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Tumour cells have a high demand for iron (Fe) due to their rapid rate of proliferation. Strategies to target

intracellular iron for antitumour therapy have not been systematically explored. The benzoylpyridine

thiosemicarbazone (BpT) group of Fe-binding drugs represent a promising class of anti-tumour agents;

however, their low aqueous solubility and high protein binding limit their clinical efficacy. In this work,

we have explored the possibility of using solid lipid nanoparticles (SLNs) to develop a nanocarrier system

that can deliver a drug cargo of BpT drugs to tumour sites. Herein, we prepared targeted biotinylated

stearic acid based PEGylated SLN formulations for entrapment of benzoylpyridine thiosemicarbazone

(BpT) and its analogue 4-ethyl benzoylpyridine thiosemicarbazone (Bp4eT) by the ultrasonication

method, resulting in BpT-PB-SLNs and Bp4eT-PB-SLNs (size 115 to 120 nm, zeta potential �28 to �36

mV) with EEs of 72%. These formulations had negligible hemolytic activity and sustained drug release for

7 days. Radiolabeling with technetium-99m (99mTc) radionuclide facilitated the evaluation of their

biological parameters both ex vivo and in vivo. Their blood kinetics profile showed prolonged systemic

circulation compared to native drugs (BpT and Bp4eT) in New Zealand albino rabbits. The biodistribution

studies performed in A-549 xenografted athymic mice depicted higher tumour uptake and lower non-

specific uptake than native drugs as confirmed through whole body SPECT imaging by semi-quantitative

analysis. This research presents for the first time a novel lipidic nanocarrier system in the form of biotin

functionalised PEGylated SLNs that can help deliver iron chelators in a highly sustained manner and

therefore hold potential to enhance their intracellular uptake and hence their antitumour efficacy.
Introduction

The inability of conventional chemotherapeutics to efficiently
distinguish between malignant and healthy cells has tremen-
dously increased the need for highly specic and novel cures for
affected cells. Nanocarriers have vast potential for improvising
the therapeutic index of drugs by stabilizing and protecting
drugs, improving their solubility and reducing their non-
specic uptake by the reticuloendothelium system (RES).1 The
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aspect of selective targeting is currently still a formidable
challenge; however, linking nanocarriers with specic ligands
that bind to receptors or molecules overexpressed on tumour
cell surfaces are among the most promising approaches being
utilized to confront the same.2 Ligands such as folic acid, biotin,
transferrin, and epidermal growth factor, which target folate
receptors, lecithins (through avidin), transferrin receptors and
epidermal growth receptors on tumour cells, can guide nano-
carriers specically towards cancer cells.3 Chemotherapy, which
once appeared to be the only viable approach towards anti-
cancer treatment, is now gradually being substituted with
alternative, less toxic approaches such as immunotherapy, gene
therapy, radiation therapy, and antibody-mediated drug treat-
ment.4,5 One such strategy involves depriving the growing
cancer cells of essential nutrients to limit their uncontrolled
proliferation. Iron is a vital cofactor for several proteins and
enzymes and plays a crucial role in cell cycle regulation, cellular
metabolism and cell division, which explains its higher
requirement by neoplastic cells.6 Overexpression of transferrin
RSC Adv., 2016, 6, 61585–61598 | 61585
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receptors on tumour cells further validates the enhanced iron
requirement theory, as these receptors are involved in intra-
cellular iron transport.7 By leveraging this fact, signicant
cellular changes can be expected when tumour cells are starved
of iron and subjected to reduced levels of intracellular iron.
Keeping in mind the perceived increased dependence of
cancerous cells on iron, it would not be inappropriate to employ
the concept of cellular iron depletion through chelation as
a possible therapeutic intercession in different types of cancers.
Iron chelators have been explored as cancer chemopreventive
and chemotherapeutic agents through the depletion of intra-
cellular iron.

The chemopreventive and chemotherapeutic efficacy of iron
chelators has already been demonstrated in a wide range of
studies on aggressive tumours, such as cytotoxic drug-resistant
lung carcinoma M109 cells and MBT and T24 bladder cancer
cells.8,9 These include chelators such as hexadentate side-
rophores, desferrioxamine (DFO),10 tachpyridine,11 the aroylhy-
drazone class of chelators (such as the pyridoxal isonicotinoyl
hydrazine series, PIH, and its analogues),12 the thiohydrazone
series, and the thiosemicarbazone class of chelators (DpT series
and BpT series).13,14 Among these, the thiosemicarbazones,
namely di-2-pyridylketonethiosemicarbazone (DpT series) and
2-benzoylpyridine thiosemicarbazone (BpT series, formed by
replacing the 2-pyridyl ring of DpT with a phenyl group)
combine critical structural features that are necessary to confer
potent anti-proliferative effects. Richardson and co-workers
have reported greater anti-proliferative activity for the novel
BpT chelators, perhaps resulting from an increased electron-
withdrawing effect from the pyridyl nitrogen, essential for Fe-
binding affinity.15 Clinical trials have demonstrated the anti-
proliferative potential of iron chelators such as DFO for
patients with neuroblastoma16 and thiosemicarbazones such as
3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Tri-
apine®; Vion Pharmaceuticals Inc., New Haven, CT) in phase I
and II clinical trials of patients with metastatic renal cell
carcinoma and advanced pancreatic adenocarcinoma.17

However, these anti-tumour effects have been associated with
some adverse effects, such as dose-limiting toxicity (including
anaemia, leucopenia, methaemoglobinema, thrombocytopenia
and hemolysis), which have been observed in clinical trials of 3-
aminopyridine-2-carboxyaldehyde thiosemicarbazone (Triapine),
while cardiac brosis has been reported with di-2-pyridylketone-
4,4-dimethyl-3-thiosemicarbazone (Dp44mT) of the DpT
series.18,19 Moreover, the low aqueous solubility of these iron
chelators further decreases the scope of their potential use as
injectable formulations. Additionally, studies have shown the
high protein binding of the BpT class of compounds, which has
been further reported to reduce cellular uptake and apoptotic
activity and therefore compromise the anti-proliferative activity
of these compounds.20 Pharmacokinetics studies in rats have
found Bp4eT and its metabolites in plasma 2 h aer adminis-
tration and in urine 24 h aer administration, indicating that
some fraction of administered Bp4eT is eliminated unchanged
from in vivo systems.21–24 These impediments to the chemical
efficacy of these compounds, if addressed, could greatly help the
further clinical development of iron chelators. The encapsulation
61586 | RSC Adv., 2016, 6, 61585–61598
of drugs is one such technique, involving the use of nanotech-
nology based drug carriers to offer potentially improved
strategies/methodologies to overcome the drawbacks of native
drugs.25 Further PEGylation of these nanocarriers not only helps
to improve the solubility of water-insoluble drugs but also
prolongs their circulation in the blood by providing stealth
characteristics.26 To our knowledge, limited literature is available
on iron-chelator encapsulated nanoparticulate carriers, espe-
cially for chemotherapeutic applications. There are only a few
reports on liposomal and micellar formulations encapsulating
iron chelators; also, these have been used for iron overload
disorders, such as b-thalassemia.27,28 Miao et al. reported
a hyperbranched copolymer system to encapsulate Bp4eT and
examined its intracellular delivery in HepG2 and H1299 cells.29

Recently, Mir et al. reported the preparation of deferasirox loaded
polymeric nanoparticles.30 Nonetheless, solid lipid nanoparticles
(SLNs), a highly bio-compatible nanoparticulate carrier system,
does not appear to have been explored at all for the delivery of
iron chelators, especially for chemotherapeutic applications.31

The present investigation is the rst to demonstrate a novel
strategy to use targeted SLNs to encapsulate BpT and its analogue
Bp4eT and validate the chemotherapeutic potential of this
system.

