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Abstract Colloidal barium titanate (BaTiOs, or BT) nanoparticles (NPs), a type of perovskite oxides
that are conventionally used as electronic materials, due to their non-linear optical properties are
increasingly considered as theranostic nanocarriers. We have previously developed a facile technique to
produce monodisperse BT NPs with tunable sizes between 7 to 12 nm. This size range is advantageous
for the potential use of BT NPs as cancer-targeting nanoprobes owing to the enhanced permeability and
retention (EPR) effect. However, BT NPs are potentially cytotoxic due to the leaching of the heavy
metal ion Ba?". Moreover, surfactant-free BT NPs are poorly dispersible in aqueous solutions. To
overcome these challenges, in this study, we compare and contrast three different approaches to modify
the surface of our BT NPs. The first approach was to functionalize the surface of BT with a single layer
of citrate via molecular adsorption. ## is this really a functionalization method? Does it really have an
effect on the leaching issue? I wonder if it makes more sense to focus on the silica layer methods and

consider this more as a control## The second approach aimed to encapsulate BT nanoaggregates



(BTNA) with a silica layer using a modified Stober method. The third approach utilized a reverse-
microemulsion method to encapsulate a single BT NP core with a thin silica layer. The -OH groups on
the silica layer allowed us to further functionalize the NPs with polyethylene glycol (PEG). Our results
demonstrated that each of these approaches had its own advantage and limitation; the citrate capped BT
NPs exhibited extremely high dispersibility in water when the ionic strength is low ## so not really
useful for biological applications; see my comment above##, whereas the silica coated BT NPs showed
high stability in saline solution. Furthermore, we revealed that BT NPs are promising contrast agents for

computed tomography (CT) imaging.

1. INTRODUCTION

Biomimicry or disruption of unfavorable physiological processes, signaling and treatment of disease
have given rise to the development of theranostic nanomedicine, a combination of therapeutic and
diagnostic goals."™ Due to the range of electronic, optical and magnetic properties available, inorganic
nanoparticles are attractive candidates for this purpose,>® and perovskite nanocrystals are of special
interest. Perovskite metal oxide materials have been extensively studied due to their tunable chemical and
physical properties and wide range of applications in electronics, catalysis and photonics.” Characterized
by having high dielectric constants, barium titanate (BaTiO3, or BT) is probably one of the most studied

compounds of the perovskite family.!%12

Colloidal BT nanoparticles (NPs), on the other hand, have attracted researchers in the biomedical field
to explore their application as potential theranostic nanomedicine owing to their tunable sizes, nonlinear
optical properties and the high atomic number of barium.'* The first study concerning therapeutic
potentials of BT NPs was conducted in 2010 by Ciofani and coworkers.!'* This study showed that BT NPs
that are non-covalently stabilized by glycol chitosan possess cytocompatibility at a concentration up to
100 pg/mL. Culié-Viskota and coworkers!® introduced BT NPs as second harmonic generation (SHG)
nanoprobes for in vivo imaging in living zebrafish embryos. Most recently, Jordan and coworkers'®
reported a method to prepare antibody conjugated BT NPs which exhibit cell-specific targeting ability. In
combination with other materials, BT NPs were also used for the preparation of composite scaffolds for

tissue regeneration, especially as bone tissue engineering agents, owing to their piezoelectric properties.!”

Bagchi et al.'® found that BT integrated poly(e-caprolactone) (PCL) nanocomposites (BT-PCL)



significantly enhanced osteoblast proliferation and differentiation compared to neat PCL. These examples

demonstrate that researchers are making progress in the exploitation of BT NPs in biomedical applications.

