesicular stomatitis virus G glyco-
protein (VSVG), respectively [25, 26]. The HEK293 T‐cell line
was cultured in a 6‐well plate in DMEM, Sigma with FBS
(15%), penicillin (100 U/ml), streptomycin (100 lg/ml), and
glutamine (2 mmol/L) until it reached the number of
approximately 1.2 � 106 cell/well. In a separate tube, 3 mg of
plasmid mixture was dissolved in 150 μL incomplete culture
medium. Then, 40 μL Lipofectin® reagent was added and
incubated at room temperature for 10 min then mixed with
1 ml of complete medium. Then, the cell culture medium was
replaced with 1 ml of this medium drop by drop. Next, the
plate was incubated at 37°C, 5% CO2. The supernatants were
collected at 24, 48 and 72 h after incubation. The solutions
were mixed and centrifuged for 2 h at 60,000 g 4°C. The
resultant pelleted virions were dissolved in appropriate vol-
umes of RPMI 1640 through delicate blending overnight at 4°
C to stop any incidental infection. Finally, they were evaluated
by the P24 ELISA test (HIV p24 ELISA، BioMerieux, Capture
P24 ELISA) and stored at −70°C for further utilisation [27].

2.5 | Evaluation of the nanodrugs’
effectiveness on cell viability and HIV
replication

The anti‐viral impacts of various concentrations were addi-
tionally tested. HEK‐293 T cells were cultured in 96 well plates
(5 � 103 cell/well). The SCR HIV virions and 600 ng P24 were
added to each well. The nanodrugs and controls (drugs and
vehicle) were added in different concentrations from 100 pM
to 10 µM in triplicate. After 5 h, the wells were washed with
10% DMEM/FBS twice. After that, nanodrugs and controls
were added again. The supernatants were collected after 72 h
of incubation. To evaluate the cellular proliferation and CC50

of the drugs, the XTT assay (Roche) was applied according to
the manufacturer's instruction. The XTT solution was added to
each well (50 μL), and the plate was incubated at 37°C for 4 h.
Then, cell absorptions (O.D) were read by an ELISA reader in
450 nm. Finally, P24 concentration of the supernatants was
determined by an ELISA assay [27].

3 | RESULTS

3.1 | Lamivudine‐conjugated and efavirenz‐
loaded G2 dendrimer characterisation

The process of G2 synthesis and lamivudine‐G2 conjugation is
shown in Figure 1. It shows two lamivudine molecules attached
to different parts of the G2 dendrimer.

Comparison of the dynamic size of the dendrimer, the
lamivudine‐conjugated and efavirenz‐loaded G2 dendrimer,
obtained from a dynamic light scattering analysis showed
91 nm, 158 nm and 144 nm, respectively. Furthermore, these
conjugations and loadings caused to change the zeta potential

from −22 mV to −5.4 charge for the lamivudine‐conjugated
G2 dendrimer and −7.2 mV for the efavirenz‐loaded one
(Figure 2, Figure 3).

FTIR spectroscopy was used to study the surface functional
groups of the lamivudine‐G2 conjugate in the area of 400‐
4000 cm−1. Figure 4 shows the FTIR spectrumof the lamivudine
conjugated to the G2 dendrimer. The peaks at 2878 cm−1 and
3413 cm−1 are related to the aliphatic CH and–OH respectively.
The presence of an amine group was confirmed by the appear-
ance of a peak at 3573 cm −1. The C = O peak that appeared at
1727 cm−1 is related to the amide bond. Furthermore, the peak at
1439 cm−1 is a dual bond of lamivudine structure.

The FTIR spectrum related to the loading of the efavirenz
in G2 dendrimer is shown in Figure 5. The peaks 666 and
755 cm−1 are related to the halogen elements (fluoride and
chloride) in the efavirenz structure. The peak 1434 cm−1 is
related to the C = C of efavirenz. The peaks from 1728 cm−1

are related to the C = O functional group. The widening of the
peak at 3455 cm−1 is related to the dendrimer OH groups.
Also, the peak of 1954 cm−1 is related to the triple bond in the
efavirenz drug. Furthermore, the map elemental analysis of
these two formulations confirmed the loading and conjugation
of drugs to the dendrimer (Figure 6, Figure 7).

