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ABSTRACT 
 

Contrast-enhanced computed tomography (CT) and 

spectral (color) X-ray CT have the potential to enable 

molecular imaging in CT and complement PET scans and 

MRI scans as a cheaper yet highly sensitive, high resolution, 

diagnostic tool. However, there is a lack of contrast agents 

designed to leverage the capabilities of spectral CT fully. In 

this talk, we will present a modular approach we have 

developed to create a spectral library of core-shell 

nanoparticle (NPs) contrast agents. The synthesis method 

will have broad applications in biomedical imaging due to 

potential for scalable synthesis of multi-modal imaging 

probes (e.g., fluorescence, MRI, X-ray, plasmonic 

resonance), dosed delivery of therapeutics and active 

targeting through molecular surface functionalization. Gold 

NPs (Au NPs), gadolinium oxide NPs (Gd2O3 NPs) and 

hafnium oxide NPs (HfO2 NPs) core compositions were 

prepared at a standard size (~10 nm) using solution phase 

synthesis. Controlled addition of silica shells (1-15 nm) 

enabled controlled loading of fluorescent molecules and 

provided a common platform for molecular surface 

functionalization. Antibodies and other small molecules 

were efficiently conjugated to the nanoparticles using 

appropriate CLICK chemistry. The bioactivity and 

orientation of antibodies conjugated to NPs were confirmed 

through agglomeration assays and electron microscopy.  

Quantitative assays reported a steady conjugation efficiency 

of 75%-80%. Bioconjugation allowed the multi-modal 

bioactive NPs were then successfully targeted in vitro and in 

vivo to metastasis-promoting cd133(+) SKOV3-IP cells, 

which are responsible for poor prognosis in ovarian cancer 

patients. The in-vitro and in-vivo data can be discussed in 

detail with the corresponding author.   
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1 INTRODUCTION 
Tumor masses can be imaged and identified in vivo using 

different imaging modalities like PET, SPECT, MRI, and 

X-ray CT. [1] PET and SPECT enable molecular imaging 

with targeted radiotracer probes, which has been used for 

non-invasive biopsy [2] detecting changes in tumor 

metabolism,[3] characterizing disease stage and 

progression, [4] and assessing the efficacy and 

biodistribution of drugs. Compared to the other 

techniques, CT provides low cost, rapid acquisition of high 

resolution anatomic images of bones, tumor mass, vascular 

density, and vascular permeability.[5-7] The lack of 

molecular imaging is a major limitation of CT, but recent 

advances in energy-sensitive photon-counting detectors 

have made spectral (color) CT feasible by unmixing the 

energy-dependent attenuation profile of different materials 

(Fig. 1) which opens a pathway for molecular imaging in 

CT.[8] 

Spectral CT has the potential to be transformative in 

biomedical and clinical imaging; however, spectral 

differences in physiological fluids and soft tissues are 

sufficiently small that contrast agents are needed to take full 

advantage of spectral CT. Thus, like PET and SPECT, 

molecular imaging with CT will require the use of probes 

designed to target cells/tissues and provide enhanced soft 

tissue contrast.[9] Unlike PET and SPECT, these probes will 

not be radioactive and CT will provide simultaneous 

molecular and anatomic imaging at high spatial resolution. 

However, realization of these benefits requires that new  
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Fig. 1. (a) Spectral CT utilizes differences in the X-ray 

mass attenuation coefficient of tissues versus material 

compositions selected for nanoparticle (NPs) X-ray 

contrast agents with K-absorption edges from ~50 to 80 

keV and L-absorption edges from ~10 to 15 keV. Note 

that the colors shown correspond to the visible spectrum 

by analogy only; colors are assigned to spectral CT 

images. (b) An acrylic phantom containing aluminum 

(to model bone), 50 mM gadolinium basis Gd
2
O

3
 NPs, 

2 5 mM Gd basis + 25 mM Au basis, 50 mM gold basis 

Au NPs, and water within 3 mm diameter wells was 

imaged using the Argonne synchrotron source. A spectral 

unmixing plugin in ImageJ was used to create a composite 

spectral CT image showing clear, color delineation of 

each NPs composition.   
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Fig. 2. TEM images of nanoparticles (NPs) synthesized. (A) 
NP cores showing (a) well separated AuNPs-PVP 13-15 nm 
in diameter, (b) AuNPs-oleylNH

