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Nanoparticle Contrast Agents

* luminescence, fluorescence
(e.g., QDs, Au NPs)

« optical coherence tomography
(e.g., Au NPs)
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* electron microscopy
(e.g., immunogold)

* radiography, computed tomography
(e.g., Au NPs)

* magnetic resonance imaging
(e.g., SPIO or Fe30,)
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Computed Tomography (CT)

Clinical Significance

« 75% of clinical diagnostic imaging
procedures use X-rays. Yu et al., 1999

70 million CT scans per year in U.S.
de Gonzalez et al., 2009

Advantages
 non-invasive 3D anatomic imaging

* high spatial and temporal resolution

* low cost and wide availability
Elliott, 2005, Kircher et al., 2012; Goldman, 2009

Limitations

* low attenuating tissues require contrast agents for imaging
* lower sensitivity (mM) compared to PET and MRI (uM)

« molecular imaging not (yet) possible
Willmann et al., 2008, Kircher et al., 2012 &g%ﬁﬁsﬁkﬁﬁ
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Renaissance in X-Ray Contrast Agents
1895 - 1st X-Ray 1920s - BaSOy - 1930s -___iod_ilr]__:_e

Roentgen . White et al., 2001 d
2010s - Au NPs

2010s + Bi, Gd,05, HfO,, Ta,0O5, WOs3,
Yb,0O3; and other NPs!
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Au NPs as X-ray Contrast Agents

Milestones

~2004 1st demonstrations as a blood pool contrast agent
Hainfield et al., 2004, 2006

~2010 1st demonstrations of targeted delivery in vivo
Sun et al., 2009; Chanda et al., 2010; Cormode et al, 2010; Eck et al., 2010

Advantages
* high X-ray attenuation

- high mass concentration per particle
- k-edge at 80.7 keV

* non-toxicity
» facile synthesis of monodispersed NPs
« facile surface functionalization leveraging thiol and amine linkages

- colloidal stability
- vascular retention

- targeted delivery UNI%’ERSITY OF
NOTRE DAME
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Design of Targeted NP Imaging Probes

(1) Delivery (2) Non-Toxic (3) Targeting and Localization (4) Contrast-Enhancement
“go where we want” “do no harm “stay where we want’ “show what we want”
EREREay cell surface before delivering Au NPs
* surface receptor receptor-mediated
binding endocytosis
@

~§~~( non-cytotoxic /

b/ood Ve~. to organs !

Sse/ N J

- o '
clearance by e S - Sooes

mononuclear phagocyte .....
and renal systems o
Structure - Property <€ Function
composition (Z) X-ray attenuation X-ray contrast enhancement
mass concentration colloidal stability : .
: N targeting and localization
size and morphology retention time _ y
molecular-linkages biodistribution deliverability
surface functional group cytotoxicity non-toxic
UNIVERSITY OF
Cole et al., Nanomedicine, 2015 NOTRE DAME
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Contrast-Enhancement & X-ray Attenuation

X-ray source

X-ray detector

A | = lye™XM/P
-

specimen
contrast agent

« contrast agent X-ray attenuation (u, HU)

— atomic number (Z), density, absorption edges

— X-ray source energy (kVp) and spectra

— contrast agent mass concentration

« background X-ray attenuation (u, HU)

AHU = 30 between contrast agent and background required for detection.

Cole et al., Nanomedicine, 2015
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X-Ray Attenuation of Contrast Agents
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Comparative experiments must consider the X-ray source spectra produced
by a system at a given tube potential (kVp) relative to absorption edges.

UNIVERSITY OF
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Contrast-Enhancement by Targeted Au NPs

Image contrast is all about  Delivered dose is not directly

delivered dose. related to administered dose.
=)
I .
= _ clearance vs. targeting
2 Q AHU =0 « stability
S o * Size
[ = - molecular surface
< Q functionalization
o « delivery method
0
X

[Au NP] (mM) Initial [Au NP] (mM)

UNIVERSITY OF

Cole et al., Nanomedicine, 2015 NOTRE DAME
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Au NP Characterization

DLS—>- hydrodynamic diameter
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Effects of Au NP Size

Gold Concentration (mg/mL)
0 2 4 6 8 10
800 1 1 1 1 1
| —45KkVp
700 y=13.4x+14.5
5 600 R? =0.998
= 70 kVp
§500F  y=10.9x+7.0
S R?=0.998
£ 400
| Au NP size —» = X-ray attenuation éi 300 A 4 HAuUCl4
per mass Au 5 ©°5nm
2 s 200 ® ¢ 13 nm
T # Au NPs/m< HA oo 35 nm
| mg Au/g HA 100 W76 nm
0 ] ] ] ]

