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Abstract

Here, we describe the synthesis, characterization and in vitro and in vivo performance of a series
of tantalum oxide (TaO,) based nanoparticles (NPs) for computed tomography (CT). Five distinct
versions of 9-12 nm diameter silane coated TaOy nanocrystals (NCs) were fabricated by a sol-gel
method with varying degrees of hydrophilicity and with or without fluorescence, with the highest
reported Ta content to date (78%). Highly hydrophilic NCs were left bare and were evaluated /in
vivo in mice for micro-CT of full body vasculature, where following intravenous injection, TaOy
NCs demonstrate high vascular CT contrast, circulation in blood for ~ 3 h, and eventual
accumulation in RES organs; and following injection locally in the mammary gland, where the full
ductal tree structure can be clearly delineated. Partially hydrophilic NCs were encapsulated within
mesoporous silica nanoparticles (MSNPs; TaO,@MSNPs) and hydrophobic NCs were
encapsulated within poly(lactic-co-glycolic acid) (PLGA; TaOx@PLGA) NPs, serving as potential
CT-imagable drug delivery vehicles. Bolus intramuscular injections of TaO,@PLGA NPs and
TaOx@MSNPs to mimic the accumulation of NPs at a tumor site produce high signal
enhancement in mice. In vitro studies on bare NCs and formuated NPs demonstrate high
cytocompatibility and low dissolution of TaOy. This work solidifies that TaOy-based NPs are
versatile contrast agents for CT.
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Introduction

X-ray computed tomography, or CT, has matured into an important molecular imaging tool,
propelled forward by innovations in contrast agents (CAs), imaging systems, image
acquisition schemes and image analysis strategies.1=3 CT CAs enable molecular imaging by
attenuating X-rays at their location, giving rise to signal in CT images.* lodine (Z=53) is the
most used element clinically, and is the imageable component in a number of FDA-approved
CT CAs.>8 CT CAs containing barium (Z=56) are also used clinically.”8 These chemical
elements have uniquely varying X-ray attenuation as a function of X-ray energy, which can
be exploited for multiple molecular imaging approaches, including dual energy CT material
decomposition and spectral photon counting CT.?

CT molecular imaging requires the preparation of new CAs incorporating these elements,
and indeed, numerous reports have detailed experimental CT CAs incorporating silver, Ag
(Z=47), gadolinium, Gd (Z=64), ytterbium, Yb (Z=70), tantalum, Ta (Z=73), platinum, Pt
(Z=78), gold, Au (Z=79) and bismuth, Bi (Z=83), among others.1%-16 Dye to the inherent
low sensitivity of CT for these contrast media, requiring 10’s millimolar for detection, these
new contrast media are most often nanoparticles (NPs), enabling the efficient packaging of
X-ray attenuating elements within a compact volume.

With its K edge at 67 keV, Ta has high attenuation of X-rays used in clinical CT systems
today (80-140 kVp), and produces more CT contrast u/wthan Au or 1.17 Synthetic schemes
for Ta nanocrystals (NCs), TapOs and TaOy, are well described and repeatable, and
analytical methodologies are straightforward.18-22 Further, multiple reports have established
that Ta based nanomaterials exhibit low toxicity in biomedical milieu.23:24 Lastly, Ta is a

relatively inexpensive material, an important consideration long term for commercialization.
25

Generally, surface protected Ta NPs have been formulated as very small NPs for use as
injectable CAs. As an example, zwitterionic, sub-10 nm Ta,Os NPs have been prepared by
the hydrolysis and condensation of a mixture of silane surface ligands on isobutyric acid
stabilized Ta,Os cores.2! These have been demonstrated as a safe and effective CT CA, with
increased effectiveness versus | in clinical CT scenarios, especially in large adults.1” In a
separate study, 5-10 nm Ta,Os NPs have also been used for imaging cartilage via
interactions with the charged cartilage matrix.28 The overall Ta content in all these reported
NPs is ~ 30-41%.

Given the importance of CT CA molar concentration for detection, TaOy may be a better
choice than TapOs NPs. The mass percent of Ta in TayOg is 82% while in TaOy it is between
92% (x=1) and 85% (x=2). Further, the density of Ta,Os is 8.2-8.4 g cm~3 while for TaOy it
is 10.5 g cm™3.27-29 The product of the increased mass percent and the higher density results
in TaOy having 32-43% higher Ta than Ta,Os, for a given volume, depending on the value
for ‘x° in TaOy. The synthesis of TaOy NCs was pioneered by Hyeon and co-workers and
involved a base-catalyzed sol-gel reaction with a tantalum (V) ethoxide precursor.1® The
TaOy NP surface has a high propensity of reacting with silanes and this was used for
consequent surface modification to generate hydrophilic well-dispersed NPs. This
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fundamental, easy to replicate, procedure has been adopted by multiple groups to design and
fabricate TaO, NPs for drug delivery, imaging, and radiotherapy.30-3¢ However, none of
these reports indicate the Ta concentration within the NP construct. A high Ta concentration
is a pre-requisite to generate a robust contrast agent for CT and is essential to augment the
development of CT as a molecular imaging tool.

In this work, we first synthesized a preliminary silane coated TaO, NC (NCO0), which we
could then chemically modify to impart different degrees of hydrophilicity and impart
fluorescence. Highly hydrophilic versions of these NCs (NC1) were left bare and
investigated for vascular/vessel imaging. Moderately hydrophilic versions of these NCs
(NC2) and hydrophobic versions of these NCs (NC3) were encapsulated separately into two
diverse, polymeric constructs; NC2 into mesoporous silica nanoparticles (MSNPs) and NC3
into poly(lactic-co-glycolic acid) (PLGA) NPs. These two NP types are promising drug
delivery vehicles within which TaOy enables the opportunity for image guided drug delivery
by CT. A multifarious set of /n vivo micro-CT demonstrations with this diverse set of NPs
establishes the versatility and utility of TaOy-based NPs and initial /7 vitroand in vivo
toxicology assays point toward the acute non-toxic nature of these materials, encouraging
the further development of TaOy-based NPs for clinical CT molecular imaging.

Experimental

General Details

Unless otherwise stated, all reagents and solvents were purchased from the respective
suppliers and used as received without any further purification. The details for various
chemicals and their suppliers has been provided in the Electronic Supporting Information
(ESIT). We discuss the general synthetic details for the NCs and NPs in this section. The
synthesis of each NC and NP type has also been comprehensively detailed in ESIt.
Exhaustive characterization of all the NC and NP variants are discussed in ESIT, together
with general information on the instruments used for characterization of NCs and NPs.
Specific details for various /n vitro and in vivo experiments are mentioned in this section.

