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Abstract
Topoisomerase II beta (Topo IIβ) is one of the two isoforms of type II topoisomerases present in higher eukaryotes. This 
180 kDa nuclear protein involves in different cellular processes like transcription, recombination, etc., apart from its normal 
topological functions. Previously, we have reported the association of this isoform along with the other isoform topoisomer-
ase II alpha (Topo IIα) with HIV-1 reverse transcription complex and the downregulation of Topo IIβ expression resulted in 
incomplete reverse transcription. In this study, we have tested the Topo IIβ specific siRNA delivery using protein nanoparti-
cles prepared with c-terminal domine of transferrin (c-ter) for the first time. Results show that, c-ter nanoparticles resemble 
apotransferrin nanoparticles in drug holding capability and drug delivery but with small in size. Topo IIβ specific siRNA 
delivered in the form of c-ter nanoformulation resulted in knockdown of Topo IIβ expression for the prolonged periods and 
which intern resulted in decreased viral replication of HIV-1.
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Introduction

Topoisomerase II beta (Topo IIβ) is one of the two so forms 
of Topoisomerase II with 180 kDa of weight. The expression 
of Topo IIβ was observed in all most all cells types of higher 
eukaryotes [1]. It is a nuclear localizing enzyme especially 
in the nucleoli and maintains study state level during differ-
ent stages of cell cycle progression [2]. Topo IIβ has role in 
cellular differentiation [3], in different developmental stages 
and differentiation of neurons[4–6] including other non-pro-
liferating and differentiated cells [7, 8] by regulating gene 
expression through chromatin remodeling. In induced dif-
ferentiation studies on cultured cell models [9], it modulate 
genes responsible for reactive oxygen species regulation to 
maintain viability [10].Topo IIβ has many interacting part-
ners like p53, retinoblastoma protein, cAMP response ele-
ment binding protein, c-jun, HDAC1&2, 14–3–3ε and CAD 

[11–18]. This vast range of interacting partners indicates 
role of this protein in diverged functions.

Several reports are available for the involvement of 
Topo IIβ in viral infections together with the other isoform 
of topoisomerase II called Topo II alpha which is having 
170 kDa weight. These isoforms were reported in packaging 
of adenoviral genome and also in the expression of major 
late genes [19]. These isoforms were recruited at the site 
of Vaccinia virus replication in the cytoplasm of infected 
cells [20]. Early replicative stages of Moloney murine leu-
kemia virus (MMLV) were impaired in the absence of the 
Topo II, which leads to decreased viral DNA synthesis and 
absence of viral genome integrations [21, 22]. In case of 
Human cytomegalovirus infections (HCMV) topo II inhibi-
tors blocked viral DNA synthesis as well as viral replication 
[23, 24]. Like in other viruses, these isoforms have a crucial 
role in the HIV-1 replication [21, 25, 26]. Topo II activity 
was reported in proviral DNA synthesis and preintegration 
complex formation [27]. It was observed that, upon viral 
infection protein levels of both isoforms were upregulated 
but, Topo IIβ responded very early. siRNA mediated knock-
down of these isoforms results in impaired reverse transcrip-
tion [28].

Nanoformulation is one of the most effective method 
for delivery of therapeutic agents without altering their 
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properties. The conversion of the therapeutic agents into 
nanoformulations may enhance the pharmacokinetic and 
pharmacodynamic properties [29]. The major goals in 
designing nanoparticles as a delivery system are particle 
size, surface properties and release of pharmacologically 
active agents site-specifically [30]. Even though several 
types of nanoformulations are available, based on the bio-
degradation/bioconversion of carrier material, protein nano-
particles have additional advantage. Using ligands in nano-
formulations we can attain delivery of the compounds to 
the required cells or organs which has expression of ligand 
specific receptor. One of such nanoformulation is transferrin 
nanoparticles.

Transferrin (Tf) is a serum abundant protein involved in 
Iron (Fe) transportation to the cells by binding to the trans-
ferrin receptor (Tfr) expressed on the cell surface. The Tf-
Tfr mechanism of iron transportation was well established. 
Once the Tf-Tfr complex is formed, it gets internalized to 
cytosol and forms endosome. The ATP-dependent photon 
pump present on the surface of the endosome pumps  H+ 
ions into endosome resulted in reduced pH. Under low pH 
(5.5) conditions, conformational changes of Tf takes place 
to enable Iron release [31]. Later the endosome fused with 
the cell membrane to expose Tf-Tfr complex which leads to 
the complex dissociation and this is a cyclic process [32]. 
Many studies have used Tfr as target for delivery of various 
therapeutic agents by preparing nanoformulations using its 
ligand Tf, antibodies or antibody fragment specific for Tfr 
extracellular domain as carrier proteins [33] and exploited 
this Tf-TfR mechanism for site specific delivery of various 
therapeutic metal ions, drugs, proteins and genes [34].

In this current study, we prepared nanoparticles using 
c-terminal lobe of TF (c-ter nano) and tested the siRNA 
delivering capability of these nanoformulation. Using these 
nanoparticles we demonstrated successfully the impaired 
replication of HIV-1 virus by downregulating Topo IIβ pro-
tein expression.

Materials and Methods

Cell and Virus Culture

SupT1 [35] cells used for viral propagation and infection 
experiments were cultured in RPMI-1640 (Gibco-BRL, Inv-
itrogen, CA, USA) medium with 10% FBS (Gibco-BRL). 
HepG2 and HeLa (NCCS-Pune) were cultured in DMEM 
(Gibco) with 10% FBS (Gibco). All of these cells were main-
tained at 37 °C in a humidified  CO2 incubator (Thermo Scien-
tific) with 5%  CO2 concentration. For virus production, SupT1 
cells (0.1 millions) were infected with viral stock (10 ng) of 
HIV-1 93IN101 (subtype C) in the presence of 8 µg/ml Poly-
brene (Sigma, St. Louis, MO, USA) overnight. These infected 

cells were washed thrice with 0.1 M phosphate buffered saline 
(PBS) and seeded back in complete medium. 96 h later the 
replicated virus in cell culture media was estimated with p24 
ELISA kit (ABL Inc, Kensington, MD, USA). The cell culture 
supernatant containing virus was filtered using 0.45 μ mem-
brane filter (Pall Corporation, USA) and used for infection 
experiments.

