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ABSTRACT: A new bismuth metal—organic framework (MOF), bismuth-NU- 1000
901 (Bi-NU-901), featuring the scu topology and a pore with a diameter of ~11 A,

was solvothermally synthesized, and its use as an X-ray computed tomography 800
(CT) contrast agent was tested. X-ray CT is a common diagnostic method used in
the medical field. Inside the body, contrast media enhance the distinction between
tissues and organs of similar density. Bi-NU-901 consists of eight connected Bigq
nodes and tetratopic 1,3,5,8-(p-benzoate)pyrene linkers (TBAPy). Numerous
material characterization studies including powder X-ray diffraction (PXRD),
scanning transmission electron microscopy (STEM), and DFT pore size
distribution support the scu structure. Additionally, given the framework’s high
density of nontoxic heavy atoms, Bi-NU-901 was evaluated as an X-ray computed 0
tomography (CT) agent. Importantly, in vitro studies revealed this new bismuth
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MOF demonstrates ~7 times better contrast intensity compared to a zirconium
MOF featuring the same topology and ~14 times better contrast than a
commercially available CT contrast agent. These results suggest bismuth MOFs may be promising CT contrast agents.
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B INTRODUCTION

X-ray computed tomography (CT) allows for visualization of
internal structures such as the liver, lungs, bone, cardiovascular
system, and gastrointestinal system.' In the United States,
more than 68 million clinical CT scans are undertaken every
year.”

To be feasible for clinical use, a CT contrast agent must
require the lowest dose possible, produce the maximum
contrast between the tissue of interest and background
scattering events, and be minimally toxic to patients.’
Commercially sold agents are molecules composed of either
iodine or barium. Unfortunately, the most widely used CT
contrast agents often display only two of these three desirable
characteristics. For instance, iodixanol, sold under the brand
name Visipaque, obligates a dose volume delivering ~16 g of
iodine to the patient.” Such high doses of iodine have been
known to induce immediate allergic reaction and/or cardiac,
endocrine, and renal complications.””” Similarly, typically
administered doses of barium-based contrast agents such as
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VoLumen deliver ~0.7 g of barium, and possible side effects
include allergic reactlon and mild to severe stomach cramping
and/or diarrhea.” The ability of a material to attenuate X-rays
and to act as a CT contrast agent can be determined by
considering the mass absorption coefficient, y, determined
using eq 1.

ozt
T AE? (1)

In this equation, p is the material density; A is the atomic mass;
Z is the atomic number, and E is the energy of the X-ray beam
entering the sample.” The Z* term significantly enhances the
area of interest as compared to the surrounding organs, which
is largely due to the photoelectric effect. Given this fact, one
can infer the use of iodine and barium CT agents is based on
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their ease of synthesis and cost instead of their performance in
attenuating X—rays.9

The element bismuth (Z = 83) is the largest nonradioactive
and synthetically accessible element on the periodic table. Its
atomic number yields better X-ray attenuation over both
iodine and barium. Additionally, bismuth is known to be one
of the safest heavy elements to humans because of its low
solubility,'’ with a recent clinical trial reporting no safety
concerns for patients administered 1680 mg of Bi**/day to
fight Helicobacter pylori infections.'' Bismuth nanopar-
ticles,""” bismuth—carbon nanotubes,"* and bismuth poly-
mers'>'® have shown promising results in CT imaging
applications.

Recently, several different categories of nanomaterials for
next-generation CT contrast agents have been investigated,
namely, inorganic metal nanoparticles,'” > lipid-based struc-
tures,”*"*° and polymer-based composite materials.””*®
Metal—organic frameworks (MOFs) are porous nanomaterials
made of metal nodes and multitopic organic linkers which
assemble through coordination bonds into multidimensional
periodic lattices.”” The vast assortment of inorganic nodes and
organic ligands has yielded MOFs with diverse chemical
functionalities and topologies. Given their crystallinity,
porosity, and synthetic tunability, MOFs have been studied
for applications such as separation,’® storage,””’' drug
delivery,*> **catalysis,” and CT contrast agents,”° among
others. Their noteworthy chemical and thermal stability has led
to their use for many biologically relevant applications.”” >’
Each part of a MOF, the metal node and the organic linker, can
be tuned independently to add specific functionality to the
structure.*>*! Additionally, the cavities and/or channels of
metal—organic frameworks can be utilized to encapsulate
different molecules of biomedical interest.*”

