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ABSTRACT

Precision imaging is needed to realize precision medicine in cancer detection and treatment. Molecular imaging offers the
ability to target and identify tumors, associated abnormalities, and specific cell populations with overexpressed receptors.
Nuclear imaging and radionuclide probes provide high sensitivity but subject the patient to a high radiation dose and
provide limited spatiotemporal information, requiring combined computed tomography (CT) for anatomic imaging.
Therefore, nanoparticle contrast agents have been designed to enable molecular imaging and improve detection in CT
alone. Core-shell nanoparticles provide a powerful platform for designing tailored imaging probes. The composition of
the core is chosen for enabling strong X-ray contrast, multi-agent imaging with photon-counting spectral CT, and
multimodal imaging. A silica shell is used for protective, biocompatible encapsulation of the core composition, volume-
loading fluorophores or radionuclides for multimodal imaging, and facile surface functionalization with antibodies or small
molecules for targeted delivery. Multi-agent (k-edge) imaging and quantitative molecular imaging with spectral CT was
demonstrated using current clinical agents (iodine and BaSQ,) and a proposed spectral library of contrast agents (Gd,Os,
HfO,, and Au). Bisphosphonate-functionalized Au nanoparticles were demonstrated to enhance sensitivity and specificity
for the detection of breast microcalcifications by conventional radiography and CT in both normal and dense mammary
tissue using murine models. Moreover, photon-counting spectral CT enabled quantitative material decomposition of the
Au and calcium signals. Immunoconjugated Au@SiO, nanoparticles enabled highly-specific targeting of CD133+ ovarian
cancer stem cells for contrast-enhanced detection in model tumors.
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1. PURPOSE

Precision imaging is critical to the realization of precision medicine in oncology. Molecular imaging approaches have the
potential to overcome obstacles to precision oncology by enabling early detection and discovery of biomarkers,
noninvasive monitoring of recurrence and therapeutic response, and characterization of heterogeneity in tumor
microenvironment and cell populations [1-3]. Molecular imaging with computed tomography (CT) could offer a single,
low cost and widely available modality for combined molecular and anatomic imaging at high spatiotemporal
resolution [4]. Nanoparticles (NPs) comprising high-Z metals, such as Au, have gained recent interest as X-ray contrast
agents due to enabling the delivery of a greater mass payload compared with molecular contrast agents (e.g., iodinated
molecules and Gd-chelates) used clinically [5,6]. NP imaging probes can thus be designed for strong X-ray contrast,
biostability, multimodal/multi-agent imaging, and targeted delivery [5-9]. Concomitant developments in photon-counting
spectral CT are also transforming the capabilities of CT by enabling quantitative multi-material decomposition [10].
Therefore, the objective of this paper is to present an emerging strategy where engineered NP imaging probes and photon-
counting detectors act synergistically to enable quantitative molecular imaging with CT for precision imaging in cancer
detection and treatment. Examples of emerging capabilities are presented including quantitative molecular imaging of
tumors, associated abnormalities (e.g., microcalcifications), multiple probe/tissue compositions, and cell populations
overexpressing biomarkers using both conventional CT and photon-counting spectral CT.
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2. MULTI-AGENT AND MULTI-MATERIAL IMAGING

2.1. Significance

X-ray imaging has been the primary means of non-invasive imaging in biomedicine for the last century. Radiography was
revolutionized in the 1970s by the advent of 3D CT which has become the “first-line” modality for cancer imaging due to
high spatiotemporal resolution, low cost, and wide availability [11-13]. The primary limitation of CT has been a relatively
low sensitivity and lack of molecular imaging capabilities, which has fueled the use of more costly adjunct imaging
methods such as magnetic resonance imaging (MRI), positron emission tomography (PET), and single photon emission
computed tomography (SPECT). PET and SPECT provide high sensitivity but require radiopharmaceuticals and provide
limited spatiotemporal information, thus requiring combined CT for anatomic imaging and subjecting the patient to a high
radiation dose [14,15]. Therefore, the ability to perform quantitative multi-agent and multi-material imaging with photon-
counting spectral CT has the potential to usher in a new revolution in biomedical imaging, enabling precision imaging of
multiple targets/tissues in cancer detection and treatment.