The use of BT NPs as either cancer therapeutic agents or imaging agents has not yet been explored.
Theranostic BT NPs that are not only biocompatible in cells, but also suitable for animal studies and
ultimately clinical translations, should meet three requirements. First, the NPs need to be in a certain size
range to avoid fast clearance by the renal or hepatic systems. Based upon literature review and clinical
observations, a 20-40 nm target size is most likely to achieve success in terms of prolonged blood
circulation time, minimal liver-NP interactions and enhanced cellular internalization.!*-?> Second, the NPs
should maintain colloidal stability in biological fluids. Having covalent surface coatings is crucial because
electrostatically attached surface coatings tend to fail the NP colloidal stability in biological environment
due to high ionic strengths.?*~?> Third, the NPs should have minimal interactions with macromolecules
such as proteins and nucleic acids to avoid non-specific binding. The formation of protein corona, or
broadly termed biocorona, has been known to be the ultimate obstacle for NPs to retain their functionalities

or specificities after entering the biological environment.?6-28

BT NPs with a wide range of size (3-300 nm) and crystalline phase (cubic, tetragonal, orthorhombic,

etc.) can be produced through a number of synthetic routes, such as hydrothermal?*—*2, solvothermal33-4,

35,36 37,38

sol-gel methods3*3¢, co-precipitation’”-3® and many others3*~#2. Our group previously developed a simple
and scalable sol-gel-like technique (which was referred to as the “gel collection” method) to produce
monodisperse ligand-free BT NPs with tunable sizes between 7 to 12 nm.*® This size range of BT NPs is
advantageous for further surface modifications so that the final hydrodynamic size can fall within the
20-40 nm optimal range. On the other hand, the heavy atomic weight of barium makes the NPs
potentially toxic in biological environments. To overcome this, it is necessary to perform proper surface
modification on BT to prevent the Ba?* from leaching. However, surface modifications of metal oxide
NPs in this size range (sub-10 nm) have been a great challenge due to the hydrophobicity of the NP
surface. Although it is one of the most common methods for SiO2 coating, the Stober process** is limited
by the size, concentration and hydrophobicity of the NPs. Both small size and high concentration of the
NPs can result in SiO2 coating of aggregated cores.* Furthermore, due to the fast hydrolysis and
condensation of the silane precursor using the Stober process, a thickness of the SiO2 shell below 20 nm
is difficult to achieve.*®4” A more suited SiO2 coating method for NPs in this size range is reverse

microemulsion. Although it involves a more complicated phase transfer step and usually requires a

longer synthetic time, the reverse microemulsion method has been used to effectively coat a variety of



inorganic nanoparticles of size around 10 nm, with a single core-shell structure and a SiO: layer as thin

as 1 nm.*31 ## all good. Given this intro it seems to me that a focus on the silica layer methods is best.

In this study, we develop and compare three different approaches to modify the surface of BT NPs
synthesized by the gel collection method. These approaches include a citrate adsorption method, a silica
coating by the Stober process, and a second silica coating by reverse microemulsion. To the best of our
knowledge, this is the first study concerning either citrate coating or silica coating on sub-10 nm BT
NPs. We examine the colloidal stability of the post-modified BT NPs in aqueous solutions and cell
media. Furthermore, we explore potential applications for each of these approaches of BT NP surface
modifications and aim to provide the best strategy for their biomedical applications. By comparing the
contrast ability between our surface modified BT NPs and commercial barium sulfate (BaSO4)
suspensions, we demonstrate here for the first time that BT NPs are potential candidates for intravenous

computed tomography (CT) imaging contrast agents.

2. EXPERIMENTAL SECTION

2.1. Materials. All the chemicals were purchased from Sigma Aldrich unless otherwise stated. Milli-

Q water (18.2 MQ cm) was used in all the experiments.

2.2. Synthesis of 8 nm BaTiO3 NPs. BaTiO3; (BT) NPs with an average diameter of 8 nm were
prepared according a previously reported method* with some modifications. Briefly, in a N2 protected
glove box, 5.38 mL of barium ethoxide (8.65 % w/v in ethanol) and 1 mL of titanium isopropoxide were
mixed with 33.62 ml of absolute ethanol under mild stirring. After 10 minutes, 10 ml of 3:1 ethanol:H20
was added to the mixture with continuous stirring. This process was kept for roughly 5 minutes until the
mixture turned into a viscous clear solution. The viscous solution was then transferred to a closed
container out of the glove box and warmed in an oven at 55 °C for 10-24 h. A self-accumulated white
solid gel monolith product was formed at this point. The monolith was then separated from the solvent,
rinsed with ethanol and redispersed in appropriate amount of ethanol for further modifications. The

concentration of BaTiO3 NPs synthesized by this method can afford up to 50 mg/mL in absolute ethanol.