We have developed a stearic acid based PEGylated solid lipid
nanoparticle formulation (with biotin as the targeting ligand) to
encapsulate the potential anti-proliferative agents BpT and
Bp4eT and deliver them to the tumour site, thus offering an
opportunity to overcome issues with these native drugs. These
targeted PEGylated SLNs were prepared by the ultrasonication
method and targeted to tumour tissues using biotin as a tar-
geting ligand. This work presents a two-step pre-targeting
approach to target tumours by exploiting the extremely high
binding affinity of biotin to the avidin protein. This paper
describes detailed in vitro and in vivo studies to evaluate the
cytotoxicity, serum stability and hemolytic activity of these
formulations to give more insights into their anti-proliferative
activity. To evaluate further, both native drugs (BpT and
Bp4eT) and drug loaded targeted SLNs have been radiolabelled
with a gamma nuclide, technetium-99m (99mTc), to investigate
their pharmacokinetics and pharmacodynamics by studying
their blood kinetics in rabbits, biodistribution in A549 tumour
models and uptake in tumour tissues. These pharmacokinetics
studies have been further conrmed by scintigraphic imaging
in A549 xenograed nude mice.

Experimental
Materials and methods

2-Benzoylpyridine, thiosemicarbazide and 4-ethyl-3-
thiosemicarbazide were procured from Sigma Aldrich.
Ethanol, HPLC-grade water, glacial acetic acid and diethyl ether
were bought from E-Merck Co. Ltd. Stannous chloride dehy-
drate, Tween-80, biotin, avidin and human serum albumin
(HSA) were procured from Sigma Aldrich, USA. Stearic acid (SA),
soya lecithin and Triton X-100 were procured from CDH Fine
Chemicals, Delhi, India. 99mTc was obtained in the form of its
sodium salt, [Na99mTcO4], eluted from a 99Mo/99mTc generator
This journal is © The Royal Society of Chemistry 2016
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by a solvent extraction method, as supplied by the Regional
Center for Radiopharmaceuticals (northern region), Board of
Radiation and Isotope Technology (BRIT) (unit of BARC),
Department of Atomic Energy, India. Human NSCLC cell line
A549 was purchased from American Type Culture Collection
(Rockville, MD, USA).

Animal models

Healthy athymic mice (weighing between 20 and 25 g) and
albino New Zealand rabbits with body weights between 2.5 and
3 kg and with no prior drug treatment were used for the blood
kinetics, imaging and biodistribution studies. All animal
studies were carried out in accordance with the guidelines
compiled by CPCSEA (Committee for the Purpose of Control
and Supervision of Experiments on Animals), Ministry of
Culture, Govt. of India, and all the study protocols were rst
approved by the Institutional Animal Ethics Committee. Mice
and rabbits were housed at the in-house Experimental Animal
facility, under controlled temperature conditions of 22 �C � 2
�C, and were kept on a standard diet and water. All possible
steps were taken to abate the suffering of the animals at each
stage of the experiment.

A549 xenogras. A549 cells were maintained in RPM1
medium supplemented with 10% (v/v) heat inactivated fetal
bovine serum, 2 mM L-glutamine and 100 U mL�1 penicillin–
streptomycin in a humidied incubator at 37 �C in 5% CO2. 100
mL PBS containing 2 � 106 A549 cells were subcutaneously
injected into the right ank of the athymic mice. Aer 7 to 10
weeks, the tumour volumes reached around 50 mm3 and the
mice models were ready for biodistribution and imaging
studies.

Synthesis

Synthesis of 2-benzoyl pyridine thiosemicarbazone (BpT). 2-
Benzoyl pyridine thiosemicarbazone (BpT) was synthesized
according to a protocol by Richardson et al., with slight modi-
cations, using Schiff-base condensation.32 2-Benzoyl pyridine
(2.0102 g, 10.972 mmol) was dissolved in EtOH (20mL). 80 mL of
glacial acetic acid was added to a 5% aqueous solution of thi-
osemicarbazide (1 g, 10.972 mmol) and reuxed for 8 to 10 h.
The mixture was cooled to 5 �C and the yellow precipitate
formed was washed with a 1 : 1 mixture of EtOH : acetone fol-
lowed by washing thrice with diethyl ether to obtain BpT in the
form of yellow crystals (yield: �70%).

Synthesis of 2-benzoylpyridine-4-ethyl-3-thiosemicarbazone
(Bp4eT). The synthesis of 2-benzoyl pyridine 4-ethyl-3-
thiosemicarbazone was performed by the same method as
BpT, by using 4-ethyl-3-thiosemicarbazide (500 mg, 4.19 mmol)
in place of thiosemicarbazide along with 2-benzoyl pyridine
(768.5 mg, 4.19 mmol). Similar processing resulted in pale
yellow shiny crystals of Bp4eT (yield: �72%).

Synthesis of PEG–biotin conjugate (PB). The PEG–biotin
conjugate was prepared by Steglich esterication.33 In brief,
methoxy-PEG5000 (341.1 mg, 0.068 mmol) was dissolved in DMF
(15 mL). A solution of biotin (20 mg, 0.0818 mmol), DCC (35.18
mg, 0.1704 mmol) and DMAP (8.33 mg, 0.068 mmol) in DMF (15
This journal is © The Royal Society of Chemistry 2016
mL) was added dropwise to the methoxy-PEG5000 solution. Aer
stirring for 72 h at room temperature, the reaction mixture was
concentrated and the product was precipitated in 20 mL of cold
diethyl ether and further puried by washing thrice with diethyl
ether. PEG–biotin was obtained as a light brown powder (yield:
�95%).

Chemical characterization

Nuclear magnetic resonance. 1H NMR and 13C NMR analysis
was performed on a Bruker Avance 400 MHz spectrometer in 5
mm diameter WILMAD® NMR tubes. 10 to 20 mg of the
compound was dissolved in 700 mL CDCl3 for evaluation.

Infrared spectroscopy. Functional groups were analyzed
using a Thermo Scientic Nicolet 8700 ATR instrument.

Mass spectroscopy. ESI mass spectra were recorded on an
Agilent Technologies 6310 Ion-Trap LCMS.

