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ABSTRACT: Numerous formulations of nanoparticle-based
X-ray computed tomography (CT) contrast agents made of
heavy metal elements are under investigation for their ability to
provide improved CT imaging. Thus far, most experimental
nanoparticle-based CT contrast agents have been developed
with atoms of a single element. However, inspired by the
composites formed from multiple elements used in radio-
protective garments, we hypothesized that contrast agents
made of several elements whose K-edge energies are spaced out
in the high photon flux region could achieve high, broadband
X-ray attenuation across the energies used in X-ray source
spectra. Herein, we synthesized sub-S5 nm core inorganic
nanoparticles containing gold, tantalum, and cerium, and
encapsulated them in polymeric nanoparticles to form
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polymetal nanoparticles (PMNP). We found that PMNP with multiple payload elements generate higher and more stable
CT contrast than contrast agents made from a single contrast generating material, demonstrating the potential benefits of
incorporating multiple suitable elements as CT contrast payloads.

B INTRODUCTION

As the field of nanomedicine has advanced, a myriad of
nanoparticle formulations has been developed for imaging
applications. Nanoparticle-based contrast agents for X-ray
computed tomography (CT) imaging are no exception to this
substantial research interest.'~” This interest stems from the
numerous advantages of CT, such as high spatial and temporal
resolution, fast acquisition time, no depth limit, and wide
clinical availability. These inherent properties of CT have
allowed it to become one of the most valuable instruments for
cardiovascular imaging. However, current FDA-approved CT
contrast agents for intravenous administration (i.e., iodinated
small molecules) have several drawbacks. These drawbacks
include short blood circulation times, which demand injection
of high doses, shorten the imaging window, and increase the
possibility of allergic reactions and renal toxicity." ' The
concern over contrast-induced nephropathy is particularly
serious in patients with renal insufficiency. Because patients
with cardiovascular diseases often have comorbid renal
diseases,'" there is a need to develop alternative CT blood
pool contrast agents.

Despite the need, no new CT contrast agent has been
approved for clinical use in nearly three decades;'’ however,
this might soon change as numerous sizes, shapes, and
structures of experimental CT contrast agents have been
recently reported, complementing the rapid progression of CT
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technology in detectors and image reconstruction meth-
ods."”>"* Most of these reports have focused on nanoparticles
formed from dense, heavy metal elements, such as gadolinium,
ytterbium, tantalum, gold, and bismuth."*™ "’ Among nano-
particles made of these elements, gold nanoparticles (AuNP)
are by far the most well-studied CT contrast agents, due to
their favorable characteristics, including high elemental density
of gold (d = 19.3 g/cm?), excellent biocompatibility, and ease
of control over its size, morphology, and surface chemistry.””*!
However, gold is a relatively expensive material whose use
could potentially increase the cost of CT imaging. Another
heavy metal element that has been studied is tantalum.”'®*>**
Tantalum is also an appealing element for contrast agent
development because of its high density (d = 16.4 g/cm®) and
its K-edge energy (67.4 keV) in a high photon flux region.24
Moreover, a recent study from Kim et al. identified tantalum as
one of the most viable elements for nanoparticle contrast agent
development for CT imaging by demonstrating tantalum’s high
CT contrast production as compared to other candidate
elements.”” There exist many other candidate elements that
may be suitable to be used as novel CT contrast agents. An
element with potential, but has rarely been investigated for CT
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Figure 1. Contrast generating materials and structure of PMNP. Mass attenuation coefficient of cerium, tantalum, and gold and estimated X-ray
photon spectra of (A) a MILabs uCT scanner at S0 kVp tube voltage and (B) a SOMATOM Force clinical CT scanner at 80, 100, 120, and 140

kVp. (C) Schematic depiction of PMNP formation and breakdown.

imaging, is cerium. Cerium also has its K-edge energy (40.4
keV) located in a high X-ray photon flux region, and cerium-
based nanoparticles have been well-studied for numerous
biomedical applications using their antioxidant activities and
ROS scavenging abilities.”> ™’

Radioprotective garments worn by interventional radiol-
ogists are commonly known as lead clothing; however, they
frequently contain a minority of lead, or no lead at all. This is
because it is more effective in X-ray attenuation and lighter in
weight to use composites of elements, such as tungsten, tin,
barium, antimony, and bismuth, whose K-edges are spread
through the range of energies used in medical imaging.”>*’
Inspired by such composite radioprotective garments, we
hypothesized that an agent that incorporates multiple elements
whose K-edges are spread over the diagnostic X-ray energy
range might prove to have high contrast generation. The K-
edge energies of the elements noted above (gold = 80.7 keV,
tantalum = 67.4 keV, cerium = 40.4 keV) span the high photon
flux regions of the X-ray spectra in the diagnostic range of tube
voltage settings for yCT imaging (Figure 1A) and clinical CT
imaging (Figure 1B). Moreover, tantalum and cerium are
cheaper than some of the leading elements for CT contrast
agent development, such as gold and platinum.”® Thus,
polymetal nanoparticles (PMNP) can potentially be lower in
cost.
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Our PMNP formulation is designed to encapsulate small
gold, tantalum, and cerium nanoparticles that are sub-5 nm in
core diameter in a larger polymer-based nanoparticle made of
biodegradable poly di(carboxylatophenoxy)phosphazene
(PCPP) (Figure 1B). PCPP belongs in a family of polymers
known as polyphosphazenes, whose chemistry is defined by its
phosphorus—nitrogen backbone. These polymers are well-
studied for numerous biomedical applications, such as
adjuvants for immunization and drug carriers, due to their
excellent biocompatibility, tunability, and hydrophilicity.”*~**
These polymers are suitable for encapsulating small nano-
particles with hydrophilic coatings due to their hydrophilicity.
They also slowly degrade into harmless hydrophilic by-
products, such as phosphate, tyrosine, ammonia, and 4-
hydroxybenzoic acid, allowing PCPP-based nanoparticles to
remain intact for several hours before degradation.”® Our
findings in this study suggest that our PMNP formulation can
successfully encapsulate small sub-5 nm core inorganic
nanoparticles made from gold, tantalum, and cerium. We
have also shown that these PMNP are cytocompatible and
biodegradable with robust CT contrast properties.

