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Abstract

Barium titanate nanoparticles (BT NP) belong to a class of second harmonic generating (SHG)
nanoprobes that have recently demonstrated promise in biological imaging. Unfortunately, BT
NPs display low cellular uptake efficiencies, which may be a problem if cellular internalization is
desired or required for a particular application. To overcome this issue, while concomitantly
developing a particle platform that can also deliver nucleic acids into cells, we coated the BT NPs
with the cationic polymer polyethylenimine (PEI) — one of the most effective nonviral gene
delivery agents. Coating of BT with PEI yielded complexes with positive zeta potentials and
resulted in an 8-fold increase in cellular uptake of the BT NPs. Importantly, we were able to
achieve high levels of gene delivery with the BT-PEI/DNA complexes, supporting further efforts
to generate BT platforms for coupled imaging and gene therapy.

Keywords
Polyethylenimine; barium titanate; transfection; second harmonic generation

1. Introduction

Inorganic nanoparticles include a vast variety of compounds that exhibit interesting
properties at the nanoscale that may not exist in the bulk material. These include various
optical characteristics that can be harnessed in biological research to enable the visualization
of phenomena at the scale of cells or even subcellular organelles. Barium titanate (BT)
nanoparticles (NP) have been known to display unique optical properties since the 1960s [1]
but has only recently been used in biological systems [2-3]. Its tetragonal phase is non-
centrosymmetric and thus is able to combine two incident photons (of frequency )
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emanating from a focused, high-intensity laser into one photon with exactly twice the
frequency (2w) in a process known as second harmonic generation (SHG) [4]. SHG imaging
requires a two-photon laser and appropriate filters and can be easily added to a conventional
confocal imaging system. Unlike fluorescent probes normally used in confocal microscopy,
SHG nanoprobes such as BT do not bleach or blink, can be excited with deeper penetrating
long wavelength light, and have a narrow, multi-directional signal spectrum [2]. BT is
nontoxic at a range of pHs unlike most quantum dots, which often require surface coatings
to protect cells from exposure to their toxic cores [5]. Numerous properties of BT make
these nanoprobes promising candidates for biomedical imaging applications.

The BT NPs, however, are inefficient at entering cells without some form of
functionalization or conjugation [6] — mainly due to the negative surface charge of the NPs
that hinders binding to negatively charged cell surfaces. So far, limited studies have been
conducted with BT NPs to improve cellular uptake. In one study, poly-L lysine (PLL) was
used to coat BT NPs, resulting in higher cellular uptake [7]. We were interested in building
upon this previous work to generate BT NPs not only with positive cellular uptake
characteristics, but also with the multi-functional capacity to serve as a coupled imaging and
gene delivery agent. PLL is an ineffective transfection agent [8], making it a poor polymer
choice when trying to generate nucleic acid-delivering systems. We chose to use
polyethylenimine (PEI), a positively charged polymer that has been used frequently as a
transfection agent due to its ability to condense negatively charged DNA and deliver it
effectively to cells [9]. Additionally, PEI’s positive charge allows it to complex with
negatively charged NPs, such as BT, while still maintaining its transfection ability [10]. PEI
has been used in concert with other polymers due to its ability to enhance uptake into cells
and escape endosomes via the hypothesized proton sponge effect [11].

Being able to image the gene delivery vectors allows for researchers to keep track of where
the vectors are going during treatments to better understand the ultimate dosage that reaches
target cells as well as any unintended destinations. Polymer-stabilized quantum dots have
been used for this dual imaging and delivery approach, but the high toxicity of quantum dots
makes them poor candidates for extensive in vivo studies [12]. Other fluorescent NPs, such
as silica-based systems, have also been used in concert with polymers to deliver DNA [13,
14], but conventional fluorescence cannot outperform the narrow signal spectrum and lack
of signal saturation that SHG nanoprobes such as BT can offer. Other nanoparticles with
contrast enhancing capabilities, such as iron oxide, have been delivered in a nanoparticle-
polymer system to deliver DNA in order to obtain simultaneous therapeutic delivery and
imaging [15].

