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Background: This paper describes comparative studies in cytotoxicities, magnetic resonance imaging
(MRI), and gene delivery into glioblastoma U87MG or U138MG cells with ternary composites that are
consist of superparamagnetic iron oxide (SPIO) nanoparticles (NPs) (size: 8-10 nm) with different surface
coatings, circular plasmid DNA (pDNA) (~4 kb) equipped with fluorescent/luminescent probe, and branched
polyethylenimine (25 kDa, PDI 2.5).

Methods: Three types of SPIO-NPs were used, including: (I) naked iron oxide NPs with Fe-OH surface
group (Bare-NP); (I) iron oxide NPs with a coating of alginate (Alg-NPs); and (III) iron oxide NPs with a
coating of deferoxamine (Def-NPs). By tuning the polyethylenimine (PEI)/NP ratios and with a fixed DNA
amount, different ternary composites were employed for NP/gene transfection into glioblastoma US87MG
or UI38MG cells, which were then characterized by Prussian blue staining, in vitro MRI, green fluorescence
protein (GFP) fluorescence and luciferase assay.

Results: Among the composites prepared, 0.2 ng PEI/0.5 pg DNA/1.0 pg Bare-NP ternary composite
possessed the best cellular uptake efficiency of NP to the cytoplasm, following the trend Bare-NP > Alg-NP >
Def-NP. This observation was consistent to the MRI assessments with iz vitro T, relaxivity (r,) values of 46.0,
35.5, and 23.7 s™.pM ™" Fe, respectively. For cellular uptake efficiency of the pDNA, all variations of PEI/NP
ratios of the composites did not yield significant differences. However, cellular uptake efficiencies of pDNA
in the ternary composites in U138MG cells were generally higher than that of U87MG cells by an order of
magnitude. Exceptionally, the ternary composite 0.2 ng PEI/0.5 pg DNA/1.0 pg Bare-NP possessed a lowered
luciferase activity RLU for gene expression in UI38MG cells. A total of 0.2 ng PEI/0.5 pg DNA/0.1 pg Bare-
NP would be uptaken to the cell nucleus with the highest luciferase activity. A working concentration range
of PEI with at least 15% higher cell viabilities than lipofectamine was 0.1 to 0.2 ng/well. The cytotoxicities
became significant when 0.5 ng/well PEI was present in the ternary composites.

Conclusions: The as-prepared composites offer potential biomedical applications in simultaneous gene
delivery, imaging contrast enhancement, and metabolism study.

Keywords: Deferoxamine (Def); gene delivery; imaging agents; nanoparticles (NPs); organic-inorganic hybrid composites
Submitted Mar 03, 2015. Accepted for publication Mar 10, 2015.

doi: 10.3978/j.iss1.2223-4292.2015.03.12
View this article at: http://dx.doi.org/10.3978/j.issn.2223-4292.2015.03.12

© Quantitative Imaging in Medicine and Surgery. All rights reserved. www.amepc.org/qims  Quant Imaging Med Surg 2015;5(3):382-391



Quantitative Imaging in Medicine and Surgery, Vol 5, No 3 June 2015

Introduction

The development of diagnostic and therapeutic
nanomaterials (1-8) for drug/gene co-delivery and
ultrasonic/magnetic resonance imaging (MRI) contrast
enhancement has been progressing rapidly towards various
cancer cell types (9-25). In particular, superparamagnetic
iron oxide (SPIO) nanoparticles (NPs) can offer imaging
cell tracking, magnetic targeting, and substrate delivery
to specific target site(s) (26-28). Linear polyethylenimine
(PEI) polymers of low or high molecular weights have
been employed to deliver genes with enhanced transfection
efficiencies and possibly reducing cytotoxicities (29-39).
However, branched PEI has been less studied. SPIO-NPs
that are coated with alginate (Alg) polymer derivatives,
may show enhanced biocompatibility and colloidal stability
(40-42). In particular, ultrasmall deferoxamine (Def)-coated
SPIO-NPs were first reported in our group (9,15) and
studied for their biomedical properties. Def, also known as
desferal, is a clinically approved drug to treat iron poisoning.
Slow degradation of iron oxide NPs iz vivo will result in
soluble iron ions which will, in turn, capture by Def layer at
the NPs’ periphery. Eventually, the Def-iron complexes will
be excreted in the urine, thus reducing the iz vivo toxicity
especially for the heart and liver.