Viral Infections

In infection studies, 5 ×  106 cells were infected with HIV-1 as 
protocol published [28] and collected at 0, 4, 12 and 24 h of 
post infection. In all infection experiments 20 ng (p24 quantity) 
of virus for every 2 ×  106 cells (100 MOI) were used in serum 
free media in presence of Polybrene (8 µg/ml). For experi-
ments where cells were used at later time points, i.e., > 6 h of 
post infection, 10% serum was added.

Receptor Level Analysis

1–2 ×  106 cells of infected and control SupT1 cells were 
washed thrice with cold PBS and were incubated on ice with 
1:100 diluted mouse anti-Transferrin receptor monoclonal 
antibody (TfR/CD 71) (Santa Cruz Biotechnology, Inc) for 
60 min., later cells were washed with ice cold PBS and incu-
bated in 4% PFA for 30 min on ice. After washing, cells were 
incubated for 1 h at room temperature with 1:2000 anti-mice 
secondary antibody labeled with FITC (Santa Cruz Biotech-
nology, Inc), washed and counter stained with Propidium 
Iodide (PI) (Invitrogen). Cells were analyzed in CyFlow space 
flow cytometer (PARTEC, GmBH, Germany).

Cloning of C‑ter Lobe of Apotransferrin

Total RNA was isolated from HepG2 cells using TRI reagent 
(Sigma). cDNA was synthesized using SuperScript-III reverse 
transcription kit (Invitrogen). C-ter of Tf ORF (from 1081 to 
2061 bp of GenBank: M12530) was amplified using primer 
(Table 1) and Dreamtaq master mix (Fermentas). 95 °C for 
2 min, 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min, for 35 
cycles and finally 72 °C for 5 min are the PCR conditions. 
The amplicons were gel purified(Gel extraction kit-Qiagen) 
and cloned into pDualGC vector (stratagene) using Eam1104I 
(Fermentas). E.Coli strain (DH5-α) was used for the trans-
formation of ligate and recombinant plasmid was propagated 
after confirmation by PCR, restriction enzyme digestion and 
sequencing (Eurofins). E.Coli strain (BL21: DE3-Lac-I).was 
used for protein expression.
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Overexpression of C‑ter Lobe of Apotransferrin 
Protein

Recombinant plasmid harboring E.Coli-BL-21: DE3-Lac-I 
were cultured to a OD 600 =  ~ 0.45 and induced for protein 
expression with various concentrations of isopropyl β-D-1-
thiogalactopyranoside (IPTG) (Fermentas) for different time 
periods in an orbital shaker at 450 rpm and 37 °C. Cells were 
harvested at mentioned time periods and analyzed using 10% 
SDS-PAGE.

Recombinant Protein Purification

E.Coli cells from 100 ml culture was harvested and lysed 
in 10 ml lysis buffer (50 mM glucose, 25 mM Tris–Cl, 
10 mM EDTA and pH 7.3) by sonication. Cell lysate was 
centrifuged at 2000 rpm for 5 min and supernatant was col-
lected. Proteins were fractionated using ammonium sulfate 
(AS) method. At 4 °C, 20% (1.13 gm/10 ml) AS was added, 
stirred for 30 min then centrifuged at 12,000 rpm for 10 min. 
The pellet was collected and dissolved in 1 ml of lysis buffer. 
The same step was repeated with 30% salt (0.59 gm) and 
40% salt (0.61 gm) of AS. All the pellets were dialysed in 
1 l each of phosphate buffer saline (PBS) at 4 °C. PBS was 
changed with fresh PBS after 2 h and dialysed for overnight 
and were concentrated on sucrose. The concentrates were 
subjected to Size exclusion chromatography (SEC) using 
150 cm column packed with Sepharose CL 6B (Amarsham). 
Before applying the sample, the column was equilibrated 
with at least two column volumes of the PBS until the base-
line is stable. Sample equal to 2% of the total bed volume 
was applied and 1 ml fractions were collected and analyzed 
on SDS-PAGE with silver staining. Protein concentration 
was determined and stored in − 70 °C deep freezer (Sanyo).

Silver Staining

The SDS-PAGE gels were fixed in fixing solution (40% 
methanol, 5% formaldehyde) for 10 min. and washed the 
gel twice in water each time 5 min. then gel was soaked 
in sodium thiosulfate solution (0.02%  Na2S2O3) for 1 min. 

and rinsed with water twice for 20 s each. Then the gel was 
soaked in silver nitrate solution (0.1% AgNO3) for 10 min. 
after rinsing once with water and once with a small volume 
of developing solution (3%  Na2CO3, 0.02% formaldehyde, 
0.00002%  Na2S2O3), gel was soaked in developing solution 
till the bands were appeared and the reaction was stopped 
with stop solution (2.3 M citric acid). For Nucleic acid 
staining, For 5 min the gels were soaked in fixing solu-
tion (10% absolute ethanol, 0.5% acetic acid), shifted to 
Impregnation solution (0.15%  AgNO3, 2 ml 37% HCOH) 
and soaked for 6–7 min. Later gels were rinsed 10–20 s 
with distilled water and socked in developing solution 
(1.5% NaOH, 3 ml 37% HCOH) until the bands appear. 
Once the bands reaches optimal intensity, development 
was stopped by incubating the gels for minimum 2 min 
in stop solution (10% absolute ethanol, 0.5% acetic acid).