Synthetic Procedures

TaOyx NC Synthesis: In a 250 ml, one neck round bottom flask, fitted with a septa,
IGEPAL®-CO-520 [poly(oxyethylene)nonylphenyl ether), M,, 441; 23.0 g], Cyclohexane
(200 mL) and Ethanol (2.5 mL), were added and the contents were stirred to obtain a clear
solution. To this stirring mixture, a solution of sodium hydroxide (100 mM, 2.5 mL) was
added and this micro-emulsion was sonicated in a water bath to ensure homogeneity. Next,
tantalum (V) ethoxide, (TayOs, 0.5 mL) was added in one portion and the contents were
stirred at ambient temperature for 20 minutes. On addition of Ta,Os, the otherwise clear
solution gave way to slight turbidity, indicating the formation of uncoated NCs, which we
refer to as NCO. At this stage of the reaction, different silane end group reactants were added
to form NCs with varying degree of hydrophilicity/hydrophobicity or to append fluorescent
tags to the NC surface. On exclusive addition of 2-[methoxy (polyethyleneoxy)-9-12-
propyl]trimethoxysilane (PEG-Silane, 3.0 mL) followed by subsequent work up, the
partially hydrophilic TaO, NC2 were isolated. At the same stage, addition of (3-
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aminopropyl)trimethoxy silane (APTMS, 0.028 mL) and subsequent surface modification
using methoxy-poly(ethylene-glycol)-succinimidyl glutarate (m-PEG-SG-200, 50 mg) in
ethanol generates the highly water soluble TaOy, NC1. Altering the ratio of PEG-Silane and
APTMS in favour of a higher concentration of the latter (1:6 ratio, v/), followed by
subsequent work up leads to the hydrophobic TaO, NC3. To synthesize the respective
fluorescent analogues, a pre-formed FITC-APTMS linker was introduced into the reaction
mixture after the addition of PEG-Silane and APTMS and the subsequent steps were carried
out in dark. Addition of the fluorescent linker to the respective hydrophilic/hydrophobic
reaction mixture, leads to the formation of hydrophilic FITC-TaOx NC4 and the
hydrophobic FITC-TaO, NC5, respectively. Once the reaction was complete, all NC types
were isolated by centrifugation as an oily pellet and purified by exhaustive dialysis in water
using 12-14 kDa MWCO dialysis bags, followed by lyophilization to yield NCs as a dry
powder. For specific details, refer to Section 1.2 in ESIT.

TaOx@PLGA NP Synthesis—In a 50 mL falcon tube, 4% polyvinyl alcohol (PVA, 3
mL) was taken. In a separate 15 mL falcon tube, 1.0 mL of the TaO, NC3 suspension in
dichloromethane (DCM; 25 mg TaOyx NC3 in 1 mL DCM) was taken and 0.5 mL poly(DL-
lactic-co-glycolic acid) (or PLGA), [LG 50:50, acid terminated] stock solution in DCM
(12.5 mg PLGA polymer in 0.5 mL DCM) was added dropwise to it with continuous vortex.
The resulting white colored suspension was sonicated for 5 minutes with periodic vortex.
This solution was next added dropwise to the 4% aqueous PVA solution (3 mL) in the 50 mL
falcon tube with rigorous and continuous vortex. Once addition was complete, the resulting
white suspension was tip sonicated at 40% amplitude for 20 s and then transferred to an ice
bath for 10 s. This process of tip sonication, followed by rapid cooling in an ice bath was
repeated six times. After the final cycle, the white suspension was added to 10 mL 4% PVA
and diluted further using 10 mL ultra-pure water. The resulting reaction mixture was stirred
at RT for 3 h to remove DCM, resulting in NP hardening. After 3 h, the NPs were isolated
by centrifugation at 15,000 rpm for 10 min. The white NPs were cleaned again by repeated
dispersion in aqueous media and centrifugation to isolate the NPs, until the supernatant was
clear (3 times). Finally, the pellet was suspended in UP water and the TaO,@PLGA NPs
were re-collected as a dry powder by lyophilization. For the corresponding synthesis of the
fluorescent FITC-TaO,@PLGA NPs, the precursor TaO, NC3 was replaced with the
hydrophobic, FITC labeled TaOy NC5 and the subsequent reaction and purification steps
were carried out in dark. For specific details, please refer to Section 7 in ESIt.

TaO,@MSNP Synthesis—In a 500 mL four neck round bottom flask, fitted with three
rubber septa and a screw top temperature probe, hexadecyl trimethylammonium bromide
(CTAB, 800 mg) and triethanolamine (TEA, 0.5 mL) were added and water (DI, 190 mL)
was added to it. To this mixture was added a previously prepared suspension of TaO, NC2 in
water (200 mg in 10 mL). The flask was placed on a heating mantle and temperature of the
reaction mixture was maintained at 80 °C to obtain a white colored solution with slight
turbidity. After 1 h, tetraethyl orthosilicate (TEOS, 2.0 mL) was added and heating was
continued for another 2 h. Next, the reaction mixture was cooled to ambient temperatures.
At this stage, different silane precursors were introduced into the reaction mixture to yield
different TaO,@MSNP types with distinct surface functionalities. The addition of PEG-
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Silane (2.0 mL) leads to formation of TaO,@MSNP-OH, while the addition of (2-
Diethylphosphatoethyl)triethoxysilane (Phospha-silane, 2.0 mL) results in TaO,@MSNP-
Phos. Once the silane functionality is added, the reaction contents were stirred overnight.
Next, the reaction mixture was diluted to three times its volume using methyl alcohol
(MeOH, 200 mL) and the MSNPs were collected via centrifugation (15,000 rpm, 10 min.) as
a white colored pellet. This pellet was re-suspended in a solution of hydrochloric acid (HCI)
in MeOH (10% v/v, 100 mL) and this suspension was heated at reflux for 24 h. After 24 h,
the reaction mixture was concentrated to a final volume of ~ 2 mL using a rotary evaporator
and diluted to ~ 10 mL using DI water. This suspension was next transferred to 12-14 kDa
dialysis bags and subjected to prolonged dialysis against DI water to purify the NPs. After
extensive dialysis, the contents in the dialysis bags were lyophilized to obtain the desired
product.

For the synthesis of fluorescent FITC-TaO,@MSNP, an aqueous suspension of hydrophilic,
FITC-labeled TaO, NC4 (200 mg in 10 mL water) was used instead of the TaOx NC2. The
subsequent reaction steps were carried out in dark. For specific details and the synthesis of
empty MSNPs, refer to the ESIT, Section 9.

General Information—RAW 264.7 (murine macrophage cells) and HEK 293 (human
embryonic kidney cells) were purchased from ATCC (Manassas, VA, USA) and grown in
mono-layers using Dulbecco’s Modified Eagle’s Medium [DMEM (1X), Gibco®)
supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco®) and penicillin/streptomycin
[100 units mL~1 and 100 pg mL1, respectively, Anti-Anti (100-X), Antibiotic-Antimycotic,
Gibco®] in a humidified atmosphere with 5% CO at 37 °C.