UV-Vis spectroscopy. UV-Vis spectra were recorded on
a Synergy 2 Multi-mode reader by BioTek Instruments, Inc.,
USA.

Nanoparticle formation of BpT and Bp4eT loaded PEGylated
solid lipid nanoparticles (SLNs)

Stearic acid based solid lipid nanoparticles (SLNs) were previ-
ously optimized by our group, and the optimal formulation in
terms of size and polydispersity index (PDI) was used for
loading these iron chelators.34 In this work, the synthesized
PEG–biotin was incorporated in the SLN formulation instead of
the PEG used earlier. Briey, stearic acid was heated to 50 �C (in
a water bath) and added to the organic phase comprising a 1 : 1
mixture of acetone and ethanol. An aqueous phase containing
the surfactant Tween-80 and the co-surfactant soya lecithin in
a 1 : 1 ratio was maintained at pH 1.1 with 1 N HCl in an ice
bath. The hot organic phase was quenched by pouring it into
the aqueous phase, maintained at 0 �C, under constant stirring.
The resulting o/w emulsion was further sonicated in a bath
sonicator (Bandelin Sonorex RK52H, Germany) for 15 min and
a probe sonicator (VCX 750, Vibracell™, Sonics &Materials Inc.,
Newton CT, USA) for 5 min. The SLNs dispersions were puried
by centrifugation at 4 �C (Eppendorf 5810R Centrifuge, Thermo
Fisher Scientic, USA) at 10 000 rpm, followed by water wash-
ings (�3) until the supernatant was completely neutral (pH 7.0).
The resulting formulation had the following composition (w/
v%): lipid 1.1%, PEG–biotin 0.125%, soya lecithin 2.5% and
Tween-80 2.5%. The drug loaded SLNs were similarly prepared
by adding BpT and Bp4eT drugs (0.1 to 1.1%) to the formula-
tion. These formulations were hence named BpT-PB-SLNs and
Bp4eT-PB-SLNs for BpT and Bp4eT loaded SLNs, respectively.
The SLN suspensions were lyophilized in a freeze-drier to obtain
them in dry powder form for further evaluation (Freezone 2.5
plus, Labconco Corporation, MO, USA).

Physico-chemical characterization

Dynamic light scattering and zeta potential. The dry powder
of the SLN formulation was re-suspended in water to form
a homogenous solution. This solution was used for the deter-
mination of the hydrodynamic diameter and zeta potential
RSC Adv., 2016, 6, 61585–61598 | 61587
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measurements using the dynamic light scattering technique
(Malvern Zetasizer 90S, UK). All the measurements were per-
formed in triplicate.

Transmission electron microscopy and atomic force
microscopy. The morphology of BpT-PB-SLNS and Bp4eT-PB-
SLNS was analyzed by TEM (HITACHI, H-7500, Japan). One
drop of the loaded SLN formulation was placed on a carbon
coated copper grid of 200 mesh size and air dried to evaluate the
morphology by TEM. AFM microscopy (ScanAsyst®, Bruker,
USA) was also used to support the TEM images. Samples were
prepared by spraying the aqueous formulations onto silicon
wafers and air-drying them.
Determination of drug content in the SLNs

The entrapment efficiency (% EE) and drug loading (% DL) of
BpT-PB-SLNs and Bp4eT-PB-SLNs was determined by disrupting
the drug-loaded SLNs in DMSO (1 mg mL�1). The drug content
dissolved in DMSO was determined using UV-spectroscopy at
330 nm. The % EE and % DL were calculated as follows:

Drug loadingð% DLÞ ¼
amount of drug encapsulated in SLNs

amount of drug added
� 100

Entrapment efficiencyð% EEÞ ¼
amount of drug encapsulated in SLNs

amount of SLNs
� 100
Drug release prole and kinetics

The dialysis method was used to study the release of the drugs
(BpT and Bp4eT) from the iron chelator loaded PEGylated SLNs.
To quantify their release, suspensions of BpT-PB-SLNs and
Bp4eT-PB-SLNs in PBS (pH 7.4) were analyzed by UV-Vis spec-
trophotometry. For comparison, the BpT and Bp4eT released
from the solution were also analyzed under similar conditions.
All the experiments were performed in triplicate from the same
stock solutions. The release studies were examined at two
different pH values, 7.4 (0.1 M phosphate buffer saline) and 5.5
(acetate buffer), using a Spectra-Por® Float-A-Lyzer (MWCO 8
kDa, Spectrum Laboratories, USA). The Float-A-Lyzer was
soaked overnight in distilled water. 5 mL of each drug loaded
nanocarrier was transferred to the Float-A-Lyzer, which was
then placed in the respective buffer solution (dialysis medium).
2 mL aliquot was withdrawn from the dialysis medium to record
its UV absorbance and was refurbished with 2 mL of fresh
buffer. Calibration curves of BpT and Bp4eT in acetate buffer
and PBS were used to calculate the drug concentration in the
SLNs (Fig. S2†). The following equation was used to calculate
the cumulative percentage of drug released from the SLNs:

% drug release ¼
�
1�

�
absorbancet

absorbancet0

��
� 100
61588 | RSC Adv., 2016, 6, 61585–61598
The absorbance was measured at time t0 (initial time) and at
time t.

To further evaluate the mechanism of drug release from the
nanocarriers, the release data was plotted according to different
kinetic models (zero order (Mt ¼ K0t), rst order (log Mt ¼ K1t),
Higuchi model (Mt ¼ Kht

1/2) and Korsmeyer–Peppas model�
Mt

MN
¼ Kkptn

�
; where Mt and MN are the drug released at

time, t and at innite time respectively, Kh is the Higuchi
dissolution constant and Kkp is the drug release rate constant).
In vitro evaluation

Hemolysis studies. Interaction of BpT-PB-SLNs and Bp4eT-
PB-SLNs with red blood cells (RBCs)/erythrocytes was exam-
ined by hemolysis studies. The hemolytic activity of the native
drugs (BpT and Bp4eT) and the drug loaded targeted SLNs was
evaluated in accordance with ASTM F756 as per protocol.35

Briey, blood was drawn from healthy human volunteers in
heparinized tubes and then centrifuged at 3000 rpm for 10 min
to separate the RBCs from the plasma. The RBC pellet was
washed thrice with PBS (pH 7.4) and suspended in 50 mL of PBS
7.4 to form a RBC suspension. In each case, 0.4 mL of sample
(BpT and Bp4eT solution and BpT-PB-SLNs and Bp4eT-PB-SLNs
dispersion with equivalent drug concentration) was mixed with
1.6 mL of the RBC suspension. These were incubated aer
gentle mixing at 37 �C to evaluate the time dependent hemolytic
character of the compound. At different time points ranging
from 15 min to 4 h, 2 mL of the mixture was centrifuged for 10
min at 3000 rpm to precipitate the erythrocytes. The optical
density of the supernatant was measured at 540 nm using a UV-
Vis spectrophotometer, and the (%) hemolysis was calculated
using the following formula:

% hemolysis ¼
absorbanceðcompoundÞ � absorbanceð-ve controlÞ
absorbanceðþve controlÞ � absorbanceð-ve controlÞ

� 100

Methemoglobin formation. RBC pellets prepared as describe
above were lysed with ultra-pure water; the remaining debris
was separated by centrifugation at 14 000g for 30 min at 4 �C.
The supernatant which contained the RBC lysates was used for
further experiments. The concentration of MetHb in the RBS
lysates was evaluated to be 630 nm by UV-Vis spectrophotom-
etry.36 Chelators (BpT, Bp4eT and DFO)–iron complexes were
freshly prepared by combining the ligand with FeCl3$6H2O in
DMSO (2 : 1 ¼ ligand : metal), the most stable form of the
complex.37 The BpT–Fe and Bp4eT–Fe complexes were further
encapsulated in SLNs as per the abovementioned protocol. The
chelator–iron complexes were all used in equal concentrations
(25 mM). All the complexes were incubated with both intact
RBCs and RBC lysates for 4 h at 37 �C to evaluate the methe-
moglobin formation compared with that of the DFO–Fe
complex, which is not redox-active.

Sulforhodamine B assay. A sulforhodamine B (SRB) assay
was carried out to determine the cytotoxicity of BpT and Bp4eT
loaded SLNs in human embryonic kidney cells (HEK). Cells were
This journal is © The Royal Society of Chemistry 2016
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seeded into 96-well plates (2000 to 5000 per well), allowed to
attach overnight, and then incubated with 0.01 to 100 mM BpT,
Bp4eT and their encapsulated SLNs, respectively. The media
was removed at dened time points of 12, 24 and 48 h and 100
mL of 10% trichloroacetic acid (TCA) was added to the wells at 4
�C to precipitate the proteins. Aer 45 min of incubation, the
unbound TCA was removed by the addition of 200 mL of
deionized water followed by the addition of 100 mL of 0.4% SRB
solution to each well and incubated at 37 �C for 30 minutes. The
SRB from each well was washed a minimum of 5 times with 1%
acetic acid solution and then air dried. The protein bound dye
was then solubilized by adding 100 mL of 10 mM Tris base to
each well for 30 minutes at 37 �C. The nal step of the protocol
involved a homogenisation step by placing the plate on a shaker
for 10 minutes, followed by measuring its absorbance at 564 nm
using a UV-Vis spectrophotometer.

Percentage viability ¼
�
ODcompound

ODcontrol

�
� 100
Radiolabeling and in vivo evaluation

The drug-loaded and unloaded formulations were labeled with
99mTc radionuclide using the previously used labeling method
with slight modications.38 In short, the fresh solution of
sodium pertechnetate in saline (74 to 110MBq of 99mTcO4�) was
added to each formulation, followed by addition of stannous
chloride solution (reducing agent for pertechnetate) in 10%
glacial acetic acid (4 mg mL�1). The acidic pH was neutralized
by adding 0.1 M NaOH solution. The labeling efficiency of the
nanoformulations was examined using instant thin layer chro-
matography (ITLC) in different solvent systems (acetone and
PAW (pyridine : acetic acid : water: 3 : 5 : 1.5)) as per the liter-
ature, to evaluate the percentage of 99mTc labeled formulation
in the mixture with regard to the reduced and hydrolyzed
colloids formed.39
Blood kinetics

For the blood kinetics studies of 99mTc-labeled SLNs and 99mTc-
labeled drugs, healthy New Zealand albino rabbits weighing 2.5
to 3.5 kg were used. 300 mL (10 MBq) of each 99mTc labeled SLNs
formulation was injected in the dorsal ear vein. Blood was
drawn from the other ear vein at different time intervals ranging
from 5 min to 24 h, to evaluate the continuous activity of these
formulations in the blood circulation. The percentage of the
injected dose remaining in blood was calculated for each time
interval, assuming a total blood volume equal to 7% of body
weight.

In vitro serum stability. The above blood samples were used
to separate the plasma by centrifugation. To this, 10% TCA was
added to separate the plasma proteins. 99mTc labeled SLNs and
iron chelators were incubated with the remaining serum at 37
�C, and their stability was evaluated aer 24 h incubation by
measuring their respective radioactivities in a well-type gamma
counter.
This journal is © The Royal Society of Chemistry 2016
Biodistribution

A549 xenograed athymic (nude) mice were divided into two
groups of twelve each. 100 mL (3.7 MBq) of 99mTc labeled SLNs
formulations were introduced in the tail vein of the xenograed
mice. Prior to this, the mice were injected with avidin. At
different time intervals (1 h, 2 h, 4 h and 24 h), the mice (n ¼ 3)
were euthanized and blood was collected into pre-weighed vials.
The nude mice were then dissected and their vital organs
(lungs, heart, liver, kidneys, spleen, stomach, intestine, tumour
muscle and contralateral muscle) were removed. The organs
were washed with saline to remove any debris and collected in
pre-weighed vials. The radioactivities of these organs were
measured by a gamma counter. The measurement of remnant
radioactivity in each organ was calculated per gram organ
weight and conveyed as the % injected dose per gram organ
weight. The radioactivity of the tail (point of injection) was also
measured to evaluate the absolute percentage of remaining
radioactivity in a particular organ.
SPECT imaging

To further evaluate the tumour specicity of these biotin func-
tionalized SLNs, a competitive binding study was performed by
pre-targeting the tumour bearing mice with avidin at least 2 h
prior to injection. Six A549 xenograed (nude) mice were co-
injected with 100 mL each of unlabeled biotin, 99mTc labeled
BpT-PB-SLNs and 99mTc Bp4eT-PB-SLNs (3.7 MBq) (three mice
for each compound). Gamma images were captured using
a HAWK-EYE gamma camera attached with a collimator.
Semiquantitative analysis was performed using INTEGRA So-
ware by generating a region of interest (ROI) to evaluate the
uptake of nanoformulations in the tumour region.
Results and discussion

Rapidly dividing cancer cells have a higher requirement for iron
than their normal counterparts, making them sensitive to iron
depletion. The current research is based on the hypothesis that
iron depletion strategies may have deleterious effects on
tumour cell growth and may be possible solutions to counter
it.15 The 2-benzoyl thiosemicarbazone series of iron chelators
have shown promising anti-tumour effects, but with scope for
improvement with regard to their associated drawbacks.
Therefore, the aim of this work is to develop a functionalized
SLN carrier system for the BpT and Bp4eT iron chelators so as to
enhance their antiproliferative effects and overcome the draw-
backs of the native drugs. This work elaborates the synthesis of
these two chelators, BpT and Bp4eT, and their entrapment in
SLNs (Schemes 1 and S1 of the ESI†). PEG–biotin conjugate has
been incorporated in these solid lipid NPs to serve a dual
purpose (Fig. S6†). The dense poly(ethylene glycol) shell of the
SLNs can prevent protein adsorption and recognition by the
phagocyte system and prolong blood circulation, a prerequisite
for enhanced tumour accumulation based on the EPR effect.40