In view of delivering genes and facilitating MRI towards
glioblastoma U87MG cells with enhanced cellular uptake
or transfection efficiencies, we report herein the use of
bare-, Alg-coated, and Def-coated ultrasmall (8-10 nm)
Fe;O, SPIO-NPs, hybridizing individually with circular
plasmid DNAs (pDNA) (pEGFP-CI1 and pRL-CMV),
and branched PEI (25 kDa, PDI =2.5) to furnish ternary
composites (9,15,16,32,43) for MRI, fluorescence imaging,
and cytotoxicity evaluation. Different coatings on the
SPIO-NPs (Bare-NP, Alg-NP, and Def-NP) have been
shown to demonstrate different effects toward the cellular
uptake (16,44,45) into brain tumor cells. Circular pDNA
pEGFP-C1 (~4.7 kb) was encoded with a red-shifted variant
of wild-type green fluorescence protein (GFP) in mammalian
cells whereas circular pDNA pRL-CMV (~4.0 kb)
was encoded with Renilla luciferase in various cell types.
As markers, the fluorescence or luminescence intensity is
directly proportional to the amount of GFP/RLU. By the
strong, enhanced and constitutive expression of the reporters,
the signals can be easily detected. They were optimized so
that the reporters can be expressed in a variety of cell types/
lines. By using two signal detection methods, any reduction
or enhancement of DNA uptake by the composites can
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be estimated by different aspects. It is envisaged that after
the cellular uptake of the composites into the cells, the
NPs in the composites would be cleaved and localized in
the cytoplasm, which is responsible for generating MRI
dark contrast signal. On the other hand, the pDNA of the
composites will be further imported into the nucleus, which
is responsible for expressing the fluorescence/luminescence.

Materials and methods
Syntbhesis

Ultrasmall SPIO-NP with average diameter of 8-10 nm
(Bare-NPs) was synthesized according to literature
procedures (26-28). Alg-NPs and Def-NPs were synthesized
according to literature procedures (9,15,16). For the synthesis
of composites, a stock solution of branched PEI was prepared
with a concentration of 10 ng/pL in water. By serial dilutions,
the solutions of branched PEI with different concentrations
were added to the culture medium (250 pL) containing the
DNA. After incubation for 30 min, pre-ultrasonicated, bare-,
Alg-, or Def-NPs of known particle and iron concentrations
in water were added to the mixture, gently mixed and
incubated for further 30 min to obtain the composites.

Plasmid DNA

All circular pDNAs for transfection were prepared using
the QIAprep Spin Miniprep Kit (QIAGEN, Hilden,
Germany) with A260/A280 ratio larger than 1.8. Plasmid
pEGFP-C1 (~4.7 kb, Clontech, CA, USA) encodes a
reporter comprising a red-shifted variant of wild-type GFP
for expression in mammalian cells. The green fluorescence
of the transfected US7MG or U138MG cells was visualized
by a Nikon TE2000 fluorescence microscope 24 h after
the transfection. Plasmid pRL-CMV (~4.0 kb, Promega)
encodes a reporter comprising Renilla luciferase for
expression in various cell types. Luminescence was detected
by a luminometer (GloMax 20/20 Luminometer, Promega)
24 h after the transfection of U87MG or U138MG cells.
The luciferase activity (RLU) was normalized against total
cellular protein per well and expressed as RLU/pg protein.

Cell culture

U87MG and U138MG cells were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were cultured with a-MEM (Life Technologies)
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containing 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37 °C and in a
humidified 5% CO, atmosphere.

Cellular uptake

About 5,000 cells were seeded onto each well of the 96-well
plates for methylthiazolyldiphenyl-tetrazolium bromide
(MTT) assay while about 50,000 cells were seeded onto
each well of the 24-well plates for luciferase and GFP
observation. Next day (day 2), the culture medium was
replaced with the serum-free DMEM containing different
composites. After incubation for 5 h, the medium was
aspirated and refreshed with complete o-MEM. The
cells were incubated for further 24 h at 37 °C (N=2) for
subsequent end-point measurements (day 3).

