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Abstract

The aim of this study was to modify the surfaces of superparamagnetic iron oxide nanoparticles (SPION) with pullulan in order to

reduce the cytotoxicity and enhance the cellular uptake of the nanoparticles. In this study, we have prepared and characterised the

pullulan coated superparamagnetic iron oxide nanoparticles (Pn-SPION) of size around 40–45 nm with magnetite inner core and

hydrophilic outer shell of pullulan. We have investigated the effect of cellular uptake of uncoated and Pn-SPION on cell adhesion/

viability, cytotoxicity, morphology and cytoskeleton organisation of human fibroblasts. Cell cytotoxicity/adhesion studies of

SPIONs on human dermal fibroblasts showed that the particles are toxic and their internalisation resulted in disruption of

cytoskeleton organisation of cells. On the other hand, Pn-SPIONs were found to be non-toxic and induced changes in cytoskeleton

organisation different from that observed with SPION. Transmission electron microscopy results indicated that the SPION and

Pn-SPION were internalised into cells via different mechanisms, thereby suggesting that the particle endocytosis behaviour is

dependent on the surface characteristics of the nanoparticles.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Superparamagnetic iron oxide nanoparticles have
been recognised as a promising tool for the site-specific
delivery of drugs and diagnostics agents [1,2]. Magnetic
properties and internalisation of particles in cells depend
strongly on the size of the magnetic particles [3].
Particles below 100 nm are small enough both to evade
reticuloendothelial system (RES) of the body as well as
penetrate the very small capillaries within the body
tissues [4]. Because of their hydrophobic surfaces and
large surface area to volume ratio, in vivo use of
nanoparticles is hampered by very rapid clearance of
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nanoparticles from the circulation by the RES. Avoid-
ance of this obstacle is possible if the surfaces of these
nanoparticles are made sufficiently hydrophilic, as these
modifications prolong considerably the nanoparticle
half-life in the circulation [5].

Surface characteristic of nanoparticles is a crucial
factor that not only determines the biocompatibility of
these magnetic materials but also plays an important
role in cell adhesion on biomaterials [6,7]. Adhesive
interactions between cells and the extracellular matrix
(ECM) or particles are governed primarily by integrins,
a large family of cell surface adhesion receptors [8,9].
Integrin-mediated cell adhesion is central to cell
survival, differentiation and motility and is known to
activate focal adhesion kinase (FAK), which plays a role
in cytoskeleton reorganisation [10]. In addition, earlier
we have shown that the event of endocytosis occurs by
the reorganisation of cell cytoskeleton [11,12]. This is
because of the fact that the elastic properties of a cell are
mainly due to the internal cytoskeleton consisting of
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three types of filamentous proteins: actin, microtubules
and intermediate filaments, etc. [13]. The cytoskeleton
plays a major role in many important fields such as cell
shape, motility, division, adhesion and the connections
the cell can realise with its environment [14]. Also there
is a link between cytoskeleton components and endocy-
tosis. Relation between the two processes is highly
dynamic and may involve interactions between distinct
protein complexes, depending on the nature of the cargo
being internalised [15]. As a result, there could be
different kind of changes in proteins responsible for
maintaining cytoskeleton organisation, which may
ultimately result from different pathways of particle
internalisation. The nature and adhesion capacity of
cells in the presence of nanoparticles as well as the
subsequent cellular events such as endocytosis and
changes in cytoskeleton organisation have not been
fully elucidated yet.

Therefore, the objectives of this study were to prepare
and characterise the surface modified superparamag-
netic iron oxide nanoparticles (both SPION and Pn-
SPION) and determine (i) the adhesion capacity, (ii)
endocytosis behaviour and (iii) effect on cytoskeleton
organisation of human fibroblasts as a result of
nanoparticle internalisation. Pullulan, a nonionic poly-
saccharide, was chosen as a coating material for SPION
due to the following properties: (i) high water solubility,
(ii) no toxicity, (iii) usefulness as a plasma expander, (iv)
non-immunogenic and (v) non-antigenic properties [16].
Also, pullulan is widely used as a food additive be-
cause of its safety in human use (http://www2.minlnv.nl/
lnv/algemeen/vvm/codex/documenten/2003/CCFAC/fa36
36e.pdf). In addition, there are evidences for receptor-
mediated hepatic uptake of pullulan in rats [17]. The
influence of Pn-SPION on human fibroblasts in vitro
has been determined as compared to SPION, in terms of
cell adhesion/cytotoxicity, TEM and observation of F-
actin and b-tubulin cytoskeleton by fluorescence micro-
scopy.
2. Materials and methods