2.2. Materials and Methods

Imaging phantoms were prepared comprising Au NPs [6,16], HfO, NPs [9], and iodine (iohexol). Note that Au NPs have
become the most prominent NP X-ray contrast agent used in preclinical research, HfO, NPs are a novel contrast agent
leveraging the favorable location of the Hf k-edge near the mean photon energy of clinical CT systems, and iodine is the
most prominent X-ray contrast agent used in clinical diagnostic imaging [6,9]. Contrast agent solutions were prepared at
10, 20, and 50 mM concentrations and dispersed in 1% agarose to maintain homogeneity and stability over a period of
months. Aliquots of each agent and concentration were pipetted into separate Eppendorf tubes and solidified rapidly on
ice. An excised rabbit femur was also embedded in 1% agarose and imaged as an additional control sample for comparison.
Note that the background attenuation due to agarose in the phantoms was verified to be negligible. The accuracy of
concentrations was also verified for Au NPs using inductively coupled plasma-optical emission spectroscopy after
digesting samples in 3% aqua regia.

Phantoms were imaged using commercially-available photon-counting spectral micro-CT (MARS Bioimaging Ltd.,
Christchurch, NZ) with a 120 kVp source and ~100 pm voxel size. Conventional CT images were acquired using a single
energy bin (33.1-65.0 keV) selected for the range with the highest photon count rate in typical clinical imaging systems.
Measured linear attenuation coefficients were converted to Hounsfield units (HU) using an internal sample calibration
with the mean linear attenuation coefficients measured for air (-1000 HU) and water (0 HU). Spectral CT used a photon-
counting detector comprising a CdZnTe semiconductor bonded to a Medipix3RX ASIC (CERN) which enabled
simultaneous image acquisitions within multiple energy bins [17], which were set to 7.0-14.8, 14.8-33.1, 33.1-65.0, 65.0-
80.1, and 80.1-120 keV, in order to leverage the k-edge of iodine (33.2 keV), hafnium (65.4 keV), and gold (80.7 keV).
Quantitative material decomposition was performed using a quadratic programming algorithm (Matlab v9.0) with a
maximum a posteriori estimator [18]. The material decomposition algorithm was calibrated to known concentrations
including: 50 mM contrast agent concentrations, a bone mimicking composition containing 40 vol% hydroxyapatite [19],
acrylic plastic, 1% agarose, and water. The fractional abundance of Au, Hf, and I were then assigned to RGB channels,
respectively, and scaled to mM concentrations.

A subcutaneous injection of 0.25 mL of 20 mM Gd,O; NPs in 1% agarose was administered to a mouse post-mortem to
demonstrate quantitative molecular imaging with photon-counting spectral CT compared to conventional CT image slices
and reconstructions. Image acquisition and materials decomposition used the same methods described above except that
energy bins were tailored to the k-edge of Gd (50.2 keV).

3.3. Results and Discussion

In conventional CT images, multiple contrast agents (Au NPs, HfO, NPs, and iodine) were indistinguishable from each
other and exhibited weak signal relative to adjacent bone tissue (Fig. 1), such that a contrast agent (Gd,03) administered
to an animal was not readily distinguished from bone (Fig. 2). In contrast, photon-counting spectral CT enabled
simultaneous color delineation and quantitative molecular imaging of each contrast agent (Fig. 1). Accurate quantitative
multi-material decomposition was enabled by energy-dependent differences in the X-ray attenuation of each material.
Each contrast agent was also able to be clearly distinguished from bone and water (or soft tissue) in spectral CT (Figs. 1
and 2), although a small amount of erroneous Au signal was observed immediately adjacent to the bone phantom, likely
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due to beam hardening (Fig. 1). Note that concentrations of 10-50 mM are representative of the mass concentration of
contrast agent that can be delivered to a targeted site of interest in preclinical animal models [6]. Thus, photon-counting
detectors and NP contrast agents may act synergistically to transform CT into a quantitative molecular imaging modality
capable of multi-agent/material imaging in preclinical animal models.
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Figure 1. Conventional and photon-counting spectral CT (MARS Bioimaging) images of phantoms containing (clockwise
from top) water, Au NPs (red), iodine (blue), a rabbit femur (white), and HfO, NPs (green), at 10, 20, and 50 mM contrast
agent concentrations. Photon-counting spectral CT enabled clear, color delineation and quantitative molecular imaging of
multiple contrast agent compositions, at concentrations suitable for in vivo delivery, and multiple tissues (bone and water),
which were not able to be distinguished in conventional CT images.
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Figure 2. Conventional CT image slice, 3D reconstruction, and 3D material decomposition reconstruction acquired with a
photon-counting spectral CT (MARS Bioimaging) showing a mouse after subcutaneous injection of 0.25 mL of 20 mM Gd,0;
(green labels) NPs post-mortem. Photon-counting spectral CT enabled the NP imaging probe to be clearly distinguished from
skeletal tissue and other anatomic structures in the mouse.
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3. DETECTION OF BREAST MICROCALCIFICATIONS