B MATERIALS AND METHODS

Materials. Gold(III) chloride trihydrate (>99.9% trace metals
basis), tantalum(V) ethoxide (99.98%), cerium(III) nitrate hexahy-
drate (99.99%), L-glutathione reduced, poly(acrylic acid), cyclo-
hexane, IGEPAL CO-520, ammonium hydroxide solution (28.0—
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30.0% NH; basis), sodium hydroxide concentration (0.1 N),
poly(bis(4-carboxyphenoxy)phosphazene) disodium salt (PCPP, 1
MDa), sodium borohydride, spermine tetrahydrochloride, and
calcium chloride dihydrate were purchased from Sigma-Aldrich (St.
Louis, MO). Herringbone microfluidic chip mixers were obtained
from Microfluidic ChipShop (Jena, Germany). 2-(Carbomethoxy)-
ethyltrimethoxysilane and 3-(trimethoxysilyl)propyl-N,N,N-trimethy-
lammonium chloride were purchased from Gelest, Inc. (Morrisville,
PA). Methoxy-poly(ethylene glycol)-block-poly(L-lysine hydrochlor-
ide) (PEG-PLL, PEG MW 5000, PLL MW 4900) was purchased from
Alamanda Polymers (Huntsville, AL). HepG2, J774A.1, Renca, and
SVEC4—10 cell lines were purchased from ATCC (Manassas, VA).
LIVE/DEAD assay kits were acquired from Life Technologies
Invitrogen (Grand Island, NY).

Gold Nanoparticle Synthesis. Gold nanoparticles were synthe-
sized via a modified Turkevich method described by Cheheltani et
al.** Briefly, gold(III) chloride salt in water was reduced by dropwise
addition of sodium borohydride solution. After the mixture was
stirred for 30 min, glutathione was added to the solution to cap the
nanoparticle surface. The resulting solution was washed with
deionized water three times in 10 kDa molecular cutoff centrifugation
tubes and dispersed in PBS.

Tantalum Oxide Nanoparticle Synthesis. Tantalum oxide
nanoparticles (TaONP) were synthesized by a modified reverse
microemulsion method described by Kim et al*® Tantalum(V)
ethoxide solution was added to 20 mL of cyclohexane-based
microemulsion solution that contains 3 g of IGEPAL CO-520 and
75 mM NaOH solution. After 15 min, 250 uL of 2-(carbomethoxy)-
ethyltrimethoxysilane and 500 uL of 3-(trimethoxyysilyl)propyl-
N,N,N-trimethylammonium chloride were added to render the
nanoparticle surfaces hydrophilic. A white sediment formed at the
bottom of the flask after 24 h of stirring. After the colorless
supernatant was carefully removed, the white sediment was dispersed
in S mL of 5 M ammonium hydroxide solution and stirred for 30 min.
Subsequently, 25 mL of ultrapure water was added, and the resulting
solution was allowed to stir at room temperature for 2 h. The resulting
solution was then centrifuged at 2500g for 30 min. The clear solution
in the supernatant was further purified by centrifugation, washed with
deionized water three times at 2500g for 30 min in 10 kDa molecular
cutoff centrifugation tubes, and dispersed in PBS.

Cerium Oxide Nanoparticle Synthesis. Small cerium oxide
nanoparticles (CeONP) were synthesized by modifying an alkaline-
based precipitation method described by Perez et al.”> 217 mg of
cerium nitrate hexahydrate salt dissolved in 4 mL of deionized water
was mixed with 50 mg of poly(acrylic acid) polymer dissolved in 2 mL
of deionized water. The resulting mixture was then added to 100 mL
of 0.4 M ammonium hydroxide solution. After being stirred for 24 h,
the solution turned from turbid light brown to clear yellow. The
resultant nanoparticle solution was centrifuged at 2600g for 30 min,
and the yellow supernatant was collected. The supernatant was then
washed with deionized water four times in 10 kDa molecular cutoff
centrifugation tubes and suspended in PBS.