2.3. Surface modification of BaTiO3 NPs by citrate adsorption, BT@Citrate. To 5 ml of as-
synthesized BaTiO3 NPs dispersed in ethanol at 10 mg/ml, 5 ml of 50 mM citric acid (CéHsO7) was
added while stirring. The mixture immediately turned into a cloudy solution. The stirring was stopped
after 2 h followed by centrifugation at 7500 rpm for 10 minutes. The pellet was resuspended in 5 ml of
citric acid and the centrifugation cycle was repeated for two more times to completely remove the
ethanol. The pellet from the last centrifugation was redispersed in 5 ml of 50 mM citrate buffer at pH 7.0
to form a clear colloidal solution of BT(@Clitrate. The concentration of BTO@Citrate can afford up to 50

mg/mL in different buffers (pH>5.5) without signs of any precipitations.
2.4. Synthesis of silica coated BaTiO3 nanoaggregates, BTNA@SiO:2

Silica coated BaTiO3 aggregates, or BTNA@SiO:2 were prepared according to the Stober method** with
varied amounts of TEOS and water. Briefly, for the spherical BINA@SiO2, 9 ml of 1 mg/ml BT NPs in
ethanol was mixed with 1 ml of water and 100 pL of TEOS with stirring. The mixture was stirred for 20
minutes and then 0.2 ml of ammonia solution (28%) was added to trigger the hydrolysis. The reaction
was continued for 2 h until the mixture turned slightly turbid. The spherical BTNA@SiO2 NPs were
collected by centrifugation and resuspension in either water or ethanol. For the elongated BTNA@SiO2,

2 ml of water and 50 ul of TEOS were used while the quantities of all other reagents remained the same.

2.5. Synthesis of single core silica coated BaTiO3 NPs, BT@SiO2
Single core silica coated BaTiO3 NPs were prepared following a two-step synthesis. First, the BaTiO3
NPs dispersed in ethanol was treated with oleic acid to create a non-polar surface ligand. One milliliter
of BT NPs in ethanol (20 mg/ml) was mixed with 4 ml of oleic acid solution (5% v/v in cyclohexane)
with stirring. The mixture was stirred for 12 h to allow the surface of the NPs to be fully covered by the
oleic acids. Then the mixture was centrifuged at 13500 rpm for 20 minutes to remove ethanol and
excessive oleic acids. The pellet was redispersed in cyclohexane to afford a transparent colloidal
solution of BT@OA. The second step followed the reverse microemulsion method for silica coating
according to literature®. Briefly, 0.5 ml of Igepal CO-520 was mixed with 10 mL of 0.2 mg/ml BT@OA
and stirred for 10 min. Then, 0.1 mL of ammonia solution (28%) was added to the above mixture.
Finally, 60 uL of TEOS was added via the equivalently fractionated drop method (adding 10 uL per 30
min). The resulting BT@Si10:2 core—shell products were collected after centrifuging and washing, and

then were redispersed in either water or ethanol. By adjusting the initial concentration of BT@OA and



the amount of TEOS added in the final step, single core BT@SiO2 NPs with average shell thicknesses
between 2 nm and 20 nm can be achieved

2.6. Synthesis of BT@ SiO2-PEG
PEGylation of BT@ Si02 was achieved via two steps. The BT@ Si02 NPs were first functionalized with
amine groups. In a typical synthesis, 5 mL ethanol dispersion of 0.2 mg/mL BT@ SiO2 NPs was treated
with 5 uL of APTES and 50 pL of ammonia solution (28%). The mixture was stirred for 2 hours at room
temperature. The resulting BT@ Si02-NH: products were centrifuged and washed three times to remove
excessive APTES and ammonia, and finally redispersed in 5 ml of 10 mM MES buffer at pH 5.5. At this
point, a significant change of the surface charge from previously negative to positive was observed. The
coupling of PEG-COOH to BT@ SiO2-NH2 was performed using the EDC/NHS strategy. In a typical
synthesis, 5 mL of BT@ SiO2-NHz2 in the above MES buffer was treated with ##

2.7. Transmission Electron Microscopy
The TEM images were taken on FEI Titan Themis 200kV TEM (USA). For all TEM samples, 5 pL of
appropriate BT solution was drop casted on a Formvar/carbon film grid (300 mesh, copper; TED
PELLA, USA). The grid was then dried at room temperature overnight before examining.