3.1. Significance

Microcalcifications (pcals) are the most common abnormality detected by mammographic screening for breast cancer,
coincident with 30-50% of detected breast cancers [20]. However, the detection of pcals and correct diagnosis of breast
cancer are limited by the sensitivity and specificity of mammography, especially in women with radiographically dense
breast tissue which can mask abnormalities [21,22]. Therefore, bisphosphonate-functionalized gold NPs (BP-Au NPs)
were developed as a targeted X-ray contrast agent for pcals due to the high binding affinity of BP for the hydroxyapatite
(HA) mineral in pcals [7] and were shown to enable contrast-enhanced detection of breast pcals in both normal [23] and
radiographically dense [24] mammary tissue in vivo.

3.2. Materials and Methods

Breast pcals were detected in vivo by targeted delivery of BP-Au NPs and contrast-enhanced CT. Au NPs, ~13 nm in
diameter, were synthesized using the citrate reduction method and surface functionalized with alendronate, which provided
a primary amine for binding to the Au NP surface opposite BP ligands for targeting calcium in HA pcals. The size
distribution, colloidal stability, and HA binding affinity of BP-Au NPs was characterized in detail in previous studies
[7,16]. A murine model of pcals was developed to allow for precise, a priori control over the level of mineral deposits
within mammary glands (MGs) [23,24]. All studies were approved by the Institutional Animal Care and Use Committee
at the University of Notre Dame. Microcalcifications were created by injecting the left number 4 MG with 50 pL of
Matrigel (BD Sciences), a hydrogel comprised of extracellular matrix proteins, containing 0.5 or 5.0 mg/mL HA. The
right MG was injected with 50 uL of Matrigel alone as a contralateral control. BP-Au NPs were administered to
anesthetized mice by intramammary delivery 24 h after creating pcals in MGs at a total dose of 2 mg Au per mouse from
100 puL of 50 mM BP-Au NP solutions injected into each MG. Anesthetized mice were imaged in vivo by CT (Bruker
Albira) immediately prior to delivering BP-Au NPs (0 h), and longitudinally at 3, 6, 24 and 48 h after delivering BP-Au
NPs. CT images were acquired at 45 kVp, 400 pA, 250 ms integration time and 125 pm resolution for 600 slices with a
0.5 mm aluminum filter.

Quantitative molecular imaging of model breast pcals targeted by BP-Au NPs was investigated using photon-counting
spectral CT. BP-PEG-Au NPs were prepared as described above except that a polyethylene glycol (PEG) linker was added
between the Au surface and BP to further improve biostability. HA crystals were labeled with 50 mg/L of BP-PEG-Au
NPs in vitro and the amount of NP binding was verified using ICP-OES. Model pcals were created in 10-week-old female
FVB mice by injecting 100 pL of Matrigel containing 10 mg/mL Au-labeled HA into the fat pad of the right number 4
MG. Matrigel alone was injected into the left MG as a contralateral control. MGs were excised from the mice, embedded
in 3% agarose, and imaged ex vivo using a photon-counting spectral micro-CT (MARS Bioimaging Ltd., Christchurch,
NZ) with a 120 kVp source at 18 pA, 720 projections, ~300 um resolution, and a 2 mm Al filter. Spectral CT used a
photon-counting detector comprising a CdZnTe semiconductor bonded to a Medipix3RX ASIC (CERN) which enabled
simultaneous image acquisitions within multiple energy bins [17], which were set at 7.0-30.9, 30.9-50, 50-60, 60-73, and
73-120 keV. Conventional CT images were acquired as the average of all energy bins. Quantitative material
decomposition was performed using a quadratic programming algorithm (Matlab v9.0) with a maximum a posteriori
estimator [18]. The material decomposition algorithm was calibrated to known concentrations including: air, water,
calcium chloride solutions at 350, 700, 1050, and 1400 mM, and gold chloride solutions at 25, 50, 75, and 100 mM. The
fractional abundance of detected Ca and Au were then assigned to color channels and scaled to mM concentrations.