2.1. Materials

Ferric chloride hexahydrate (FeCl3 � 6H2O>99%),
ferrous chloride tetrahydrate (FeCl2 � 4H2O), pullulan,
potassium thiocyanate (ACS reagent X99.0%), ammo-
nium persulphate (ACS reagent, X99.0%) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were obtained from Sigma, England, UK, while
sodium hydroxide (NaOH>99%) and hydrochloric
acid (HCl>37% v/v) were obtained from Fluka,
England, UK. Double distilled water was used for all
the experiments.
2.2. Synthesis of Pn-SPION

Magnetic nanoparticles, SPION, were synthesised by
co-precipitation of ferrous and ferric salts solution by
concentrated sodium hydroxide solution inside the
aqueous cores of reverse micelles as reported previously
[18]. Pullulan was coated onto the nanoparticles surface
in order to increase the stability of the particles under
in vitro and in vivo conditions. Briefly, 100mg
magnetite particles were dispersed in 10ml of deoxyge-
nated water by sonication (50W, 30min). To this
solution, 10ml of 1% w/v of pullulan aqueous solution
was added. Five hundred microliters (1.0% v/v) of
glutaraldehyde was added to this solution to cross-link
the individual polymeric chains of pullulan. The
reaction was carried out for 4 h at 37�C under nitrogen
gas with continuous stirring. Particles were then
purified by dialysis for 6 h using 12 kD cut off dialysis
membrane against double distilled water. The aqueous
suspension of the nanoparticles was freeze-dried before
characterisation.

2.3. Characterisation of magnetic nanoparticles

2.3.1. Fourier transformed infrared (FTIR) spectral

studies

The FTIR spectrum was recorded in the transmission
mode on a Nicolet Impact 410 spectrometer. The dried
samples of SPION or Pn-SPION were grounded with
KBr and mixture was compressed into a pellet. The
spectrum was taken from 4000 to 400 cm�1.

2.3.2. Transmission electron microscopy (TEM) studies

The average particle size, size distribution and
morphology of SPION and Pn-SPION were examined
using a Zeiss 902 transmission electron microscope at a
voltage of 80 kV. The aqueous dispersion of the particles
was drop-cast onto a carbon-coated copper grid and the
grid was air dried at room temperature before viewing
under the microscope.

2.3.3. Atomic force microscopy (AFM) studies

The aqueous dispersion of the nanoparticles was
put on a glass coverslip and the coverslip was dried in a
vacuum desiccator. Once dry, the samples were analysed
using The Nanoscopes III Scanning Probe Micro-
scope (Digital Instruments, Santa Barbara, California,
USA).

2.3.4. Total iron determination

In order to absorb certain wavelengths it is necessary
for the given species to be coloured. Metals such as iron
form highly coloured complexes when reacted with the
thiocyanate ion [19]:

Fe3þðaqÞ þ 6SCN�
ðaqÞ-½FeðSCNÞ6�

3�
ðaqÞ:

http://www2.minlnv.nl/lnv/algemeen/vvm/codex/documenten/2003/CCFAC/fa36_36e.pdf
http://www2.minlnv.nl/lnv/algemeen/vvm/codex/documenten/2003/CCFAC/fa36_36e.pdf
http://www2.minlnv.nl/lnv/algemeen/vvm/codex/documenten/2003/CCFAC/fa36_36e.pdf
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The iron present in the nanoparticles was extracted by
completely dissolving the 10mg nanoparticles in 10ml
of 30% v/v HCl for 2 h at 50–60�C. A total of 1.0mg
of ammonium persulphate was then added to oxidise
the ferrous ions present in the above solution to ferric
ions. In all, 1.0ml of 0.1m solution of potassium
thiocyanate was added to this solution to form the
iron-thiocyante complex. The iron concentration was
determined by spectrophotometric measurements at
478 nm using a Shimadzu UV-160A UV-visible record-
ing spectrophotometer. A standard curve for the iron
was made under identical conditions using known
amount of iron salts.