Here, we have adsorbed PEI to BT NPs to create complexes with dual imaging and gene
delivery capabilities. The BT-PEI does not show significant cytotoxicity and is able to
increase the overall uptake into cells compared to uncomplexed BT. DNA transfection
studies show that the BT-PEI can deliver genes as effectively as PEI alone. Collectively, our
data supports the potential use of BT nanocrystals for simultaneous imaging and delivery of
nucleic acids into cells.
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2. Materials and Methods

2.1 Generation and characterization of BT-PEI complexes

Barium Titanate (BaTiOgz, BT) nanoparticles were purchased from Nanostructured and
Amorphous Materials. Particles are of tetragonal configuration and noted by the company to
be 200 nm diameter with a purity of 99.9%. Linear 25K molecular weight polyethylenimine
(PEI) was purchased from Fisher Scientific.

To form BT-PEI complexes, 500 pL of a 1 mg/mL solution of BT was prepared in
phosphate buffer (PB, pH 7.4, 10 mM). 500 uL of PEI dissolved in PB at varying
concentrations was slowly added to the BT solution drop-wise followed by vigorous
vortexing for 10 seconds. The solution was then sonicated for 30 minutes (Branson 2510).

Dynamic light scattering (DLS) was performed on a Malvern Zetasizer in low sizing
disposable methacrylate cuvettes for size data and in disposable zeta cells for zeta potential
measurements. Samples were allowed to equilibrate for 10 seconds before measurements,
which were performed at 25 °C. A total of three measurements were taken for each solution
for sizing data with the mean of the volume peaks reported.

Thermogravimetric analysis was performed with a Q-600 Simultaneous TGA/DSC (TA
Instruments). BT-PEI samples were prepared as above, and centrifuged at 17000 rcf for 10
minutes to sediment particles and washed with 1 mL PB and centrifuged again for 5
minutes. The particles were added to alumina pans and run on the TGA, first heating at 100
°C for 1h and then ramped up to 500 °C at a rate of 2 °C/min [16].

2.2 Uptake of BT-PEI complexes into HelLa cells

HeLa cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM) that contained
10% fetal bovine serum (FBS) and 1% penicillin streptomycin (P/S) at 37 °C and 5% CO,.
For uptake studies, cells were plated on poly-L-lysine (PLL) coated coverslips in a 24 well
plate for 24 hours after which 70% confluency was achieved. The thickness of cells in a
monolayer is estimated to be about 3.6 um [17]. 10 uL of 0.5 mg/mL BT or BT-PEI in PB
was added to each well and incubated for 3 hours followed by 70% ethanol fixing for 15
minutes and 5 minutes of propidium iodide (PI, 1 pg/mL) staining at room temperature.
Coverslips were mounted onto slides with fluormount-G and stored at 4 °C overnight before
imaging.

A Zeiss 7 laser scanning multiphoton microscope (LSM 7 MP) was used for imaging Pl and
SHG-producing BT crystals and collected with a non-descanned detector (NDD) through a
40x water objective. Cells were excited with 820 nm light from a 2-photon titanium sapphire
laser with a penetration depth of 1000 um [18] and a 390 — 430 nm band pass filter was used
for the SHG signal and 500 nm longpass filter for the red PI signal. Particles were counted
manually using the ImageJ (NIH) cell counter plugin.

2.3 MTT viability assay

HelL a cells were cultured in a 96 well plate overnight until 90% confluency. 10 pL of 0.5
mg/mL BT, BT-PEI, and PEI were added to wells (resulting in a final PEI concentration of
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2.5 pg/ml) in duplicate and incubated overnight. Cells were then washed and 100 pL of
DMEM (with 10% FBS and 1% P/S) was added to each well. 10 yL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), purchased from Invitrogen
and diluted to 12 mM in PBS, was added to each well and incubated for 3 hours at 37 °C. A
70% ethanol-killed cell control was used to subtract background signal and wells that had
PB added were used as positive controls for 100% viability. All but 25 pL of media was
removed from each well and 50 pL of dimethyl sulfoxide (DMSQO) was added to each well
and incubated for 10 minutes at 37 °C. Sample absorbance was read us ing a Tecan
Magellan plate reader at 540 nm. An average of 16 points of absorbance for each well was
used to calculate the absorbance for a given well. Background signal from control wells was
subtracted from all other samples and normalized to the PB control.