siRNA Synthesis and Transfection

Topo IIβ specific siRNA was synthesized by following 
the protocol as published earlier [28, 36]. Briefly, T7 pro-
moter oligo was annealed with 1 nM of each siRNA oligos 
(sequences 1–3, Table 1). The transcription was performed 
in 50 µl of transcription buffer (40 mM Tris– HCl pH 7.9, 
6 mM MgCl2, 10 mM DTT, 10 mM NaCl and 2 mM sper-
midine), 1 mM rNTPs, 0.1 U yeast pyrophosphatase, 40 
U RNaseout and 100 U T7 RNA polymerase containing 
200 pM of the template. Reaction was carried by incu-
bating the mixture for 2 h at 37 °C, and DNA templates 
were removed by digesting with 1 U DNase I at 37 °C 
for 15 min. Synthesized sense and antisense RNAs were 
mixed in equal ratio and heated to 95 °C for 5 min fol-
lowed by 1 h at 37 °C for annealing. The ds-siRNA was 
precipitated with 0.2 M sodium acetate pH 5.2 and 2.5 vol. 
of ethanol. The obtained pellet was washed once with 70% 
ethanol, dried and suspended in 50 µl of water. In trans-
fection procedure, ~ 0.2 µM siRNA/ 1 ×  106 SupT1 cells 
were used. GFP siRNA used as negative control at 48 h 
post-transfection, cells were analyzed for target protein 
knockdown by Western blot.

Table. 1  Sequence of the oligomers used in this study

From top to bottom 1—Used for the amplification of the c-terminal region of the apotransferrin cDNA from HepG2 cells. 2—siRNA sequence 
used for the knockdown of Topo IIβ expression. 3—T7-Promoter sequence for siRNA synthesis. 4—Green fluorescent protein specific siRNA 
sequence as a control

S. No. Primer Sense strand/Forward primer 5ʹ–3ʹ Antisense strand/Reverse primer 5ʹ–3ʹ Purpose

1 c-ter ATG GTG AAG TGG TGT GCG CTG AGC CAC AAG TCT ACG GAA AGT GCA GGCT Tf c-ter lobe amplification
2 Topo IIβ-siRNA GCT TAA CAA TCA AGC CCG TTT ACG GGC TTG ATT GTT AAG CTT Topo IIβ knockdown
3 T7 promoter TAA TAC GAC TCA CTA TAG ATT ATG CTG AGT GAT ATC Synthesis of siRNA
4 GFP siRNA ATG AAC TTC AGG GTC AGC TTG CGG CAA GCT GAC CCT GAA GTTC siRNA control
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Preparation of Protein Nanoparticles

Protein nanoparticles were prepared according to the pro-
cedure described previously [37] with slight modifications. 
350 µg of r-ctl of aTf (protein) was mixed with 10 μl drug 
(100 mM stock/50 mg/ml) or siRNA (200 nM) then total 
volume was made up to 260 µl with PBS (0.1 M, pH 7.4) 
and incubated on ice for 30 min. To the mixture, 1 ml of 
olive oil at 4 °C was added by mixing slowly. The sample 
was sonicated at 4 °C using amplitude 50 Amps, 3 × 5 min. 
pulses- 30 s on and 30 s off with an interval of 1 min every 
5 min in sonicator (300 V/T, Biologics Inc., Manassas, Vir-
ginia, USA). The resulting mixture was immediately freezed 
in liquid nitrogen and transferred to ice and incubated for 4 h 
to overnight. After thawing, the particles formed were pel-
leted by centrifugation at 8000 rpm for 15 min and the pellet 
was extensively washed with diethyl ether and dispersed in 
1 ml PBS and stored at 4 °C.

Field Emission Scanning Electron Microscopy 
(FESEM) Analysis

Structure and morphology of the nanoparticles were inves-
tigated using scanning electron microscope (Philips FEI-
XL 30 ESEM, USA—operated at 20 kV); manufacturer’s 
instructions were followed for sample preparation, i.e., nano-
particles were dried on a clean 5 × 5 mm glass piece and 
dried overnight in sterile conditions. After completion of 
processing, scanning samples followed by data collection 
and analysis of data. Pictures of nanoparticles were captured 
and size was estimated.

Estimation of Encapsulated Doxorubicin

The leftover Doxorubicin in Aqueous phases was estimated 
by taking 5 μl of each sample and diluted to 40-fold. The flu-
orescence of the drug was measured at 490 nm wave length 
with a UV–Vis spectrophotometer (Jasco V550). We have 
used olive oil and PBS as blanks. Based on these values, the 
total amount of leftover drug was calculated based on the 
standard graph plotted using different concentrations of Dox-
orubicin. The amount of drug leftover (WF) was subtracted 
from the total amount of drug (WT) used in the preparation 
to get the amount of drug encapsulated (WE). The experi-
ment was done in triplicates and the results were plotted.

The encapsulation efficiency (EE %) was calculated using 
WE/WT × 100.

pH‑Dependent Release of Doxorubicin

Nanoparticles were suspended at the rate of 5 μl/200 μl of 
0.1 M PBS with various pH (2, 5.5, 7.4 and 9) conditions 
and incubated for different time points (0, 1, 2, 4 and 6 h). 

After incubation the volume of PBS was increased to 2 ml 
by adding 1.8 ml of PBS, centrifuged at 12,000 rpm for 
15 min at 4 °C. The amount of drug released was estimated 
as mentioned above. Experiment was repeated three times 
and the results are presented in terms of mean and standard 
deviation.

Delivery of Doxorubicin into the Cells

HeLa cells were grown on cover slips at the density of 
1.5—2 million/ml of the culture media in 24 well plate. 
Before 1 h to the addition of the drug, media was changed 
with fresh media. Equal amount of drug and nanodrug were 
added to separate wells and incubated for 0, 1 and 2 h. Later 
cells were washed thrice with ice cold 1 × PBS and fixed 
the cells with 4% paraformaldehyde at room temperature 
for 10 min. Cells were stained with DAPI and were photo-
graphed in Zeiss LSM 710 confocal microscopy at 630 × oil 
emulsion at wave lengths 557/576 nm and 360 nm respec-
tively for drug and DAPI.

siRNA Loading Capacity of c‑ter Nanoparticles

siRNA was extracted from 100 µl of nanoparticles using 
TRI reagent. The pellet obtained was dissolved in the 30 µl 
Milli-Q water and mixed with 10 µl of 4 × gel loading dye 
and loaded without boiling on the 12% SDS-PAGE and 
gels were silver stained. The obtained band intensities were 
measured using Image J software (NIH) and back calculated 
with known concentration 20 ng siRNA loading control to 
determine the siRNA concentration in nanoparticles in terms 
of percentage (%).