2.4. Cytotoxicity and cellular uptake of magnetic

nanoparticles

2.4.1. Cell culture

InfinityTM telomerase-immortalised primary human
fibroblasts (hTERT-BJ1, Clontech Laboratories Inc.,
England, UK) were chosen for cell culture experiments,
as these fibroblasts are highly stable, fast growing
and represent well-defined internal cytoskeleton com-
ponents [20]. The medium used was 71% Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma, England),
17.5% Medium 199 (Sigma, Dorset, England, UK),
9% foetal calf serum (FCS) (Life Technologies Ltd.,
Paisley, Scotland, UK), 1.6% 200mM l-glutamine
(Life Technologies Ltd., UK), and 0.9% 100mm

sodium pyruvate (Life Technologies Ltd., UK).
The cells were incubated at 37�C in a 5% CO2

atmosphere.

2.4.2. In vitro cell viability/cytotoxicity studies

To determine cell cytotoxicity/ viability, the cells were
plated at a density of 1	 104 cells/well in 96 well plate at
37�C in 5% CO2 atmosphere. After 24 h of culture, the
medium in the wells was replaced with the fresh medium
containing nanoparticles (SPION or Pn-SPION) in
concentration range 0–2.0mg/ml. After 24 h, 20 ml of
MTT dye solution (5mg/ml in phosphate buffer pH-7.4)
was added to each well. After 4 h of incubation at 37�C,
the medium was removed and formazan crystals were
solubilised with 200 ml of dimethylsulphoxide (DMSO)
and the solution was vigorously mixed to dissolve
the reacted dye. After 15min, the absorbance of each
well was read on a microplate reader (DYNATECH
MR7000 instruments) at 570 nm. The spectrophot-
ometer was calibrated to zero absorbance, using
culture medium without cells. The relative cell viability
(%) related to control wells containing cell
culture medium without nanoparticles was calculated
by [A]test/[A]control	 100.

Where [A]test is the absorbance of the test sample and
[A]control is the absorbance of control sample.
2.4.3. Cell adhesion assay

The effect of nanoparticles on cell adhesion was
determined with cell suspension incubated with or
without nanoparticles. Fibroblasts were expanded
in monolayer tissue culture. The cells were detached
using trypsin-EDTA solution and divided into two
individual populations. Cells were seeded with or
without nanoparticles at concentration 0.5mg/ml
for 24 h onto coverslips (13mm diameter; in triplicate)
at 37�C in 5% CO2. At the end of 24 h, the cells
were rinsed thrice with phosphate buffered saline,
fixed in situ with 4% formaldehyde/PBS (15min,
37�C), and stained for 2min with 1% Coomassie
Blue in acetic acid. Stained cells in five random fields
were counted using light microscopy and the digital
images of the fibroblasts were captured using a
Hamamatsu Argus 20 camera. Results were represented
as mean7SD.

2.4.4. Immunofluorescence and cytoskeleton organisation

After 24 h of culture the cells with the nanoparticles
(0.1mg/ml) along with controls were fixed in 4%
formaldehyde/PBS, with 1% sucrose at 37�C for
15min, to allow the viewing of individual cells. When
fixed, the samples were washed with PBS, and a
permeabilising buffer (10.3 g of sucrose, 0.292 g of
NaCl, 0.06 g of MgCl2, 0.476 g of Hepes buffer,
0.5ml of Triton X, in 100ml of water, pH 7.2) was
added at 4�C for 5min. The samples were then
incubated at 37�C for 5min in 1% BSA/PBS. This
was followed by the addition of anti-b tubulin primary
antibody (1:100 in 1% BSA/PBS, Sigma, Poole, UK)
for 1 h (37�C). Simultaneously, rhodamine-conjugated
phalloidin was added for the duration of this in-
cubation (1:100 in 1% BSA/PBS, Molecular Probes
Inc., Eugene, OR). The samples were next washed in
0.5% Tween 20/PBS (5min 	 3). A secondary, biotin-
conjugated antibody (1:50 in 1% BSA/PBS, monoclonal
horse antimouse (IgG), Vector Laboratories Ltd.,
Peterborough, England, UK) was added for 1 h (37�C)
followed by washing. A FITC conjugated streptavidin
tertiary antibody was added (1:50 in 1% BSA/PBS,
Vector Laboratories Ltd., UK) at 4�C for 30min, and
given a final wash. Samples were mounted in Vector-
shield fluorescent mountant (Vector Laboratories Ltd.,
UK), and then viewed by fluorescence microscope
(Vickers M17). The imaging system used was a
Hamamatsu Argus 20 with an 	 7 Hamamatsu CCD
camera.