Prussian blue staining

After the cell transfection of the composites, US7MG cells
were washed with PBS to remove any free composites. Cells
were then fixed using paraformaldehyde (4%) for 40 min.
Subsequently, cells were washed with PBS and incubated
with freshly prepared Perls’ reagent (4% potassium
ferrocyanide/12% HCI, 1:1 v/v) for 30 min. Cells were
washed with PBS (3x), counterstained with neutral red
(0.02%), and subsequently observed by an inverted bright-
field optical microscope (Nikon TE2000).

Intracellular iron content measurement

Colorimetric method was used to study the iron
concentration for the cells that were transfected with the
composites. After incubation of the composites for 5 h on
day 2, the cells were washed, collected, and counted for
the intracellular iron content quantification on day 3. After
centrifugation (4,500 g) for 5 min, the collected cell pellets
were dispensed in 100 pL. 12% HCI solution and incubated
at 60 °C for 4 h. After incubation, the suspension was
centrifuged (12,000 g) for 10 min, whereas the supernatants
were collected for iron concentration quantification. A
sample solution (50 pL.) was added into the wells of a 96-well
plate, and then ammonium persulfate (50 pL, 1%) was added
to oxidize the ferrous ions into ferric ions. Finally, potassium
thiocyanate (100 pL, 0.1 M) was added to the solution and
incubated for 5 min to form the red color of iron-thiocyanate.
The absorption at 490 nm of the sample was observed on a
microplate reader (Bio-Rad, Model 3550).
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Biocompatibility assay

The cytotoxicities of cells incubated with different
composites were examined by MT'T assay in US7MG cells.
A total of 5,000 cells were seeded onto the wells of a 96-
well plate. On day 3, 10 pL of 5 mg/mL MTT was added
into each well. After incubation for 3 h, the medium was
removed, and formazan crystals were dissolved in dimethyl
sulfoxide (150 pL) for 10 min on a shaker. A circular disc-
like magnet was placed under the plate to attract the
magnetic composite-uptaken cells to the bottom of the
well. After that, 100 pL of the supernatant was transferred
to another 96-well plate. Absorbance of each well was
measured on a microplate reader (Bio-Rad, Model 3550) at
a wavelength of 540 nm. The relative cell viability (%) for
each sample which is related to control well, was calculated.

In vitro MRI

In vitro MRI was performed with US7MG cells 24 h
after transfection. After washing with PBS, the cells were
trypsinized and counted. Different numbers (12.5k, 25k,
50k, 100k, 150k, and 300k) of cells were placed in an
Eppendorf tube (1.5 mL) separately. After a centrifugation
at 3,000 xg for 5 min, the Eppendorf tubes were placed
perpendicular to the main magnetic induction field (B0) in
a 20 cm x 12 cm x 8 cm water bath. MRI was performed
with a 3.0-T clinical whole-body magnetic resonance unit
(Achieva, Philips Medical Systems, Netherlands), using
a transmit-receive head coil. The magnetic resonance
sequence was a two-dimensional gradient-echo sequence
with TR/TE =400/48 ms, flip angle =18°, matrix =512x256,
resolution =0.45 mm x 0.45 mm, slice thickness =2 mm, and
number of excitations =2. Sagittal images were obtained
through the central section of the bottom tips of the
Eppendorf tubes. The areas of signal void at the bottom
of the Eppendorf tubes due to U87MG cells transfected
with NP-containing composites from which the NPs is
MRI-responsive contrast agent. T, relaxation times were
measured by using a standard Carr-Purcell-Meiboom-
Gill pulse sequence [repetition time (TR) =2,000 ms,
echo time (TE) range =30-960 ms, 32 echoes, field-of-
view (FOV) =134x67 mm’, matrix =128x64, slice thickness
=5 mm, number of excitations =3]. 7, relaxation times
were calculated by fitting the logarithmic region of interest
signal amplitudes versus TE. The 7T, relaxivities (r,) were
determined by a linear fit of the inverse relaxation times as a
function of the iron concentrations used.
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Figure 1 TEM images (A) and FTIR spectra (B) of different functionalized SPIO-NPs. Bare-NP, SPIO-NP without coating; Alg-NP,
SPIO-NP with alginate coating; Def-NP, SPIO-NP with deferoxamine coating. SPIO-NPs, superparamagnetic iron oxide nanoparticles;

TEM, transmission electron microscopy.