Cytotoxicity Assay (MTT Assay)

4 ×  105cells/well SupT1 cells transfected with siRNA either 
in nanoform or Lipofectamine 2000 (Invitrogen, CA, USA) 
separately in the presence or absence of penicillin (100 units/
ml) and streptomycin (100 mg/ml) (Gibco-BRL, Invitrogen, 
CA, USA).seeded in 96 well tissue culture plate (Orange 
Scientific) in 200 μl complete media were incubated for 
16 h. Thereafter, the plate was spun and the supernatant 
(mixture of media and inhibitor) was removed. 20 μl MTT 
(5 mg/ml) along with 180 μl complete media was added and 
incubated for 4–8 h. The cells were then pelleted on centrifu-
gation at 1000 rpm for 10 min and supernatant (media) was 
removed. 200 μl of DMSO or acidic isopropanol was added 
and left at room temperature for 5–10 min. The absorbance 
is recorded at 570 nm using a plate reader.
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Cell Extracts Preparation and Western Blot

From siRNA-treated and untreated cells, total protein was 
prepared by following protocol published earlier [28]. Cells 
were lysed in protein extraction buffer containing [10 mM 
Tris–Cl (pH 7.4), 0.1% Triton X-100, 1 mM PMSF, 1 mM 
EDTA and 1 mM DTT] for 10 min on ice with protease 
inhibitor cocktail (GE Healthcare, UK). The lysates were 
centrifuged for 15 min at 4 °C at 12,000 g. The collected 
supernatants were quantified by Bradford method. 100 µg 
of protein from each samples was subjected to SDS–PAGE 
(10%) in Tris–glycine buffer and the resolved peptides were 
Electro-blotted on nitrocellulose membrane (NCM) (Pall) 
using the Trans-Blot (Bio-Rad, Hercules, CA, USA) by fol-
lowing Towbin et al. [38]. The NCM was blocked with 3% 
BSA (w/v) in Tris-buffered saline (TBS) [10 mM Tris–Cl 
(pH 7.4), 150 mM NaCl and 0.1%] for 1 h at room tem-
perature followed by washing with TBST (TBS containing 
Tween-20 (0.1% v/v). The NCM was probed with mouse 
anti-human Topo IIb (BD Biosciences, USA) (1:1000 dilu-
tion) for overnight at 4 °C. After three washes with TBST, 
the blot was incubated with HRP (horseradish peroxi-
dase) conjugated goat antimouse IgG secondary antibody 
(1:5000dilution) (Millipore, MA, USA) for 1 h at room tem-
perature on rocker. After washing with TBST, blots were 
then developed with ECL substrate (Thermo Scientific, 
USA) and chemiluminescence was captured by exposure to 
X-ray film (Kodak, USA).

HIV‑1 p24 Antigen Assay

Viral replication was estimated by measuring the p24 anti-
gen present in the cell culture supernatant of infected cells. 
After 96 hpi, viral p24 protein with p24 ELISA kit following 
the manufacturer’s instructions. Briefly, in each ELISA plate 
well, 25 µl of the disruption buffer was distributed. To these 
wells 100 µl of cell culture supernatant was and incubated 
at 37 °C. After 1 h, these wells were washed thrice with 1X 
wash buffer. Then 100 µl of anti-p24 peroxidase-conjugated 
antibody was added and incubated at 37 °C for 1 h. ELISA 
plate wells were washed as mentioned above, and to each 
well, 100 µl of peroxidase substrate was added and incubated 
in dark at room temperature. After 20 min, reaction was 
stopped by addition of 100 µl stop solution and the color 
intensity was measured at 450 nm. Un-infected cell culture 
supernatant was used as negative control.

Densitometry Analysis

Densitometry analysis was done using ImageJ 1.46r software 
developed by NIH, USA.

Statistical Analysis

Data were presented as mean ± SEM (standard error of mean). 
Number of samples/repeats for each experiment/assay is indi-
cated in the legends to figures. Differences between groups 
were evaluated using Student’s t test or one-way analysis of 
variance (ANOVA) with Turkey’s post hoc analysis. For each 
test, * indicates significance at p ≤ 0.05, ** indicates signifi-
cance at p ≤ 0.01.

Results

Analysis of Transferrin Receptor (TfR) Levels

SupT1 cells were infected with HIV-1 and samples were col-
lected at different time points to analyze the effect of HIV-1 
infection on TfR levels which were present on the activated 
cell surface using flow cytometry. Results (Fig. 1a) indicated 
that, the area under 0 h of post infection (hpi) represent study 
state level of TfR expression on SupT1 cells. At 4 hpi, even 
though non-significant, a slight increase was observed in 
receptor levels. At 12 hpi, a different receptor levels and 
different populations were observed. It shows the effect of 
HIV-1 infection on degradation of TfR may be taking place 
around this time point. The overall decrease in receptor lev-
els observed in terms of intensity was a significant decrease. 
This degradation process continued further to 24 hpi which 
is the last time point in this study. At 24 hpi, the decrease 
was observed in the maximum population which represent 
by a peak shift toward left side. The mean intensity at 0, 12 
and 24 hpi was at around 125, 109 and 93 units respectively 
represents the gradual decrease of cell surface TfR levels 
and there is no sudden drop in receptor levels.