In Vitro Cell Viability Studies—Cell viability was evaluated for RAW 264.7 and HEK
293 cells incubated with TaOyx NCs, TaO,@PLGA NPs and TaO,@MSNPs using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays (MTT, Sigma Aldrich). In a
typical experiment, 1 x 104 cells per well were cultured in 96-well plates overnight. Next,
the cells were incubated with different concentrations of TaOyx NCs and NPs (0, 0.0375,
0.075, 0.15, 0.30, 0.60, 1.2 and 2.4 mg of Ta mL™1) for 24 h. After the incubation period,
cells were washed thrice with PBS and incubated with media containing the MTT reagent
(0.5 mg mL~1) for 4 h to allow the formation of formazan crystals. Next, the solubilization
reagent was added to each well and following further incubation to completely dissolve the
purple crystals obtained in the earlier step, spectrophotometric absorbance from the plates
was measured at 570 nm using an UV-Vis microplate reader (SpectraMax® 190, Molecular
Devices).

Micro-CT Imaging

Phantom imaging: For /n vitro phantom measurements, solutions of TaOy NC1 in saline
were prepared at various concentrations (0, 20, 50, 80 and 100 mM Ta). Phantom CT images
were acquired on a Perkin EImer Quantum GX micro-CT scanner operating at 90 kVp and
88 pA.
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In vivo micro-CT—We used micro-CT to demonstrate the versatility of TaOx NPs in a
diverse set of /n vivo experiments.

Experiment #1: Imaging the vasculature.: BALB/c Mice (Charles River Laboratories,
Inc.; sex, male; age, ~ 3 months; body weight, ~ 25 g) received either a single intravenous
dose of TaO, NCs formulated in sterile saline (0.9% sodium chloride) at 200 mM (296 mg
kg1 TaOy particles) (n = 2) or 200 mM (592.3 mg kg1 TaOy particles) (n = 3) TaOy NCs.
Animals were serially imaged via micro-CT at 0 h (baseline), immediate post-injection, 1 h,
3 h, 24 h, and 72 h post-injection using a Perkin Elmer Quantum GX micro-CT. The
following image acquisition parameters were used at each scan time point: 14 minute
acquisition; 90kVp/88pA; Field of View (FOV), 72 mm; voxel resolution, 144 um3. After 72
h, mice were euthanized and tissue sections were collected for histology and Ta analysis
using ICP-OES.

Experiment #2: Imaging the ductal tree in mammary glands.: FVVB mice (Charles River
Laboratories, Inc.; sex, female; age, 9-10 weeks), were serially imaged using a PerkinElmer
Quantum GX micro-CT scanner at different times after intraductal injection as described3”
with a solution containing 60 or 100 mM Tantalum oxide nanocrystals as contrast agent.
Serial micro-CT was performed with: 2 minute acquisition; 90kVp/88uA; FOV, 36 mm;
voxel resolution, 72 pum3.

Experiment #3: Imaging the ‘accumulation’ of TaO, embedded NPs at a single

site.: The accumulation of TaOx embedded NPs at a single site, such as in the case of tumor
targeting, was mimicked by injecting concentrated NPs intramuscular as a single bolus
bilaterally in the right and left leg muscle. micro-CT was performed on animals (h = 3)
following injection of 27.4 mg kg™1 in saline (50 mM Ta) or 13.7 mg kg1 in saline (25 mM
Ta) TaO,@PLGA NPs and 36.8 mg kg1 in saline (50 mM Ta) or 18.4 mg kg1 in saline (25
mM Ta) TaOx@MSNP-Phos. Injected mice were evaluated using the same micro-CT scan
parameters as in Experiment #1, at a single scan time point; immediate post-injection,
micro-CT image rendering, segmentation, and analysis of whole body or individual
mammary glands was performed using Caliper AnalyzeDirect©, v12.0 (Biomedical Imaging
Resource, Mayo Clinic, Rochester, MN).

Results and discussion

Design, Synthesis and Characterization of TaO, NCs

Synthesis of TaOy NCs—The general synthetic approach for the various TaOx NCs is
shown in Scheme 1 (Supporting Information, Schemes S1-S3, ESIt). In the first step, a
surfactant promoted micro-emulsion is formed that acts as the reaction chamber for the
generation of preliminary TaOy NCs (NCO0). On addition of Tantalum (V) ethoxide to this
micro-emulsion, a base catalyzed sol-gel reaction ensues that results in rapid formation of
NC0.19

The acidic (pH = 5) surface of these preliminary TaOy NCs in the reaction micro-emulsion
has pendant hydroxyl groups that have a high propensity to undergo condensation reaction
with silanes and henceforth, the addition of a poly(ethylene glycol) moiety with a silane end
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cap (PEG-Silane) results in formation of well-dispersed hydrophilic TaOy NCs. At this point
of the synthesis, a mixture of different commercially available silanes could be potentially
employed to engineer the hydrophilicity/hydrophaobicity of the NCs.

To demonstrate this feature, we incorporated varying ratios of 3-(Aminopropyl)trimethoxy
silane (APTMS) and PEG-silane to synthesize three different TaOy NC variants; a highly
water soluble TaO, (NC1), a partially hydrophilic TaOy (NC2) and a hydrophobic TaOy
(NC3). Similarly, a pre-formed cocktail of silane appended fluorescent tags could also be
potentially introduced during this step to generate labeled TaOy NCs (Schemes S4-S5,
ESIT). To this end, by addition of a pre-formed FITC-APTMS-PEG linker during the surface
modification step, both hydrophilic FITC-TaOy (NC4) and hydrophobic FITC-TaOy (NC5)
were also synthesized. For each of the TaOy NC types, the purification steps involved
isolation of the NCs as a sticky oil via centrifugation, followed by dialysis against DI water
and lyophilization to generate the product as a dry powder (Section 1.2, ESIT). In the
absence of any surface modifying silane moiety, the resulting TaOy NCs are clumped
together in an agglomerated mass (Figure S1, ESIt) leading to an increase in overall size.
Further, the exclusive addition of only APTMS did not result in well dispersed NCs (Figure
S2, ESIt) and a small amount of PEG-Silane was required to avoid clumping. This
suggested that surface protection of bare TaO, NCs using repeating PEG units is essential to
prevent irreversible agglomeration of NCs, which could lead to compromised cell
internalization, non-specific biodistribution and increased toxicity.38:3% Further, the
prolonged circulation of NP CT CAs is a desirable characteristic for effective CT imaging
and PEG coating on the surface of TaO4 NCs can act as an antifouling agent thereby
enhancing the blood circulation time.40:41