2.8. Fourier Transform Infrared Spectroscopy
The FTIR spectra were acquired from 4000 to 500 cm™! with 64 scans at 4 cm™! resolution on a Bruker
Vertex 70 spectrometer (USA). BT in ethanol samples and BT@Citrate aqueous samples were
lyophilized and dried in an oven at 70° C overnight. FTIR pellets were prepared after homogeneous
mixing of the dried samples with KBr. The background was corrected by a reference of KBr pellets.

2.9. Hydrodynamic Diameter and (-Potential Measurements
The hydrodynamic diameter and surface charge were recorded with Anton Paar Litesizer 500 Particle
Analyzer (Austria). For the particle size measurements, 1 mL of 0.1 mg/mL BT or surface modified BT
samples were placed in quartz cuvettes. The volume weighted size distribution peak values were used to
report the hydrodynamic diameters of samples. For the {-Potential Measurements, 0.3 mL of 0.1 mg/ml
aqueous solutions of BT@Citrate, BT@Si02, BT@Si102-NH2 or BT@Si102-PEG were injected in
Omega cuvettes. The Smoluchowski approximation was selected to calculate the (-Potential values.

2.10. UV-Vis Spectroscopy

The UV-Vis absorption spectra of the BT NPs in ethanol were recorded on JASCO V-660 UV-Vis

Spectrophotometer (Germany) using quartz cuvettes with 1 cm path length.
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Figure 1. Schematic illustration of BT@Clitrate synthesis. (a) surface chemistry of BT NPs prepared by
the “gel collection” method; (b) surface chemistry of as-synthesized BT@Citrate NPs.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Characterization

3.1.1. BT@Citrate. As-synthesized BT NPs with an average diameter of 8§ nm using the “gel
collection” method were found to be highly dispersible in polar organic solvents such as ethanol and
furfuryl alcohol, but poorly dispersible in non-polar organic solvents or water. This result can be
explained by their surface chemistry which is abundant in hydroxy and ethoxy groups.* Citrates play an
important role as a surface capping agent and stabilizer in many synthetic routes of inorganic NPs,>2-
with the most well-known ones being the syntheses of gold and silver NPs.33-¢ Herein we used citrate as
a post-synthesis surface capping agent to enhance the colloidal stability of BT NPs in water. Figure 1

illustrates the change of surface chemistry on BT before (Figure 1a) and after (Figure 1b) the citrate



adsorption. The FTIR spectra in Figure 2d confirm that the citrate molecules were adsorbed on the
surface of BT@Citrate, as indicated by the emerging peaks at 1562 cm™! and 1392 cm™!, which are the
characteristic peaks arising from the asymmetric and symmetric stretching of the carbonyl groups (C=0)
on carboxylates (COO"). The photographs in Figure 2c also reveal that the BT@Citrate NPs dispersed in
water formed a transparent colloidal solution, while the BT NPs in water clearly settled at the bottom of
the solution. These results demonstrate that the BT NPs suspended in water are not irreversibly
agglomerated and can be surface functionalized in order to attain a high degree of dispersibility, towards
a highly stable colloidal solution (Figure 2¢). The small size (8.3 £ 0.3 nm) of BT is likely critical in this
regard. The citric acid (C¢HsO7) solution that is added to the colloidal BT solution in ethanol is partially
deprotonated (pKa1=3.13, pKa2=4.76, pKa3 = 6.4) to yield a mixture of citric acid molecules and
citrate ions. The dispersibility of the BT@Clitrate NPs was found to be highly pH dependent. When the
pH of the dispersion falls below 4.8, the transparent colloidal solution started to get cloudy, indicating
the agglomeration of BT@Citrate NPs. As the pH was increased again to pass 5.5, the cloudiness
disappeared, and the solution turned back to transparent. This reversible transition of pH dependent
dispersibility was shown in the video in Supporting Information. The TEM images of the samples in
Figure 2¢ before and after citrate modification are shown in Figure 2a and 2b. As shown, the BT NPs

was agglomerated to a certain degree, while the BT@Citrate NPs remained well-dispersed.
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Figure 2. Characterizations of BT@Clitrate NPs. (a) FTIR spectra of BT (top) and BT@Citrate (down).
(b) Macroscopic photographs of BT in water (left) and BT@Citrate in water (right). ## consider
cropping## (c) and (d) TEM images of dried samples of BT and BT@Citrate NPs.