3.3. Results and Discussion

BP-Au NPs targeted pcals and provided enhanced contrast for in vivo detection with conventional CT (Fig. 3a). Improved
sensitivity was demonstrated by contrast-enhanced detection of pcals that were otherwise below the CT detection limit
[23,24]. Improved specificity was demonstrated by contrast-enhanced detection of pcals that were above the CT detection
limit, but difficult to distinguish from other structures of the breast (Fig. 3a), such as dense breast tissue [24]. The measured
biodistribution of Au 48 h after delivery confirmed efficient targeting of BP-Au NPs to pcals, gradual clearance from the
injection site, and low levels of uptake in the liver, spleen, and kidneys [23,24]. These results suggest that targeted NP
imaging probes, such as BP-Au NPs, have the potential to improve sensitivity and specificity for the detection of breast
abnormalities using conventional CT and mammography imaging systems. While potentially advantageous for translation,
conventional systems do not permit quantitative material decomposition. However, photon-counting spectral CT enabled
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decomposition of the Ca and Au signals, and thus quantitative molecular imaging of the Ca and Au concentration in model
pcals targeted by BP-PEG-Au NPs, rather than only relative differences in grayscale contrast as in conventional CT
(Fig. 3b). This result suggests that the ability to detect separate and coincident signal from both the Au NP imaging probe
and Ca pcal could provide greater confidence in distinguishing true positives from false positives.
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Figure 3. (a) Three-dimensional (3D) CT reconstructions showing microcalcifications (pcals) in murine mammary glands
(arrows) before and 48 h after intra-mammary delivery of BP-Au NPs in vivo. BP-Au NPs enabled contrast-enhanced
detection of pcals due to specific binding interactions, retention by pcals, and clearance from nontargeted tissue (contralateral
control site). (b) Conventional and photon-counting spectral CT (MARS Bioimaging) images of an excised murine mammary
gland containing a model pcal labeled by BP-PEG-Au NPs.

4. IMMUNOTARGETED IMAGING PROBES

4.1. Significance

Immunotargeting has emerged as a clinically successful therapeutic strategy for specific breast cancer subtypes, e.g.,
HER2+ breast cancer, which has led to research on immunotargeted imaging probes. The ability to target specific cancer
subtypes and cell populations could enable improved diagnostic imaging for the early detection of recurrence or
metastases, identification of the tumor margin in preoperative staging, and monitoring therapeutic progression [1-3].
Molecular imaging of cancer using various optical probes has become a powerful tool in preclinical research [25,26], but
is only translatable to clinical diagnostic imaging of surface lesions due to the limited depth of penetration of visible and
near-infrared light [27]. MRI, PET, and SPECT offer clinical molecular imaging and high sensitivity, but are often limited
by low specificity, high cost, and/or the use of radiopharmaceuticals [12-15]. Combined anatomic and molecular imaging
with CT would be advantageous due to the relatively high spatial resolution, low cost, and wide availability of CT, but
must overcome the relatively low sensitivity of CT. The sensitivity of contrast-enhanced CT for detecting a small number
of cells in a heterogeneous environment is not yet known.

Women diagnosed with ovarian cancer suffer high mortality and poor prognosis largely due to late diagnosis [29].
Improved detection of primary tumors and recurrence after chemotherapy is therefore crucial to reduce ovarian cancer
mortality and improve progression free survival [27,29]. Ovarian cancer stem cells (CSCs) are thought to be a source of
chemoresistant tumor metastases and biomarkers like CD133 are overexpressed in chemoresistant cells [30,31]. Therefore,
immunotargeted NP imaging probes were investigated for targeting and identifying ovarian CSCs overexpressing CD133
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using multimodal imaging. Core-shell NP imaging probes were designed to enable molecular imaging using both
fluorescence for preclinical validation and CT for possible clinical translation.

4.2. Materials and Methods

Au@SiO; core-shell NPs were synthesized, volume-loaded with fluorophores, and immunoconjugated (Fig. 4a,b) using
methods described in detail elsewhere [8]. The SiO, shell was volume-loaded with rhodamine B isothiocyanate (RITC)
or DyLight 650, to provide red fluorescence, and bioconjugated with either IgG or anti-CD133, which was verified by
protein agglomeration assay. SKOV3IP (ATCC) ovarian cancer cells were maintained in RPMI medium supplemented
with 10% (v/v) fetal calf serum and 2 mmol/L L-glutamine in a 5% CO,, 37°C incubator with 100% humidity. NPs were
incubated for up to 24 h with SKOV3IP cells overexpressing either a CD133-GFP (green fluorescence protein) fusion
protein or GFP-only as a negative control. Cells were imaged by epifluorescence microscopy and confocal microscopy.
The binding kinetics and affinity was quantified by the fluorescence signal using both microscopy and flow cytometry.