Characterization of TaOy NCs—Table 1 lists the detailed characterization of the
different TaO, NC types. Transmission electron microscopy (TEM) of hydrophilic NC1
(Figure 1a, b; Figure S3, ESIT) and partially hydrophilic NC2 (Figure 1c, d; Figure S8,
ESIT) dispersed in water, and hydrophobic NC3 (Figure 1e, f; Figure S13, ESIT) dispersed
in hexane, confirmed uniform and well-dispersed TaOx NCs with a narrow size distribution
~ 9-12 nm diameter. The hydrodynamic size (particle diameter) of NC1 and NC2 dispersed
in water were ~ 12-18 nm (Table 1), as measured by dynamic light scattering (DLS). The
marginal increase in diameter in aqueous media can be explained by the formation of a
hydration sphere around the NCs as is routinely observed among various NP formulations.*2
DLS measured negative zeta potentials for NC1 and NC2 (Table 1), which can be attributed
to the hydroxyl, alkoxy and carboxylate surface groups. X-ray diffraction (XRD)
experiments showed the amorphous nature of the NCs (NC1, Figure S4; NC2, Figure S9 and
NC3, Figure S14, ESIT). The presence of Ta and its electronic state, as well as the presence
of Si, was confirmed using energy dispersive spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS). The EDS spectra for all TaO, NC variants show clear peaks for Ta and
Si confirming the presence of these elements (NC1, Figure S5, ESIt; NC2, Figure S10,
ESIT; NC3, Figure S15, ESIT). Further confirmation of the electronic state of the TaOx NCs
(x = 1) was ascertained from XPS spectra as shown in the (NCL1, Figure S6; NC2, Figure
S11 and NC3, Figure S16, ESIt). The XPS peaks near 26 and 24, corresponding to Ta 4f7j»
and Ta 4fs), respectively, were similar to those reported for TaO.3 The presence of silane,
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PEG and various other surface functionalities was confirmed by Fourier transform infrared
spectroscopy (FTIR) characterization (NC1, Figure S7; NC2, Figure S12 and NC3, Figure
S17, ESIT), with specific details about important peaks discussed in the SI. Importantly, the
Ta content for all the NCs was found to be 54-78% using inductively coupled plasma-optical
emission spectroscopy (ICP-OES), which is the highest among all reported TaOy NPs to date
(Table 1). A protocol for complete digestion of the NCs using a mixture of hydrofluoric acid
(HF) and nitric acid (HNO3) and consequent estimation of Ta content using a Varian ICP-
OES system was developed (further details in ESIt, Section 3.1). Of note, to the best of our
knowledge, exact Ta content of previously described TaOy NPs have not been reported. The
Ta content within multiple TapOg NPs have been reported and varies between 30-41%,
which is almost half of that reported in the current work.18:21 With an optimal Ta content,
the TaOx NCs described in this work possess a highly X-ray dense core and address an
essential pre-requisite of a pre-amplified CT CA. NC4 and NC5; are fluorescent versions of
NC2 and NC3 with FITC-labeled surface, respectively, with XRD showing that these NCs
were amorphous (NC4, Figure S19 and NC5, Figure S25, ESIt); TEM showing near
identical diameter (NC4; Figure 1g, h and Figure S18 and NC5; Figure 1i, j and Figure S24),
EDS confirming the presence of Ta and Si (NC4; Figure S20, ESIT; NC5; Figure S26, ESIT)
and XPS confirming the electronic state of Ta (NC4; Figure S21 and NC5; Figure S27,
ESIT) and (x ~ 1). Further characterization using FTIR (NC4; Figure S22, S23 and NC5;
Figure S28, S29, ESIt) confirm FITC-conjugation and the presence of various surface
functionalities. Fluorescence spectra of FITC-labeled NC4 and NC5 suspended in PBS were
in close agreement to that of free FITC (Figure S30, ESIT).

Dissolution of TaOx NCs under lysosomal conditions—A primary concern
regarding the clinical translation of NPs is the potential toxicity resultant from their
dissolution in cells within lysosomes, exposing cells to metal ions.*4+*° As injected or
endocytosed NPs follow an intracellular transport pathway through endosomes to lysosomes,
conditions such as low pH and presence of ligating anions such as citrates are typically
encountered. In order to evaluate the stability of the NCs against dissolution under such
conditions, an /n vitro dissolution study was carried out in phosphate buffered saline (PBS,
pH 7.4) and sodium citrate (NaCit, pH 5.5) at 37 °C for a period of 4 weeks. Incubation in
PBS mimics the cytosolic and extracellular pH; while NaCit, pH 5.5 mimics the post
endocytosis lysosome environment. The experimental details for this study are described in
Section 3.2 of the ESIt. Briefly, TaOyx NC3 and TaOyx NC5 were suspended in 1 mL each of
PBS and NaCit at 37 °C, and aliquots were withdrawn at regular time points for the entire
period of the study (infinite sink conditions), analysed for Ta content using ICP-OES and
normalized to obtain cumulative Ta release. The Ta release is plotted in Figure 2 (Figure
S30, ESIt) and shows low Ta dissolution for both the NC variants (< 4%) in both PBS
(Figure 2a) and NaCit (Figure 2b). The slow dissolution of various heavy metal NPs under
neutral conditions is well-documented,#6-50 however, the less than 3% overall Ta dissolution
under lysosomal pH was surprising. This clearly demonstrates the inert nature of the TaOy
NCs under cytosolic and lysosomal conditions.

In vitro viability and fluorescence imaging of FITC-labeled TaOyx NCs—To
evaluate the cytocompatibility of various TaOy NCs, MTT cell viability assays using RAW
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264.7 macrophage cells and HEK 293 cells following 24 h incubation with varied NC
concentrations were carried out. NC1, NC2 and NC4 were selected as these were
hydrophilic and formed stable suspensions in cell culture media. High cytocompatibility, up
to 2.4 mg mL~ Ta, was measured for all three NC types in both cell lines (Figure 3a, b;
Section 4, ESIT), likely aided by the inertness and limited dissolution of the TaOyx NCs. The
high cell viability matches that of RITC-TaO4 NPs reported by Oh, et a/19

Micro-CT imaging of TaOyx NC1 phantoms in saline—To characterize the CT
properties of TaOy NCs, samples of the highly hydrophilic TaOy NC1 (0-100 mM Ta) were
dispersed in saline and CT images were acquired on a Perkin Elmer Quantum GX micro-CT
scanner operating at 90 kVp and 88 YA. The CT Hounsfield units (HU) showed a linear
increase versus Ta concentration with 5.7 HU mM~1 (Figure 4; Section 5, ESIt), which is
almost identical to that of gadolinium and iodine based agents in other studies as yet
unpublished in our lab, but only at 90 kVp. At clinical kVp, especially above 100 kVp, Ta
outperforms iodine in phantom studies.>!