2.4 Transfection assay

Hel a cells were cultured in a 24 well tissue culture plate overnight until 70% confluency.
PEI or BT-PEI complexes were used to condense plasmid DNA encoding GFP (pGFP) by
adding 25 ng of DNA to varying amounts of PEI or BT-PEI to obtain different N/P ratios [9]
followed by immediate vortexing and incubation for 10 minutes at room temperature.
Solutions were added to the wells and incubated for 18 hours followed by changing the
media and further incubation for another 24 hours. Cells were harvested by first washing
with 0.5 mL PBS followed by trypsinizing with 0.2 mL of trypsin and neutralization with
0.2 mL serum complete DMEM. The cells were pelleted and resuspended in 500 uL PBS
with 5 mM EDTA and added to a tube through a cell strainer to separate any cell aggregates.
Flow cytometry was performed with a BD FACSCanto Il flow cytometer with a 488 nm
laser to excite GFP, and 10,000 total cells were counted for each sample. Fluorescence
images were taken on a Zeiss Axiovert 40 CFL tabletop microscope with a 10 x Plan-A
objective with a 50 W HBO lamp and blue filter cube for excitation. Images were captured
with a Canon EOS Rebel XS camera connected to the microscope.

3. Results and Discussion

3.1 Coating BT with PEI yields positively charged non-cytotoxic complexes

BT-PEI complexes prepared with different concentrations of PEI were characterized for
their size and zeta potentials (Fig. 1). Complex sizes are unaffected by PEI concentration
(Fig. 1A). Zeta potential of the complexes, on the other hand, becomes more positive with
increasing PEI concentration due to the positively charged amine groups on the PEI (Fig.
1B). Since zeta potentials of complexes stabilize at 25 pg/ml PEI, this concentration was
chosen for subsequent experiments. Particle size readings indicate a single monodisperse
population, suggesting lack of excess PEI. Thus, under these formulation conditions, the
weight ratio of PEI to BT in the composite nanoparticle is approximately 1:40. This
composition was verified with thermogravimetric analysis, which showed the weight
composition due to the polymer to be 2.3%, corresponding to about a true weight ratio of
1:43. Lower PEI concentrations produce complexes that have a statistically significant
difference in zeta potential compared to the value seen at 500 pug/ml PEI. The positive zeta
potential should aid in the cellular uptake of the complexes by mediating binding to the
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negatively charged cell surfaces [19], as well as enable condensation of negatively charged
nucleic acids.

The BT-PEI particles display minimal cytoxicity in HeLa cells as evidenced by an MTT
assay (Fig. 2). The concentration of particles tested in the cytoxicity assay is 2.5-fold higher
than in the following uptake and transfection studies, and both concentrations are at least 10-
fold less than the reported LD50 of PEI; therefore, the BT-PEI complexes are not cytotoxic
at the working concentrations used in this work. The components of the complex, either
individually or together as a complex, do not decrease cell viability dramatically. The lack
of cytoxicity of PEI and BT-PEI particles is consistent with previous values of the LD50 of
PEI (16 — 42 pg/ml [20,21]).

3.2 Coating BT with PEl improves cellular uptake

PEI complexation increases the uptake o f BT NPs into HeLa cells (Fig. 3). The BT particles
were detected by taking advantage of their inherent second harmonic generating (SHG)
signal, which has an optimal emission at 410 nm (Fig. 3A). BT NPs without any
modifications are internalized into cells but at a much lower efficiency compared to the BT-
PEI complexes. The PEI coating resulted in an 8-fold increase in the number of particles per
cell (Fig. 3B), which would be beneficial for increased contrast enhancement for biomedical
imaging. The SHG signal per cell increased about 20-fold for BT-PEI over BT alone,
indicating a significant contrast enhancement due to enhanced cell uptake (Fig. S1).
Additional optimization of BT-PEI dose and cell culture conditions should improve cellular
uptake further. The particles, although too large to enter cells via endocytic mechanisms,
may be able to be taken up by alternate uptake mechanisms, such as macropinocytosis [22].

The positive charge imparted by the PEI coating significantly increased the uptake of BT
NPs into cells. Other types of NPs have been coated similarly with cationic polymers,
resulting in increased cellular uptake [23,24]. While the BT NPs alone are able to enter cells,
any application desiring a high signal to background ratio for diagnostic purposes requires as
many signal generating particles as possible to enter the target cells. While the cellular
uptake properties imparted by the PEI leads to nonspecific cell binding and endocytosis, this
form of broad improvement in internalization may be advantageous for ex vivo gene delivery
applications where target cells have already been isolated [25]. For example, isolated cells
can be treated with BT-PEI carrying genes in an ex vivo transfection setting, the transfected
cells loaded with the BT nanoprobes can be reintroduced into patients, and finally imaging
can be used to track the location of the cells. Towards this end, we next tested the ability of
BT-PEI complexes to deliver genes into cells.