3.1.2. BINA@SiO2. BTNA@SiO2 NPs were synthesized using a modified Stober method.* Figure
3a illustrates the synthesis scheme of the silica coating on BT NPs. It is important to note here that the
BT aggregates resulted from the addition of H2O during the silica coating synthesis. The average
thickness of the silica shell of BTNA@SiO: is tunable between 20 — 100 nm by adjusting the amount of
TEOS. A large thickness (100 nm) and smooth surface of silica shell is achieved by increasing the
amount of TEOS to 100 pL to coat 9 mL of 1 mg/mL BT NPs. Figure 3b shows the TEM image of



spherical BTNA@SiO2 NPs with an average silica shell thickness of 90 nm. The size of the BT
aggregates core and the morphology of the silica coated NPs can be tuned by changing the ethanol/H>0O
ratio. As-synthesized BT NPs using the gel collection method were highly dispersible in polar organic
solvent such as ethanol and furfuryl alcohol, but poorly dispersible in H2O. However, H20 is one of the
key reagents in the Stober process. As such, aggregation of BT NP during prior to the coating is
inevitable and the degree of aggregation of the NPs is dependent on the ethanol/H20O ratio. Elevated
concentration of H20 also leads to inhomogeneous nucleation of SiO2 on the BT surface, creating rough
and nonuniform silica surfaces.’”-3® The elongated or irregular shape of BTNA@SiO:z with large cores
was observed by adding a high concentration of H2O (ethanol/H20 < 4). Figure 3¢ shows the TEM
image of elongated BTNA@SiO2 NPs with an average silica shell thickness of 20 nm. As shown, the
morphologies of both the BT core and the silica shell structures differ greatly from the spherical
BTNA@Si0z. Elemental composition of the core-shell structure of BTNA@SiO2 NPs was confirmed
using Energy-dispersive X-ray spectroscopy (EDS) (Figure 3d).

TEOS, NH,OH, H,0
Ethanol -
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Figure 3. (a) Synthesis scheme of silica coating of BT aggregates. The shell thickness and the size of the
BT aggregates core can be well controlled by changing the amounts of TEOS and H20 added in the
synthesis. (b) and (c) TEM images of spherical BT(aggregate)@SiO2 and elongated
BT(aggregate)@SiOz. (d) Energy-dispersive X-ray spectroscopy (EDS) mapping of BTINA@SiOx.

3.1.3 BT@SiOz2. A schematic illustration of a multi-step synthesis of BT@Si0O2 from BT NPs is
shown in Figure 4a and 4b. It involves first a solvent transfer from ethanol to cyclohexane using oleic
acid (OA) which is followed by a reverse microemulsion process for silica coating. Figure 5a shows the
TEM image of well-dispersed BT@OA NPs after the solvent transfer of BT from ethanol to
cyclohexane. This is critical step to prevent encapsulation of multiple particles per silica shell due to
mild agglomeration of BT NPs. With the carboxylate group adsorbed on the BT surface, the long
hydrocarbon chain of OA allows the NPs to achieve a high dispersibility in non-polar solvents such as
cyclohexane. This step was essential because the reverse microemulsion method for silica coating was
applied to achieve a shell thickness of less than 10 nm. Figure 5b shows the TEM image of the
BT@Si102 NPs produced by this method with an average shell thickness of 9 nm. As shown, most of the
NPs have a single BTO core except a few others that encapsulated two or more BTO NPs. This
demonstrates that even though the BT@OA NPs are highly dispersed in cyclohexane, there still exists

11



dynamic interactions between each NP causing the silica nucleation to occur when two or more NPs are

close together.
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Figure 4. Multi-step synthetic route of BT@Si0O2-PEG NPs from BT NPs. (a) Transfer of the NPs to a
non-polar solvent using oleic acid as surface ligands; (b) silica coating via the reverse microemulsion
method; (c) surface amination using APTES; (d) surface PEGylation by EDC/NHS coupling. (e)

Chemical structures of different reagents used.