In vivo CT imaging of TaO4 NCs following IV injection—/n vivo biodistribution of
the highly hydrophilic TaO, NC1 was measured, and serial micro-CT imaging was
performed over 72 h in mice following intravenous injection of either 296 mg kg™ or 592
mg kg~1 TaO, NC1, delivered in 200 microliters, at 100 mM or 200 mM Ta concentration,
respectively. Following IV injection, NC1 is visible in the vasculature, and remains in
circulation for at least 3 h before final accumulation by the liver and spleen over a period of
24-72 h (Figure 5). The time frame for vascular contrast enhancement is roughly equivalent
to that measured for commercially available preclinical iodine-containing NPs, evaluated by
Mannheim et. a/°2 The HU values in the vasculature were maximal immediately post
injection and decreased over time while that for the liver and the spleen increased gradually
and peaked at 24 h and 72 h respectively (Figure 6), again, similar to that observed with
iodine-containing NPs.52 The mice were healthy and did not show any adverse effects such
as weight loss, loss of appetite or abnormal behaviour during the entirety of the study.
Procedural details for the /7 vivo experiment are provided in ESIT (Section 6).

In vivo biodistribution, histopathology and clinical chemistry of TaOyx NCs—
After 72h, the mice were sacrificed and various organs (heart, liver, kidney and spleen) were
collected and evaluated for biodistribution of the TaO, NC1. Sections of the heart, liver,
kidney and spleen were digested in a 4:1 mixture of HNO3 and HF and evaluated for Ta
content using ICP-OES. Maximal Ta content was observed in the liver and spleen (Figure
S32, ESIT), consistent with the NC distribution and time-dependent CT enhancement as
observed in Figure 6. Detailed histological analysis at 72 h of tissue sections excised from
the liver, spleen, kidney, heart and bladder showed no adverse effects in mice injected with
296 mg kg~ TaO, NC1, while mice injected with 592 mg kg~ TaO, NC1 had multiple
hepatic and splenic insults as highlighted by the arrows in Figure 7. The liver and spleen
necrosis observed from the histopathology from mice injected with 592 mg kg™! TaO, NC1
was corroborated with clinical pathology data that indicated higher alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activity suggesting hepatocellular damage
(ESIt, Figure S33). Clinical pathology data from mice injected with saline (control) or 296
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mg kg~! TaO, NC1 showed no clinically significant differences. This compares favorably
with the standard clinical iodine-based CT contrast agents, which generally deliver 240-370
mg kg1 iodine to patients.1”23 These results further suggest a safe upper limit of Ta
concentration below 592 mg kg1 TaO, NC1.

Imaging the ductal tree in mammary glands following injection of TaO, NCs.—
Here we demonstrate the ability of TaOy NC1 to be administered locally and reveal in
exquisite detail the continuous non-anastomosed branched structure of a murine ductal tree.
Remarkably, ductal tree visualization in mice with TaOy NC1 is significantly superior to that
with Isovue-300, an iodine-containing CA used in the clinic for diagnostic ductography.3’
While Isovue-300 quickly diffused out of the injected ductal tree immediately after
injection,3” TaOy NC1 remains for more than 5 d within the ductal tree enabling repeated
imaging of the entire ductal tree network (Figure 8). Moreover, we recently showed in an
aggressive mouse model of breast cancer the efficacy of intraductal injection of 70% EtOH
in preventing tumor formation.3” The addition of 60 mM TaO, NC1 in ethanol enabled us to
visualize the filling of entire ductal tree during treatment. In future studies, TaOyx NC1 could
be used for clinical evaluation of this local ablation preventative therapy in high-risk
individuals.

Design, Synthesis and Characterization of Polymer Encapsulated TaOy NPs

We next focused on the design of a NP CT contrast agent that has a core-shell structure
wherein multiple CT-dense NCs constitute the NP core, while FDA approved polymers such
as PLGA or biocompatible alternatives such as mesoporous silica comprise the shell. This
work builds on well-established technology of encapsulating bismuth,>*25 iron oxide,6:57
gadolinium oxide,58 and several heavy metal NCs within PLGA or silica.>%.80 The salient
features of this methodology are: 1.) facile encapsulation of multiple highly radiopaque
TaOy NCs in FDA approved and biocompatible polymers; 2.) reproducible and easy scale up
procedure and 3.) high encapsulation efficiency within the polymer matrix, resulting in
higher per volume Ta content.

Design rationale and synthesis of TaO,@PLGA NPs—We have previously reported
the encapsulation of hydrophobic NCs in PLGA using an oil-in-water emulsification
technique.>® An identical procedure was adopted to synthesize TaO,@PLGA NPs as shown
in Scheme 2a. The technique generates an oil-in-water emulsion wherein the hydrophobic
TaOy NC3 and the polymer PLGA comprises the oil layer (Dichloromethane, DCM) and the
water-soluble emulsifier and surfactant, poly(vinyl alcohol) (PVA) consists the water layer
(Section 7, Schemes S6, S7, ESIT).

This procedure involves the initial dropwise addition of the oil in water over continuous
vortex, followed by tip-sonication to generate an emulsion. The emulsion is diluted and
stirred for 3h at RT to remove the low boiling point solvent DCM resulting in hardened NPs.
The critical step in this procedure is the formation of a homogenous suspension of the NCs
and the polymer in the oil layer. As such, hydrophobic NCs are best when using this
strategy. FITC-TaO,@PLGA NPs, with the FITC-TaO, NC5 as the core, were also
fabricated by simply replacing the hydrophobic TaO, NC3 with the fluorescently labeled
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TaOy NCS5 in the oil layer (DCM) (Scheme 2b), allowing us to track the cellular uptake and
internalization of the NPs by fluorescence microscopy. Importantly, the reaction steps were
carried out in the dark to avoid photo bleaching.

Characterization of TaO,@PLGA NPs—Table 2 lists the hydrodynamic size,
polydispersity index (PDI) and zeta potential for all the six TaO,@PLGA NP types. The
average size for the TaO,@PLGA NPs and the FITC-TaO,@PLGA NPs was ~ 210-230 nm
with a low PDI of 0.1-0.2. The terminal acid functionality in PLGA and the use of PVA as a
stabilizer contributed towards the negative zeta potential observed for these NPs. SEM and
TEM images (insets) for TaO,@PLGA NPs (Figure 9a, b and Figure S34, ESIt) and FITC-
TaO,@PLGA NPs (Figure 9c, d and Figure S37, ESIt) revealed smooth spheres with
efficient and uniform encapsulation of TaOx NCs and no visible aggregation. The presence
of Ta and Si were confirmed using EDS spectra (TaOx@PLGA NPs; Figure S35, ESIt;
FITC-TaOx@PLGA NPs; Figure S39, ESIt). The fluorescence spectra of the FITC-
TaO,@PLGA NPs suspended in PBS matched closely with that of free FITC (Figure 79).
The FTIR characterization of TaO,@PLGA NPs (Figure S36, ESIt) and FITC-
TaOx@PLGA NPs (Figure S40, ESIt) indicates that the synthesis procedure did neither alter
the chemical composition of the PLGA polymer nor impact the silane coating on the TaOy
NCs embedded within the polymer shell. Common peaks include the sharp peak centered at
1760 cm™1 corresponding to the C=0 group in the starting polymer and identical distribution
of peaks in the alkyl C-H bend range (1350-1480 cm™1) and alkoxy C-O stretching range
(1050-1150 cm™1). Also buried within the broad peak centred at about 1100 cm™ is a strong
band for Si-O-Si stretching vibration that proves the presence and retention of a silane
coating on the TaO, NCs. The Ta content for the TaO,@PLGA variants was found to be
within 45-56% using ICP-OES, the highest among all reported TaOy NPs to date (Table 2).