Cloning of C‑Terminal (rec. C‑ter.) Apotransferrin

Results showing (Fig. 1b) success full amplification of the 
C-ter 1 kb region of the transferrin ORF from total RNA 
isolated from the HepG2 cell line. The amplicon was cloned 
into a pDual GC vector (Fig. 1c) which can facilitate the 
overexpression of the cloned DNA fragment in both mam-
malian and E.Coli expression systems (dual expression 
vector) between two restriction sites of Eam1104I enable 
the recombinant fusion protein with His tag (Fig. 1c). The 
ligated product was transformed into competent DH5α 
E.Coli cells. The prominent colonies appeared on kana-
mycin selection media were analyzed for the presence of 
recombinant plasmid which was confirmed by PCR and fur-
ther re-conformed by restriction enzymatic digestion with 
Eam1104I (Fig. 1c) showing successful release of the cloned 
1 kb DNA fragment by leaving 5.7 kb vector backbone from 
the recombinant plasmid.
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Expression of the rec. C‑ter Transferrin in E.Coli BL21 
(DE3‑Lac‑I)

After confirmation of pDual GC harboring C-ter region 
of the human transferrin, the recombinant plasmid was 
transformed to E.Coli BL21 (DE3-Lac-I) and PCR posi-
tive colonies were selected from kanamycin selection 
agar plate. Selected single colony was cultured in LB 
broth and titrated for the effective IPTG concentration 
(Fig.  2a). Results showed a good quantity of overex-
pression ~ 45 kDa position with 1 mM concentration of 
IPTG and the time of incubation (data not shown) to get 
the optimal expression of rec. protein was found to be 
4 h. Samples were further analyzed for the presence of 

the recombinant protein expressed (Fig. 2b) by western 
analysis using poly-Histidine antibody confirmed the over 
expression of the ~ 45 kDa rec. protein (Fig. 2b) based on 
the presence of the poly-Histidine in the rec. protein which 
is a vector property.

Purification of rec. Ctd of Tf.

Proteins in the crude E.Coli cell lysate were precipi-
tated with mentioned percentages of Ammonium sulfate 
((NH4)2SO4) and a small fractions of the resulting protein 
pellets were boiled in 1XSDS loading buffer and analyzed in 
10% SDS-PAGE (Fig. 2c) showing the precipitation of the 
maximum amount of ~ 45 kDa protein in 20% ammonium 

Fig. 1  Analysis of transferrin receptor expression in post infected 
cells and cloning of C-ter lobe of human apotransferrin. The a of 
above figure (Fig.  1) represent the dynamics of transferrin receptor 
upon HIV-1 infection. Blue color: isotopic control, Orange: 0  h of 
post infection, Ash: 4 h of post infection, Yellow: 12 h of post infec-
tion and Dark blue: 24  h of post infection. The obtained intensities 
were plotted as counts vs intensities. b represent the amplification 

of the C-ter region of transferrin. Lane one: 10 Kb ladder, lane two: 
amplified product of the transferrin C-ter region. c represent the sche-
matic diagram of the expression vector pDual GC.;  d represent the 
conformational steps of cloning (release of the insert). Lane-1 10 Kb 
ladder, lane-2 vector backbone of 5.7 Kb and 1 Kb insert (from top to 
bottom) (Color figure online)
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sulfate concentration along with other proteins. The absence 
of this ~ 45 kDa protein was observed in pellets with 30–40% 
of ammonium sulfate and also in the final resulting super-
natant. Western blot analysis with poly-Histidine antibody 
confirm the presence of the of rec. protein in the precipitate 
from 20% Ammonium sulfate concentration (Fig. 2d). These 
results confirm the precipitation of the major part of the rec. 
protein with 20% ((NH4)2SO4) concentration. The rec. Ctd 
of Tf from the 20% ammonium sulfate pellet was further 
purified by size exclusion chromatography (SEC) to elimi-
nate the co-precipitated proteins. Eluted buffer was collected 
at 1 ml volumes and tested for the presence of protein by 
10% SDS-PAGE and silver staining. Results show that these 
elutes from 41 to 48 (Fig. 2e) are having the ~ 45 kDa rec. 
protein without any other proteins as contaminants. These 
eight elutes were pooled, concentrated and stored at − 70 °C 
for further use.

FESEM Analysis of rec. Ctd Nanoparticles

Nanoparticles prepared using c-ter Tf and native Tf were 
tested for the shape and size by FESEM analysis. Nano-
particles from both preparations were spread and dried on 
0.5 × 1.0 cm piece of microscopic glass slide separately, pro-
cessed and subjected to FESEM. The data (Fig. 3) obtained 
from FESEM analysis clearly represented the shape of the 
nanoparticles were size of them were calculated. From both 
preparations the shape of the nanoparticles were found to 
be spherical (Fig. 3a, b). There was no effect of the size 
of the protein on the shape of the nanoparticles prepared 
in this study. But in the case of size, even though different 
size populations were observed in nanoparticles prepared 
with c-ter Tf protein, the average size of the nanoparticles 
were ~ 25 nm (nm) (Fig. 3b). In the preparation of nanoparti-
cles using native Tf, the average size was found to be ~ 70 nm 
(Fig. 3a). In this study we found that decrease in the size of 
carrier protein resulted in small size nanoparticles.

Fig. 2  Expression and purification of transferrin c-terminal lobe. a 
the coomassie stained gel representing the overexpression of the C-ter 
lobe of transferrin in response to IPTG. Column 1–5 (from left to 
right) represent the protein marker, 0.5, 1.0, 2.0 and 0.5 M concentra-
tions of IPTG used and the induction period was for 4 h. Column 2–4 
represent the protein expression from recombinant plasmid. Column 
5 represent the empty vector control. b western blot of the overex-
pressed protein. Column 1–5 (from left to right) represent the 0.5, 
2.0, 1.0, 0.5 M of IPTG induction for 4 h. Column 2–4 represent the 
protein from recombinant plasmid. Column 1 represent the protein 
from empty vector control and column 5 represent protein marker. c 

ammonium sulfate precipitation of the rec. protein. Mentioned con-
centration of ammonium sulfate was added to cell lysate and the pre-
cipitated proteins were analyzed on coomassie stained SDS-PAGE. 
Extreme left protein ladder and extreme right supernatant after 40% 
precipitate removal. d western blot confirmation of rec. protein in 
20% ammonium sulfate precipitate. e represent the silver stained 
SDS-PAGE of different fractions from size exclusion chromatogra-
phy. M-Protein marker, C-crude 20% precipitate as control, 41–51 are 
the fractions of elute and 41–48 are the fractions of elute containing 
protein
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Drug Holding Capacity of Nanoparticles

