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a b s t r a c t

Internalisation of nanoparticles conjugated with cell penetrating peptides is a promising approach to var-
ious drug delivery applications. Cell penetrating peptides such as transactivating transcriptional activator
(TAT) peptides derived from HIV-1 proteins are effective intracellular delivery vectors for a wide range of
nanoparticles and pharmaceutical agents thanks to their amicable ability to enter cells and minimum
cytotoxicity. Although different mechanisms of intracellular uptake and localisation have been proposed
for TAT conjugated nanoparticles, it is necessary to visualise the particles on a 3-D plane in order to inves-
tigate the actual intracellular uptake and localisation. Here, we study the intracellular localisation and
trafficking of TAT peptide conjugated superparamagnetic ion oxide nanoparticles (TAT-SPIONs) using
3-D electron tomography. 3-D tomograms clearly show the location of TAT-SPIONs in a cell and their
slow release from the endocytic vesicles into the cytoplasm. The present methodology may well be uti-
lised for further investigations of the behaviours of nanoparticles in cells and eventually for the develop-
ment of nano drug delivery systems.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Nanoparticles internalised in cells can be utilised in various bio-
medical areas such as hyperthermia, drug release, imaging and
gene silencing [1–3]. To make the above operations successful,
nanoparticles need to enter the cells and stay inside for a period
of time, which in particular projects an important aspect of nano-
drug delivery systems [4]. It is well known that nanoparticles can
enter a cell via different methods; i.e., non specific uptake by endo-
cytosis, direct injection of nanomaterials, electroporation and spe-
cifically targeted uptake of nanomaterials functionalised with
various targeting moieties. Among the above methods, nanoparti-
cles conjugated with specific ligands are highly promising for
selective nanodrug delivery systems [5]. Cell penetrating peptide
(CPP) is supposed to be one of the best ligands to improve active
internalisation of nanoparticles into a target cell [6]. CPPs in gen-
eral translocate efficiently across cell membranes, but the exact
mechanism of the cell penetrating activity is still under investiga-
tion [7]. CPPs such as transactivating transcriptional activator
(TAT) peptide derived from HIV can transport a large number of
nanoparticles into a mammalian cell cytoplasm avoiding the nor-
mal endocytic pathways through the penetration of the cell mem-
brane [8]. Complete lack of specificity of TAT peptides used to be a
solemn matter of concern for targeting a cancer cell, but a selective
ll rights reserved.
internalisation of nanoparticles into a cancer cell was successfully
performed by combining TAT peptides with cell targeting peptides
(CTPs) [9]. This kind of combined peptides can be utilised for the
internalisation of an enormous amount of nanoparticles into cells
and are also useful for various intracellular manipulation studies
[10]. Internalisation of a massive number of nanoparticles into a
target cell and their escape from the normal endocytic pathways
are attractive features particularly for nano drug delivery systems
[11]. Most of the studies on the internalisation of nanoparticles are
based on the confocal and flow cytometry analyses. However, a
complete visualisation of intracellular trafficking of nanoparticles
using the above optical methods is quite difficult due to the high
electrostatic interaction between nanoparticles and the surface of
cells, which often leads to wrong interpretations of the data [12].
Transmission electron microscopic (TEM) studies support the iden-
tification and characterisation of nanoparticles internalised in a
cell [13–16]. In the case of 2-D TEM images, however, it is extre-
mely difficult to differentiate whether the nanoparticles are pres-
ent in the resin or lying on the surface of cell sections without
being internalised, or whether the nanoparticles are distributed
in the 3-D volume of the section or not. 3-D electron tomography
(ET) is a well-established technique in biological sciences. In 3-D
ET, the specimen is rotated around an axis at a range of tilt angles
perpendicular to the electron beam and multiple 2-D projection
images of a 3-D sample are recorded. Finally, high resolution 3-D
images are constructed from a set of 2-D images [17]. The 3-D
structures of organelles and macromolecular assemblies [18] and
the molecular organisation of the cytoplasm in thin sections of
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Fig. 1. TEM images of superparamagnetic ion oxide nanoparticles (SPIONs) in a glioma cell. (A) Glioma cell (Control); (B) Clusters composed of HIV-1 TAT peptide conjugated
SPIONs (TAT-SPIONs); (C) Bare SPIONs in a glioma cell; (D) TAT-SPIONs in a glioma cell. A large amount of TAT- SPIONs were internalised in vesicles of the glioma cell.
Although bare SPIONs were also internalised in the cell, the quantity was much less compared to the TAT-SPIONs.
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cells [19] were visualised by 3-D ET. The structure of a virus based
on their outer layer glycoprotein spikes, interior nuclear caspid and
tegument was also visualised [20]. 3-D ET also augmented the
study on pathways exhibited by viruses at different stages of infec-
tion focusing on the nano ecology of the protein spikes present on
the viral envelop [21]. For instance, the interaction between SIV/
HIV-1 viruses and the surface of cells and the entry of these viruses
into cells were clearly visualised using 3-D ET [22]. Moreover, the
life cycle of a virus in a host cell and related intracellular pathways
including endocytic pathways and nuclear entry at different stages
of viral infection were successfully visualised by 3-D ET [23]. Inter-
estingly, each ligand conjugated nanoparticle can be viewed as a
miniature form of a virus [24,25] and the successful visualisation
of the intracellular activities of viruses in a host cell by 3-D ET
can be utilised as an inspiring tool for the visualisation of nanopar-
ticles interacting with cells. Intracellular uptake and related local-
isation of nanomaterials such as carbon nanotubes and fullerenes
without any modification with ligands were visualised by 3-D ET
[26,27]. In the present study, we analysed the intracellular localisa-
tion and trafficking of HIV-1 TAT peptide conjugated superpara-
magnetic iron oxide nanoparticles (TAT-SPIONs) in a glioma cell
by 3-D ET. We suppose that the present study gives more insight
into the interactions between nanoparticles and cells and may
encourage further investigations of the effect of the type of ligands
and the size and material of nanoparticles on the intracellular traf-
ficking of nanoparticles using 3-D ET.
2. Materials and methods