Design rationale and synthesis of TaOy@MSNPs

MSNPs are versatile nanocarriers for various drugs, macromolecules and imaging agents
due to favorable properties such as tuneable pore size, facile surface functionalization and a
stimuli responsive mechanism for loading/release of cargo at the target site.51:62 The robust,
template driven synthesis® allows for in situ seeding or post-synthesis surface modification
with CAs for MRI,5465 PET,86.67 gptical,58-71 and ultrasound imaging’272 as has been
demonstrated by various recent examples.”® The high pore volume and surface area,
extensive cargo loading capability and bioavailability, together with the ability to co-localize
CA:s for various imaging modalities, can transform these unique materials with no inherent
contrast, into diagnostic tools with potential applications in theranostics.’”® To create CT-
visible MSNPs, we performed in-situ encapsulation of radiopaque TaOy NCs within the
MSNPs.

Among the various types of MSNPs, MCM-41 (mobil crystalline materials or mobil
composition of matter) have been widely explored for drug delivery due to their ease of
synthesis and a high surface area that has immense potential for loading various agents of
interest.’® Typically, the synthesis of MCM-41 involves a highly water soluble cationic
surfactant, such as cetyltrimethylammonium bromide (CTAB) that acts as a template to
facilitate the formation of MSNPs. The base-assisted sol-gel reaction to form the MSNPs is
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ensued by the addition of a silica pre-cursor, e.g. tetraethyl orthosilicate (TEOS) resulting in
the formation of these hexagonal materials with a pore size within 2.5 to 6 nm. This reaction
typically occurs at high temperature and the MSNPs are recovered by centrifugation. In
order to remove the trapped surfactant template an acid-assisted dialysis procedure is carried
out to isolate template-free porous MSNPs. The synthetic protocol to fabricate TaOy
embedded MSNPs is shown in Scheme 3 and the full synthetic procedure is detailed in the
ESIt (Section 9). The use of water as the reaction solvent and the remaining steps suggests
that any hydrophilic NC precursor could be easily incorporated within the MSNPs. The
moderately hydrophilic TaOy NC2 was selected to be the MSNP core as this had the highest
Ta content of the hydrophilic TaOyx NC variants we synthesized. Briefly, to a pre-formed
solution containing CTAB and triethanolamine (base) in water, an aqueous suspension of
TaO, NC2 was added and the resulting suspension was heated to 80 °C for 1 h. This step
leads to the formation of ellipsoidal micelles with an inner core consisting of a hydrophobic
tail. The consequent addition of the oil-like monomer TEOS under vigorous stirring leads to
formation of an emulsion-like system. Subsequently, the reaction mixture is heated at 80 °C
for 2 h during which the TEOS is solubilized on the hydrophobic core resulting in micelle
enlargement and a shape change from an ellipsoid to a sphere. As TEQOS is hydrolyzed,
positively charged, hydrophilic TEOS monomers are released into the aqueous media and to
the negatively charged CTAB micelles leading to formation of a silica shell around it. Once
the hydrolysis of TEOS is complete, the micelles decrease in size, agglomerating with
nearby micelles to undergo NP growth with a mesoporous structure. Subsequent
centrifugation and acid-mediated dialysis of the crude reaction mixture against water leads
to isolation of TaOy embedded MSNPs. Synthesis of empty MSNPs simply omits the NCs
during MSNP synthesis and is detailed in the ESIT (Scheme S8).

To enhance the dispersibility of the MSNPs in aqueous media, the inherent reactivity of the
surface siloxane groups was employed. For example, introduction of PEG-Silane after the
addition of TEOS lead to the formation of TaO,@MSNP-OH, that consisted of surface-
appended hydroxy! groups (SI Scheme S9). Alternately, the addition of (2-
Diethylphosphatoethyl) triethoxysilane or Phospha-silane, a commercially available silane
moiety with a phosphonate end group, resulted in the synthesis of TaO,@MSNP-Phos,
bearing phosphonate groups on the surface (Scheme S10, ESIT). The current methodology
provides quick access to a range of functionalities that can be appended on the MSNP
surface using well-established silane chemistry. Kim et. al. have recently reported a “ring
opening click” reaction using various heterocyclic silanes to react with the surface hydroxyl
groups of porous silica nanostructures and introduce functional groups such as -NH, and —
SH for subsequent coupling with targeting or biocompatibility agents.’” Such novel
reactions could be easily extended to the family of TaO,@MSNPs reported in this work,
providing access to nanomaterials with a range of applications in targeted drug delivery and
imaging. To further demonstrate the utility of the methodology in terms of its ability to
encapsulate various types of NCs, as well as to track the cellular uptake and internalization
of the resulting NPs, FITC-TaOx@MSNPs comprising the fluorescent and hydrophilic
FITC-labeled TaO, NC4 as the core were also fabricated by using a similar protocol. The
respective reaction sequence is shown in Scheme 3 and is detailed in the ESIT (Section 9.5,
Scheme S11).
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Characterization of TaOy@MSNPs

The three types of TaOx@MSNPs and empty MSNPs were extensively characterized
similarly as we did for the PLGA particles. All four MSNP variants formed stable
suspensions in water with Table 2 listing hydrodynamic size and zeta potential. The average
size of the empty MSNPs was ~ 120-140 nm with a PDI within 0.10-0.15. TaO,@MSNPs
had a decrease in average size to 85-90 nm with a consequent increase in PDI within 0.15-
0.20. As observed for the TaO,@MSNP-OH particles, crude NPs prior to removal of the
CTAB template registered a wide PDI within 0.3-0.4 and a smaller hydrodynamic size of
40-45 nm. On removal of CTAB and further purification using dialysis, the NP size
increased to 85-90 nm with a narrow PDI of 0.15-0.20. This trend was observed across all
the three MSNP types and suggests that the removal of CTAB leads to enlargement of pores
in solution that results in NP swelling and consequent increase in hydrodynamic size. There
were also stark differences in the zeta potentials of the raw and clean MSNPs. For raw
MSNPs, a positive zeta potential of + 35 mV was noted, however the removal of CTAB
shifted the zeta potential to —27 mV. The change in zeta potential was in accordance with the
alteration in surface functional groups; the presence of a positively charged ammonium
bromide tail within the CTAB moiety results in positive zeta potential for raw MSNPs
whereas removal of CTAB and the presence of —OH and the phosphonate surface groups
leads to negative zeta potential. The SEM and TEM (inset) characterization for all four
MSNP variants showed a homogenous spherical morphology (empty MSNPs; Figure S41,
ESIT; TaO,@MSNP-OH; Figure 10a, b and Figure S44, ESIT; TaO,@MSNP-Phos; Figure
10c, d and Figure S47, ESIT and FITC-TaOx@MSNP; Figure 10e, f and Figure S50, ESIT)
with no apparent agglomeration. The TEM images of the MSNPs offer a closer look at the
intricate network of the pores within the MSNPs. For the various TaO,@MSNP types,
encapsulation of individual TaOy, NCs within the MSNP core was clearly visible in the TEM
images. It is evident upon close inspection of the NPs that the TaO, NCs acted as a core seed
for the generation of a mesoporous structure around it.