Biotin is being used as a ligand to target tumours by a two-step
pre-targeting approach, leveraging its high specicity and
strong affinity (Kd ¼ 10�15 M) to avidin. Avidin (a highly
RSC Adv., 2016, 6, 61585–61598 | 61589
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Scheme 1 Bidentate ligands, benzoyl pyridine thiosemicarbazone
(BpT) and 4-ethyl benzoyl pyridine thiosemicarbazone (Bp4eT)
showing Fe2+ chelation.
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glycosylated, positively charged protein found in egg white)
binds to lectins (proteins that bind to the cell membranes)
which are expressed at various levels on the surface of tumour
cells.41,42 The biotin–avidin interaction, considered a gold
standard for the two-step pretargeting approach to tumour
sites, has shown good results in these iron chelator loaded SLNs
to help deliver the iron chelators inside the tumour cells.
Moreover, the tetrameric architecture of avidin (fourfold
valency for biotin) offers amplied accumulation of the targeted
formulations at the tumour site. This has been extensively
studied with the help of radiolabeling techniques. In our study,
we have used a gamma emitter, 99mTc, which is a metastable
nuclide with an optimal half-life (t1/2 � 6 h) for evaluation yet
low radiation exposure to the subject. The BpT and Bp4eT
encapsulated biotinylated SLNs thus developed/prepared were
evaluated by physico-chemical characterization techniques fol-
lowed by their in vitro, ex vivo, and in vivo evaluation in A549
tumour models.
Synthesis – chemical characterization

2-Benzoylpyridine thiosemicarbazone was synthesized by
a Schiff-base condensation reaction between 2-benzoylpyridine
and thiosemicarbazide, as shown in Scheme S1.† Similarly,
Bp4eT, an analogue of BpT, was synthesized by the same
protocol using 2-benzoylpyridine and 4-ethyl-3-
thiosemicarbazide. The Bp4eT analogue was prepared by
replacing one H attached to N with an ethyl group (–CH2–CH3).
This functionalization would cause an increase in the +R effect
and the electron-donating effect of the chelator and would
therefore result in stronger metal binding than BpT. The
61590 | RSC Adv., 2016, 6, 61585–61598
products, BpT and Bp4eT, were characterized by 1H NMR, 13C
NMR, FTIR, and ESI-MS and UV-Vis spectroscopies. The 1H
NMR spectra of both of the drugs depicted all the peaks of their
respective protons, while the 13C spectra showed the disap-
pearance of the carbonyl peak of 2-benzoylpyridine at 193.79
ppm and the appearance of the imine peak of BpT at 152.22
ppm and at 152.40 ppm in the case of Bp4eT (Fig. S1 and S2†).
The mass spectrum for BpT showed a [M + H]+1 peak at 257.3m/
z, while the [M + Na]+1 peak appeared at 279.1 m/z. The Bp4eT
spectrum showed a [M + H]+1 peak at 285.3, while the [M + Na]+1

peak appeared at 307.0 m/z (Fig. S3†). This was also corrobo-
rated by the qualitative FTIR spectra with the disappearance of
the carbonyl stretching at 1666 cm�1 (corresponding to 2-ben-
zoylpyridine) and the appearance of nC]N stretching at 1592
cm�1 (corresponding to the imine) (Fig. S4†). The synthesis was
evident from the shi in the lmax values obtained from the UV-
Vis spectra (Fig. S5†).
Nanoparticle formation – characterization and drug loading

Here, we attempted to incorporate the synthesized iron chela-
tors BpT and Bp4eT in a biocompatible lipidic carrier system to
help deliver them in higher concentrations at the target tumour
site with minimum wastage due to protein binding, etc., en
route. In addition, this work also aimed to compare the behav-
iour of these two drugs when they are encapsulated in a func-
tionalized PEGylated lipidic carrier system with biotin as the
targeting ligand to increase the tumour targeting efficacy.43 The
formulation and preparation of stearic acid SLNs was optimized
to enable encapsulation of BpT and Bp4eT. The lipid concen-
tration, drug : lipid molar ratio and concentration of surfactant
are known to have signicant inuences on the particle size and
drug entrapment efficiency. The effects of various processing
parameters, such as the lipid : drug ratio, surfactant ratio (soya
lecithin : Tween 80) and volume of aqueous and organic phases
were optimized to obtain a good combination of small particle
size (low PDI) and high entrapment efficiency to yield effective
BpT and Bp4eT loaded SLN formulations.

Physicochemical properties are vital across all possible
applications of SLNs. The effect of using various materials
(lipid, surfactants, polymer conjugated targeting ligand) and
preparation methods on the characteristics and properties of
the developed SLNs were all taken into account to examine the
particle size, zeta potential, morphology and thermal properties
of these targeted SLN formulations.44 The mean particle size
distributions of BpT-PB-SLNs and Bp4eT-PB-SLNs were ob-
tained as 117.6 nm (PDI 0.169) and 124.8 nm (PDI 0.048),
respectively (Fig. 1). The PDI values of less than 0.3 indicated
the homogeneity of the nanoformulations. The zeta potentials
of BpT-PB-SLNs and Bp4eT-BP-SLNs were found to be�28.5 and
�33.3 mV, respectively, indicating the stability of these nano-
formulations, as absolute zeta potential values around 25 mV
are known to favour storage stability.45

The loading of iron chelators (BpT and Bp4eT) in the SLN
nanocarriers was veried by UV-Vis spectrophotometry. Both
BpT and its analogue showed a slight red shi from 330 nm to
340 nm on encapsulation into the SLNs, which conrmed the
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Size distribution of BpT-PB-SLNs (A(i)) and Bp4eT-PB-SLNs (B(i)) by DLS. Insets show their respective morphology by AFM. Zeta potential
of BpT-PB-SLNs (A(ii)) and Bp4eT-PB-SLNs (B(ii)). Insets show their respective TEM images.
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encapsulation of the drugs in the nanocarrier systems (Fig. 2).
The encapsulation efficiencies of BpT and Bp4eT in BpT-PB-
SLNs and Bp4eT-PB-SLNs are 70% and 72%, respectively,
and the drug loadings of the respective systems were around
20 and 22%. The chemical and physical structure of the solid
lipid matrix, the solubility of drug in melted lipid, the misci-
bility of the drug melt and the lipid melt, and the polymorphic
state of the lipid material are certain factors which govern the
encapsulation efficiency and loading capacity of an SLN
formulation. Of these, high solubility of the drug in the lipid
melt is a prerequisite to achieve good loading capacity.31 In the
present case, the hydrophobic nature of these iron chelators,
BpT and Bp4eT, and their good solubility in the lipid melt
(tried experimentally up to a 1 : 1 ratio) could facilitate
Fig. 2 UV-Vis spectra depicting red shift on drug loading in BpT-PB-SLN
Bp4eT, Bp4eT-PB-SLNs.