2
 ~ 16-19 nm in diameter 

and (c) amorphous Gd
2
O

3
NPs-oleate 13-17 nm in diameter. 

(B) Core-shell NPs encapsulated in silica shell of varied 
thickness demonstrating control over  silica shell 
thickness. (a) AuNPs-PVP-TEOS with ~2 nm thick silica (b) 
AuNPs-oleylNH

2
-TEOS with > 20 nm thick silica and (c) 

Gd
2
O

3
NPs-oleate with ~2 nm thick silica. Silica is visible as 

a light colored ring around the dense opaque metal core 
of the NPs. (C) EDXS spectra of (a) AuNPS-PVPTEOS and 
(b) Gd

2
O

3
NPs-oleate-TEOS confirm the presence of silica 

shell.  All scale bars are 10 nm. 
 

probes are developed to leverage the capabilities of spectral 

CT in specific clinical applications. For example, gold NPs 

(AuNPs) surface functionalized with molecular ligands 

were recently demonstrated to enable contrast-enhanced 

detection of breast microcalcifications by CT after targeted 

delivery in vitro and in vivo. NPs also provide a robust 

platform for designing multi-functional (targeting, 

imaging, drug delivery, etc.) and multi-modal (CT, MRI, 

fluorescence, etc.) probes.[10,11] Thus, spectral CT, 

combined with a spectral library of nanoparticle X-ray 

contrast agents can provide a transformational technology 

that will enable scientists and physicians to 

simultaneously differentiate tissue components and body 

fluids, which were not previously possible by X-ray 

imaging. The impact could be far-reaching, affecting any 

preclinical and clinical X-ray imaging for the study, 

diagnosis, and treatment of disease and injury. 

The primary objective of this project was to utilize custom-

synthesized core-shell NPs (NPs) to specifically target and 

non-invasively distinguish the primary tumor mass from 

adjacent normal tissue, identify metastatic sites, and 

enhance visualization of the tumor vasculature. 
 
 

Fig. 3. TEM images of HfO
2 

nanoparticles (NPs) 

synthesized. (A) NP cores showing (a) HfO
2 
NPs-PVP 13-15 

nm in diameter and (b) HfO
2 
NPs-PVP-TEOS ~ 16-19 nm in 

diameter. (B) EDXS spectra of HfO
2 

NPs-PVP-TEOS 

confirm the presence of silica shell.  
 

2 EXPERIMENT 
a. Materials: AuCl3.3H2O (99% sigma), Citric acid (>99%, 

sigma), DI water, Gd(NO3) 3.6H2O (99.9% Sigma), NaOH 

(99% Sigma), Diethylene glycol (DEG, 99% sigma), Oleic 

acid (>99% Sigma), Cyclohexane(99% sigma), Igpal-Co-

520 (Sigma), Polyvinylpyrrolidone MWCO 40,000 

(PVP40K, Sigma), ethanol (95% VWR), 

tetraethylorthosilicate (TEOS) (>99% sigma), 

aminopropyltriethoxysilane (APTES)(>98% sigma), 

Fluorescein iosthiocyanate (FITC) (90% Sigma), 

Rhodamine B isothiocyanate (RITC) (sigma), 20% w/v 

NH4OH (J.T.Baker), Citric acid, Hafnium Chloride, 

Ethylene glycol 

b. PVP-40K stabilized gold NPs (AuNPs-PVP): Gold 

nanoparticles (AuNPs) were synthesized to a mean particle 

diameter of 13-15 nm using the citrate reduction method. 

Briefly, 0.1g AuCl3.3H2O was added to 400 mL of de-

ionized (DI) water and the solution was boiled vigorously 

while stirring. A 1% solution of citric acid (ACS 

reagent,>99.0%, Sigma) was added to the boiling solution at 

a mass ratio of 5:1 of  Au3+ to citrate ion and left boiling for 

an additional 20 min. The solution volume was then adjusted 

to a total of 500 mL using DI water and the solution was 

allowed to stir overnight. The resulting AuNPs solution had 

a gold concentration of 0.5 mM and a wine red color.  PVP-

40K was adsorbed to the surface of AuNPs by adding 1.5% 

w/v PVP40K to the AuNPs solution and letting it stir for 24h 

at room temperature. At the end of 24h the AuNPs were 

centrifuged down thrice at 10000 rcf and resuspended in 

ethanol each time. The final solution of AuNPs-PVP was 

resuspended in 500 ml of ethanol. 

d. Fluorescent gold NPs through modified stoeber method: 2 

ml of AuNPs-PVP (~0.5mM Au3+) in ethanol was mixed 

a b c A 

B a b c 
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with 0.035 ml solution of TEOS/APTES 2:1v/v ratio 

containing 0.04M FITC, 0.15M APTES and 0.30M TEOS. 