The MOF, NU-901, is comprised of Zrg(us-OH),(u5-
0)4(OH,), nodes and tetratopic 1,3,6,8-tetrakis(p-benzoate)-
pyrene (TBAPy) linkers.*> This framework’s robust chemical
and thermal stability** inspired us to investigate an
isostructural bismuth-based analogue for its ability to act as a
strong candidate for a new CT contrast agent. The porosity of
MOFs is a unique feature over other potential CT contrast
materials, as MOFs can encapsulate additional molecules,
which may accommodate the development of future
theranostics*® or dual-function biomaterials.”” Previously, in
the literature, there are only five papers which report bismuth-
based MOFs having permanent porosity, as demonstrated by
nitrogen isotherm experiments. Of these five MOF materials,
none have been studied for their use as possible contrast
media.**™° In this manuscript, we report a bismuth cluster
MOF, Bi-NU-901, and explore its use as contrast media for X-
ray computed tomography (Figure 1).

B METHODS AND MATERIALS

Materials. The starting chemical reagents bismuth(IIl) nitrate
pentahydrate (Sigma-Aldrich, 99.99%), anhydrous N,N’-dimethylfor-
mamide (Aldrich, 99.8%, noted DMF), reagent alcohol (Sigma-
Aldrich, <0.0005% water, noted ethanol), trifluoroacetic acid (Sigma-
Aldrich, ReagentPlus, 99%, noted TFA), iodixanol (Sigma-Aldrich),
barium sulfate (Sigma-Aldrich, 99.99%), 10X phosphate-buffered
saline (Sigma-Aldrich), bismuth standard for ICP (Sigma-Aldrich),
and zirconium standard for ICP (Sigma-Aldrich) are commercially
available and have been used without any further purification. The
ligand 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H,TBAPy) was synthe-
sized according to a published procedure.®

Figure 1. Bi-NU-901 is comprised of (a) Biss metal nodes and (b)
1,3,6,8-tetrakis(p-benzoate)pyrene linkers and exhibits the (c) scu

topology.

Synthesis of Bi-NU-901. Reaction of 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (H,TBAPy) with Bi(NO,);-SH,O in a solution of N,N-
dimethylformamide (DMF), ethanol, and trifluoroacetic acid (TFA)
at 100 °C for 8 h yields a yellow powder of Bi-NU-901. The bismuth
salt solution was prepared by mixing Bi(NO;);-SH,O (80 mg, 0.16
mmol) and TFA (200 L, 5.88 mmol) in DMF (10 mL) in a 6-dram
vial. The solution was heated at 100 °C for 1 h. Upon cooling to room
temperature, H,TBAPy linker (40 mg, 0.06 mmol) and additional
DMF (10 mL) were added to the bismuth salt solution. The resulting
pale-yellow solution was sonicated for 10 min and then added into a
100 mL glass vial with ethanol (40 mL). The vial was placed in an
oven at 100 °C for 8 h, during which time a yellow suspension was
formed. The Bi-NU-901 powder was soaked in DMF (25 mL), and
the solvent was replaced every 2 h over a 6 h period. During each
solvent exchange, the material was purified by density separation.”

Activation of Bi-NU-901. The Bi-NU-901 crystals were then
soaked in ethanol (25 mL) twice for 2 h followed by soaking
overnight in ethanol. The ethanol-containing samples were activated
by supercritical CO, drying over a period of 8 h.*® In this method, the
liquid CO, was purged under positive pressure for 4 min every 2 h.
Supercritical CO, drying (SCD) was performed with a TousimisTM
Samdri PVT-30 critical point dryer. Throughout the process, the rate
of purging was maintained below the rate of filling. Following the final
exchange, the temperature was increased to 40 °C (above the critical
temperature for CO,), and the chamber was slowly vented over a
period of 15 h at a rate of 0.1 cc/min. Bi-NU-901 crystals were then
transferred to a preweighted sorption analysis tube to collect N,
isotherms.