0 10 20 30 40 50 60
Gold Concentration (mM)

UNIVERSITY OF

Ross et al., Chem. Mater., 2014 NOTRE DAME
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Effects of Au NP Size

Reference Size (nm) # Au NPs/cell ng Au NPs/cell
2 14 3:10° 8.31-10°
5 Chithraniet al. 2006 30 4510 | 1.2310°
2 Citrate-stabilized Au NPs 50 610° 7.58:10°
£ HeLa cells 74 410 T 1.64-10°
2 100 2-10° 2.02:10°
E Xu et al. 2009 4 1-10 6.46-10°
z 2-mercaptosuccinic acid 20 1-10° T 8.08-10° l
A= stabilized Au NPs 40 2-10" 1.29-10°
HeLa cells 60 1-10° 2.18-10°
S0 Reference Size (nm) # Au NPs/g mg Au NPs/g
%‘3 g mineral mineral
52 5 9.310'S 1.0
o on s |
E g functionalized Au NPs 3 7.0 101 ; 29.3
76 1.6-10 62.5
UNIVERSITY OF
Cole et al., Nanomedicine, 2015 NOTRE DAME
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Effects of Au NP Size

* No direct effect on X-ray attenuation.

Indirectly affects X-ray contrast via delivery of a high mass
concentration to the site of interest.

Want as large as possible to maximize delivered mass
concentration, but not too large to compromise colloidal
stability, blood retention, cellular uptake, or targeting.

<10 nm — more rapidly cleared, greater risk of toxicity

10-30 nm — more retention, non-toxic at <1012 NPs/mL

UNIVERSITY OF
Cole et al., Nanomedicine, 2015 NOTRE DAME
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Dosing studies are critical to determine the minimum dose
required to enhance contrast without inducing cytotoxicity.

Cole et al., Nanomedicine, 2015
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Applications of Au NPs as X-ray Contrast
Agents in Diagnostic Imaging

(a) blood pool
functionalized Au NPs 38

(c) active targeting cell surface
receptor- *
surface receptor mediated *

binding endocytosis !

(b) passive targeting
delivered Au NPs *
~. leaky endotheliurrj
. blogy y .-‘

.. .e/ °
. * [ ]
endothelial cells Sl

tumor/cells
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Cellular Uptake of Au NPs
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Applications of Au NPs as X-ray Contrast
Agents in Diagnostic Imaging

(a) blood pool
functionalized Au NPs 38

(c) active targeting cell surface
receptor- *
surface receptor mediated *

binding endocytosis !

(b) passive targeting
delivered Au NPs *
~. leaky endotheliurrj
. blogy y .-‘

.. .e/ °
. * [ ]
endothelial cells Sl

tumor/cells
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Targeted Au NP X-ray Contrast Agents

Active Targeting: binding of a functional molecule to specific sites

* ligands (e.g., -COOH, -NH,, -PO(OH),, etc.)

» biomolecules (e.g., folic acid, heparin, bombesin, insulin, etc.)
— antibodies (e.g., anti-HER, anti-EGFR, anti-CD4, etc.)

Mouse with Mouse with
nontargeted GNPs targeted GNPs

Mouse without GNPs

N

Tumor — B~ Tumor
e L 190 £ 12 HU

o =
\-\\

Reuveni et al., 2011 UNIVERSITY OF
NOTRE DAME
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What Would You Fight For?

Fdelanbiaimblibla, - O R
BETTER CANCER
ﬁDETECTION
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Breast Cancer and Mammography
* Most commonly diagnosed

cancer and 2nd leading cause DE%F%%%E%M

of cancer deaths. Siegel et al. 2012 3@/5@ '
« Mammographic screening has MY LIFE.

decreased mortality by 30%. @37 4 LB

Tabar et al. 2010

* The most commonly
detected abnormality is
microcalcifications which are
deposits of hydroxyapatite
(HA) and are coincident with
30-50% of breast cancers

detected by mammography.
Cheng et al. 2003

UNIVERSITY OF

NOTRE DAME
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Breast Cancer and Mammography

* Breast cancer detection adipose € » fibroglandular
remains limited by the |
sensitivity of mammography;
10-30% of breast cancer
lesions are missed during
routine screening.
Smith et al. 2012