Under stirring, 0.060 ml of 20% w/v NH4OH was added 

rapidly and the solution was allowed to stir for 24h at room 

temperature. At the end of 24h the silica coated AuNPs were 

rinsed thrice in ethanol using centrifugation and resuspended 

in 3 ml of ethanol. 

e. Oleic acid stabilized Gd2O3 NPs (Gd2O3NPs-oleate): 0.1M 

Gd(NO3)3.6H2O and 0.125M NaOH were dissolved under 

stirring in 20 ml of DEG at 140°C. The solution was then 

heated to 200°C and the temperature was held for 30 

minutes. After 30 minutes the heat was switched off and 

oleic acid was added to a final concentration of 0.3M. The 

NPs solution was then allowed to stir overnight at room 

temperature. The Gd2O3NPs-oleate were rinsed thrice in 

methanol using centrifugation and resuspended in methanol 

at a ~Gd3+ concentration of 0.1M. 

f. Reverse microemulsion core shell Gd2O3 NPs (Gd2O3NPs-

oleate-TEOS): 0.02 g of Gd2O3NPs-oleate powder (~55 

mmoles Gd3+) was dispersed in 8.5 ml of cyclohexane under 

sonication. To this igepal-co-520 was added to a final 

concentration of 0.125 M. TEOS was added to a 

concentration 0.03M. Under stirring 0.105 ml of 20% w/v 

NH4OH was added rapidly and the solution was allowed to 

stir for 24h at room temperature. At the end of 24h the silica 

coated Gd2O3NPs-oleate were rinsed thrice in isopropanol 

using centrifugation and resuspended in 10 ml of ethanol. 

g. PVP-40K stabilized HfO2 NPs: (HfO2NPs-PVP):  1 mole 

of citric acid was dissolved in de-ionized water, followed by 

the addition of 0.1mole of HfCl4 and stirred vigorously till 

they are dissolved. Then 4 moles of ethylene glycol (EG) was 

added at room temperature. Next, the solution was heated at 

90 °C under slow stirring to remove excess water and to 

accelerate polyesterification reactions. This treatment 

produced a viscous material that became a semi-transparent 

glassy resin upon cooling. In order to obtain the HfO2 

nanoparticles, the resin was heat-treated in a furnace at 

575°C in air for 2 h. The HfO2 NPs were dispersed in de-

ionized water at a concentration of 0.5 mM w.r.t Hf 4+ ions. 

PVP-40K was adsorbed to the surface of HfO2 NPs by adding 

1.5% w/v PVP40K to the HfO2 NPs solution under 

sonication and then letting it stir for 24h at room temperature. 

At the end of 24h the HfO2 NPs were centrifuged down thrice 

at 10000 rcf and resuspended in ethanol each time. The final 

solution of HfO2NPs-PVP was resuspended in ethanol to a 

concentration of 0.5 mM w.r.t Hf 4+ ions. 

h. Modified stoeber method core shell HfO2NPs (HfO2NPs-

PVP-TEOS): 3 ml of HfO2NPs-PVP (~0.5mM Hf4+) in 

ethanol was mixed with 3.5 ml of ethanol. To this TEOS was 

added to a concentration 0.015M. Under stirring 0.040 ml of 

20% w/v NH4OH was added rapidly and the solution was 

allowed to stir for 24h at room temperature. At the end of 

24h the silica coated HfO2NPs-PVP were rinsed thrice in 

ethanol using centrifugation and resuspended in 3 ml of 

ethanol. The size and shape distribution of NPs was 

characterized using transmission electron microscopy on a 

JEOL 2011T operated at 200keV. Fluorescence microscopy 

images were obtained using a Nikon eclipse600 microscope 

fitted with a QIclick CCD camera. Elemental analysis was 

done through an INCA EDXS attachment to the JEOL 2011T 

TEM at 200keV with the sample tilted 15°. 

3 DISCUSSION 
 In research published previously by us, silver NPs were 

conjugated to antimouse-IgG and these biofunctionalized 

silver NPs were observed to bind specifically to protein-

A on living cell surfaces. Similarly, a library of peptide 

modified silver NPs showed surface charge dependent 

toxicity or biopassivity in live zebra fish embryos. Thus, 

cell specific NPs or freely diffusing NPs can be designed 

by manipulating the surface functional groups. Moreover, 

several recent studies have shown that AuNPs surface 

functionalized with appropriate molecular ligand or 

antibodies were able to target and provide enhanced X-ray 

contrast for breast microcalcifications [10, 11], tumors and 

tumor cells, and lymph nodes.  