3.3 BT-PEI complexes effectively deliver DNA

The BT-PEI complexes were tested for their ability to deliver DNA to cells. For this study,
25 ng of pGFP was added to BT-PEI and vortexed, resulting in slightly larger complexes
(Fig. 4A). The polydispersity index (PDI) is equal to 1 for the BT-PEI/DNA sample,
indicating a monodisperse population of particles. Both BT-PEI/DNA and PEI/DNA
complexes display low transfection rates at low N/P ratios (Fig. 4B). Higher N/P ratios
allow both PEI/DNA and BT-PEI/DNA complexes to be able to deliver genetic material into
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cells efficiently (Fig. 4B and C) This data suggests that the presence of BT does not interfere
with the ability of PEI to deliver genes into cells, and provides support towards the
development of complexes with dual functions — agents that enable coupled imaging and
gene transfection.

Future studies will be aimed at understanding the mechanism of gene delivery with the BT-
PEI/DNA complexes. For example, it is presently unclear if and when the various
components of the BT-PEI/DNA complex disassemble during the transfection process. The
intracellular fate of the BT NPs, and whether the presence of PEI alters BT trafficking in
cells, is also currently unknown. Furthermore, if higher stability complexes are desired for
certain biomedical applications, cross-linking of the polymer component combined with
environment-responsive release of cargo DNA can be engineered into the system [26].

4. Conclusion

As a recently established class of NPs for biological imaging, BT may be ideal to use in
particle tracking experiments [27-28] due to their lack of bleaching or blinking and overall
safety. Here, we have significantly improved the cellular uptake of the BT NPs by coating
them with PEI. Both the positive charge and low toxicity of PEI at the concentrations used
make it a promising choice for creating BT-polymer complexes, especially in the context of
developing multi-functional vectors capable of coupled imaging and nucleic acid delivery.
The PEI component will enable effective gene delivery while the BT component will enable
SHG imaging. While the emission signal spectrum of BT may be at wavelengths too short to
be detectable across thick tissues, imaging in thin tissues or using endoscopically guided
microscopes can take advantage of the strong, precise BT signal in the in vivo environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
e Barium titanate nanoparticles were complexed with linear polyethylenimine
e BT-PEI complexes entered cells eight-fold better than BT alone
»  Second harmonic generation imaging was used to image BT-PEI complexes

e BT-PEI can deliver DNA to cells efficiently
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Figure 1. PEI adsorption to BT alters nanoparticle properties
(A) Hydrodynamic diameter of BT-PEI complexes formed with different PEI

concentrations. ANOVA shows no statistical difference between populations. (B) Zeta
potential of BT-PEI complexes formed with different PEI concentrations. *p < 0.05, **p<

0.01 (student’s t test)
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Figure 2. BT-PEI is not cytotoxic
Cells were exposed to BT-PEI, BT, PEI, or buffer only and incubated for 24 hours prior to

performing an MTT assay for viability. One-way ANOVA shows no statistical difference
between populations.
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Figure 3. PEI coating enhances cellular uptake of BT
(A) BT or BT-PEI at a weight ratio of polymer to NP of 1:40 were added to HeLa cells and

incubated for 3 hours prior to fixing and propidium iodide (PI) staining. PI signal allows for
discernment of cell boundaries and SHG indicates the signal from the BT particles.
Colocalization between these two channels is shown in the rightmost panel to identify
internalized particles. Cell outlines are shown in yellow. (B) BT or BT-PEI particles were
counted in 4 different fields of view each to determine an average number of internalized
NPs per cell. * p < 0.01 (student’s t test). Scale bars represent 10 um.
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Figure 4. BT-PEI complexes can deliver DNA effectively
(A) Complex size with condensed DNA. Polydispersity index (PDI) is indicated for each

sample. (B) Flow cytometry transfection data for BT-PEI/DNA or PEI/DNA complexes
formed at various N/P ratios. (C) Fluorescence micrographs of cells transfected with BT-
PEI/DNA or PEI/DNA (both at N/P = 10 carrying pGFP) at 24 hours post transfection.
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