This journal is © The Royal Society of Chemistry 2016
a maximum encapsulation efficiency of up to 72% and
a loading content of around 25%, which is a high value when
considering that SLNs are known to show lower drug loadings
than their liposomal counterparts.46 However, their biocom-
patible compositions and the ability to remain in a solid state
at physiological temperatures gives them an advantage over
liposomes.

The TEM micrographs revealed the spherical surface
morphology of these nanoformulations. The TEM images show
a dark core of the particles, clearly depicting the drug loading in
the core of the SLNs (Fig. 1). Images acquired by the very tiny
AFM tip, aer immobilization of the SLNs on the silicon wafers,
also validated this nding (Fig. 1).
s (A) and Bp4eT-PB-SLNs (B). PSS, BpT, BpT-PB-SLNs,
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Drug release – kinetics discussion

In vitro release studies under simulated physiological condi-
tions are essential to comprehend the effect of a drug. For
this, it is essential to realize in what form and to what extent
the drug is encapsulated in a carrier system. Generally, the
drug molecules are not only loaded in the core of the lipid
matrix but also become entrapped in the outer shell of the
lipid matrix.47 To evaluate the extent and form of drugs
encapsulated in these biotinylated solid lipid nanoparticles,
the in vitro release prole was constructed in the form of the
percentage of drug (BpT and Bp4eT) released from the SLNs
cumulatively as a function of time. Fig. 3 proles the drug
release at two pH values: pH 7.4 to simulate the physiological
environment, and pH 5.5 to simulate the acidic tumour
microenvironment. In the case of Bp4eT-PB-SLNs, almost 14%
and 23% of the drug was released in the rst 24 h at pH 5.5
and 7.4, respectively. A possible explanation is that the drugs
must travel a longer diffusion path due to enrichment of the
drug in the core of the SLN rather than being loosely bound in
the outer shell of the lipid matrix; hence, no burst release was
observed. Such an enrichment might occur due to the solid-
ication of the SLN during the quenching of the lipids during
mixing of the organic and aqueous phases. This quenching
could also have avoided the heterogeneous crystallization of
the drugs owing to the distinctly higher melting point of the
drug (151 to 153 �C) than the lipid (�55 �C). Subsequently,
there was a very slow rate of release aer 24 h. Only 7 to 10% of
the drug was released over the next 7 days, and the maximum
release went up to 21% and 32.5% respectively, until day 7.
Nonetheless, the release proles had an increasing trend,
indicating that further release can be expected with
increasing time duration. This clearly demonstrates a highly
sustained release system that initially releases part of the dose
contained in it, in order to rapidly attain the effective thera-
peutic concentration of the drug. Thereaer, the drug release
kinetics follows a well-dened behavior in order to supply the
maintenance dose, enabling the attainment of the desired
drug concentration. As expected, the solid state of the lipids in
the SLNs prolonged the release of the entrapped drugs from
the nanoparticles. These results validate the possibility of
a controlled release from SLNs, as also reported in an earlier
study.48
Fig. 3 In vitro drug release of BpT-PB-SLNs (A) and Bp4eT-PB-SLNs (B) at
respectively. BpT release@pH 5.5, BpT release@pH 7.4

61592 | RSC Adv., 2016, 6, 61585–61598
Release kinetics

Controlled release systems have versatile applications and are
therefore becoming imminent research aids for therapeutic
treatment. In this scenario, the use of mathematical modeling
has been found to be a very useful tool in the prediction of
release kinetics before the drug loaded systems are realized, as
they allow the measurement of some important physical
parameters, such as the drug diffusion coefficient, and resort to
model tting on experimental release data.49 The experimental
data obtained from the in vitro drug release studies of BpT-PB-
SLNs and Bp4eT-PB-SLNs was modeled according to different
release kinetic models such as zero order, rst order, Higuchi
and Korsmeyer–Peppas (Power law) models to authenticate the
mechanism of release. Of thesemodels, the release proles gave
a better t to the Korsmeyer–Peppas model, as evident from the
high values of the correlation coefficient, r2 (Fig. 3). Since the
spherical shape of the SLNs was validated from the TEM
images, the values of the power law exponent, n, for a sphere
have been used. The model tting revealed a Fickian release
mechanism at pH 7.4 with n ¼ 0.2 (n < 0.43) and a non-Fickian
transport at acidic pH 5.5 with n ¼ 0.62 (0.43 < n < 0.89). Drug
release by the Fickian diffusion has been found to be generally
true irrespective of the method of production, and this was
correlated with the legitimate use of the Korsmeyer–Peppas
model to describe Fickian diffusion from lipid matrices, as has
been reported.
In vitro evaluation

Hemolysis. For formulations intended to be administered by
the intravenous route, it is imperative to determine their toxicity
in blood; evaluation of hemolytic activity is the best method to
accomplish this. This study became all the more relevant when
patients undergoing phase I and II clinical trials with Triapine
were reported to show severe methaemoglobinema and hemo-
lysis aer treatment.50 The basic objective of this study was to
quantify the damaging effects of BpT-PB-SLNs and Bp4eT-PB-
SLNs on the RBC membrane. 2% Triton X-100 and Phosphate
Buffer Saline 7.4 (PBS 7.4) were used as the positive and negative
controls for this study. Erythrocytes were incubated at 37 �C
with BpT-PB-SLN and Bp4eT-PB-SLN samples; any RBC lysis was
estimated from the absorbance of the sample measured, post
centrifugation, at 540 nm. It was found that even up to 4 h, BpT-
pH values 5.5 and 7.4. (C) and (D) show the Korsmeyer–Peppasmodels
, Bp4eT release@pH 5.5, Bp4eT release@pH 7.4.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Methemoglobin formation test of BpT and Bp4eT in RBC
lysates. DFO, BpT, Bp4eT,
BpT-PB-SLNs, Bp4eT-PB-SLNs.
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PB-SLNs and Bp4eT-PB-SLNs showed only 0.45% and 0.49%
hemolytic activity with respect to the negative control, as also
exemplied by the sample images (Fig. 4). These values were
well within the biologically acceptable range of 5% as per ASTM
standards. This study therefore indicated that BpT-PB-SLNs and
Bp4eT-PB-SLNs are completely safe to erythrocytes and are
suitable for the intravenous mode of injection.

Methemoglobin formation. Methemoglobin formation, an
important side effect of using iron chelators such as BpT and
Bp4eT, was evaluated when iron complexes of BpT and Bp4eT
and their SLN loaded formations were incubated with RBC
lysates at 37 �C. The activity of BpT and Bp4eT–iron complexes
showed an increasing formation of methemoglobin as a func-
tion of time. Almost a 4-fold increase was observed for these
iron chelators relative to DFO at 1 h post incubation, which
increased to almost 20-fold over a 4 h period (Fig. 5). Almost
negligible methemoglobin formation was observed in the case
of the nanoparticle-packaged chelators, thus demonstrating
that nanoparticle-packaging aids in preventing methemoglobin
formation by the encapsulated iron chelators, thus ensuring
that these BpT-PB-SLNs and Bp4eT-PB-SLNs are less prone to
generate methemoglobin in vivo.