PCPP Formulations and PMNP Synthesis. PCPP nanoparticles
were synthesized on the basis of a method previously reported by
Cheheltani et al.>* In this method, 2 mL of 0.1% (w/v) PCPP
solution and 2 mL of 0.01% (w/v) spermine solution that also
contains 1.45 uL of 3.5% PEG-PLL (0.05 mg) were both prepared in
PBS. The pH levels of these solutions were adjusted to 7.4 before
loading each solution in a 10 mL syringe. Subsequently, both
solutions were flowed through a herringbone mixer microfluidic chip
at a flow rate of 6 mL/min. The resultant output solution was then
quickly added to 100 mL of 8.8% (w/v) CaCl, solution. After being
stirred for 20 min, the solution was purified by centrifugation at 550g
for 7 min in DI water three times. To encapsulate small nanoparticles
in PCPP, desired amounts of AuNP and CeONP were added to the
PCPP solution, and TaONP was added to the spermine and PEG-
PLL solution before loading them in the syringes. The amounts of
added PEG-PLL were varied from 0 to 0.2 mg to synthesize PMNP of
varying sizes.
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Nanoparticle Characterization. Transmission electron micros-
copy (TEM) was used to determine the core sizes and morphologies
of the core metal nanoparticles and PCPP nanoparticles. The images
were acquired using a Tecnai T12 microscope (FEI, Hillsboro, OR)
or a JEOL 1010 microscope (JEOL Ltd., Tokyo, Japan). Diameters of
500 individual nanoparticles of each formulation were manually
measured on TEM images using Image]. The hydrodynamic diameter
and zeta potential of the nanoparticles were assessed by using a Nano-
75-90 Zetasizer (Malvern Instruments, Worcestershire, UK) by
preparing the samples at 0.2 mg/mL in concentration. The
concentrations of the elemental payloads in the nanoparticles were
measured by using ICP-OES (Spectro Analytical Instruments GmbH,
Kleve, Germany).

EDS Elemental Mapping. Energy-dispersive X-ray spectroscopy
(EDS) imaging was used to investigate the encapsulation of the metal
nanoparticles of all three elements and their spatial distribution in an
individual PMNP. A FEI Quanta 600 Environmental scanning
electron microscope (FEI, Hillsboro, OR) equipped with a Bruker
Quantax Silicon Drift Detector for EDS analysis was used. The
samples were prepared on copper grids. M-edge energy mappings
were used for the presence of gold and tantalum, and L-edge energy
mapping was used for the presence of cerium in the field of view. A
mixed population of single metal PCPP nanoparticles (SMNP), each
encapsulating AuNP, TaONP, or CeONP, was used as a control to
confirm the accuracy of elemental mapping at the imaging
magnification.

In Vitro PCPP Nanoparticle Degradation and Core Metal
Nanoparticle Release. PMNP and SMNP (AuPCPP represents
AuNP encapsulating PCPP nanoparticles, TaPCPP represents
TaONP encapsulating PCPP nanoparticles, and CePCPP represents
CeONP encapsulating PCPP nanoparticles) formulations at their
maximum loading capacities were added to 2 mL of PBS containing
10% fetal bovine serum at a concentration of 0.15 mg/mL in payload
elements (e.g,, gold, tantalum, and cerium in PMNP and gold in
AuPCPP). The solutions were continuously flowed through platinum
cured silicon tubing that was 1.42 mm in internal diameter via a
FH100M multichannel peristaltic pump (Fisher Scientific, Hampton,
NH) at a volumetric flow rate of S mL/min. At days 1, 2, 4, and 7 of
dynamic incubation, the solutions were collected and centrifuged at
500g for S min. The concentrations of gold, cerium, and tantalum in
the supernatant and the pellet were analyzed via ICP-OES to evaluate
the release of small metal nanoparticles at each time point. The
amounts of released nanoparticles were calculated by dividing the
concentration measured in the supernatant by the concentrations
measured in both the supernatant and the pellet. The samples were
prepared in triplicate. TEM images of partially degraded PMNP were
also acquired to confirm the release of core nanoparticles.

In Vitro Safety and Cytotoxicity. The LIVE/DEAD assay was
used to evaluate the safety and cytotoxicity of the core nanoparticles
and the PCPP formulations with HepG2 (hepatocytes), Renca
(epithelial kidney cells), and SVEC4-10EHR1 (endothelial cells). The
cells were cultured in accordance with ATCC recommendations. 1.0
X 10° cells were seeded in each well of 24-well plates and were
cultured for 24 h at 37 °C and 5% CO,. After 24 h of culture, the
medium was removed and replaced with fresh medium that contains
the payload elements of a range of concentrations (i.e., 0.025 mg Au/
mL to 1 mg Au/mL for AuNP and AuPCPP). The cells were
incubated with the nanoparticle-treated media for 8 h before they
were washed with DPBS and treated with LIVE/DEAD stain (4 uL of
3.2 mM Hoechst 33343, 1 uL of calcein AM, and 2 uL of ethidium
homodimer-1 in 2 mL of DPBS) for 20 min. The stained cells were
imaged with a fluorescence microscope. Images of cell nuclei, live
cells, and dead cells were acquired at four different fields of view in
each well, and the numbers of live and dead cells were counted to
calculate the cell viability in percentage (viability % = live cell count/
total cell count). The experiment was repeated three times for each
cell line for a total of 12 measurements per data point (n = 3, field of
view = 4).