Characterization of Bi-NU-901. Powder X-ray diffraction data
were collected at room temperature on a STOE-STADI-P powder
diffractometer at Northwestern University’s IMSERC facility
equipped with an asymmetric curved germanium monochromator
(Cu Kal radiation, 4 = 1.54056 A) and a one-dimensional silicon
strip detector (MYTHEN?2 1K from DECTRIS). The line-focused Cu
X-ray tube was operated at 40 kV and 40 mA. Powder samples were
packed in 3 mm metallic masks and sandwiched between polyimide
tape. Intensity data for 26 from 2° to 41° were collected over a period
of 7 min. Prior to measurement, the instrument was calibrated against
a NIST silicon standard (640d).

X-ray photoelectron spectroscopy (XPS) measurements were
carried out at the KECK-II/NUANCE facility at NU on a Thermo
Scientific ESCALAB 250 Xi (Al Ka radiation, hv = SS, 1486.6 €V)
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equipped with an electron flood gun. XPS data were analyzed using
Thermo Scientific Advantage Data System software, and all spectra
were referenced to the C 1s peak (284.8 eV).

Scanning electron microscopy (SEM) images were collected on a
Hitachi SU8030 FE-SEM (Dallas, TX) microscope at Northwestern
University’s EPIC/NUANCE facility. Before imaging, samples were
coated with OsO, to ~10 nm thickness in a Denton Desk III TSC
Sputter Coater (Moorestown, NJ).

The scanning transmission electron microscope (STEM) experi-
ments were performed on a JEOL Cs-corrected ARM 200 kV (JEOL,
Ltd., Akishima, Tokyo, Japan) equipped with a cold field-emission
source that generates a nominal 0.1 nm probe size under standard
operating conditions. The ARM 200 was operated under low dose
conditions to minimize the electron beam damage. All images were
acquired in the high angle annular dark field (HAADF) or Z-contrast
imaging mode. The samples were prepared by drop casting the
mixture of the Bi-NU-901 MOF and ethanol onto the 200-mesh
copper TEM grid with lacy carbon film.

N, adsorption—desorption isotherms were collected at 77 K on a
Micromeritics Tristar II 3020 (Micromeritics, Norcross, GA). The
data points between 0.04 and 0.15 P/P, were chosen for apparent
BET surface area calculation to minimize the error for consistency
criteria (R* = 0.9999).

Thermogravimetric analysis (TGA) was performed at Northwest-
ern University’s Materials Characterization and Imaging facility using
a TGA/DCS 1 system (Mettler-Toledo AG, Schwerzenbach,
Switzerland) with STARe software. Samples were heated from 25
to 650 °C at a rate of 10 °C/min under a constant flow of N,. An
additional spectrum was collected under ambient conditions and
following the same protocols.

ICP-OES was performed on a computer-controlled (QTEGRA
software) Thermo iCap7600 ICP-OES (Thermo Fisher Scientific,
Waltham, MA, USA) operating in axial view and equipped with a
CETAC 520 autosampler (Omaha, NE, USA). Each sample was
acquired using S s visible exposure time and 15 s UV exposure time,
running 3 replicates. The spectral lines selected for analysis were: Bi
(223.061, 306.770, 190.234 nm) and Zr (339.198, 343.823, 327.305,
349.621 nm).

CT Imaging. In preparation for CT imaging, quantification of Bi
and Zr samples was accomplished using ICP-OES of acid-digested
samples. Specifically, samples were digested in concentrated trace
nitric acid (>69%, Thermo Fisher Scientific, Waltham, MA, USA) and
placed at 65 °C for at least 3 h to allow for complete sample digestion.
Ultrapure H,0 (18.2 MQ-cm) was added to produce a final solution
of 3.0% nitric acid (v/v) in a total sample volume of 7 mL.
Quantitative standards consisting of 30, 20, 10, 4, 2, and 1 ppm were
made using a 1000 mg/L bismuth or 1000 mg/L zirconium standard
in 3.0% nitric acid (v/v) in a total sample volume of SO mL.

CT images were acquired at Northwestern University’s Center for
Advanced Molecular Imaging (CAMI) with a preclinical micro PET/
CT imaging system, Mediso nanoScan scanner (Mediso-USA, Boston,
MA). Data were acquired with 2.17 magnification, 33 ym focal spot,
and 1 X 1 binning, with 720 projection views over a full circle, with a
300 ms exposure time. Three images were acquired, using 35 kV, 50
kV, and 70 kV. The projection data were reconstructed with a voxel
size of 68 um using filtered (Butterworth filter) back-projection
software from Mediso. The reconstructed data were analyzed in
Amira 6.5 (FEI, Houston, TX). Regions of interest were identified for
each sample at each energy. The mean image intensity, in Hounsfield
Units, was used in the statistical analysis, and the data were
normalized to a 1% agarose solution, in which all the samples were
suspended.