3.1.4. BT@SiO2-PEG. The surface of BT@SiO2 was further covalently coupled with polyethylene
glycols (PEGs). A schematic illustration of a multi-step synthesis of BT@Si02-PEG from BT@SiOz is
shown in Figure 4c and 4d. APTES was used to activate the silica surface on BT@Si02 NPs so that the
particles become coated in reactive amine groups that are readily available for EDC/NHS coupling with
PEG-COOH. The EDC/NHS set is one of the most commonly used coupling reagents to catalyze the
amide bond formation between carboxyl and amine groups for water-soluble NPs.3*-%3 The TEM images

of the amine functionalized BT@Si02 NPs (BT@Si02-NH32) and the PEGylated BT@Si0O2 NPs

12



(BT@Si02-PEG) are shown in Figure 5c and 5d, respectively. It can be noticed that the BT@SiO2
(Figure 5b) and BT@S102-NH2 NPs were slightly more agglomerated compared to the BT@S102-PEG
NPs. This suggested that PEGylation indeed enhanced the aqueous dispersibility of the BT NPs.

Figure 5. TEM images of (a) BT@OA, (b) BT@SiO2, (c) BT@SiO2-NH:2 and (d) BT@SiO2-PEG. The
top left insets in (a) and (b): magnified TEM images of each sample. Bottom right insets: photographs of
each sample in their appropriate solvent. (a) BT@OA in cyclohexane; (b) BT@SiOz2 in ethanol; (c)
BT@Si102-NH: in ethanol; (d) BT@Si102-PEG in water.
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3.2. Biocompatibility of BT NPs

The application of BT NPs for biomedical purposes, especially as therapeutic and diagnostic
nanomaterials, is relatively recent. To date, pristine BT NPs produced by most of the synthetic routes**-
47 including the gel collection method®, are not biocompatible in terms of their aqueous stability and
cytotoxicity . BT is known to be thermodynamically unstable in aqueous environment due to the
leaching of Ba?* at low pH or the formation of BaCOs3 at high pH.?>%46° In this study, all three coating
methods produced highly stable BT NPs in water (Figure 2, 3 and 5). Among these methods, the
BT@Citrate NPs can achieve the highest concentration in aqueous solutions (up to 50 mg/mL) without
signs of precipitation. To the best of our knowledge, this is the first study to report such high
dispersibility of colloidal BT NP in aqueous solutions. The colloidal stability of BT@Clitrate is largely
affected by the ionic strength in the aqueous solution. At high NaCl concentration (>50 mM), the
BT@Citrate dispersion started to turn turbid and settle over time. This suggested that the citrate
adsorption on the surface of BT is dynamic and can be disrupted or replaced by a high concentration of
ions or ligands. In this respect, the citrate-NP interactions on BT(@citrate behave in a similar fashion as
the widely studied citrate capped gold nanoparticles that they start to aggregate upon a threshold of salt
concentration.?36-67 It is therefore clear that even the BT@citrate NPs possess high dispersibility in
water, the nature of the relatively weak electrostatic interaction between the coating ligand and the
surface will eventually fail to maintain colloidal stability in biological fluids. Nonetheless, this post-
synthetic citrate treatment can be applied to many other doped derivatives* of BT NPs prepared by the
gel collection method. The BTNA@Si02 and BT@S102 NPs, in contrary, did not exhibit as high
dispersibility in water as did BT@Clitrate. These silica coated NPs started to turn turbid and settle
overtime as soon as the concentration reached to approximately 5 mg/mL. Below 5 mg/mL, the NPs
maintained homogeneous dispersity in aqueous buffer solution even at saline concentration (150 mM).
For the BT@Si02-PEG NPs, the colloidal stability remained high without signs of settling at a
concentration up to 10 mg/mL. Indeed, the BT@SiO2-PEG NPs showed the most potential to become
theranostic agents as they meet the three requirements stated in the introduction to some degree. These
NPs have an overall size of slightly larger than 40 nm; they maintain colloidal stability at saline
concentration which resembles the condition in biological environments; and they are functionalized

with non-fouling PEG chains.