2.4.5. Transmission electron microscopy

The fibroblasts were seeded onto 13-mm glass cover-
slips in a 24 well plate at a density of 1	 104 cells per
well in 1ml of complete medium for 24 h after which the
growth medium was removed and replaced with the
medium containing nanoparticles (0.1mg/ml medium).
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Fig. 1. FTIR spectra of (a) magnetic nanoparticles, SPION, and (b)

pullulan, Pn, and (c) pullulan coated magnetic nanoparticles, Pn-

SPION.
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For control experiments, medium without nanoparticles
was used. After 12 and 24 h of culture, the cells were
fixed with 1.5% glutaraldehyde (Sigma, Dorset, Eng-
land, UK) buffered in 0.1m sodium cacodylate (Agar
Scientific, Stansted Essex, England, UK) (4�C, 1 h). The
cells were then post-fixed in 1% osmium tetroxide (Agar
Scientific, Stansted Essex, England, UK), and 1% tannic
acid (Agar Scientific, Stansted Essex, England, UK)
was used as a mordanant. Samples were dehydrated
through a series of alcohol concentrations (20%, 30%,
40%, 50%, 60%, 70%) followed by further dehydration
(90%, 96%, 100% and dry alcohol). The cells
were finally treated with propylene oxide followed by
1:1 propylene oxide:resin for overnight to evaporate
the propylene oxide. The cells were subsequently
embedded in Araldite resin, and ultra-thin sections
(60 nm) cut with glass knives were stained with lead
nitrate and viewed under a Zeiss 902 electron micro-
scope at 80 kV.

2.4.6. Statistical analysis

Each experiment was repeated three times in dupli-
cate. The statistical analysis of experimental data
utilised the Student’s t-test and the results were
presented as mean7SD. Statistical significance was
accepted at a level of po0:05:
3. Results

3.1. Characterisation of magnetic nanoparticles

3.1.1. FTIR studies

Fig. 1 displays the FTIR spectra of solid samples of
SPION and SPION modified by the pullulan (Pn-
SPION). The FTIR spectra of iron oxide exhibit strong
bands in the low frequency region below 800 cm�1 due
to the iron oxide skeleton. In other regions, the spectra
of iron oxide have weak bands. The spectrum is
consistent with magnetite (Fe3O4) and the signals
associated to the magnetite appear as broad features
at 408.9, 571.5 and 584.5 cm�1 [18]. The main char-
acteristic vibrations of the pullulan as coating material,
the NH bending and C¼O stretching modes are
expected to appear around 1400 cm�1. Comparing the
FTIR spectra of SPION and those of Pn-SPION, one
clearly sees bands near 1637, and 1413 cm�1, which
could be due to the pullulan coating. Also, the signals
observed at 1020 and 1637 cm�1 are due to the C–CO
and C¼O stretching modes in polymer. The bands near
2928 and 955 cm�1 correspond to –CH2 stretching
vibrations and –CH out-of-plane bending vibrations,
respectively. The N–H, C¼O, –CH2 and –CH peaks
indicate that pullulan was covered at the nanoparticle
surface.
3.1.2. Size distribution studies by TEM and AFM

measurements

Average size of the particles was determined by TEM
by measuring the size of about 200 particles. Fig. 2(a)
shows that the particles are cubic shaped with an
approximate size of around 13.6 nm with a standard
deviation of 0.78 nm. The size of the particles after
coating was 42.072.5 nm diameter (Fig 2(b)). AFM was
performed to study the shape, size and core-shell
structure of the nanoparticles. Fig. 3 represents the
AFM image of Pn-SPION showing the core shell
structure and size homogeneity of the nanoparticles.
Average particle diameter of the particles was found
about 45 nm, which is in agreement with the size
obtained by TEM studies.