Synthesis of small-sized nanoparticles raises a question 
on the efficiency of their drug holding capacity. After 
preparation of C-ter nanoparticles with drug, we have 
evaluated the amount of drug present in the nanoparticles 
by extracting the drug from a small portion of nanoparti-
cles by incubating them in pH 7.4 PBS for overnight. The 
drug released into the buffer was estimated by reading OD 
at 490 nm and compared against the standard concentra-
tions. The amount of drug present in total nanoparticles 
was calculated in percent and plotted (Fig. 3c). Result 
shows that the C-ter nanoparticles could able to retain 
approximately 72% of the drug input. We observed the 

loss of drug in three ways from the preparation. Some 
amount of drug retention was observed in oil phase. Very 
little amount of drug retention was found in buffer phase 
and some loss of drug found during washing of the nano-
particles with PBS. Further analysis shows the rec. Ctd 
nanoparticles may not allowed diffusion of drug into PBS. 
Whatever the little drug observed in the PBS, maybe the 
drug adsorbed on the outer surface of the nanoparticles. 
These results show the nanoparticles made of c-ter Tf 
may have 72% drug holding capacity.

Fig. 3  Characterization of c-ter nanoparticles. a represent the FESEM 
photograph of doxorubicin loaded nanoparticles prepared with whole 
apotransferrin. The average size of the particles was ~ 70 nM. b rep-
resent the FESEM photograph of doxorubicin loaded nanoparticles 
prepared with the rec. c-terminal apotransferrin. The average size of 
the particles was ~ 25 nM. c comparative analysis of the doxorubicin 
fluorescence intensity measured at 490 nM. Control represent the free 
doxorubicin used in nanoparticles preparation. C-ter nanorepresent 

the amount of drug encapsulated in nanoparticles. d represent the 
pH-dependent release of the drug from nanoparticles prepared with 
rec. apotransferrin. Blue:pH 2.0, Red:pH 5.5, Green and Cyan: pH 
7.4 and 9.0 respectively. Obtained fluorescent intensities in % were 
compared with known concentration of free drug and plotted. c–d are 
the mean values of three independent experiments with standard error 
(MEAN + SE)  (Color figure online)
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Effect of pH on Drug Release from rec. Ctd 
Nanoparticles

Drug release from the c-ter Tf nanoparticles in response to 
various pH conditions were studied under different incuba-
tion times. C-ter Tf nanoparticles were incubated in PBS 
of pH 2.0, 5.5, 7.4 and 9.0 for 0–6 h. in triplicates and the 
amount of drug released from each sample was measured 
(Fig. 3d). These nanoparticles in response to pH 2.0 in drug 
releasing showed a log phase from 0 to 1 h of post incuba-
tion. At later time points there was no much change in drug 
release represented a stationary phase. There was a slow and 
study drug release was observed from these nanoparticles at 
pH 5.5. The drug release pattern from 0 to 6 hpi represented 
a log phage without stationary phage. At pH 7.4 release of 
drug from nanoparticles was not observed. Similar kind of 
result observed at pH 9.0 also. These results represent the 
requirement of acidic environment for the release of the drug 
from c-ter Tf nanoparticles. Especially around pH 5.5, the 
drug release was steady for long periods. The alkaline envi-
ronment could not stimulate the drug release.

C‑ter Tf Nanoparticles Mediated Drug Delivery

To evaluate the efficacy of the c-ter nanoparticles in drug 
delivery to the HeLa cells in vitro, doxorubicin loaded nano-
particles were prepared and tested. HeLa cells were grown 
on the microscopic cover slips and incubated with nanoparti-
cles for 0, 1 and 2 h. After each mentioned time period, sam-
ples were collected processed and examined under confocal 

microscope, images were taken and analyzed. As a control, 
cells were treated with direct drug (Fig. 4a). Results show 
that in the nanoparticles treated cells, at 1 h of post incuba-
tion, nanoparticles were accumulated on the cell wall and 
very little amount of drug entered into cells. But at 2 h of 
post incubation (Fig. 4b), more amount of drug spread in the 
cytoplasm and fewer amounts observed in the nucleus and 
also the accumulation of drug on the nuclear membrane was 
also observed. It shows that controlled release of the drug 
from the nanoparticles. In contrast to this, in cells treated 
with direct drug (Fig. 4a), at 1 h of post incubation the drug 
spread evenly in the cytoplasm and nucleus but little bit 
more amounts was observed at the nuclear membrane. It 
shows that drug directly diffused through the cell.

siRNA Holding Capacity of Nanoparticles

Nanoparticles were synthesized for the delivery of siRNA 
was analyzed for the siRNA holding capacity. siRNA from 
a fraction (1/10) of nanoparticles was extracted and run on 
12% SDS-PAGE and silver stained. The obtained bands 
intensities were measured and concentration was calculated 
with reference to control (20 ng siRNA in lane-3 Fig. 5a). 
And found that it is approximately 16 ng (lane 4. Fig. 5a). 
The back calculation show that the siRNA available in the 
total nanoparticles preparation was only 160 ng In terms of 
percent calculation, it shows approximately 80% (Fig. 5b). 
The analysis of cytotoxicity during siRNA transfection 
(Fig. 5c) revealed the lesser cytotoxicity in nanotransfec-
tion than lipofectamine 2000 show the safety of nano-siRNA 

Fig. 4  c-ter nanoparticles medi-
ated delivery of Doxorubicin 
in cells. The figure represent-
ing the difference between the 
Doxorubicin entry into cultured 
HeLa cells. a represent the 
accumulation of the free doxo 
into the HeLa cells after 1 h of 
post incubation. DOXO- doxo-
rubicin and DAPI- nuclear stain 
to visualize nucleus. b represent 
nanodoxo delivery. Cells were 
observed at 0, 1 and 2 h of post 
incubation. The Red color in 
cells represent the accumulated 
doxorubicin and the blue color 
represent the DAPI (Color 
figure online)
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even at high concentration. Further study on utilization of 
antibiotic during transfection showed 10–15% of cell death 
(Fig. 5d, column 2) in nanotransfected cell compared to un-
transfected cells. But, this may be in acceptable range when 
we compared cell death occurred in lipofectamine 2000 
transfection. Antibiotics caused approximately 40–50% cell 
death in cells transfected siRNA with Lipofectamine 2000 
which is approximately 30–35% more than nanotransfection 
of siRNA (Fig. 5d column 3).