Results and discussion

NPs with different coatings, hydroxyl (Bare-NP), Alg-
NP, and Def-NP, could be self-assembled with negatively
charged pDNA and positively charged branched PEI
to furnish ternary composites (200-300 nm) (9,15,16)
thereby stabilizing by multiple electrostatic interaction
and hydrogen bonds (46). The morphology and surface
functional groups of the composites were characterized
(Figure 1) by transmission electron microscopy (TEM) and
infrared (IR) absorption spectroscopy, respectively, which
have been reported in the literature. The as-prepared Bare-
NP, Alg-NP, and Def-NP have narrow size distributions
(8-10 nm). IR spectra of these NPs reveal their functional
group characteristics. Bare-NP reveals IR signals (cm™)
at 617 (Fe-O stretching), 1,081 (C-OH stretching), and
3,421 (O-H stretching). Alg-NP reveals IR signals (cm™)
at 586 (Fe-O stretching), 1,081 (C-OH stretching), 1,407
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(carboxylate), 1,628 (carboxylate carbonyl), and 3,422 (O-H
stretching). Def-NP reveals IR signals (cm™) at 578 (Fe-O
stretching), 1,049 (C-OH stretching), 1,631 (amide
carbonyl), and 3,434 (O-H and N-H stretching).

For each NP with different coatings, hydroxyl (Bare-NP),
Alg-NP, and Def-NP, six composites were prepared with
varying the amount of NPs (0.1 and 1.0 pg/well), together
with fixed amounts of PEI (0.2 ng/well) and pDNA
(0.5 pg/well). The typical Prussian blue staining images of
U87MG cells which have been separately internalized with
the six composites, are shown in Figure 2. According to the
visual assessment of these six images with blueness, based
on the stained SPIO-NPs, the cellular uptake efficiencies
generally increase as NP concentration increased from
0.1 to 1.0 pg/well for all cases of using Bare-NP, Alg-NP,
and Def-NP. Comparatively, among these six composites,
0.2 ng PEI/0.5 pg DNA/1.0 pg Bare-NP composite
possessed the best cellular uptake efficiency of NP to the
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Figure 2 Prussian staining images of different composites with
varying amounts of Bare-NP, Alg-NP, and Def-NP 24 h after
transfection in U87MG cells. The PEI and pDNA (pEGFP-C1)
concentrations of all complexes were fixed at 0.2 ng and 0.5 pg/
well, respectively. Bare-NP, SPIO-NP without coating; Alg-
NP, SPIO-NP with alginate coating; Def-NP, SPIO-NP with
deferoxamine coating. SPIO-NPs, superparamagnetic iron oxide

nanoparticles; PEL polyethylenimine; pDNA, plasmid DNA.

cytoplasm of U87MG cells while that of other two types of
NPs were similar.

U87MG cells that were transfected separately with three
different composites by using three different NP coatings
with fixed PEI (0.2 ng/well), DNA (0.5 pg/well), and NP
(1.0 pg/well) amounts, were analyzed by in virro MRI.
Substantial dark contrast MRI signals with “ballooning”
effect were observed as shown Figure 3 with the cells that
were centrifugated at the bottom of Eppendorf tube.
Increasing number of composite-transfected cells gave
a stronger MRI dark contrast signal. For all three cases
separately present with Bare-NP, Alg-NP, and Def-NP,
the dark MRI contrast signals with a cell number of 12.5k
were still observable. The in vitro T, relaxivities (r,) of the
composites that contained Bare-NP, Alg-NP, and Def-NP
were determined to be 46.0, 35.5, and 23.7 s”.uM"-Fe,
respectively. Comparatively, the composites with Bare-NPs
possessed the highest MRI signal intensities than Alg-NPs
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Figure 3 Gradient echo in vitro MRI images of composite-
transfected US7MG cells in Eppendorf tubes with culture medium.
The amount of pDNA (pEGFP-CI) of all complexes was fixed at
0.5 pg/well. Bare-NP, SPIO-NP without coating; Alg-NP, SPIO-
NP with alginate coating; Def-NP, SPIO-NP with deferoxamine
coating. SPIO-NP, superparamagnetic iron oxide nanoparticle;

PEI polyethylenimine; MRI, magnetic resonance imaging; pDNA,
plasmid DNA.

and than Def-NPs. These results were consistent to the cell
uptake efficiencies determined by Prussian blue staining
(Figure 2). Comparatively, the MRI detection was more
sensitive than Prussian blue staining.