For the careful endorsement of the lamivudine conjugation
to G2, LC/MS was applied. The contrasted extraordinary
fracture designs in the lamivudine‐G2 dendrimer confirmed
the conjugation process. As shown in Figure 8, which high-
lighted the LC‐MS of the lamivudine conjugated to the G2
dendrimer, the 657 m/z peak actually confirms the conjugation
of lamivudine to the G2 dendrimer. Also, the 952 m/z peak
represents a lamivudine molecule that is attached to a part of
the G2 dendrimer.

3.2 | Stability assessment

No significant release of lamivudine or efavirenz was observed
during 6 and 12 h of evaluation at any pH or medium. These
findings indicated an acceptable stability for such nanoparticle‐
based pharmaceutical delivery approach. After 24 h a slight
release, about 7%, was found, which is only related to the
dendrimer instability at pH 4 in the DMSO matrix.

3.3 | Cytotoxic effects of nanodrugs on
HEK293 T cells

The effect of original drugs and their combinations with the G2
dendrimer was studied on the HEK293 T‐cell viability at
different concentrations. They exhibited various cell survival
effects. Regarding lamivudine, the nanodrug performed similar
to the original drug at concentrations of 100 pM and 1 nM, while
in the rest of the concentrations the nanodrug performed
stronger than the original drug in terms of cell survival
(Figure 9). With regards to efavirenz, most of the drug and
nanodrug concentrations exhibited different cell survival effects.
Of these concentrations, 10 and 100 µM were more effective
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concentrations of the nanodrug. It should be noted that the
original drug exhibited more remarkable cell survival than the
nanodrug only at 10 and 100 nM concentrations (Figure 10).

In all these tests, the carrier, G2 dendrimer alone, was also
tested in parallel and showed no toxicity effects on cell viability
and concentration.

3.4 | Inhibition of HIV p24 production
(replication assay)

The HIV replication was examined utilising VSVG pseudo‐
virus. The SCR HIV‐1 virions are only ready to replicate
for 1 cycle. The drugs and nanodrugs were investigated in

F I GURE 1 Demonstration of the chemical reaction between lamivudine and negatively‐charged G2 dendrimer using different catalysis reagents based on
the reaction condition. If the reaction matrix was dry DMSO or DMF, DCC could be as low cost and effective choice and if solvent was set as water‐based
medium, EDC/Sulfo‐NHS (water resistant) combination was elected as the reaction catalysis choice. DMF, dimethylformamide

F I GURE 2 The particle size of the dendrimer (black), lamivudine‐G2 dendrimer (red) and Efavirenz‐G2 dendrimer (green)
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terms of the ability to inhibit HIV viral replication in
different concentrations. As shown in Figure 11, the nano-
drug of lamivudine at 1, 10 and 100 nM concentrations was
approximately 2, 2 and 5 times stronger in its inhibitory
function on the HIV replication than lamivudine. The IC50 of
lamivudine and its conjugated form to the G2 dendrimer
were 960 and 94 nM, respectively. The concentrations
100 pM, 1 and 10 nM were more effective in the nanodrug of
efavirenz than that of the original drug. At higher concen-
trations, the drug and nanodrug exhibited similar anti‐viral
effects. The IC50 of efavirenz and its loaded form in the

G2 dendrimer were 8 nM and 900 pM, respectively
(Figure 12). The carrier, G2 dendrimer alone, was unable to
affect the viral replication.

4 | DISCUSSION

The main objectives of this study were to develop and evaluate
the physico‐chemical properties of conjugated and loaded
nanodrugs of lamivudine and efavirenz with the PEG‐citrate
G2 dendrimer. We aimed at improving their water solubility,

F I GURE 3 The zeta potential of dendrimer (black), lamivudine‐G2 dendrimer (red) and efavirenz‐G2 dendrimer (green)

F I GURE 4 FTIR spectrum of lamivudine conjugated to G2 dendrimer
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stability, targeted delivery and fulfilment of their biological
effects in terms of HIV replication inhibitory effect.