14



It has been shown that the leaching of Ba?>" on BT surface has a high dependency on the pH of the
solution, with higher and faster leaching rate at lower pH.%>% As a result, the surface of BT will become
rich in TiO2 and hence it will promote NP aggregation at low pH. In the case of our BT NPs, after the
citric acid treatment, immediate precipitation of the NPs was observed. This could be caused by two
different scenarios. First, the surface Ba?* ions were likely to be stripped giving rise to a TiOz-rich
surface. The subsequent addition of NaOH deprotonated the citric acids to form citrates, which in turn
formed metal complex bonds with Ti (IV). Thus, the NPs were dispersed due to electrostatic repulsion.
Alternatively, the citric acid formed metal complex bonds directly with the surface Ba (II) which,
contrarily, was stabilized. ## XPS?## While the precipitation was caused by hydrogen bonding between
the carboxylic acids on adjacent NPs, ## evidence?## the addition of NaOH deprotonated the acids to
form electrostatically repulsed carboxylates on the citrates on the NP surface. A similar study was
performed on 50 nm barium strontium titanate (BST) NPs by first using nitric acid to remove the surface
Ba?" and subsequent treatment with citric acid for surface adsorption.®® In our study, however, treating
the small BT NPs (<10 nm) caused a significant size reduction of individual NP and also random
aggregation of some NPs due to the TiO2 rich surface. Thus, direct citric acid treatment was used in our
study. Without enough evidence, further studies will be required to fully understand the nature of the

interaction between the citrate molecules and the surface of BT.

3.3. BT NPs as contrast agents for computed tomography (CT)

Computed tomography (CT) is a non-invasive tissue imaging technique employed in numerous
research and clinical settings.”®’! Barium has long been known to be of great value in highlighting the
area of interest in CT imaging. Barium sulfate (BaSO4) suspension has been the predominant contrast
agent for improving the visualization of CT imaging of the gastrointestinal tract. The reason why
Barium is excellent for CT imaging is multifold ##or complicated?##. Due to the high atomic number,
Z, of Barium, the position of its K-shell electron absorption edge (k-edge, ~39 keV), i.e., the photon
energy at which Barium has the highest attenuation, overlaps with the distribution peak of the X-ray
energy produced by clinical CT scanners (typically operate at a voltage between 80-140 kV).”?> This
means that barium absorbs more photons than other elements do from the X-ray produced by clinical CT
scanners. Moreover, bartum is abundant and BaSOs is relatively cheap to produce. CT is an extremely

useful, low-cost and routine technique, but lacks the level of contrast and resolution, when compared to
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MRI/PET, and it has been speculated improved contrast enhancement would greatly benefit the medical
profession.”
CT relies on the X-ray attenuation properties of different materials to achieve imaging effectiveness.

For example, bones appear much brighter than lungs do in a CT scan because X-ray attenuates (being
absorbed) on bones much more than on lungs. In general, tissue with higher density (p) or higher atomic
number (Z) tend to better absorb X-rays.”® The degree of X-ray attenuation on different materials, or X-
ray absorption coefficient (), and is expressed as
_rZ

AE3

where A is the atomic mass and E is the X-ray energy. Figure S1, shows a chart of attenuation

i

coefficient vs. photon energies of different elements to illustrate the utility of Barium. A CT scan uses a
standardized scale to measure the ability of tissues to attenuate X-ray in Hounsfield units (HU). By
definition, water is assigned to have a value of 0 HU, so that the CT scanners can be calibrated with a
reference to water. For a material with a linear X-ray attenuation coefficient “u” the corresponding HU
value is calculated by

_ M — Uwater

HU = ——x 1000

UWater

where uwarer 1s the X-ray attention coefficient of water. Many soft tissues, e.g., livers and spleens, share
similar HU values as they are made of mostly water. As such, contrast agents with relatively higher HU
are usually used in a CT scan to highlight the area of interest such as tumor tissues. The most commonly
used contrast agent for CT scans in hospital is perhaps barium sulfate, owing to the high atomic number
of barium (Z = 56). Barium sulfate is administered orally as a suspension to delineate the gastrointestinal
tract using CT imaging. Despite the prevalence of the use of barium sulfate suspensions, however, this is
the only example of barium as a CT contrast agent due to the high toxicity of Ba**. In this context, we
propose to use BT NPs as intravenously administered cancer targeting CT contrast agents due to three
main reasons according to our study: first, the HU value of BT NPs is comparable to that of barium
sulfate; second, proper surface-modification of BT NPs can largely enhance their dispersibility and
biocompatibility; third, the size of post-modified BT NPs can be tuned to optimal for prolonged blood
circulation and tumor accumulation.