The typical GFP green fluorescent images of US7MG
cells which had been separately internalized with twelve
different composites of different amounts of PEI (0.1 and
0.2 ng/well) and NPs (0.1 and 1.0 pg/well) are shown in
Figure 4. According to the visual assessment of these images,
somewhat interestingly, the gene delivery efficiencies
generally decreased with increasing NP amount from 0.1
to 1.0 pg/well. On the other hand, the cellular uptake
efficiencies of the pDNA with different PEI amounts were
generally higher with 0.1 ng/well for the cases of Alg-NP
and Def-NP. For Bare-NP, the fluorescent intensities using
PEI of 0.1 or 0.2 ng/well were similar. Comparatively, 0.1 ng
PEI/0.5 pg DNA/0.1 pg Alg-NP and 0.1 ng PEI/0.5 pg
DNA/0.1 pg Def-NP composites possessed the highest
cellular uptake efficiency of the pDNA to the cell nucleus
among others. It is reasonably to consider that the cellular
uptake efficiency depends on the surface charge density,
stability of the composites and further cleavage of the
composite with NP localized in cytoplasm and pDNA in
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Figure 4 GFP fluorescence images of different composites with
varying amounts of Bare-NP, Alg-NP, and Def-NP (0.1 and
1.0 pg) as well as PEI (0.1 and 0.2 ng) 24 h after transfection
in US7MG cells. The DNA pEGFP-CI concentration of all
complexes was fixed at 0.5 pg/well. Bare-NP, SPIO-NP without
coating; Alg-NP, SPIO-NP with alginate coating; Def-NP, SPIO-
NP with deferoxamine coating. SPIO-NP, superparamagnetic
iron oxide nanoparticle; GFP, green fluorescence protein; PEI,

polyethylenimine.

nucleus. The transfected composites would eventually
be dissociated into separate components and subject to
an efflux mechanism. Therefore, it is essential to tune
the components’ ratios to understand the efficiencies in
transfecting NP and gene towards glioblastoma cells.

Plasmid DNA pRL-CMV carries a Renilia luciferase
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gene thus it has to be translocated into the nucleus of the
cells for gene transcription process. The amount of DNA
that was successfully transfected, is directly proportional to
the luminescent signal generated from luciferase expression.
Therefore, a high luciferase activity with the composites
reveals higher gene delivery efficiency into the cells.
Luciferase expression of U87MG cells that were transfected
with the pRL-CMV-containing composites, revealed
approximately a luminescent in a range of 10* to 10° RLU
(Figure 5). Most of the composites had a RLU value higher
than that of the commercially available transfecting agent
lipofectamine which was a positive control in the present
study. On the other hand, the luciferase expression of
U138MG cells transfected with the pRL-CMV-containing
composites revealed an increased luminescent in a range of
10’ to 10° RLU (Figure 6). Noticeably, the gene expression
of the composite 0.2 ng PEI/0.5 ng DNA/1.0 ug Bare-NP
towards U138MG cells was exceptionally low as revealed
in the luminescence approximately of 10’ RLU. However,
0.2 ng PEI/0.5 pg DNA/0.1 pg Bare-NP gave the highest
luciferase activity in both cell lines.

Eighteen ternary composites were prepared and their
cytotoxicities in US7MG cells were evaluated by M'T'T assay
and compared with several controls-medium, lipofectamine,
PEI alone, and PEI/DNA (Figure 7). Generally, percentage
cell viabilities decreased with increasing amounts of PEI
from 0.1 ng/well or 0.2 ng/well (75-90%) to 0.5 ng/well
(30-50%). These results revealed that the cytotoxicity
of using 0.5 ng PEI was higher than lipofectamine.
Furthermore, the best working PEI concentration range
was between 0.1 and 0.2 ng/well in our experiment.