In Vitro Phantom CT Imaging. Each PCPP formulation was
suspended in 1% agar gel at concentrations of 0, 0.5, 1, 2, 4, 6, and 8
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Figure 2. Characterization of small core metal nanoparticles of PMNP. (A) TEM of small core metal nanoparticles and photos of the
corresponding nanoparticles at concentrations of 1, 5, and 10 mg/mL (top right insets). (B) The core and hydrodynamic diameters and surface
charge of the small core metal nanoparticles. (C) Normalized cell viability of SVEC4, HepG2, and Renca after 8 h of incubation with AuNP,
TaONP, and CeONP (n.s. = not significant or p > 0.05, * = p < 0.0S, ** = p < 0.01, *** = p < 0.001 as compared to the control group (0 mg/

mL)).

mg/mL (n = 3 per concentration). Each sample was prepared in a 0.2
mL flat cap microcentrifuge tube. These samples were secured in a
plastic rack along with a tube containing water and a tube containing
no solution (or air) for yCT imaging. #CT imaging was performed
using a MILabs yCT scanner (MILabs, Utrecht, The Netherlands).
The images were acquired using a standard protocol with 0.1 mm
beryllium and 0.5 mm aluminum filtration, tube voltage of S0 kVp,
tube current at 0.24 mA, step angle of 0.75°, and exposure time of 75
ms. The identical samples were loaded in a custom-made, acrylonitrile
butadiene styrene tube holder that is designed to fit in the borehole of
an anthropomorphic thorax phantom body (QRM GmbH,
Mohrendorf, Germany) for imaging with a SOMATOM Force
clinical CT scanner (Siemens Healthineers, Erlangen, Germany). The
phantom body mimics human organs in the thorax in terms of
density, CT attenuation, and size (200 X 300 X 200 mm). The CT
images were acquired using a customized protocol adapted from
Siemens original adult abdomen routine imaging protocol at 80, 100,
120, and 140 kVp. The following parameters were used: beam
filtration of 0.3 mm titanium and 0.5 mm aluminum, anode angle of
8°, scan mode of helical acquisition, X-ray tube current of 360 mA,
exposure time of 0.5 s, slice thickness of 0.5 cm, and field of view of
370 X 370 mm. For both yCT and CT imaging, the images were
analyzed using OsiriX software (Pixmeo, Bernex, Switzerland).
Circular ROIs were drawn on five different axial planes of each
tube. The mean attenuation values from 1S5 slices for each
concentration (five slices X three tubes) were recorded and
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normalized to the values from our control tubes with 1% agar gel
(i.e, 0 mg/mL solution). Attenuation rate was defined by the slope of
the linear regression line that models the relationship between
attenuation and elemental concentration in either milligram/milliliter
or millimolar.

Simulation of Relative Contribution of PMNP Payload
Elements in CT Imaging. A custom-written Python code was
used to estimate the relative contribution from each payload element
to the CT attenuation of PMNP under imaging conditions used in
this study (i.e., 50 kVp in yCT imaging and 80, 100, 120, and 140
kVp in clinical CT imaging). In this model, CT attenuation of PMNP
is calculated using National Institute of Standards and Technology
(NIST) elemental attenuation values of materials in the PMNP
samples (i.e, water, PCPP polymer, gold, tantalum, and cerium),
density of payload elements (ie., gold, tantalum, and cerium), and
estimated X-ray source spectra (beam filtration of 0.1 mm beryllium +
0.5 mm aluminum for #CT imaging and 0.3 mm titanium + 0.5 mm
aluminum for clinical CT imaging) used in our imaging studies, from
which the relative contribution in PMNP’s attenuation from each
element is calculated.

In Vivo Mice Imaging. All animal experiments were performed in
accordance with the protocols approved by University Laboratory
Animal Resources in conjunction with the Institutional Animal Care
and Use Committee at the University of Pennsylvania. In vivo CT
images were acquired from a MILabs yCT scanner, using the same
scanning parameters from the phantom imaging. After acquiring
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Figure 3. Encapsulation of small core nanoparticles in PMNP. (A) TEM of PMNP with various loadings of core nanoparticles. Scale bar = 100 nm.
(B) Relative percentages of each payload at maximum loading in PMNP (1 mg Au,Ta,Ce/mg PCPP) (* = p < 0.05). (C) SEM brightfield images,
EDS mappings of gold, tantalum, and cerium, and overlay images. Scale bar = 200 nm.

prescan images, C57BL/6J mice were injected with either 40 uL of
PMNP (n = 3) or AuPCPP (n = 3) containing 0.1 mg of the payload
(i.e., gold in AuPCPP and gold, tantalum, and cerium combined for
PMNP) and were scanned again immediately after postinjection. Both
formulations were injected in the left thigh muscle of the mice. The
acquired images were subsequently analyzed with Osirix. Using a 3D
region growing segmentation function, 3D regions of interest (ROI)
that enclosed the injection sites were isolated and highlighted. The
total attenuation that was generated by either AuPCPP or PMNP was
quantified by addition of the attenuation values (in Hounsfield Unit)
of each voxel within the 3D ROI and subtraction of the total
attenuation generated by the soft tissue in the left thigh muscle from
the preinjection scan from this number.