2.1. Preparation of TAT-SPIONs

Commercially available superparamagnetic iron oxide nanopar-
ticles (nanomag�-D – spio PEG COOH, Micromod, Germany) of
50 nm average diameter coated with PEG were used for the exper-
imental studies. An 11-mer HIV-1 TAT peptide (YGRKKRRQRRR)
(Anaspec, USA) was conjugated with SPIONs using the carbodiim-
ide coupling chemistry [28]. 50 ll of SPIONs were treated with
250 mM 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC) and 100 mM N-hydroxysulfosuccinimide (S-NHS)
(Pierce, Thermo Scientific, USA) in MES buffer of pH 5.5 (BupH
MES, Thermo Scientific, USA) and incubated for 15 min. Then,
1 mg of peptide in 100 ll of 50 mM sodium tetraborate (Wako Pure
Chemical, Japan) containing 100 mM sodium chloride was added
to the carboxyl group activated SPIONs and the mixture was kept
at 20 �C for 4 h. After the conjugation, free peptides were separated
by centrifugal filters (Nanosep, 100K, Pall Corporation, USA). Pep-
tide conjugated nanoparticles were washed three times with MES
buffer and were resuspended in fresh PBS for cell interaction
studies.

2.2. Cell internalisation protocols

Human glioblastoma (U251, JCRB, Japan) were grown on a tis-
sue culture flask with 10% heat inactivated fetal bovine serum
and 1% antibiotics in MEM (Sigma–Aldrich, USA) and after three
passages, cells were maintained at 1 � 105 cells ml�1. For internali-
sation studies, cells were grown on 60 mm culture plates to reach
confluence of approximately 60%. Next, cells were washed with
Dulbecco’s PBS (Sigma–Aldrich, USA) and incubated with 25 ll of
TAT peptide conjugated SPIONs or bare SPIONs in the culture med-
ium for 4 h.

2.3. 3-D electron tomography studies

Glioma cells incubated with either TAT-SPIONs or bare SPIONs
were washed twice with PBS to remove any residual particles on
the cells. Samples for TEM observations were prepared according
to the protocol mentioned elsewhere [29]. After cutting the resin
embedded samples in 70–80 nm thickness with an ultramicrotome
using a 45� wedge angle diamond knife (Lieca Ultracut, Germany),
the sections were put on a 300 mesh copper grid and observed by a
TEM (JEM 2100, JEOL, Japan) at 120–200 kV. 3-D ET was conducted
on the same cell sections as those observed in 2-D electron micros-
copy. The cell specimen was tilted at an angle from �60 to +60 at
1� increment for better resolution and electron micrographs were
taken by a slow scan CCD camera. 3-D reconstruction of each 2-D
image was carried out by composer and visualiser application
software (TEMOgraphy™, System in Frontier Inc., Japan). Various
quantitative structural analyses of cells were carried out by
zooming, rotating, panning and tilting the 3-D images to under-
stand the diverse behaviours of the molecular assemblies in a cell
[30]. Finally, slicing of 3-D images on XZ and YZ planes was carried



Fig. 2. Localisation and endosomal escape of TAT- SPIONs in a glioma cell. (A) TEM image of TAT-SPIONs internalised in a glioma cell. C, V and L represent, respectively,
cytoplasm, vacuole and lysosome. (B),(C),(D) 3-D electron tomograms. TAT-SPIONs are represented by red and TAT-SPIONs escaping from the vacuole into the cytoplasm are
indicated by arrows. A 3-D movie corresponding to (B), (C) and (D) is given in the Supplementary Information. The scale bars indicated in the x-axis, y-axis and z-axis
represent, respectively, 628.74, 628.74 and 214.20 nm. (E),(F) 3-D electron tomograms. A 3-D movie corresponding to (E) and (F) is also given in the Supplementary
Information. TAT-SPIONs are localised inside a vacuole and their partial escape into the cytoplasm are clearly visualised. The scale bars in the x-axis, y-axis and z-axis
represent, respectively, 1745.22, 1130.42 and 242.94 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