In most reports, PAMAM dendrimers, which show
toxicity, have been used for a variety of purposes. This cyto-
toxicity is strongly associated with the functions of end‐
dendrimer groups. Positively charged groups, such as amines,
show dose‐dependent toxicity. To overcome this toxicity, the
use of biocompatible materials or cell monomers of

dendrimers has been suggested. The dendrimer studied in this
report is not only completely biocompatible but also has a very
high aqueous solubility. And due to its negative charge, it has
no toxicity level for the cell and is completely soluble in water.
Also, the presence of citric acid in the structure of this
macromolecule can enter the citric acid cycle [28]. In this
method, DCC was used as a crosslinker, which has much less
toxicity, and the use of toxic substances such as

F I GURE 5 FTIR spectrum of efavirenz loaded in G2 dendrimer

F I GURE 6 Elemental map analysis of lamivudine conjugated to G2 dendrimer
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dichloromethane and pyridine was eliminated. PEG also reacts
easily with citric acid, which is considered as the nucleus in this
dendrimer. The results of various characterisation analyzes
confirmed the successful synthesis of this structure [29].

The results of the physico‐chemical tests showed that
lamivudine was conjugated to G2 but efavirenz was loaded into
the G2 dendrimer. The XTT results showed substantial effects
of nanodrugs on cell viability. This effect, compared to the
original drugs, was significantly effective from 10 nM to 10 µM

concentrations in the lamivudine conjugated to G2 but for the
efavirenz loaded in G2, 10 and 100 µM concentrations showed
significant effects (P < 0.05). Also, the results of the p24 an-
tigen evaluation showed that the nanodrugs in both cases were
more effective against HIV replication in a dose‐dependent
manner. In lower concentrations, the nanodrugs performed
stronger than the original drugs. However, in higher concen-
trations they performed more or less similar to the original
drugs. Even the IC50 of nanodrugs decreased considerably

F I GURE 7 Elemental map analysis of efavirenz loaded in G2 dendrimer

F I GURE 8 LC‐MS of Lamivudine conjugated to G2 dendrimer
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compared to the original drugs (960 to 94 nM in lamivudine;
8 nM to 900 pM in efavirenz). In this study, the lamivudine
nanodrug showed stronger inhibitory effects compared to
similar concentrations of the original drug, due to the strong
amide bond with G2. It was more effective than the efavirenz

nanodrug at similar concentrations, which was loaded inside
G2. This indicates the direct effect of drug linkage to the
dendrimer in enhancing nanodrug effectiveness in viral inhi-
bition and reducing cell cytotoxicity.

Different studies have compared different drug activities
with the form of their nanodrugs. In 2004, saquinavir, the
enzyme inhibitor of HIV‐protease, was PEGylated with PEG
molecules and influenced the virus‐infected MT‐2 cells. The
results showed higher antiviral capacity of the PEGylated drug
than the original drug. Its cytotoxicity was much lower than the
drug itself. The PEGylated drugs by PEG molecules are slowly
excreted by the renal system due to their increased volume,
thus their half‐life is increased [30].

The conjugation of drug to dendrimer causes to high drug
payload which can quickly enter inside the cells and pinpoint in
cytoplasm and/or nucleolus which caused to enhance the ac-
tivity. This phenomenon has been observed in many drugs
[31].

The study in 2016 showed conjugation of Chlorambucil
with G2 dendrimer. It increased the effectiveness of treatment
dramatically compared to the original drug (decreased IC50

from 141 μg/ml to 7.27 μg/ml in the conjugation form). This
study affirmed the effectiveness of dendrimers that could be
used as a potential candidate in the pharmaceutical industry
[29].