Statistical Analysis. The slope (m,) and the standard error of fit
(e,) of attenuation rates from uCT and CT were calculated using the
least-squares method of linear regression. One-way analysis of
variance (ANOVA) was used to test if there is an overall difference
between the groups in safety and cytotoxicity, payload loading ratio,
biodegradability, and attenuation rates. In cases in which the p-value
from the ANOVA test indicated that there is an overall significant
difference between the groups (p < 0.05), Tukey—Kramer HSD
(honestly significant difference) posthoc test was used to confirm
which specific pairs of groups had significant differences. A two-
sample t test was used to compare total attenuation generated by
PMNP and AuPCPP from in vivo imaging. Error bars in the graphs
represent one standard deviation unless indicated otherwise.

B RESULTS

AuNP, TaONP, and CeONP Characterization and In
Vitro Safety and Cytotoxicity. Small core nanoparticles,
AuNP, TaONP, and CeONP, were synthesized and capped
with ligands that provide hydrophilicity and stability in
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biological fluids. The core sizes of AuNP, TaONP, and
CeONP were determined to be 3.7 + 0.7, 4.8 + 0.7, and 2.8 +
0.6 nm, respectively, while their hydrodynamic diameters were
slightly larger in each case (Figure 2A,B). The zeta potentials
of AuNP and TaONP that were both capped with ligands of
zwitterionic charges were closer to neutral when compared to
that of CeONP, which was capped with negatively charged
poly(acrylic acid).

The safety and cytotoxicity of these small metal nano-
particles were then assessed by incubating them with cell types
that would likely have the highest exposure upon intravenous
injection (i.e, endothelial cells (SVEC4-10EHR1), liver
hepatocytes (HepG2), and kidney cells (Renca)) for 8 h.
While there were statistically significant differences for some of
the treatment concentrations for TaONP and CeONP for all
cell types when compared to the control groups (0 mg/mL),
the lowest cell viability observed was 96.2 + 3% (for Renca
cells incubated with TaONP at 1.0 mg Ta/mL), indicating that
the reductions were not substantial (Figure 2C). These results
justified the use of these nanoparticles in the next steps of this
study.

Encapsulation of Small Core Nanoparticles in PCPP
Nanoparticles. The aforementioned AuNP, TaONP, and
CeONP formulations were successfully incorporated into
PCPP nanoparticles either individually to form SMNP or
jointly to form PMNP. We assessed the loading capacity of
both SMNP and PMNP that are synthesized with addition of
25 ug PEG-PLL/mg PCPP (which results in unloaded PCPP
nanoparticles with an average diameter of 102.4 nm). In the
case of AuPCPP, more than 5 mg of gold payload could be
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Figure 4. In vitro properties of PMNP. (A) Effect of PEG-PLL on PMNP diameter. (B) TEM of PMNP of different sizes. Scale bar = 200 nm.
Payload release from (C) PMNP and (D) SMNP. (E) TEM of partially degraded PMNP after 4 days of dynamic incubation (n.s. = not significant
or p > 0.0, * = p < 0.0, ** = p < 0.01, *** = p < 0.001). (F) Effect of PMNP on cell viability after 8 h of incubation (* = p < 0.05, ** = p <
0.01, *#* = p < 0.001 as compared to the control group (o mg/mL)).

encapsulated per milligram of PCPP polymer used during the
synthesis without deviation from spherical morphology (Figure
S1A). Similarly, up to 1.25 mg of tantalum and 0.375 mg of
cerium per milligram of PCPP could be loaded in their
corresponding SMNP formulations (Figure S1B,C). Less
tantalum and cerium incorporation can be explained by their
lower elemental densities (dr, = 16.6 g/cm?, d¢, = 6.8 g/cm?)
when compared to the density of gold (d,, = 19.3 g/cm?) and
the presence of other constituents in the core of TaONP and
CeONP (ie, oxygen atoms). When AuNP, TaONP, and
CeONP at equal concentrations were encapsulated collectively
to form PMNP, a maximum of 1 mg of total payload (gold +
tantalum + cerium) per milligram of PCPP polymer could be
loaded without disrupting the morphology (Figure 3A and
Figure S2). At the maximum loading capacity, the mean
diameter of PMNP increased by 35% when compared to that
of nonloaded PCPP nanoparticles (Figure S3). As seen for
both SMNP and PMNP, incorporation of higher payloads
increased the diameter of PCPP nanoparticles.

Although the ratio of incorporated payloads of different
elements can be freely adjusted, the PMNP formulations
reported herein were synthesized with 1:1:1 ratios of
gold:tantalum:cerium payloads. To assess the relative ratios
of these elements encapsulated in PMNP, their concentrations
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were analyzed by ICP-OES. As shown in Figure 3B, the ratios
of elements loaded in PMNP were similar to the input ratios.

Spatial Distribution of Small Core Nanoparticles in
PCPP Nanoparticles. PMNP was analyzed with EDS
mapping to investigate the encapsulation of all three elements
further and to examine the spatial distribution of these
elements in individual PMNP. To ensure the accuracy of
elemental mapping, we used a mixed population of SMNP as a
control. As seen in Figure 3C, SMNP loaded with either gold,
tantalum, or cerium could be successfully differentiated from
one another in our control group. Each element was located in
its corresponding SMNP formulation without any overlap,
allowing us to identify the loading element in each SMNP
accurately. On the other hand, for PMNP, all three elements
were detected in every PCPP nanoparticle. The elemental
maps were colocalized to the location of PCPP nanoparticles
in the brightfield image in both groups as well. These data
suggest successful coencapsulation of all three small core
nanoparticles into each individual PMNP.