B RESULTS AND DISCUSSION

The atomic structure of Bi-NU-901 was simulated based on a
combination of the crystal structure of Zr-NU-901 and a
modeled [Bi0,(OH),(NO;)s(H,0)](H,0) node. The bulk
phase purity of Bi-NU-901 was confirmed by comparing the
experimental powder X-ray diffraction (PXRD) pattern with a

simulated pattern of Bi-NU-901 and an experimental pattern of
Zr-NU-901 (Figure 2a). The scu topology of the Bi-NU-901
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Figure 2. (a) Experimental PXRD pattern of Bi-NU-901, in
agreement with the simulated pattern of Bi-NU-901 PXRD. (b) N,
isotherms of Bi-NU-901 based on the volume and (c) pore size
distribution of Bi-NU-901 calculated by the DFT model.

phase features microporous diamond-shaped 1D channels
formed by the coordination of Big nodes to eight tetratopic
H,TBAPy linkers. Nitrogen adsorption—desorption isotherms
collected for activated samples of Bi-NU-901 show a type I
isotherm, consistent with the microporous structure of the Bi-
NU-901 phase, featuring microporous diamond-shaped 1D
channels formed by the coordination of Big nodes to eight
tetratopic H,TBAPy linkers. Nitrogen adsorption—desorption
isotherms collected for activated samples of Bi-NU-901 show a
type I isotherm, which supports the structure of Bi-NU-901
and which is also seen in the pore size distribution (Figure 2c).
The density functional theory (DFT) calculated pore size
distribution revealed one pore with a diameter of ~11 A, which
corresponds closely to that of Zr-NU-901 (~12 A). An average
Brunauer—Emmett—Teller (BET) surface area of 320 m?®/g
was calculated for the material. The Bi-NU-901 phase
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demonstrated no change in crystallinity or morphology
following supercritical CO, drying as evidenced by powder
X-ray diffraction (PXRD) and scanning electron microscopy
images (Figures S4 and S5).

The determined scu topology was further supported by
scanning transmission electron microscopy (STEM) images of
Bi-NU-901 from which the d-spacing between metal nodes was
calculated (Figure 3). The experimental distance between the

(a)

200 nm

Figure 3. (a) High-angle annular dark-field (HAADF) STEM image
at 200 nm and (b) at 20 nm. Inset: Fourier transform of the Bi-NU-
901 sample. (c) View down the b-axis of the simulated Bi-NU-901
MOF. The (001) distance is shown by the black arrow.

nodes on the (001) plane was measured from the fringe
spacing in the image and the associated spots in the Fourier
transform to be ~15.43 A, aligning closely with the 15.06 A d-
spacing calculated from the simulated Bi-NU-901 (001) plane.
X-ray photoelectron spectroscopy (XPS) (Figure S1) con-
firmed the expected +3 valence of bismuth ions in the MOF
node, and the Bi-NU-901 thermal stability was tested using
thermogravimetric analysis (TGA) (Figure S3). As revealed by
scanning electron microscopy (SEM), Bi-NU-901 crystals
exhibit an average size of ~7.0 um. (Figure 2b). Based upon
these results and previously reported hexanuclear, 8-connected
MOFs,** 7% we propose this structure as Big(p;-
OH)4(HCO,),(TBAPy),.

X-ray computed tomography (CT) measurements were
conducted using newly synthesized Bi-NU-901. All imaging
samples were prepared by dispersing Bi-NU-901 in a 1%
agarose solution, and images were obtained at varying
concentrations from 3.25 to 30 mM. CT images were obtained
at three different X-ray tube voltages, 35 kV, 50 kV, and 70 kV.
For comparison, CT images were also collected of Zr-NU-901,
the Zr-based analogue of Bi-NU-901 with the same topology,
and idixanol, a commercially available iodinated contrast agent.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used to determine the mass % of the
attenuating element within the MOF contrast materials, and

all imaging samples were prepared with uniform concen-
trations of the X-ray attenuating element (Bi/Zr/I), based
upon the ICP-OES results. Under all X-ray voltages, Bi-NU-
901 outperforms each of the examined CT contrast agents as
demonstrated by the plots of X-ray attenuation (HU) against
the concentration of the respective heavy element. Notably, at
30 kV and a concentration of 30 mM, the Bi-NU-901 sample
yields 14 times better contrast than idixanol, a commonly used
commercial CT contrast agent (Figure 4a). At 70 kV, closer to