Efficacy of siRNA Loaded rec. Ctd Nanoparticles.

SupT1 cells were seeded in two sets. One set of cells were 
transfected with siRNA specific to Topo IIβ using nano-
particles and other set with Lipofectamine 2000. In both 
treatments equal amount of siRNA (~ 200 ng) was used. 
After treatment each set was divided into four parts and 
incubated. One part from both sets was collected at men-
tioned time periods, cells were lysed and Topo IIβ protein 
levels were studied from total protein by western blot. 
The Topo IIβ protein levels represent the knockdown effi-
ciency of each transfecting method. Protein levels in nano-
formulated siRNA-treated cells (Fig. 6a) were decreased 

Fig. 5  siRNA loading capacity and cytotoxicity. a The silver stained 
SDS-PAGE gel showing the amount of siRNA present in 100  µl of 
nanoparticles. From left to right, lane 1: DNA ladder, lane-2: total 
RNA isolated from SupT1 cells loaded as RNA control, lane-3: 20 ng 
of siRNA loaded as known concentration control. Lane-4: siRNA 
extracted from 100  µl of nanoparticles. b siRNA loading efficiency 
of nanoparticles. Densitometry analysis of siRNA present in 100  µl 
of siRNA nanoparticles in comparison to the total input siRNA 
(200 nM). c Cytotoxicity exerted by siRNA delivery material. Cyto-

toxicity analysis of 200 nM siRNA delivery by nanoparticles prepa-
ration (column 2), lipofectamine 2000 (column 3) and control cells 
(column 1) from left to right. Control cells represent cells untreated 
with siRNA. d Cytotoxicity exerted by the presence of antibiot-
ics during transfection. Antibiotics cytotoxicity analysis of 200  nM 
siRNA delivery by nanoparticles preparation (column 2), lipo-
fectamine 2000 (column 3) and control cells (column 1) from left to 
right. Control cells represent untreated with siRNA but treated with 
antibiotics
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considerably by 24 h of post-transfection (hpt) in compari-
son with 0 hpt and the levels were further decreased by 
48 hpt and reached minimum. At 72 hpt the protein levels 
were slightly increased in comparison to 48 hpt. In case 
of transfection using Lipofectamine 2000 also (Fig. 6b), 
the protein levels followed the same pattern as like in 
nanotransfection. The comparison between each time 
point of different treatments makes lot of sense. At all time 
points, in nano-siRNA-treated cells less amount of Topo 
IIβ protein was observed than lipofectamine 2000 siRNA-
treated cells. At 48 hpt the amount of protein in nano-
siRNA-treated cells reached to almost zero (Fig. 6a). But, 
such a great decrease in protein levels were not observed 
in lipofectamine siRNA treatment (Fig. 6b). Moreover fast 

recovery of protein levels in lipofectamine-treated cells 
was observed at 72 hpt than nano-siRNA-treated cells 
(Fig. 6b). These results clearly demonstrate siRNA trans-
fection using nanoparticles knockdowns the target gene 
much more effectively than standard lipofectamine 2000.

Comparison of Viral Replication in Nano‑siRNA 
and Lipofectamine‑Mediated siRNA Transfection

SupT1 cells were divided into 5 parts and two parts were 
transfected with Topo IIβ specific and green fluorescent 
protein (GFP) specific siRNA in the form of nanoparticles 
separately. One part of cells were transfected with Topo 
IIβ specific siRNA using standard Lipofectamine 2000 and 

Fig. 6  Topoisomerase IIβ knockdown efficiency and effect on the 
HIV-1 replication. a Topo IIβ protein levels after nano-siRNA treat-
ment. Protein levels were analyzed by western blot at 0 hpt, 24 hpt, 
48 hpt and 72 hpt by keeping β-actin as a loading control. b Topo IIβ 
protein levels after lipofectamine 2000 mediated siRNA transfection. 
Protein levels were analyzed as mentioned above. In both experiment 
0 h of post siRNA-treated samples used as control. c Effect of Topo 
IIβ knockdown on viral replication. After 48 hpt with nano-siRNA 
and Lipo siRNA, cells were infected with HIV-1. On third day the 
p24 present in the viral culture supernatants were estimated and plot-

ted. From left to right, Only cells: cells without infection but treated 
with 200 nM Topo IIβ siRNA, Cells + HIV: cells with infection but 
untreated with 200 nM Topo IIβ siRNA, Nano si T2B: cells treated 
with 200  nM Topo IIβ siRNA in the form of nanoparticles and 
infected with HIV-1, Lipo siT2B: cells treated with 200  nM Topo 
IIβ siRNA with lipofectamine 2000 and infected with HIV-1, Nano 
siGFP: cells treated with 200 nM GFP siRNA in the form of nano-
particles and infected with HIV-1. In this experiment, only cells used 
as negative control, Cells + HIV used as positive control and si RNA 
specific to GFP was used as siRNA control
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remaining two parts were untreated. After 48 h of post incu-
bation, except one untreated part, remaining four parts of 
cells were challenged with HIV-1 and the viral replication 
was measured 96 h later. The OD reading obtained from 
untreated and infected cells was taken as 100% of viral repli-
cation. Based on this the readings obtained in different treat-
ments were calculated and represented in percent. Results 
show that (Fig.  6c) the standard lipofectamine siRNA-
treated cells has supported 27% of viral replication (column 
4 of Fig. 6c.). In nano-siRNA-treated cells, Topo IIβ specific 
siRNA supported only 5.8% of viral replication (column 3 
of Fig. 6c) where as siRNA specific to GFP treatment sup-
ported 98% of viral replication (column 5 of Fig. 6c). The 
difference between virus production in siRNA untreated and 
siRNA GFP treated is not significant. But the viral produc-
tion between siRNA Topo IIβ and siRNA GFP or siRNA 
untreated was significant. There was a significant difference 
between viral production in cells treated with nano-siRNA 
Topo IIβ and lipofectamine siRNA Topo IIβ. In nanodeliv-
ery system the viral replication was significantly decreased 
to nearly fourfold than lipofectamine delivery.