Conclusions

Different ternary composites based on PEI/DNA/Bare-
NP, Alg-NP, or Def-NP have been prepared by tuning
the PEI/NP ratios and with a fixed DNA amount, for
transfection into glioblastoma U87MG or U138MG
cells. The transfection efficiencies involving NP uptake
and gene expression with the ternary composites could
be altered by tuning the PEI/NP ratios in the composite,
which were characterized by Prussian blue staining, in vitro
MRI, GFP fluorescence, and luciferase expression. Among
the composites prepared, 0.2 ng PEI/0.5 ng DNA/1.0 pg
Bare-NP ternary composite possessed the best cellular
uptake efficiency of NP to the cytoplasm, following the
trend Bare-NP > Alg-NP > Def-NP. This observation
was consistent to the MRI assessments with iz vitro T,

www.amepc.org/qims  Quant Imaging Med Surg 2015;5(3):382-391



388 Leung et al. Alginate/deferoxamine-coated composites for MRI and gene delivery

—
o
>

RLU pg ™' protein
Sl

—
o
o

G

A
U

o F

CF L RL LKL &
S ,e@,eqe@ee S L

& & & Qéz Q’éq \§ \/éq
AN A N\ N\ & ()
Q7 9 Q‘(/ @ o Q?‘ Q?‘ go QO
S O P PP
Q O N N WO R N O
P <>\?\oévx & ST TS
@Q@@“@ S L
O O N <\°° QQ o"’ (9 Qqq & O ® 0 ®
SN o et et S N ce

Figure 5 Luciferase expression in composite-transfected US7MG
cells. The amount of pDNA (pRL-CMYV) of all complexes was
fixed at 0.5 pg/well. Bare-NP, SPIO-NP without coating; Alg-
NP, SPIO-NP with alginate coating; Def-NP, SPIO-NP with
deferoxamine coating. SPIO-NP, superparamagnetic iron oxide
nanoparticle; RLU, luciferase activity; PEI, polyethylenimine;
pDNA, plasmid DNA.
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Figure 6 Luciferase expression in composite-transfected U138MG
cells. The amount of pDNA (pRL-CMYV) of all complexes was
fixed at 0.5 pg/well. Bare-NP, SPIO-NP without coating; Alg-
NP, SPIO-NP with alginate coating; Def-NP, SPIO-NP with
deferoxamine coating. SPIO-NP, superparamagnetic iron oxide
nanoparticle; RLU, luciferase activity; PEI, polyethylenimine;
pDNA, plasmid DNA.
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Figure 7 Cell viability of U87MG cells as determined by MTT
assay 24 h after incubation with each composite for 5 h. The
amount of pDNA (pEGFP-C1) of all composites was fixed at
0.5 pg/well. Bare-NP, SPIO-NP without coating; Alg-NP, SPIO-
NP with alginate coating; Def-NP, SPIO-NP with deferoxamine
coating. SPIO-NP, superparamagnetic iron oxide nanoparticle;
PEI, polyethylenimine; pDNA, plasmid DNA.
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relaxivity (r,) values of 46.0, 35.5, and 23.7 s”.uM"-Fe,
respectively. For cellular uptake efficiency of the pDNA,
all variations of PEI/NP ratios of the composites did
not possess significant differences. However, cellular
uptake efficiencies of pDNA in the ternary composites in
UI138MG cells were generally higher than that of US7MG
cells by an order of magnitude. Exceptionally, the ternary
composite 0.2 ng PEI/0.5 ng DNA/1.0 pg Bare-NP
possessed a lowered luciferase activity in U138MG cells.
A total of 0.2 ng PEI/0.5 ng DNA/0.1 pg Bare-NP would
be uptaken to the cell nucleus with the highest luciferase
activity. A working concentration range of PEI with at
least 15% higher cell viabilities than lipofectamine is 0.1 to
0.2 ng/well. The cytotoxicities become significant when
0.5 ng/well PEI is present in the ternary composites.
As a result, as-prepared composites or other novel
nanostructured magnetic composites (47,48) offer potential
biomedical applications in simultaneous gene delivery,
imaging contrast enhancement, and metabolism study for
the next generation iz vivo carcinoma nano-theranostic
purpose.
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