(a) c 1000
2 m Bi-NU-901
S 800 -
2 m Zr-NU-901
£ 6004 u lodixanol
G 400
®
£ 200 |
2
o 0 i 1
< 30 15 75 325
Concentration (mM)
® 1000
K] m Bi-NU-901
s 800
g m Zr-NU-901
£ 6004 = lodixanol
o 400
®
® 200
=
2 0 -
30 15 75 3.25
© Concentration (mM)
[

Zr-NU-901

Bi-NU-901

3 lodixanol
—-

Scale Water 325 7.5 15 30
(HU) mM Material/mL

Figure 4. (a) X-ray attenuation as a function of [Bi/Zr/I] for Bi-NU-
901, Zr-NU-901, and Iodixanol at 35 kV. (b) X-ray attenuation as a
function of [Bi/Zr/I] for Bi-NU-901, Zr-NU-901, and Iodixanol at 70
kV. All data are included in the SI (Figure S6). (c) Coronal CT
images of Zr-NU-901, Bi-NU-901, and Iodixanol dispersed in a 1%
agarose solution.

the energies used to image humans in clinical settings, the
enhancement in attenuation of the bismuth-based MOF
against idixanol is 7 times better (Figure 4b). The Bi-NU-
901 is 6.5 times better than the analogous Zr-NU-901 at both
energies (Figure 4a, 4b), presumably because of bismuth’s
atomic properties which allow the atoms to attenuate X-rays
easily, based upon its atomic mass and high k-edge value.

In vivo examination of the cellular fate, material properties,
and safety is invaluable for any new biomaterial. We plan to
investigate how the size, charge, and morphology of this
nanomaterial may affect MOF functionality and cell viability in
vitro.’”*® Toward this end, an initial stability test was
undertaken, and the Bi-NU-901 MOF particles were exposed
to a 1XPBS (phosphate-buffered saline; pH = 7.4) buffer
solution for 24 h. The crystallinity and morphology of the
MOF particles remained stable, as confirmed by both PXRD
and SEM data (Figure S7). We hypothesize that, like other
nanomaterials tested in vivo, these particles may accumulate in
mononuclear phagocyte systems such as the spleen and liver
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once inside the body.”” This leads us to believe that surface
functionalization of the MOF with targeting groups®’ may be
necessary to prevent facile opsonization; however, our first area
of interest is in decreasing the size of the MOF particles from
the micron regime to below 100 nm.®" We will adapt similar
protocols to nanosize this MOF, as previously reported, and
plan to report this in due time.®>** Nanosizing this Bi-NU-901
MOF will also allow us to investigate how the size, shape, and
stability of the material may affect cells in vitro.**

B CONCLUSION

In summary, we report the synthesis of a new cluster-based
bismuth MOF and tested its ability in vitro to effectively act as
new contrast media for CT. The Bis nodes and tetratopic
pyrene-based linkers assembled into the 8-connected scu
topology. Characterization strategies including PXRD, TEM,
SEM, N, isotherm measurements, and calculated DFT pore
size distribution further support the determined framework
structure. To assess the ability of this MOF to serve as a CT
contrast agent, we collected CT images of Bi-NU-901, the
zirconium analogue, Zr-NU-901, and a commercially available
CT contrast agent, idixanol. At each of the three X-ray voltages
tested, Bi-NU-901 outperformed all other contrast agents.
Therefore, much less material would be needed for clinical
scans as compared to contrast agents in current use. It is well
documented in the literature that some materials at the
nanoscale regime do not readily circulate to extravascular space
or experience swift renal clearance, so synthesizing the Bi-NU-
901 MOF on the nanoscale size regime would be advantageous
for intravenous delivery.”®> Our investigation could expand
the role MOFs play in imaging applications and may lead to
designing more effective nanomaterials for contrast media in
the future. We are optimistic that MOFs constructed from
heavy elements hold promise in improved CT contrast media,
particularly since the role of dual-energy CT imaging”®™®*
continues to increase, and we envision that their investigation
in the synthesis of CT agents with specific targeting or
biodistribution profiles may be quite useful.”””’
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