Am. Cancer Soc., 2015

 Women with dense breast
tissue are at 4 to 6-fold greater
risk for developing breast
cancer while mammography is
3-fold less likely to provide
accurate detection.
Britton et al. 2012; Boyd et al. 2011

[[] enacted law
[ bill in progress
[ bill introduced

Are! 0uDENSE? [ 1 action

ADVOCACY

because your life matters®

UNIVERSITY OF

1) NOTRE DAME
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Detection of Breast Microcalcifications
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Detection of Breast Microcalcifications

Murine Model of Microcalcifications

HA Concentration (mg/mL)
0.5 5.0 25

control
(Matrigel)

Matrigel +
@ HA crystals

-

model pcals

UNIVERSITY OF

Cole et al., ACS Nano, 2014, 2015 NOTRE DAME
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Detection of Breast Microcalcifications

Murine Model of Microcalcifications

(2] n (7))
28 5 & 4
22 85 3 5
55 5 g
=% °z & h
& < Q@ & longitudinal CT
f 1 ' JAL 4R (Bruker Albira)
—_— biodistribution
(ICP-OES)
histology
model ucals BP-Au NP delivery

UNIVERSITY OF

Cole et al., ACS Nano, 2014, 2015 NOTRE DAME
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Detection of Breast Microcalcifications

* Time After BP-Au NP Delivery (h)

0 3 6 24 48

HA Concentration (mg/mL)

UNIVERSITY OF

Cole et al., ACS Nano, 2014 NOTRE DAME
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Detection of Breast Microcalcifications

O Matrigel control B HA pcal, 0.5 mg/mL

- *p<0.005vs.0h
- **p < 0.05 HA pcal vs. Matrigel control

il |

0 3 6 24 48
Time (h)

suggests improved sensitivity

ucal < 100 ym in size

300 r

- N N
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o
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o
T T

O Matrigel control B HA pcal, 5.0 mg/mL

*p<0.01vs.0h
**p < 0.005 HA pucal vs. Matrigel control

*x *%* *

1
*

o
T

6 | 24 | 48
Time (h)
suggests improved specificity

total dose = 2 mg Au/mouse

[Au] within pcal = 5-10 wt% or 2.5 mg/cc; theoretically need ~0.3 wt%

Cole et al., ACS Nano, 2014

» UNIVERSITY OF
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Detection of Breast Microcalcifications

Biodistribution of BP-Au NPs
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Detection of Breast Microcalcifications

Transgenic Murine Model of Dense Mammary Tissue
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Dense Tissue Model

UNIVERSITY OF
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Detection of Breast Microcalcifications

PyMT Mice

5 mg/mL HA pcal
~ 1 ~ 120 r -
> o . 2 0 Ry 7 [1Before Delivery
§, §/ Hl After Delivering
@ 80F @ 80r BP-Au NPs
£ 60F £ 60Ff
o o
O 40F O 40F
> >
C(E 20 f C(E 20
X 0 < 0 '
WT PyMT WT PyMT

» UNIVERSITY OF
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Biodistribution of Au NPs

Cole et al., ACS Nano, 2015

3 mg/mL HA pcal 5 mg/mL HA pcal
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Biodistribution of Au NPs

5 mg/mL HA pcal

-

UNIVERSITY OF

1) NOTRE DAME
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Au NP Binding (mg Au/g HA)
o N b~ OO 00 O

BP- vs. PEG- vs. BP-PEG Au NPs

[ e PEG-Au NPs -0 BP-PEG-Au NPs
L (o}
o]
. —3—4 -
| | | | ]
0 5 10 15 20 25 30

Initial Gold Concentration (mg/L)

PEG-Au NPs

BP-PEG-AuNPs

Group Vimax (Mg/g) Viax (M@/m?)  Vinax" (#/um?) R?
PEG-Au NPs 2.1[1.2, 2.9] 04 17 0.62
BP-PEG-Au NPs 9.8 [8.8, 10.9] 1.7 86 0.96
BP-Au NPs [26] 7.716.9, 8.6] 1.4 65 0.95
Au NPs [26] 0.4[0.2, 0.5] 0.1 3 0.75

Cole et al., Acta Biomaterialia, 2018
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Wildtype

BP- vs. PEG- vs. BP-PEG Au NPs
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PyMT (dense tissue)