Encapsulation of iron oxide,”87® gadolinium oxide,8° and gold NPs81:82 within MSNPs has
also been reported, however, most of these NCs were hydrophobic and required aqueous
phase transfer prior to encapsulation. We initially attempted this strategy and carried out the
phase transfer of hydrophobic NCs by heating a solution of the NCs in chloroform with a
solution of CTAB in water at the boiling point of the organic phase.83 However, this
procedure was not efficient, as incomplete phase transfer of the NCs was observed leading to
low yields and poor encapsulation within the MSNPs (unpublished results). The use of a
partially hydrophilic TaOy NC2, as reported in this work, allowed us to circumvent the need
for phase transfer, resulting in efficient encapsulation of the TaO, NCs in the MSNP matrix.
Further, any excess, non-encapsulated TaOy NCs could be easily recovered during the
purification step as the MSNPs were isolated as a residue during centrifugation leaving
behind the excess NCs in the aqueous wash layer, which can be subsequently recovered
following a simple dialysis step.

The EDS spectra for all MSNP types confirmed the presence of Ta, Si and P (Empty
MSNPs; Figure S42, ESIT; TaO,@MSNP-OH; Figure S45, ESIT; TaOx@MSNP-Phos;
Figure S48, ESIt and FITC-TaO,@MSNP; Figure S52, ESIt). The fluorescence spectra of
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the FITC-TaO,@MSNP suspended in PBS matched closely with that of free FITC (Figure
S51, ESIT). The silane composition of the MSNPs, as well as the various surface
chemistries, were verified by FTIR (empty MSNPs; Figure S41; TaO,@MSNP-OH; Figure
S44; TaO,@MSNP-Phos; Figure S47 and FITC-TaO,@MSNP; Figure S50, ESIT). The
FTIR spectra of empty MSNPs and the three TaO,@MSNP variants show the presence of
Si-O-Si stretching vibration evident by a strong and broad band at 1096 cm™1. This band is
akin to the network of Si-O-Si bonds that are fundamental to the MSNP structure (Figure
S43, S46, S49 and S53, ESIT). Masked within that broad peak lies the sharp band at 1100
cm™1; representative of the Si-O-Si stretching vibrations due to the PEG-Silane coating on
the TaOx NCs. In addition, the characteristic P=0 stretching for the phospha-silane
precursor, at 1233 cm™1 appears as a small, shoulder band masked by the broad Si-O-Si
band for both the TaO,@MSNP-Phos (Figure S49, ESIT) and FITC-TaOx@MSNP (Figure
S53, ESIT). A close inspection of the FTIR spectra of various TaOy@MSNP variants also
reveals peaks that are representative of various surface functional groups; such as a network
of H-bonded hydroxy!l groups (broad bands at 3300-3400 cm™1). Further, the repeating PEG
units (broad band ~1100 cm™1, superimposed with the asymmetric C-O-C stretching of the
repeating -O-CH,-0O-CH,-O- groups) and amine groups (IR peaks ~1634 cm™1
corresponding to the N-H bend) are also representative of varied surface functionalities. The
TaOy4 NCs embedded within the MSNPs, resulted in high (39-45%) Ta content, with the
highest Ta content observed for TaO,@MSNP-Phos NPs (Table 2).

Dissolution of TaOx NPs under lysosomal conditions—The dissolution of various
TaOy, NP formulations under lysosomal and cytosolic conditions were evaluated similarly as
described earlier for NCs (detailed in Section 11 of the ESIT). The Ta dissolution for both
the NP variants at pH 7.4 was low (< 3.5 %), comparable to TaOx NCs. Similarly, low
dissolution (< 4%) was measured at pH 5.5 over the four weeks study period as shown in
Figure 11 (Figure S54, ESIT). The low Ta dissolution can be traced back to the inert nature
of the TaOy NCs that is not compromised during the encapsulation procedure.

In vitro viability and cell labeling by FITC-labeled TaOyx NPs—To evaluate the
cytocompatibility of various TaOy NPs, MTT colorimetric cell viability assays were carried
out using RAW 264.7 macrophage cells and HEK 293 cells following 24 h incubation with
varied NP concentrations (Section 12, ESIt). Two types of NPs, TaOy@PLGA NPs and
TaO,@MSNP-OH, were selected as representative examples. High cytocompatibility, up to
1.2 mg mL~ Ta, was measured in both cell lines (Figure 12a, b), similar to TaOy NCs.

In vivo CT imaging of TaO, NPs: To evaluate their CT potential in an /n vivo setting
mimicking the accumulation of NPs in a site such as a tumour, a series of experiments were
performed where two concentrations of TaO,@PLGA NPs and TaO,@MSNP-Phos were
injected intramuscular (IM) as a single bolus bilaterally in the right and left leg muscle in
BALB/c mice (Section 13, ESIt). Concentrations of each NP were 27.4 mg kg1 in saline
(50 mM Ta) or 13.7 mg kg~1 in saline (25 mM Ta) for TaO,@PLGA NPs and 36.8 mg kg1
in saline (50 mM Ta) or 18.4 mg kg~ in saline (25 mM Ta) for TaO,@MSNP-Phos.
Following IM injection of equimolar concentrations of TaO,@PLGA NPs and
TaO,@MSNP-Phos, equivalent contrast enhancement is observed at the injection sites for
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each NP (Figure 13a). Different concentrations of both NP types (25 and 50 mM Ta in
saline) were also injected IM as single, bolus injections bilaterally in the left and right leg,
respectively (one male BALB/c mouse per NP formulation). On CT, the concentration
variation at the site of injection is evident for both TaO,@PLGA NPs (Figure 13b) and
TaO,@MSNP-Phos NPs (Figure 13c). To highlight the concentration difference, the CT
images have been color coded (Figure 13; purple 25-mM Ta and blue-50 mM). The
intelligent design and facile synthesis of the TaO, embedded NPs using inexpensive, readily
available and FDA approved biocompatible materials serves as a stepping stone towards the
development of CT CAs for dual energy and multi-color CT.