Model tumors (Fig. 4e) were created by collecting and pelleting cells after incubation with NPs. SKOV3IP-CD133-GFP
cells were trypsinized and fixed using 4% buffered para-formaldehyde. Fixed cells were transferred to 10 mM phosphate
buffered saline, incubated with Au@SiO,(RITC)-anti-CD133 NPs for 12 h at 4°C, and collected by centrifugation at
300 rcf for 5 min. The binding efficiency of the NP imaging probe was ~50%, which translated to 0.024 mg Au/10° cells.
Control and immunotargeted cell pellets, ~2 mm in diameter, were embedded in phantoms comprising 2% agarose buffered
with 10 mM PBS in 1.5 mL Eppendorf tubes using a biopsy punch to create a well that was backfilled with more agarose.
Cell pellets were comprised of 2:10° cells in 12.5 pL which was pipetted into the agarose well. Phantoms were imaged
by multispectral fluorescence (Bruker Xtreme) using a 12 cm field of view, F-stop of 1.1, and 0 mm focal plane. A Cy5
filter (excitation = 600-630 nm, emission = long pass 700 nm filter) was used for imaging DyLight 650 in NPs and a FITC
filter (excitation = 475-495 nm, emission = long pass 530 nm filter) was used for imaging GFP in cells. Phantoms were
also imaged by micro-CT (Scanco pCT-80) at 45 kVp, 177 pA, and 800 ms integration time for 720 projections, with a
10 um voxel size and no beam filtration.
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Figure 4. (a) Transmission electron micrograph of as-prepared Au@SiO, core-shell NPs and (b) schematic diagram showing
Au@SiO,(RITC)-anti-CD133 NPs designed for bimodal fluorescence and radiographic imaging, and immunotargeting
ovarian cancer cells which overexpress CD133. Au@SiO,(RITC)-anti-CD133 NPs exhibited specific targeting for CD133+
cells (SKOV3IP-CD133-GFP) compared with (c) control cells and (d) Au@SiO,(RITC)-anti-IgG NPs after 4-24 h incubation
in vitro. Both CD133+ and control cells also overexpressed GFP for visualization. (d) Cell surface targeting was confirmed
with z-stack images in confocal microscopy. (e) Imaging phantom of model tumors comprising cell pellets embedded in
agarose showing quenched but visible GFP signal and strong red fluorescence, and contrast-enhanced detection by micro-CT,
of CD133+ cell pellets immunotargeted by Au@SiO,(Dy650)-anti-CD133 NPs.
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4.3. Results and Discussion

A modular platform was developed for preparing Au@SiO, core-shell NP imaging probes (Fig. 4a) designed for
immunotargeting and multimodal imaging (Fig. 4b) [8]. Au@SiO,(RITC)-anti-CD133 NPs exhibited target specific
binding to overexpressed surface receptors on CD133+ cells and only limited non-specific binding to the extracellular
matrix surrounding negative control cells or by isotype control NPs (Fig. 4c,d). After immunotargeting by
Au@SiOy(Dy650)-anti-CD133 NPs, CD133+ cell pellets exhibited quenched but visible GFP and strong red fluorescence.
Importantly, Au@SiO,(Dy650)-anti-CD133 NPs enabled contrast-enhanced detection of CD133+ cell pellets in micro-
CT (Fig. 4e). Note that the concentration of Au within the cell pellet volume was ~20 mM, which was shown above to be
detectable in a mouse (Fig. 2). Therefore, these results suggest that immunotargeted NP imaging probes and molecular
imaging with CT may act synergistically to improve (1) early detection of small tumors and micrometastases, which will
allow early treatment and thus improved progression free survival, and (2) quantitative assessment of therapeutic response
for personalized treatment strategies. A comparable approach to non-invasively identify specific cell populations using
an anatomic diagnostic imaging modality does not presently exist. Moreover, this approach may be effective at detecting
small tumors and micrometastases which are currently not able to be detected in ovarian cancer patients resulting in delayed
diagnosis and contributing to chemoresistance. Thus, this innovative approach could have a transformative impact on the
diagnosis and treatment of recurrent ovarian cancer.

4. CONCLUSIONS

NP contrast agents and photon-counting detectors have synergistically transformed CT into a quantitative molecular
imaging modality capable of multi-agent/material imaging in preclinical studies. In the future, immunotargeted NP
imaging probes and molecular imaging with CT may also act synergistically to realize precision imaging for cancer
detection and treatment.
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