BP- vs. PEG- vs. BP-PEG Au NPs

PEG-Au NPs BP- PEG-Au NPs B
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0 o]
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Mass of Au/Mass of Tissue (mg/g)

Mass of Au/Mass of Tissue (mg/g)
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BP- vs. PEG- vs. BP-PEG Au NPs
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Wildtype

Histology after 14 days

Spleen

Cole et al., Acta Biomaterialia, 2018
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PyMT (dense tissue)

PEG-Au NPs Untreated

BP-PEG-Au NPs

Histology after 14 days

4R MG

Cole et al., Acta Biomaterialia, 2018
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BP- vs. PEG- vs. BP-PEG Au NPs

model microcals Au NP delivery Functionalized Au NPs targeting | clearance
PEG-Au NPs

IS ‘E/\ }CHSO none most
o)
n

BP-PEG-Au NPs
n_OH

l/s{/\oh, P‘OH strong most

OH

BP-AuNPs

HO 1 OH
INHz\/\)‘P‘OH strong least
Ps

N

HO' OH

UNIVERSITY OF
Cole et al., Acta Biomaterialia, 2018 NOTRE DAME
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Translational Model

(2) evaluate clinical
imaging in anatomic
human breast phantom

\ AL 4R\ ©xcise MG ————

or tumor /
K3

(1) study contrast agent
delivery and/or tumor

UNIVERSITY OF
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Mammographic Breast Phantom
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Immunotargeted NP Probes for Spectral CT

preoperative staging & monitoring therapeutic response of HER2+ breast cancer

l_SiOZ shell + FITC

N
-

i, N
@ ant-HER2 =3 ) -3
Ay

lrsurface receptors

~cancer
05 cell
‘0

detection of primary tumors and recurrence of ovarian cancer

SiO» + fluorophores

N Y
%¥
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anti-CD133

surface receptors

Ovarian CSC
O
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Immunotargeted NP Probes for Spectral CT

Au@SiO2-anti-HER2 Au@SiO2-anti-lgG Au@SiO2-Gly

o
oo
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Immunotargeted NP Probes for Spectral CT

SKOV3IP-CD133-GFP

SKOV3IP-GFP

Roeder et al., Proc. SPIE, 2017

4~

B Au@SiO,-anti-CD133
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UNIVERSITY OF
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Collagen Scaffold Degradation
Measured Using CT and Au NPs

ﬁ
EDC/NHS

UNIVERSITY OF
Finamore et al., in preparation NOTRE DAME
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Collagen Scaffold Degradation
Measured Using CT and Au NPs
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Longitudinal Collagen Scaffold Degradation

~ 120

Cumulative Degradation (%HU

Finamore et al., in preparation

120
<
100 I P ® % % 5 5 < 100 |- s ° Py 5 ) o
80 ) 3 2 80F s 3 ¢
60 § [Collagenase] % 60 L] [Collagenase]
e 0.5 mg/ml = e 0.5 mg/ml
40 { o 0.3 mg/ml o 40 I { o 0.3 mg/ml
= 0 mg/ml 2 = 0 mg/ml
20 } o 20 }
= i [ ] [ ] ] [ | [ ] ] [ |
o] é i & § & & & = g E og u
_20 | | | 1 | | | | o _20 | | | 1 | | | |
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time (Days) Time (Days)
120 T
X
= 100
= ¢ 1
S 80 T
; !
60 [
S ¢ I g
)
A 40
2 Tl
= 20F
E -
g on :l: * { l i } I l
]
o -20 1 1 1 1 T
0 1 2 3 4 5 6 7 8 9
Time (Days)

UNIVERSITY OF

NOTRE DAME

= http://www.nd.edu/~bioeng




The Future of CT is Color! (Spectral CT)

We've watched color television ...yet radiology remains primarily
since the 1950s... black and white in 2018!

You don't know what you're missing 'til -y-c:u
get new RCAVICTOR COLOR TV!