Cell viability. Aer the evaluation of blood toxicity, the
cytotoxicity of BpT-PB-SLNs and Bp4eT-PB-SLNs was deter-
mined using the SRB assay on healthy non-tumour cells human
embryonic kidney cells (HEK cells). The sulforhodamine B assay
was chosen over the MTT assay to estimate the in vitro cyto-
toxicity of the SLNs because of its sensitivity to the function of
mitochondria, which are also sensitive to iron chelators. The
Fig. 4 Hemolysis plot of BpT-SLNs and Bp4eT-SLNs (A). (B) and (C)
show images 1 h and 4 h respectively. Triton, PBS 7.4, BpT-BP-
SLNs, Bp4eT-PB-SLNs.

This journal is © The Royal Society of Chemistry 2016
continuous form of the protocol was applied to the test, and the
data obtained were used to calculate the viability percentage;
this has been plotted in Fig. 6. At the end of 12 h, BpT and
Bp4eT were found to inhibit 50% of the HEK cells at 2 mM and
2.5 mM concentrations, respectively. In contrast, the BpT-PB-
SLNs and Bp4eT-PB-SLNs showed almost negligible inhibi-
tion, even up to the 48 h time point. Aer the cell viability
assessment, these drug loaded nano-formulations were then
chosen for further in vivo evaluations.
Radiolabeling and in vivo evaluation: kinetics,
biodistribution, SPECT imaging

Pharmacokinetic evaluations of the iron chelator loaded SLN
formulations were facilitated by radiolabeling them with
technetium-99m radionuclide to obtain the whole body ex vivo
distribution and the in vivo image of these formulations.49 Both
BpT-PB-SLNs and Bp4eT-PB-SLNs were labeled with 99mTc by
the direct labeling method with high reproducible labeling
efficiency. All the labeling parameters with respect to pH,
stannous chloride concentration, temperature and incubation
time were duly optimized so as to obtain the maximum labeling
efficiency and the minimum percentage of reduced and
Fig. 6 SRB assay of BpT-PB-SLNs and Bp4eT-PB-SLNs in HEK cells.
Control, BpT, Bp4eT, BpT-PB-SLNs,
Bp4eT-PB-SLNs.

RSC Adv., 2016, 6, 61585–61598 | 61593
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hydrolyzed colloids (Fig. S8†). We were able to achieve a labeling
efficiency of >99% for both the formulations, and they were
found to remain stable (>98% efficiency) up to 24 h in serum in
a reproducible manner without much proteolytic degradation
(Fig. S9†). These radiolabeled formulations, 99mTc-BpT-PB-SLN
and 99mTc-Bp4eT-PB-SLN, were then used for the blood
kinetics, biodistribution and scintigraphic analysis.
Blood kinetics

To evaluate the post injection retention time of these iron
chelators in blood circulation, blood kinetics studies were per-
formed.50 New Zealand albino rabbits were used for this study,
as they provide a sufficient quantity of blood for ex vivo evalu-
ation at different time points. Intravenous injection of 300 mL of
99mTc-labelled BpT-PB-SLNs and Bp4eT-PB-SLNs in rabbits
revealed slow and biphasic clearance of these compounds from
blood circulation compared to the relatively faster clearance of
the 99mTc labeled native drugs, BpT and Bp4eT, as shown in the
semilogarithmic plot representing the amount of radioactivity
remaining in the blood with the passage of time (Fig. 7). This
plot showed that our system follows the ‘Two-compartment
open model’, in which one central compartment comprises
the highly perfused tissue/organs and the other compartment
comprises the less perfused tissues/organs; this was further
used to calculate the half-lives of intact and encapsulated
chelators. It was further deciphered that aer 4 h post injection
(p.i.), only 2.8% and 4.5% of the injected 99mTc-BpT and 99mTc-
Bp4eT remained in circulation; these were reduced to 0.69%
and 1%, respectively, 24 h p.i. Contrastingly, almost 16.5% of
the 99mTc-BpT-PB-SLNs and 19% of the injected 99mTc-Bp4eT-
PB-SLNs were retained in systemic circulation 4 h p.i., and
signicant amounts of 12% and 10% of the injected 99mTc-BpT-
PB-SLNs and 99mTc-Bp4eT-PB-SLNs, respectively, were found in
the blood circulation even 24 h p.i. The half-life of 99mTc-BpT
was determined to be 30 min (t1/2 fast) and 6 h 15 min (t1/2
slow), whilst that of 99mTc-Bp4eT were found to be 35 min (t1/2
fast) and 10 h (t1/2 slow). The half-life of

99mTc-BpT-PB-SLNs was
found to be 50 min (t1/2 fast) and 24 h 30 min (t1/2 slow), while
that of 99mTc-Bp4eT-PB-SLNs was found to be 1 h 15 min (t1/2
fast) and 26 h (t1/2 slow). The blood kinetics studies using these
Fig. 7 Logarithmic plot of blood kinetics of BpT-PB-SLNs and Bp4eT-
PB-SLNs in New Zealand albino rabbits. BpT, Bp4eT,

BpT-PB-SLNs, Bp4eT-PB-SLNs.

61594 | RSC Adv., 2016, 6, 61585–61598
99mTc-labeled SLN formulations illustrated the higher retention
time of the iron chelators post encapsulation into SLNs than in
the native state. High blood retention increases the probability
of their retention in the tumour microenvironment and there-
fore enhances the scope of uptake of these iron chelators by
tumour cells (owing to their encapsulation in SLNs), facilitated
by the leaky lymphatic system of tumour tissues, which prevents
the drainage of these nanocarriers.51 This is in contrast to
conventional drugs, which have low retention in the tissues/
organs of interest owing to the active lymphatic system in
normal cells.

The stability of the 99mTc-labelled BpT-PB-SLNs and Bp4eT-
PB-SLNs was studied in human serum for up to 24 h. From
Fig. S9,† it can be predicted that the two complexes will be
extremely stable in the in vivo environment (human serum) with
a labeling efficiency of >98%.
Biodistribution studies