Size Control of PMNP. As demonstrated in Figure 4A,B,
the size of PMNP (0.5 mg Au,Ta,Ce/mg PCPP) could be
controlled in the range of 50—450 nm by varying the amount
of PEG-PLL used in the synthesis from 0 to 0.2 mg per
milligram of PCPP. The average diameter of PMNP decreased
with increasing amounts of PEG-PLL in a nonlinear manner.

DOI: 10.1021/acs.chemmater.9b03931
Chem. Mater. 2020, 32, 381-391


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03931/suppl_file/cm9b03931_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03931/suppl_file/cm9b03931_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03931/suppl_file/cm9b03931_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03931/suppl_file/cm9b03931_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03931/suppl_file/cm9b03931_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b03931

Chemistry of Materials

w

700 -
600 4

800

o
o

Attenuation (HU)
N WO A~ O
o O O
o O o

pry
(4]
o

(NH) uonenuapy

100 .7

Concentration (mg/ml)

y = 82.2x - 96.0

(o]

-
e

o o

——

s

g O N ™
o © ©

R?=0.997

N W b
© © ©

1.2 3 4

a
=3
=3

o

5

Concentration (mg Au,Ta,Ce/ml)

© 4
-
=]

6 7 8

Attenuation rate (HU-ml-mg-)

o

AuPCPP TaPCPP CePCPP PMNP

Figure 5. In vitro contrast generation of PMNP and SMNP in yCT imaging. (A) Phantom image of PMNP from a MILabs uCT system. (B)
Attenuation of PMNP at a range of concentrations. (C) Attenuation rates of different PCPP formulations (n.s. = not significant or p > 0.05, *** =p
< 0.001). Phantom images of SMNP formulations are provided in Figure SS.

)

0000000
0000000
Q000000

E
o)
£
c
S
2
ig
<
[

(%)

c
O

(8

T 350 - e

"y =53.2x +285

2 250 | o
) R2=0.998

01 2 3 4 5 6 7 8 9
Concentration (mg Au,Ta,Ce/ml)

a o N ©
© © o o
" " L )

N W
o o
L "

Attenuation rate (HU-ml-mg-')
> 8

o

dedede dedede
deded dedek
n.s. ok
=
| | ||“||||
T T

80 100

| ‘ ‘ AuPCPP
z = TaPCPP
= CePCPP
= PMNP
140

120

Tube potential (kVp)

Figure 6. In vitro contrast generation of PMNP and SMNP in clinical CT imaging. (A) Phantom image of PMNP samples from a SOMATOM
Force CT scanner, and an enlarged image of the phantom centered at the PMNP samples. (B) Attenuation of PMNP at a range of concentrations.
(C) Attenuation rates of different PCPP formulations at different tube voltage settings derived from a clinical CT scanner (n.s. = not significant or p
> 0.0S, *** = p < 0.001). Phantom images of SMNP formulations are provided in Figure S6.

As reported in our previous study with nonloaded PCPP
nanoparticles, addition of PEG-PLL limits the growth of PCPP
nanoparticles with the presence of more PEG-PLL resulting in
smaller PCPP nanoparticles.”*

In Vitro Biodegradability of PMNP. For eventual
excretion of PMNP, the small core nanoparticles in PMNP
would need to be released from their polymeric components
effectively. We therefore evaluated the release rate of the core
nanoparticles by incubating PMNP in 10% fetal bovine serum
in PBS at 37 °C for 1, 2, 4, and 7 days. The PMNP solution
was constantly flowed through a tubing during the incubation
periods to mimic the dynamic nature of blood and interstitial
fluid. We observed that approximately 90% of AuNP, TaONP,
and CeONP was released from PMNP in 7 days,
demonstrating the degradability of PMNP and the effective
release of its core nanoparticles (Figure 4C). Unlike SMNP
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formulations that showed clear differences in the release
pattern of their core nanoparticles (Figure 4D), the release
rates of the three core nanoparticle formulations in PMNP
were comparable to each other, indicated by much smaller
statistical differences throughout the time of the study. More
rapid release of CeONP from CePCPP can be explained by the
smaller hydrodynamic diameter of CeONP and possibly their
strong negative surface charge. TEM of partially degraded
PMNP confirmed the dissociation and the release of core
nanoparticles from PMNP (Figure 4E).

In Vitro Safety and Cytotoxicity of PMNP. The safety
and cytotoxicity of PMNP as well as of AuPCPP, TaPCPP, and
CePCPP were evaluated using the same method used to assess
the safety and cytotoxicity of the small core nanoparticles
(Figure 4F and Figure S4). Once again, incubation of the
selected cell lines with PMNP and SMNP formulations for 8 h
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did not considerably affect cell viability when compared to the
control groups (0 mg/mL). The lowest mean cell viability
observed from PMNP incubation was 96 + 2% in Renca cell
line at a treatment concentration of 1 mg Au,Ta,Ce/mL. The
results of high cell viability from both small core nanoparticles
and PCPP formulations suggest that PCPP polymer and its
byproducts do not have significant cytotoxicity, which agrees
with previous findings on nanoparticles formed from this
polymer.3+3637

Contrast Generation of PMNP in microCT and Clinical
CT Imaging. We next assessed PMNP’s CT contrast
properties using both a uCT scanner and a clinical CT
scanner. A MILabs uCT scanner with a tube voltage of 50 kVp
was used to scan both SMNP and PMNP solutions of
increasing element concentration (e.g,, gold in AuPCPP and
gold, cerium, and tantalum combined in PMNP) (Figure SA
and Figure SS). All of the formulations, AuPCPP, TaPCPP,
CePCPP, and PMNP, had linear correlations between the
attenuation and the concentration, with R? values >0.99 in
each case (the data for PMNP are shown in Figure SB as an
example). From the attenuation rate measurements, we found
that PMNP and AuPCPP had the highest values, followed by
TaPCPP and CePCPP. The attenuation rate of PMNP was not
statistically significantly different from that of AuPCPP (Figure
5C).