UNIVERSITY OF
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Evolution of Computed Tomography

Geometry

Photon Spectrum

Reconstructions

Object

Conventional -@
Source

Detector

Dual Energy CT
(DECT)

Photon-Counting
Spectral CT

UNIVERSITY OF

NOTRE DAME

= http://www.nd.edu/~bioeng




Potential Applications for Spectal CT

« improved CNR and contrastin CT  « decomposition of multiple, mixed
» decreased X-ray dose (spatially coincident) materials

» metal artifact elimination  improved sensitivity for contrast-
 quantitative material decomposition = enhancement (k-edge imaging)

« multi-agent, multi-material imaging  * molecular imaging with CT
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Ep ii;?)g/rlg}g NP ProbeS
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Total Attenuation (cm?/g)

Spectral Library of NP Imaging Probes

1000

100

-
o

—

0.1

B N SiO2 -- bone tissue
~— soft tissue

 —
—
— —
— — —

10 20 30 40 50 60 70 80 90 100
Photon Energy (keV)

Design:
* 10-15 nm high-Z core

» K-edges spaced in CT
energy range

» SiO, shell for stability
and facile molecular
surface functionalization
(e.g., immunotargeting)
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1) NOTRE DAME

< http://www.nd.edu/~bioeng




Spectral Library of NP Imaging Probes
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Tailored Core-Shell NP Imaging Probes
_—tunable A
—_ SiO, shell =>»

1-14 nm

A3

+ antibodies

» iﬁ
' - \‘ Y
%, " L
vl g » "
X &','

+ molecular payload

L ¥
Eg i
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Multimodal Imaging

T1 MRI of Si-Gd,O3; NPs Au NPs with fluorescently labeled SiO,

FITC

RITC

fluorescence
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Multi-Agent
Imaging with
Spectral CT

€)) Grayscale

Curtis et al., in preparation
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T 300

Quantitative Imaging Sl | .. -
of Mixed Compositions PRI | .
with SpeCtraI CT 0o g ® 0 %
& " /580 mM o f%
2oo§

-300

(b) Gd Decomposition (c) | Decomposition (d) Ca Decomposition

0 ] 20mM
N _______ ee— A N 81\
0 I 530 MM
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Mouse Imaging

Gd,03
M Bone
B Soft Tissue

Au HBone B Air Interface

conventional CT 100 pL 60-80 mg/mL Au NPs i.v.
250 pyL of 20 mM Gd,O3 NPs s.c.

UNIVERSITY OF
Roeder et al., Proc. SPIE, 2017; Nallathamby et al., 2018 @ NOTRE DAME
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conventional CT

photon-counting spectral CT

Detection of Breast Microcalcifications

Quantitative Molecular Imaging with Photon-Counting Spectral CT

transverse

Intensity (a.u.)

e

N

transverse

[Ca] (mM)

[Au] (mM)

Roeder et al., Proc. SPIE, 2017

removed MG from mouse with
ucal targeted by BP-Au NPs

imaged using MARS CT with
Medipix 3RX + CZT

7-30.9, 30.9-50, 50-60, 60-73,
and 73-120 keV energy bins

used MAP estimator for
material decomposition

calibrated to known Ca and Au
concentrations
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Hafnia (HfO.) Nanoparticles

500°C #¢ 575°C 650°C 800°C 950°C
#l #& '« 4‘.;‘. f ‘
. .
' N
o : e
- Q‘ . ?
o f " 50 nm
Temperature (°C) XRD TEM
P Crystallite Size (hnm)  Diameter (nm) Aspect Ratio
500 7.2 (0.8)? 7.4 (1.6)° 1.3 (0.2)*°
575 8.4 (1.0) 9.1 (2.3)? 1.3 (0.2)°
650 12.3 (1.0)° 12.5 (3.2)° 1.2 (0.2)°
800 21.2 (2.0)° 22.5 (5.6)° 1.2 (0.1)°
950 32.8 (1.3)° 31.0 (8.2)° 1.2 (0.1)®°

UNIVERSITY OF
McGinnity et al., Nanoscale, 2016 NOTRE DAME
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Hafnia (HfO2) Nanoparticles - DECT

Au NPs  HfO, NPs lodine

\ clinical CT photon energy spectrum

-700 -350 0
X-Ray Attenuation (HU)
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X-Ray Tube Potential (kVp)
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Hafnia (HfO2) Nanoparticles - Spectral CT

conventional CT
Hounsfield Units (HU)

I
o

w
o
Concentration (mM)

N
o

-
o

photon-counting spectral CT

Au Hf |

10 mM 20 mM 50 mM
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Hafnia (HfO.) Nanoparticles - Spectral CT
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Au Hf |
50 mM
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Take Home Message

N
Siiectral CT [N AP
N -

* Photon-counting spectral CT and NP imaging probes can have
an immediate impact on preclinical biomedicine by enabling
guantitative molecular imaging in CT.

* In the future, targeted NP imaging probes and molecular
imaging with CT may also act synergistically to realize
precision diagnostic imaging.
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