Core-Shell NPs: For targeting and distinguishing tumor 

cells from the blood pool, a modular approach has been 

used for the synthesis of X-ray contrast agents to allow 

for efficient optimization of probe design. To achieve 

modularity, the X-ray contrast agents will comprise core- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Fluorescent gold NPs synthesized in house. (A) 
(a) The dark field optical microscopy (DFOM) image of 
volume labeled FITC gold@SiO2 core shell NPs and (b) 
corresponding fluorescent image from FITC. (B) (a) The 
DFOM image of volume labeled RITC labeled 
gold@SiO2 core shell NPs and (b) corresponding 
fluorescent image from RITC. (C) (a) The DFOM image 
of modified stoeber method FITC labeled gold@SiO2 
core shell NPs and (b) corresponding fluorescent image 
from FITC. 
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shell NPs with a diameter of 10-15 nm, an X-ray 

attenuating core composed of Au or Gd and a shell 

composed of silica (Fig. 2). Methods to prepare these core-

shell NPs were developed by modifying existing methods 

for adding a silica shell to AuNPs [ 20, 21]. In fact, the data 

clearly demonstrates the synthesis o f  AuNPs-PVP, Au-

NPs-oleylNH2 and GdNPs-oleate (Fig. 2A), and 

demonstrated encapsulation with silica shell of tunable 

thickness (Fig. 2B). For AuNPs the silica shell deposited 

using the modified stoeber method was ~2.58± 0.75 nm in 

thickness but the silica shell deposited using the reverse 

microemulsion method was between 15-20 nm thicknesses. 

For GdNPs the silica shell deposited using the reverse 

microemulsion method was ~2.64± 0.32 nm in thickness. 

The GdNPs and HfNPs utilize stable oxides of these 

metals (Gd2O3 and HfO2) which render the NPs highly 

stable. Furthermore, each core-shell NP will have a 

m i n i m u m  silica shell of 2 -10 nm thickness 

encapsulating the core, which will further render the NPs 

bio-inert and cytocompatible.  

Fluorescent labeling of NPs: The feasibility of 
embedding fluorophores like fluorescein or rhodamine B in 
the silica shell of gold NPs was explored by volume labeling 
AuNPs-oleylNH2 using the reverse microemulsion 
technique or through the modified stoeber method as 
described in the experimental section. [ 24] (Fig.3). Volume 
labeling is a simple process where fluorescent silanes are 
used as precursors for the formation of silica shell on NPs.  
The fluorescence intensity agreed well with TEM data. The 
fluorescence intensity/NP was a magnitude higher in 
intensity for NPs volume labeled using the reverse 
microemulsion technique (Fig.4A-B) as opposed to NPs 
volume labeled using the modified stoeber method (Fig.4C). 
This was expected as TEM data showed that the silica shell 
deposited on AuNPs through reverse microemulsion was 
2.5x-5x thicker than the silica shell deposited on AuNPs 
through the modified Stoeber method.  

4 CONCLUSION 
CT imaging is frequently used in clinical oncology to 

detect or confirm the presence of a primary tumor, to 

evaluate metastatic spread, and to screen for disease 

recurrence, but is limited by relatively low sensitivity. The 

nanoparticle X-ray contrast agents being developed will be 

used to simultaneously image a tumor and vasculature in a 

human tumor xenograft murine model, and will provide 

proof-of-concept for a potential clinical application of 

spectral CT in cancer management. A third NPs contrast 

agent based on hafnium oxide was also synthesized since the 

Kedge of hafnium is ~65 keV which is ideally placed 

between the K-edge of gadolinium which is at ~50 keV and 

gold which has a Kedge of ~80keV. This three NPs contrast 

system will in theory allow us to use spectral CT to 

distinguish tumor mass from tumor vasculature and from 

lymph nodes allowing us to detect the primary location of the 

tumor and metastasis in lymph nodes. Thus, spectral CT 

with suitable contrast agents could enhance the detection 

of tumors, tumor vasculature, and metastatic disease 

within regional lymph nodes, resulting in significantly 

improved cancer diagnosis potentially leading to improved 

treatment and prognosis.  
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