Conclusions

In summary, we report hydrophilic and hydrophobic fluorescently labeled TaOy NCs with
the highest Ta content reported to date. Cells maintain high /n vitro cell viability (up to 2.4
mg Ta mL™1), and exhibit inconsequential Ta dissolution under both cytosolic and lysosomal
conditions. Extremely hydrophilic TaOy NC1 produced high /in vivo CT contrast in the
vasculature following IV injection, with a prolonged blood circulation time, with no
significant toxicity measured for the 100 mM Ta dose. Intraductal injection into the
mammary pads of TaOx NC1 provides unprecedented in vivo imaging of ductal trees in
rodents. Next, we successfully encapsulated TaO, NCs within PLGA and MSNPs to form
TaO,@PLGA NPs and TaO,@MSNPs, respectively. These novel NP formulations had high
Ta content, and cells incubated with these NPs maintained high /n vitro cell viability (up to
1.2 mg TamL™1) and limited Ta dissolution. Both TaO,@PLGA NPs and TaO,@MSNPs
produced effective CT contrast following a locally administered IM bolus in mice,
mimicking the accumulation of such materials for drug delivery in a tumor, for example. To
our knowledge, this is the first report detailing the encapsulation of individual TaOy NCs in
biocompatible and FDA approved polymers resulting in NPs that can be used as versatile
CA:s for molecular imaging by CT.
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Figure 1.
TEM characterization for a-b.) TaOyx NC1; c-d) TaOx NC2; e-f) TaO, NC3; g-h) TaO, NC4;
i-j) TaOy NC5.
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Figure 2.
Ta dissolution from TaOyx NC3 and FITC-TaOyx NC5 in a.) PBS (pH 7.4) and b.) sodium

citrate (NaCit, pH 5.5) over 4 weeks using ICP-OES (n = 3, S.D. < 0.5).
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MTT cytotoxicity assay for different concentrations of various TaOy NC types incubated
with cultured a.) RAW 264.7 macrophage cells and b.) HEK 293 fibroblast cells for 24 h

each.
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TaOx NC1 in saline
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Ta concentration (mM)

a.) Micro-CT phantom imaging of TaOx NC1 in saline at different Ta concentrations and b.)
Linear fitting of CT values as a function of the concentration of Ta in TaOy NC1 in saline
(Linear regression equation: Y = 5.69X — 89.58, R? = 0.9962).
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Figure 5.
In vivo X-ray micro-CT imaging. a.) Orthogonal views (Coronal, Sagittal, Transverse) of the

same representative BALB/c mouse at serial scan time points (0 h baseline, immediate post-
injection, 1, 3, 24, 72 h post-injection) of a single, bolus dose (217 pL, 592.3 mg kg1, 1V)
200 mM TaOyx NC1. Hounsfield Unit (HU) scale bar shows hyperintensity of vena cava
(VC), spleen (S), heart (H), liver (L) and portal vein (PV).
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Time course CT enhancement in various organs. CT values (HU) of different organs across
various time points, before (baseline) and after a single, bolus dose (217 uL, 592.3 mg kg1,
1V) of 200 mM TaO, NCL1.
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Figure 7.
Histological changes in heart, kidney, liver, spleen and bladder of mice that received a single

bolus dose of saline (control), 100 mM TaO, NC1 (220 uL, 296.2 mg kg1 in saline) and
200 mM TaOy NC1 (217 pL, 592.3 mg kg™ in saline) followed by dissection 72 hours post
injection. Sections were stained in H&E and observed under a light microscope at 20X
magnification. Arrows point towards regions of renal infarct and necrosis in regions of liver
and the spleen. The scale bar is 50 pm.
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Figure 8.
In vivo X-ray micro-CT imaging of mammary ductal tree. a.) 3D reconstruction of ductal

trees of abdominal pair of mammary glands of independent 9 week-old FVVB female mice
immediately after intraductal administration of 40 mL per gland of 100 mM (upper panel) or
60 mM (lower panel) of TaOx NC1 b.) Ventral view (upper pane) and 3D reconstruction of
the same representative FVVB mouse at serial scan time points [baseline, immediate post-
injection (immediate P.I.), 2, 24, 96, 144 h post-injection) of a single intraductal
administration of 40 uL of 60 mM TaO, NC1. Hounsfield unit (HU) histogram range
standardized from 0 HU to 800 HU. The color of the 3D reconstruction of each injected
ductal tree shows the average voxel intensity in HU of the rendered object.
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Figure 9.
SEM and TEM (inset) characterization for a-b.) TaOy@PLGA NPs; c-d.) FITC-

TaOx@PLGA NPs.
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Figure 10.
SEM and TEM (inset) characterization for a-b.) TaOy@MSNP-OH; c-d.) TaOy@MSNP-

Phos and e-f.) FITC-TaO,@MSNP.
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Figure 11.
Ta dissolution from TaOx@PLGA NPs and TaOx@MSNP-Phos in (a.) PBS (pH 7.4) and (b.)

sodium citrate (NaCit, pH 5.5) over 4 weeks using ICP-OES (n = 3, S.D. < 0.5).
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Figure 12.

MTT cytotoxicity assay for different concentrations of TaO,@PLGA NPs and
TaO,@MSNP-OH types incubated with cultured a.) RAW 264.7 macrophage cells and b.)
HEK 293 fibroblast cells for 24 h each.

Nanoscale. Author manuscript; available in PMC 2021 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakravarty et al.

Page 31

Figure 13.
Immediate post injection micro-CT 3D image rendering of BALB/c mice a.) Single, 50 uL

bolus of 50 mM TaOx@PLGA NPs and TaOx@MSNP-Phos; HU color map shows
hyperintensity of the TaOx @MSNPs (/eft Leg) and TaOX@PLGA NPs (right leg);
injections were administered between the superficial gluteal muscle and biceps femoris
muscle. b.) single 50 pL bolus doses of TaOX@PLGA NPs, 50 mM and 25 mM Ta each; and
c.) single 50 pL bolus doses of TaOx@MSNP-Phos, 50 mM and 25 mM Ta each. HU color
maps shows hyperintensity of the 50 mM Ta dose (left leg) and 25 mM Ta dose (right leg).
Injections were administered bilaterally (IM) between the gastrocnemius muscle and caudal
tibial muscle.
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Scheme 1.
Schematic representation for the syntheses of TaOy NC formulations
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Scheme 2.
Schematic representation for synthesis of (a.) TaOy@PLGA NPs and (b.) FITC-
TaO,@PLGA NPs.
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Scheme 3.
Schematic representation for the synthesis of various TaOy embedded MSNPs.
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Table 1.

Characterization of various TaOy NCs.

TaOx NC type [ T3 (95)2 Diameter? ¢ (nm) pDIP Zeta Potential® (mV)
NC1 73 aii+o7? | 012005 -121+13
NC2 78 129+08)? | 017x001 -204+59
NC3 69 (10.1 +0.4)° na n/a
NC4 61 72+21)? | 014x004 -39.9+31
NC5 56 (1122 18)° na na

a .
Ta content reported using ICP-OES;

b_. . .
Diameter, PDI and Zeta potential reported using DLS;

cDiameter reported using TEM images analysed by Image J software.
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