B.G. Nair et al. / Biochemical and Biophysical Research Communications 421 (2012) 763–767 765
out to observe the localisation of nanoparticles in horizontal and
vertical cross-sections of cells.
3. Results and discussion

First of all, TAT-SPIONs were monodispersed in water and the
average hydrodynamic diameter of each particle was 70 nm. TEM
images of glioma cells and TAT-SPIONs are shown in Fig. 1.
Clusters were formed by TAT-SPIONs under vacuum conditions
(see Fig. 1(B)) although they were monodispersed in water as
mentioned. We found that a large amount of TAT-SPIONs were
internalised in vesicles in the glioma cell (see Fig. 1(D)), whereas
the control studies using bare SPIONs without any conjugation with
the TAT peptide also showed internalisation of nanoparticles form-
ing endocytic vesicles inside the cell, but the amount of nanoparti-
cles internalised in the cell was much smaller compared to TAT-
SPIONs (see Fig. 1(C), (D)). EDS mappings exposed the presence of
iron in all of the internalised nanoparticles in the cells (see the Sup-
plementary Information for the EDS mappings). In the previous
study using 2-D electron microscopy, TAT peptide conjugated gold
nanoparticles breached the vacuole membrane to reach different



Fig. 3. Slicing of a tomogram on two orthogonal planes. (A) Slicing on an XZ plane. (B) Slicing on an XY plane. (C) Cross-sectional image corresponding to (A). (D) Cross-
sectional image corresponding to (B). The scale bars indicated in red (x-axis), in green (y-axis) and in blue (z-axis) represent, respectively, 628.74, 628.74 and 214.20 nm. TAT-
SPIONs indicated in red were internalised in a vacuole and some of them moved out of the vacuole in horizontal directions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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cell organelles [31], while we observed by the present 2-D electron
microscopy that TAT-SPIONs were mainly accumulated in the endo-
cytic vesicles and started escaping into cytosol. To confirm that the
above interpretation is correct, we obtained snapshots of electron
tomograms of several endocytotic vesicles filled with TAT-SPIONs.
Fig. 2 shows snapshots of 3-D tomograms. The localisation of TAT-
SPIONs inside a vacuole and their partial escape into the cytoplasm
before proceeding into lysosomes or a complete endocytotic path-
way are clearly visualised in Fig. 2(B)–(D), where red represents
low transmission intensity areas of electron beams; i.e., TAT-SPIONs
(see also the Supplementary Information for a 3-D movie created
from the above 3-D tomograms). This suggests that endocytosis is
the main mechanism of the cell internalisation of CPP-nanoparticle
conjugates even though CPP and nanoparticles can exhibit different
modes of the cell internalisation process [32]. Quite a few different
mechanisms of the escape and release of TAT-nanoparticle conju-
gates from the endocytic vesicle into the cytoplasm have been pro-
posed [33]. To elucidate the above equivocal concept or mechanism,
we carried out 3-D ET analysis of an endocytic vesicle filled with a
small number of TAT-SPIONs (see Fig. 2(E), (F) and the Supplemen-
tary Information for the 3-D movie corresponding to Fig. 2(E), (F)). It
is clearly visualised that the endocytic vesicle was destabilised by
passages or pores formed in the membrane, through which TAT-SPI-
ONs translocated into the cytoplasm. The destabilisation of the ves-
icle might have been caused by the stress imposed on the internal
membrane by TAT-SPIONs internalised in the vesicle [34]. Horizon-
tal and vertical cross-sections of a tomogram on XZ and YZ planes
are shown in Fig. 3. It is clearly shown that some of the TAT-SPIONs,
which had accumulated in a vacuole, moved out into the cytoplasm.

We used TAT-SPIONs as model particles and carried out 3-D ET
analysis of internalisation of TAT-SPIONs in a cell 4 h after the
incubation. Slicing of tomograms at a range of several nanometres
on different planes, which is practically impossible in the case of
TEM visualisations using an ultramicrotome, can give more de-
tailed information about the internal morphology of a cell, which
is another highlight of 3-D ET [35]. We believe that 3-D ET analysis
of intracellular trafficking of therapeutic nanoparticles conjugated
with a wide range of targeting ligands will encourage further
studies on nano drug delivery systems. We will be investigating
particles’ internalisation in a cell and escape into the cytoplasm
in more detail changing the ligand and the time interval after the
incubation. The present 3-D ET approach to the understanding of
the mechanisms of internalisation of nanopartciles in cells may
encourage further investigations of drug delivery, release and ther-
apeutic processes occurring in a cell. It may be possible to target,
manipulate and visualise specific organelles in a cell by using
superparamagnetic nanoparticles conjugated with specific ligands
and external magnetic fields [36,37].
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