3.1.3. Total iron determination

Ferrous ions present in the solution were oxidised to
ferric ions by ammonium persulphate prior to reacting
with thiocyanate salt to form the iron-thiocyanate
complex. Concentration of the complex and, hence,
iron content in the nanoparticles was determined
spectrophotometrically. Iron content in the nanoparti-
cles was found to be more than 90% of the original iron
salts. It was calculated that a total of 1.71	 1017

particles are present in one gram of magnetic nanopar-
ticles and each iron oxide nanoparticle contained 62896
iron atoms [18].
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Fig. 3. Atomic force microscope picture showing core-shell structure of Pn-SPION. The particles have inner magnetite core and outer polymeric shell

of pullulan.

Fig. 2. Transmission electron microscopy pictures of (a) magnetic nanoparticles, SPION, and (b) pullulan coated magnetic nanoparticles, Pn-

SPION.
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3.2. Cytotoxicity and cellular uptake of magnetic

nanoparticles

3.2.1. In vitro cell viability/cytotoxicity studies

Viable cells have the ability to reduce MTT from a
yellow water-soluble dye to a dark blue insoluble
formazan product [21]. Formazan crystals were dis-
solved in DMSO and quantified by measuring the
absorbance of the solution at 570 nm, and the resultant
value is related to the number of living cells. Fig. 4
demonstrated a dose-dependent reduction in MTT
absorbance in cells treated with SPION (concentration
range 0–2.0mg/ml) for 24 h. SPION caused a significant
reduction (80% of control) in cell viability even at the
lowest concentration tested (0.05mg/ml), and induced
further reductions at higher concentrations, reaching a
plateau around 0.5mg/ml, and that at the highest
concentration tested (2.0mg/ml) it resulted in about
60% loss of cell viability. Pn-SPION showed no
cytotoxic effects to cells and the cells remained more
than 92% viable relative to control at concentration as
high as 2.0mg/ml.

3.2.2. Cell adhesion assay

The effect on cell adhesion capacity of fibroblasts on
incubation with SPION and Pn-SPION for 24 h was
determined as compared to control cells (without
particles) and the results are shown in Fig. 5. The figure
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Fig. 5. Graphical representation of number of cells adhered, when

incubated with SPION and Pn-SPION particles onto glass coverslips,

after 24 h culture as compared to controls (results are represented as

mean7SD; n ¼ 3; counted in triplicate in individual microscope

fields).

Fig. 6. Coomassie blue stained cells incubated with magnetic particles

for 24 h at 37�C (a) control, (b) uncoated, (c) pullulan coated

nanoparticles; n ¼ 3:
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shows that the number of attached cells was de-
creased significantly upto 64% in case of SPION
compared to the corresponding control cell number.
Growing the cells with Pn-SPION produced no sig-
nificant difference compared to that of control cell
population (Fig. 6).

3.2.3. Immunofluorescence and cytoskeleton organisation

To determine the effect of cellular uptake of Pn-
SPION and SPION nanoparticles on cytoskeleton
organisation of fibroblasts, F-actin and b-tubulin
cytoskeleton components were stained using rhoda-
mine-phalloidin for F-actin and anti-tubulin antibodies
for b-tubulin (Fig. 7). Untreated cells exhibited strong
peripheral F-actin staining along the cell edge, indicative
of cortical actin fibres (Fig. 7). Also, the microfilaments
were well organised in thick bundles forming stress
fibres. The microtubules also form a dense network
equally distributed around the nucleus of the cells. In the
case of cells incubated with Pn-SPION, there were
prominent stress fibres reflecting from the cell periphery
as observed in the control cell. However, the addition of
SPION exhibited smaller cell structures and also caused
a rapid disruption of actin distribution within the cell.
Also the incubation with the SPION resulted in
disruption of microtubule structures in the central and
peripheral domain of the fibroblasts compared to
control cells. The effect of Pn-SPION treatment is
demonstrated by the diffused tubulin staining and
formation of cell protrusions, suggesting higher levels
of free tubulin relative to control cells.
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Fig. 7. Cells incubated with different coated particles and stained for b-tubulin (green), F-actin (red) and nucleus (blue) (n ¼ 3).
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3.2.4. Transmission electron microscopy