The results obtained aer the biodistribution study of the
radiolabelled BpT-PB-SLNs and Bp4eT-PB-SLNs are shown in
Fig. 8, wherein the percentage of the injected dose taken up by
various organs at different time points has been given. The pre-
targeting protocol involved prior administration of avidin to
establish secondary binding sites on the tumour that could be
more efficiently targeted by the biotinylated formulations. Both
the labeled compounds, 99mTc BpT-PB-SLNs and Bp4eT-PB-
SLNs, exhibited high initial radioactivity in the lungs, kidneys
and blood, whereas the intact 99mTc-BpT and 99mTc-Bp4eT
showed high radioactivity in the lungs, intestine, liver and
blood at the initial time points. The higher radioactivity of
99mTc-BpT and 99mTc-Bp4eT in the intestines and liver may be
attributed to their lipophilic character; however, in the encap-
sulated form, they primarily showed a renal route of excretion
(Fig. S10† shows the biodistribution prole of 99mTc-BpT and
99mTc-Bp4eT).21 A signicantly high accumulation of activity in
the liver and kidneys (1.94% ID and 7.5% ID of BpT-PB-SLNs,
3.088% ID and 8.78% ID of Bp4eT-PB-SLNs aer 2 h and
2.75% ID and 7.23% ID of BpT-PB-SLNs, 2.73% ID and 9.48% ID
of Bp4eT-PB-SLNs aer 4 h of injection of the labeled
complexes) indicated their hepatobiliary and renal route of
clearance from the body. The levels of activity in the spleen were
2.36% ID of BpT-PB-SLNs and 3.94% ID of Bp4eT-PB-SLNs aer
2 h, and 1.76% ID of BpT-PB-SLNs and 1.56% ID of Bp4eT-PB-
SLNs aer 4 h post-injection, while a high level of activity was
found in the lungs (5.3% ID of BpT-PB-SLNs and 5.29% ID of
Bp4eT-PB-SLNs aer 2 h and 6.01% ID of BpT-PB-SLNs and
7.2% ID of Bp4eT-PB-SLNs aer 4 h post-injection). Quantitative
uptake of the nanoformulations was found in the tumour to the
extent of 3.5% and 4.8% of the injected dose for BpT-PB-SLNs
and Bp4eT-PB-SLNs, respectively (at 4 h p.i.); these values
continued to increase with increasing time. This was in corre-
lation with the high anti-tumour activity of the BpT class of
chelators demonstrated against human DMS-53 lung xenogras
in nude mice.19 The target to non-target ratio was calculated at
different time points in the study in the form of tumour uptake
versus uptake in the normal contralateral side (Fig. 8). The ratio
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Biodistribution of BpT-PB-SLNs (A) and Bp4eT-PB-SLNs (B) at 1 h, 2 h, 4 h and 24 h. (C) Tumour : muscle distribution at different
time intervals. BpT-PB-SLNs, Bp 4eT-PB-SLNs.
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was highest at the 4 h time point and showed an increasing
trend even at the 24 h time point, perhaps owing to the reten-
tion of these formulations at the tumour site, whilst the labeled
compounds continued to be eliminated from the other tissues
and organs due to the decreased retention. This uptake was
signicantly blocked (by >90%) in animals receiving a high dose
of avidin together with the radiolabeled formulations, as ex-
pected. These biodistribution studies proved the higher
systemic circulation of this system, as exemplied by the
persistence of BpT-SLNs and Bp4eT-SLNs in tumour tissue for
up to 24 h.
Fig. 9 SPECT images of BpT-PB-SLNs (A(i)) Bp4eT-PB-SLNs (B(i)) and
those with biotin challenge {A(ii) and B(ii) respectively}.
Scintigraphy in tumour-bearing mice

Scintigraphic imaging was performed in A-549 xenograed
athymic mice following intravenous administration of the
radiolabeled formulations, 99mTc-BpT-PB-SLNs and 99mTc-
Bp4eT-PB-SLNs, co-injected with avidin. High uptake of the
biotinylated SLN formulations was seen at the tumour site,
which was quantied by semiquantitative analysis of the region
of interest (ROI) placed over the tumour region quantifying the
average counts per pixel with respect to the whole body uptake.
The ratio of tumour uptake to the whole body was found to be
almost 11% compared to the uptake by the rest of the body. The
biotin–avidin binding was validated by this gamma imaging,
which gave us a clear visual demonstration of the uptake of
these radiolabeled formulations in the tumour regions of the
xenograed mice. Images of the mice were taken at different
time points, showing the beginning of the accumulation of the
complexes in the tumour sites aer 1 h, which later reached
This journal is © The Royal Society of Chemistry 2016
a maximum aer 4 h and then remained stable. When
compared with the uptake in the contralateral muscle, the
tumour-to-muscle ratios were found to be 15.8 and 20.4 for BpT-
RSC Adv., 2016, 6, 61585–61598 | 61595
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PB-SLNs and 18.3 and 24.29 for Bp4eT-PB-SLNs aer 4 h and 24
h, respectively (Fig. 9).

Scintigraphic whole body imaging of the A549 tumour xen-
ograed athymic mice correlated well with the biodistribution
studies. These preliminary preclinical results demonstrated
a promising future for these novel SLN formulations encapsu-
lating BpT and Bp4eT iron chelators, particularly for A549
tumours, to help achieve lower intracellular Fe concentrations
and thus limit cell proliferation.

Conclusions

To summarize, novel nanoformulations based on biotin func-
tionalized SLNs have been developed from synthesized iron
chelators, BpT and Bp4eT. The formulations, with average
hydrodynamic sizes around 120 nm, were evaluated for their
hemolytic activity, pharmacokinetics and tumour uptake and
were found to show good tumour retention and negligible RBC
toxicity. A pragmatic approach to use two-step pretargeting has
shown encouraging initial results to achieve high tumour
uptake of these iron chelators with low non-specic retention in
the physiological environment. The results generated in this
work indicate that these BpT/Bp4eT loaded biotin-
functionalized SLNs are potential candidates to be used as
biocompatible nanocarrier systems with high systemic reten-
tion and anti-tumour effects.

Acknowledgements

This work has been carried out under project INM-311(3.1). We
thank Dr A. K. Singh, Director INMAS, for providing necessary
facilities and infrastructure for carrying out this research work.
Financial assistance provided to SD by CSIR, India, is duly
acknowledged. We are thankful to SSPL, DRDO and the USIC
facility of Delhi University for instrumentation support.

References

1 S. Guo and L. Huang, Nanoparticles Escaping RES and
Endosome: Challenges for siRNA Delivery for Cancer
Therapy, J. Nanomater., 2011, 2011, 12.

2 K. Kobayashi, J. Wei, R. Iida, K. Ijiro and K. Niikura, Surface
engineering of nanoparticles for therapeutic applications,
Polym. J., 2014, 46, 460–468.

3 M. J. Akhtar, M. Ahamed, H. A. Alhadlaq, S. A. Alrokayan and
S. Kumar, Targeted anticancer therapy: overexpressed
receptors and nanotechnology, Clin. Chim. Acta, 2014, 436,
78–92.

4 M. Vanneman and G. Dranoff, Combining immunotherapy
and targeted therapies in cancer treatment, Nat. Rev.
Cancer, 2012, 12, 237–251.

5 R. Baskar, K. A. Lee, R. Yeo and K. W. Yeoh, Cancer and
Radiation Therapy: Current Advances and Future
Directions, Int. J. Med. Sci., 2012, 9, 193–199.

6 J. L. Heath, J. M. Weiss, C. P. Lavau and D. S. Wechsler, Iron
Deprivation in Cancer-Potential Therapeutic Implications,
Nutrients, 2013, 5, 2836–2859.
61596 | RSC Adv., 2016, 6, 61585–61598
7 T. R. Daniels, E. Bernabeu, J. A. Rodŕıguez, S. Patel,
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