The same PCPP formulations were scanned in a
SOMATOM Force clinical CT scanner at four different tube
voltages of 80, 100, 120, and 140 kVp. The solutions were
scanned in an anthropomorphic phantom body that closely
mimics the thorax of a patient (20 cm X 30 cm X 20 cm) to
improve the clinical relevance of the data. An axial plane image
of the phantom body containing PMNP and SMNP solutions
at a tube voltage of 120 kVp is shown in Figure 6A and Figure
S6, in which the increase in attenuation is clearly observed with
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increasing concentration of the payload. In validation of the
images, an excellent linear correlation between the attenuation
and the concentration was observed (Figure 6B). As expected,
we observed that the attenuation rates of both SMNP and
PMNP depended heavily on the tube voltage (Figure 6C).
The attenuation rates of AuPCPP were the lowest across all
four tube voltages in this study. The attenuation rates of
TaPCPP remained higher than those of AuPCPP across all
tube voltages. TaPCPP’s attenuation rate slightly increased
from 80 to 100 kVp before decreasing again at higher tube
voltages of 120 and 140 kVp. Unlike AuPCPP and TaPCPP, a
steep decrease in attenuation rate was observed for CePCPP
with increasing tube voltage. Its attenuation rate was the
highest at 80 kVp; however, due to cerium’s comparatively low
K-edge energy of 40.4 keV, the attenuation rate sharply
decreased to lower than that of TaPCPP at 140 kVp.
Interestingly, PMNP also exhibited a decline in attenuation
rate with increasing tube voltage. However, the rate of decline
was much lower than that of CePCPP, which resulted in its
attenuation rate being the second highest after CePCPP at 80
kVp to being the highest in both 120 and 140 kVp. Similar
trends were observed when attenuation rates were calculated
on the basis of molar concentration of the PCPP formulations.
Notably, the attenuation rates of PMNP were higher than
those of other formulations across all tube voltages used in our
study with the exception of TaPCPP at 120 kVp (Figure S7).
Relative CT Attenuation Contribution by Each Pay-
load Element in PMNP. Using NIST attenuation coeflicients
of gold, tantalum, and cerium and X-ray source energy spectra,
we calculated the attenuation that was produced by each
payload element in PMNP. The relative attenuation con-
tributions from each payload elements were comparable to the
ratios of differences in attenuation rates between SMNP
formulations in our in vitro imaging study (Figure S8).
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Attenuation from gold was the largest followed by tantalum
and cerium, respectively, in 50 kVp used in yCT imaging
simulation. The relative attenuation ratio of cerium decreased
and those of gold and tantalum slowly increased as the tube
potential increased in clinical CT imaging simulation.
Interestingly, the relative ratios of contribution between gold
and tantalum were very similar to one another across all tube
potentials used in this study.

In Vivo Contrast Generation of PMNP. In vivo contrast
properties of PMNP were assessed by imaging mice that were
intramuscularly injected with the same dose and volume (0.1
mg, 40 uL) of either PMNP or AuPCPP that showed the
highest attenuation rates in #CT phantom imaging. As shown
in Figure 7A—C, the ROI of contrast agents surrounding the
injection site were isolated and highlighted in both 2D and 3D
images, due to production of strong CT contrast by these
contrast agents. The highlighted area could also be accurately
depicted in 3D isocontour mapping for better visualization of
its volume (Figure 7D). To quantify and compare the contrast
generation by PMNP and AuPCPP, total attenuation
(summation of CT attenuation values in each voxel) of the
isolated 3D ROI was measured. In agreement with comparable
attenuation rates between PMNP and AuPCPP observed in
uCT phantom imaging, the total attenuation generated by
PMNP had no statistically significant difference from the total
attenuation measurement of AuPCPP (Figure 7E).