Differences in the uptake mechanism between the two
nanoparticles types were confirmed by the transmission
electron microscopy images taken at 12 and 24 h as
shown in Fig. 8. The images showed that the SPION
are internalised within the fibroblast after 12 and 24h
(Figs. 8a and b, respectively). Several electron lucent
voids containing nanoparticles can be seen in the
cytoplasm of the fibroblasts forming the vacuoles. As
shown in Figs. 8c and d, after 12 h, some Pn-SPIONs
could be seen adhered on the surfaces of the cells
probably to the cell expressed surface receptors for
pullulan molecules. Also few particles have been
endocytosed at this stage by the fibroblasts (Fig. 8d).
Thereafter, at 24h (Fig. 8e), the nanoparticles are
endocytosed probably via receptor-mediated endocytosis.
4. Discussion

The colloidal solution of Pn-SPION showed very high
stability at neutral pH with no sedimentation observed
even after 2 months of storage at room temperature. The
strong anchoring of the pullulan molecules on the
surface of iron oxide results in the steric stabilisation of
the particles. Size distribution studies using TEM and
AFM measurements showed that the particles have size
less than 50 nm with inner magnetic core and outer
polymeric shell (core-shell structure).
Cell adhesion/viability studies indicated that the
SPION reduced cell adhesion/viability significantly
(po0:05) as compared to the cells that were not exposed
to the nanoparticles. One possible explanation for
this large decrease in cell adhesion/viability may be
that these nanoparticles are taken up by the cells
as a result of endocytosis and promoting apoptosis
due to weak cell adhesive interactions with the
nanoparticles [22,23]. The low toxicity of Pn-SPION
may be attributed to the fact that pullulan is hydro-
philic, and it protects surfaces from interacting with cells
or proteins.

From the results of cytoskeleton organisation studies,
we observed that both types of nanoparticles induced
different changes in cytoskeleton organisation, thereby
suggesting that fibroblasts had utilised different mechan-
isms to internalise the particles. A probable reason for
different uptake mechanism of nanoparticles is that
there is a link between cytoskeleton organisation and
endocytosis. Relation between the two processes in-
volves interactions between distinct protein complexes,
depending on the nature of the particles being inter-
nalised [15,24]. TEM studies indicated the differences in
the particles uptake behaviour of the fibroblasts. These
results indicate that although both types of nanoparti-
cles are taken up by the cells, the Pn-SPIONs reduce cell
cytotoxicity and induce cellular uptake behaviour
distinct from the SPIONs, suggesting that particle
endocytosis response is dependent on the particles
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Fig. 8. TEM pictures of human fibroblasts incubated with (a, b) SPION showing nanoparticle internalisation after 12 and 24 h (a and b, respectively)

(see arrows); (c-e) Pn-SPION showing nanoparticles at the cell surface after 12 h incubation (c and d) (see arrows); After 24 h (Fig. 7e) the particles

were internalised inside the cells probably via receptor mediated endocytosis; and (f) control fibroblasts.
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coating. In a study, Kaneo et al. [17] have shown
the evidence for receptor-mediated hepatic uptake of
pullulan in rats. Their results have indicated that
the pullulan has high affinity for asialoglycoprotein
receptors on hepatocytes. In another paper, Xi et al. [25]
studied the targeting of interferon to the liver through
chemical conjugation with pullulan. Pullulan modi-
fied iron oxide nanoparticles, however, may prove
very useful for imaging of the vascular compart-
ment (magnetic resonance angiography), imaging of
lymph nodes, perfusion imaging, receptor imaging and
target specific imaging. These findings suggest the
possibility to deliver Pn-SPIONs into different tissues
with high uptake efficiency has high potential in
biotechnology.
5. Conclusions

In this paper, Pn-SPION of size about 40–50 nm
having core-shell structure with magnetic core and
polymeric shell have been prepared and characterised
in vitro by various physicochemical means. The
colloidal solution of nanoparticles showed high stability.
The results of cell culture experiments have indicated
that the Pn-SPIONs were non-toxic as comparing to
SPIONs and because of the surface modification the
cellular uptake of Pn-SPION could be enhanced. Pn-
SPIONs were internalised by cells via a different route
that was not involved with SPION endocytosis.
Combined with existing advanced concepts of particu-
late drug delivery and magnetic therapy, pullulan-coated
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magnetic particles may provide additional specificity
and efficacy, which are required in many drug and gene
therapy approaches.
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