Readi-Cat 2 is an FDA-proved trademark for orally administered barium sulfate suspensions. Using
a micro-CT, we compared the attenuating ability in HU between BT NPs at various concentrations and

that of Readi-Cat 2 (Figure 6). As shown, for the surfactant free BT NPs in ethanol, the 30 mg/mL
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concentration already exhibited higher HU (406.8) compared to Readi-Cat 2 (374.2). The HU value of
the 50 mg/mL BT (870.6) was more than doubled that of Readi-Cat. For the BT@Citrate NPs in water,
the higher concentrations at 40 and 50 mg/mL exhibited slightly less HU (287.9 and 289.7) than Readi-
Cat (373.2). Nonetheless, these values are significantly greater than those of soft tissues, typically

ranging from 20 to 100 HU. The decreased HU values of the BT@Clitrate NPs compared to pristine BT

NPs are likely due to the loss of Ba?" during the citric acid treatment.

(a) (b)

HU value HU value

Readi-Cat l 373.2 Readi-Cat 374.2

10 mg/ml 1.3 10 mg/ml } -109.2

20 mg/ml a 3 20 mg/ml 165.6

664.5

40 mg/ml : 40 mg/ml
50 mg/ml 4 50 mg/ml 870.6

H20 . ' H20 -17.5

Sodium Citrate s Sodium Citrate — -11.4

30 mg/ml - 30 mg/ml - 406.8

Figure 6. Micro-CT scans and HU values of BT@Citrate in water (a) and BT in ethanol (b) with various

concentrations compared with Readi-Cat 2.

We also performed mouse studies using the BT@Citrate NPs by intravenously administration. Micro-
CT imaging showed intensified contrast at the bladder region over time, indicating that the NPs were

cleared through renal system (Supporting Information). ICP-MS results revealed that close to 80% of the
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NPs were cleared by the renal system within 30 minutes (Supporting Information). As expected, the

BT@Citrate NPs could not maintain long blood circulation due to the weak surface coating.

4. CONCLUSIONS

We have presented three different routes of surface modifications to enhance the aqueous
dispersibility and biocompatibility of BT NPs. Our first method was to coat the BT surface with citrate
molecules to produce BT@Citrate NPs. This method improved the aqueous dispersibility of BT NPs
compared to non-functionalized particles. The citrate-NP adsorption can easily be disrupted causing NP
aggregation by a salt concentration not yet reaching the physiological level. ## again may be better to
focus on the XiO2 methods## The second modification utilized the Stober method to produce BINA@
S102. This method produced tunable silica shell thicknesses (20-100 nm) with tunable core sizes and
morphologies. ## no comment about their dispersability?## The last multi-step modification produced
covalently PEGylated BT@ Si02 NPs with single core/shell structures. This is a multistep process that
involves first an addition of an intermediate surface ligand to allow NP dispersion in a non-polar solvent,
second a reverse-microemulsion technique to develop the silica layer, and third an amine
functionalization for the final PEG coupling. Given the small overall size (~30 nm) and the ability to
add additional functionalitis, these BT@Si02-PEG NPs demonstrate significant potential for biomedical

applications, such targeted CT imaging.
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Table 1. Particle size and surface charge measurements by DLS.

Nanoparticles Particle Size (nm) Zeta Potential (mV)
BT (in ethanol) 83+£0.3

BT@Citrate 114+0.2 -33.1+0.6

BT@OA (in cyclohexane) 21.7+0.3

BT@Si02 28.7+£2.9 -31.1+£0.5
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BT@SiO2-NH:

BT@SiO»-PEG

~40

320+0.5

-16.5+0.8
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