Discussion

In viral infected cells, the expression levels of transferrin 
receptor (Tfr) are highly unstable. In HIV-1 infection also, 
the cell surface Tfr levels upregulates up to 4 hpi, and at 
later stages it may undergo either downregulation or main-
tains the levels up to 20 hpi [39]. Our studies on Tfr also 
showed elevated levels at 4 hpi and reached normal level at 
12 hpi and further decreased less than normal level at 24 hpi 
(Fig. 1a) highlighted possible targeted delivery to restrict 
early HIV-1 infection condition.

Transferrin (Tf) is the ligand for Tfr and Tf in the form of 
nanoparticles can also participate in receptor-ligand interac-
tions [40]. The structure of Tf comprises two lobes called 
n-ter lobe and c-ter lobe connected by a small spacer peptide 
[41]. Out of these two, the c-ter lobe is sufficient for receptor 
binding and internalization [34].

To prepare protein nanoparticles using c-ter lobe of 
apotransferrin, the c-ter region from the ORF of apotrans-
ferrin mRNA was cloned (Fig. 1). The protein was over 
expressed (Fig. 2a, b), purified (Fig. 2c, d, e) and nanopar-
ticles were prepared with either Doxorubicin Hcl (doxo) or 
siRNA. To evaluate the size and shape and drug delivering 
capacity of these nanoparticles, doxo c-ter nanoparticles 
were used. From the results it is evident that c-ter Tf nano-
particles were smaller in dimensions (~ 20–30 nm) (Fig. 3a) 
than the Tf nano which are in a size range of 60–80 ηm 
(Fig. 3b), as reported earlier [37, 42]. From our results we 
identified a correlation between the size of the protein and 

size of the nanoparticles. Decrease of one fold in molecu-
lar weight resulted in the twofold smaller nanoparticles and 
quantitatively the smaller nanoparticles are holding nearly 
72% of the (Fig.  3c) drug input. During the functional 
assessment, like the Tf nanoparticles [43, 44], c-ter nano-
particles also showed a stable and prolonged release of the 
drug at around pH 5.5 was observed (Fig. 3d). Which indi-
rectly shows the c-ter lobe retained the pH-dependent struc-
ture changing nature of transferrin. This nature was further 
confirmed by nanoparticle mediated drug delivery to HeLa 
cells. HeLa cells are the one of the cell types where transfer-
rin and transferrin receptor mechanism of iron delivery was 
well studied [45, 46]. In vitro study in these cells showed 
the receptor targeted delivery of c-ter nanoformulation as 
efficient (Fig. 4b) as Tf nanoformulation. This could be due 
to the presence of the functional epitope which can bind to 
the Tfr [34, 47–49].

Targeting host or viral factors by siRNA to control 
infection is one of the method which is under developing 
[30]. Delivering effective quantities of siRNAs to the tar-
get remained as a major challenge [29]. To address this, we 
attempted to prepare siRNA loaded c-ter Tf nanoparticles 
and analyzed (Fig. 5a). These nanoparticles could able to 
accommodated majority (up to 80%) of the input siRNA 
(Fig. 5b) and with less cytotoxic effects than the standard 
transfecting agent (Fig. 5c). The additional advantage of 
these nanoparticles were having protection against antibi-
otic cytotoxicity (Fig. 5d) during transfection which could 
be due to the receptor mediated internalization of the nano-
particles. Lack of damage to plasma membrane prevented 
the antibiotic entry to the cell may be a possible reason for 
less cytotoxicity. This nature of the siRNA nanodelivery may 
increase the flexibility of in vivosiRNA delivery in the pres-
ence of antibiotic.

Topo IIβ knockdown has negative effects on HIV-1 rep-
lication which resulted in decreased viral progeny. Topo IIβ 
specific siRNA loaded c-ter nanoparticles were prepared and 
tested. Results showed the nanoparticles mediated delivery 
has advantage over lipofectamine (Fig. 6a). At 48 hpt, pro-
tein expression in nanotransfected cells was negligible com-
pared to lipofectamine transfection (Fig. 6b). Even though, 
protein levels were increasing at 76 hpi in both conditions, 
but slowly in nanomediated transfection. The possible rea-
son could be the availability of siRNA for longer periods 
providing prolonged knockdown effect or maybe because 
of slow and steady release of siRNA from nanoparticles 
provide longer availability of siRNA in the cell leads to the 
degradation of target mRNA may resulted in the slow raise 
in Topo IIβ protein level.

Available reports suggests that HIV-1 infection may 
enhance the protein levels of Topo II isoforms, especially 
Topo IIβ [28, 50].Topo IIβ deficiency or prolonged low 
levels may abolish reverse transcription of HIV-1 genome 
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[28]. These siRNA loaded c-ter nanoparticles were tested 
against HIV-1 replication and found approximately five fold 
decrease in viral replication (Fig. 6c). This decreased viral 
load supported our hypothesis of using Tfr as a receptor for 
nanoparticle mediated deliver of antiviral agents to target 
very early events of HIV-1 infection cycle.

From this study we may conclude that Tfr-Tf system of 
delivery may be considered in strategies of targeting early 
HIV-1 infection to control the viral replication. Utilization 
of c-ter domain in the preparation of nanoparticles generate 
three times more drug holding capacity in half of the size 
increases efficiency of the nanoparticles. C-ter nanoparticles 
can be used for the delivery of either drug or siRNA.
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