B DISCUSSION

In this study, by encapsulating small core nanoparticles made
of three different elements (gold, tantalum, and cerium) in
PCPP polymer, we developed biodegradable polymetal
nanoparticles that can generate high CT contrast at various
tube voltage settings used in both pCT and clinical CT
scanners. Our phantom and in vivo mice imaging study results
both support that contrast agents made of several elements
whose K-edge energies are spread out within the high flux
photon region can generate consistently high attenuation in
CT imaging of various X-ray source spectra as compared to
contrast agents whose payload is based on a single element,
similar to the effects observed in radioprotective garments. In
fact, our PMNP formulation generated significantly higher
attenuation than well-studied experimental CT contrast
payload materials, such as gold and tantalum alone, in different
tube potential settings used in this study. The attenuation rates
of PMNP observed in our study are also much higher than
those of an iodinated contrast agent (i.e., iopamidol) reported
by Hsu et al,** who acquired the data with the identical CT
scanner, tube voltage, and other scanning parameters used in
our study. The high attenuation generation of our PMNP
formulation throughout low and high tube voltage settings can
offer an advantage over use of payload elements of low K-edge
energies, such as cerium and commonly used iodine in
numerous CT imaging applications. These low K-edge energies
suffer from deterioration of attenuation generation at high tube
voltage (e.g, 140 kVp),” which indicates that our PMNP
formulation can especially be beneficial in CT imaging of obese
patients, a rapidly growing patient pool,*” which often requires
imaging at high tube voltage.*""*” Most studies of novel CT
contrast agent development focus on either small molecules or
nanoparticles made of single element payloads. However, the
observations made in this study indicate that the development
of CT contrast agents with two or more CT payload elements
can potentially improve their CT contrast properties. Future
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investigation of the amount, ratio, and identification of
different payload elements (e.g., gadolinium and ytterbium)
will further enhance the CT contrast properties of PMNP. As
shown in our simulation, ideal ratios and choices of payload
elements can be predicted with sufficient accuracy to make
PMNP suitable for user-specific CT imaging applications.

In our design of PMNP, we have loaded the hydrophilic core
nanoparticles in PCPP polymers. However, various kinds of
platforms capable of acting as carriers for multiple contrast
generating materials are available. These platforms include
micelles, liposomes, nano- and microemulsions, dendrimers,
lipoproteins, and other polymeric nanoparticles (e.g, PLGA,
alginate), all of which have previously been demonstrated to be
effective carriers of contrast payloads.””~** Many of these
platforms, such as liposomes and lipoproteins, are also capable
of containing both hydrophilic and hydrophobic payloads,
further expanding the choices of payload materials for the
synthesis of polymetal nanoparticles.

Our previous studies have loaded inorganic nanoparticles in
PCPP nanoparticles.”*"’ However, this study was the first
attempt to include core nanoparticles of three different
elements, which can lead to increased affordability as
compared to other leading experimental CT contrast agents
(e.g, AuNP), reduced dose-related cytotoxicity, and, most
importantly, improved CT attenuation production. As
mentioned above, the potential for PMNP to be a contrast
agent with excellent CT contrast properties has been
demonstrated. However, future work is needed to develop
PMNP into a blood pool agent with desired pharmacokinetics
and sufficient excretion of its payloads. The possibility of
achieving sufficient excretion is promising, considering the
versatility of PCPP-based nanoparticles. By adjusting the
amount of PEG-PLL added, the diameter of PMNP could be
controlled. The side-chain groups and the molecular weight of
PCPP can also be readily adjusted, allowing us to control
PMNP’s degradation rate and its diameter at ease.’’ Other
components of the synthesis, such as the cross-linker, can be
changed as well. For instance, spermine (polyamine with four
amine groups) can be replaced with alternative polypeptides
with less cationic properties for faster degradation. To ensure
the feasibility of its use as a safe CT blood pool agent, more
extensive studies on long-term cytotoxicity of PMNP will need
to be done. Its plausibility for successful injection in human
patients will also need to be investigated in the future.
Sufficiently high concentration of PMNP could easily be
reached for in vivo mice injection in our study. While achieving
hundreds of mg/mL in payload concentration is possible for
human subject injection, the viscosity and osmolarity of PMNP
solutions at these levels of concentrations will need to be
assessed. Finding gold, tantalum, and cerium nanoparticle
formulations that are coated with surface ligands that result in
higher payloads PCPP nanoparticles (i.e., hydrophilic, anionic)
will be crucial, as it will decrease the amount of polymer
needed in the formulation, thus subsequently decreasing the
viscosity.

AuNPs have also been widely studied as an X-ray
radiosensitizer due to their large X-ray interaction cross
section, leading to better energy and radiation deposition for
effective induction of local tumor cell death.”"”> PMNP’s
ability to produce higher CT attenuation in various tube
voltage settings in the keV region supports the idea that PMNP
can potentially be more effective in energy deposition and
therefore can act as a better radiosensitizer than AuNP.
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Furthermore, payload materials of multiple imaging modalities
(e.g., quantum dots for fluorescence imaging and iron oxide
nanoparticles for MR imaging) can be loaded in PMNP for
multimodal imaging; hydrophilic drugs can be co-loaded with
contrast agents for theranostics.

B CONCLUSION

In summary, we developed a unique design of polymetal
nanoparticles by encapsulating hydrophilic, small core nano-
particles that are made from three different contrast generating
elements, gold, tantalum, and cerium, in PCPP polymer
carriers. PMNP demonstrated efficient loading of hydrophilic
payloads, encapsulating up to 1 mg of contrast generating
materials per milligram of PCPP polymer, while maintaining its
structural stability, safety and cytotoxicity, and biodegrad-
ability. We have also shown that the PMNP formulation is a
robust CT contrast agent that can generate higher attenuation
in both yCT and clinical CT imaging in various conditions
when compared to its single payload counterparts, supporting
our radioprotective garment-inspired hypothesis. Our promis-
ing results in the contrast properties of PMNP suggest that the
development of platforms carrying multiple contrast generating
materials can further improve CT contrast, therefore benefiting
CT imaging in various biomedical applications.
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