Other research group in Pasteur Institute of Iran produced
a new type of Lamivudine PEGylated to chitosan nanoparticles
(LPC) and evaluated its anti‐HIV effect and toxicity in
different doses on HEK293 T cell using the same plasmids we
used in our study. Among different doses, 0.1 mM (the lowest
dose) showed the lowest toxicity with the highest anti‐viral
effect, which confirmed the improvement of drug function-
ality by PEGylation [27]. Vedha Hari and colleagues examined

F I GURE 9 The effect of Lamivudine and its conjugated form to G2
on the cell viability. Except for two concentrations of 100 pM and 1 nM
with the similar function to the original drug, the remaining concentrations
of Lamivudine nanodrug performed stronger than original drug in terms of
cell survival

F I GURE 1 0 The effect of efavirenz and its loaded form in G2 on the cell viability. Drug and nanodrug concentrations exhibited different cell survival
effects. Original drug exhibited greater cell survival compared to the nanodrug only at 10 and 100 nM concentrations, however, 10 and 100 μM were more
effective concentrations of nanodrug
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the efavirenz nanoparticles and reported a significant increase
in its solubility. Efavirenz is an anti‐HIV molecule with low
solubility and a variable active effect (45%) at 800 mg dose.
Analysing it with an infrared, colourimetric assay and scanning
the nanoparticles showed the compatibility and stability of this
nanodrug. The nanoparticles showed active effects twice as
much as the original drug, which indicated an increase in cell
solubility [32]. Nano‐lacto efavirenz was prepared and tested. It
showed reduced cell cytotoxicity and doubled the impact of
nanodrug on viral suppression compared to efavirenz [33].

In a study at the University of Texas, scientists examined
anti‐HIV drug activity in conjugation with diamond nano-
particles on brain cells. These particles also showed improved
activity. Although the results were acceptable, diamond is not
economically justified for therapeutic use, as its stability was
unclear in the study [34]. However, in our study we used a

carrier which is economically acceptable for the pharmaceu-
tical industry and the active effect of the produced drug is
maintained.

In a study on methotrexate, the combination of metho-
trexate and dendrimer created a stable combination of this
insoluble drug. When the drug was loaded in the dendrimer, it
was immediately released in PBS buffer and performed similar
to the original drug. But with a covalent bond, the complex was
stable under the same condition. By methotrexate covalent
conjugation, its cellular stable release caused the elimination of
the receptor‐producing cells, indicating targeted drug delivery
[35].

In another study, a series of evaluations were conducted in
vitro using G1 and G2 dendrimers in which PEG was the
nucleus and citric acid was on the margin. Each of them had
different sizes, charge and molecular weight. Cell toxicity was

F I GURE 1 1 Anti‐human immunodeficiency virus effect of Lamivudine and its conjugated form to G2. The concentrations 1, 10 and 100 nM were more
effective in nanodrug than Lamivudine

F I GURE 1 2 Anti‐human immunodeficiency virus effect of efavirenz and its loaded form in G2. The concentrations 100 pM, 1 and 10 nM were more
effective in nanodrug than efavirenz
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evaluated using crystal violet, MTT and LDH assays. The
mechanism of cell death was also investigated on the HT1080
cells. According to the results, no significant harmful effect was
observed for dendrimers up to 0.5 mg/ml. Both apoptosis and
necrosis were attributed to the death of the cells. The G1
exhibited more toxicity than G2. They stated that the potential
for using these hybrid structures will be huge in various fields
of nanomedicine [36]. Two conjugates of cisplatin with two
generations of biodegradable anionic citric dendrimers (G1
and G2) which were prepared in aqueous solution were tested.
Based on the in vitro results, the cisplatin‐G2 conjugate was
more effective against cancer cells compared to the cisplatin‐
G1 conjugate and cisplatin alone. Also, similar haemolytic
behaviour was observed for both the conjugates and cisplatin.
It was concluded that these conjugates with such high potential
and low haemolytic activity were the right candidates as new
and effective anti‐tumour agents [37].

Considering the above, we noticed that nanodrugs conju-
gated with their carriers are more suitable candidates than
original drugs and even the loaded drugs in the carrier.
Therefore, the application of better carriers and the simulta-
neous use of several nanodrugs to produce effective and
applicable medicines in order to reach doses that result in
lower toxicity with more inhibitory power against HIV repli-
cation is of interest. This way the creation of resistant strains
would be prevented.
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