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Purpose: To develop a silver iodine (shell) and gold (core) core/shell nanodimer as a dual-
modal contrast-enhancing agent for biomarker targeted X-ray computed tomography (CT)

and photoacoustic imaging (PAI) applications.

Methods: The gold and silver iodine core/shell Au/AgICSD nanodimer (Au/AgICSD) was
prepared by fusing together components of gold, silver and iodine. The physico-chemical
properties of Au/AgICSD were then characterized using different optical and imaging
techniques (e.g., HR-TEM, STEM, XPS, EDX, Z-potential and UV-Vis). The CT and PAI
contrast enhancing effects were tested and then compared with a clinically used CT contrast
agent and Au nanoparticles (AuNPs). To confer biocompatibility and the capability for
efficient biomarker targeting, the surface of the Au/AgICSD nanodimers was modified with
the amphiphilic diblock polymer and then functionalized with transferrin (Tf) for targeting
transferrin receptor (TfR) that is overexpressed in various cancer cells. Cytotoxicity of the

prepared Au/AgICSD nanodimer was also tested with both normal and cancer cell lines.

Results: The characterizations of prepared Au/Agl core/shell nanostructure confirmed the
formation of Au/AgICSD nanodimers. Au/AgICSD nanodimers are stable in physiological
conditions for in vivo applications. Au/AgICSD nanodimer exhibited higher contrast
enhancement in both CT and PAI for dual modality imaging. Moreover, transferrin
functionalized Au/AgICSD nanodimer showed specific binding to the tumor cells that have a

high level of expression of the transferrin receptor.

Conclusions: The developed Au/AgICSD nanodimer can be used as a potential biomarker

targeted dual modal contrast agent for both or combined CT and PAI molecular imaging.
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1. INTRODUCTION

Diagnostic imaging and imaging assisted interventions play important roles in clinical
care and in the research and development of precision medicine, a customized form of
healthcare customarily designed to address specific patient concerns. Currently, various
imaging modalities, such as X-ray computed tomography (CT), magnetic resonance imaging
(MRI), position emission tomography (PET), and single photon emission computed
tomography (SPECT), are already available in clinical practices.1 Each of these imaging
modalities offers specific capabilities and functions, with their strengths and limitations
related to the contrast mechanism associated to the specific tissue and physiological
conditions, sensitivity and specificity to a disease specific measurement, the spatial and
anatomic coverage of organs, and the cost effectiveness when applied to a specific diagnosis.
To take advantage of synergies while also reconciling the various limitations of each
individual modality, multi-modal imaging approaches and systems are of great interest for
pre-clinical research and clinical practices. By integrating multiple imaging techniques with
compatible and complementary contrast agents, multimodal imaging may offer several
benefits, such as: providing complementary diagnostic information given by the strengths of
each modality, reducing image acquisition and processing time, and lowering the exposure
risk with a one-time administration of the multimodal and multifunctional contrast agent. *
Therefore, there is an emerging need in developing novel multimodal and multifunctional
contrast materials and molecular imaging probes for multimodal imaging applications. To
date, a number of integrated imaging modalities have been developed, including:
MRl/optical,> MRI/PET,® PET/near-infrared optical fluorescence (NIRF)"® CT/MRI,®
CT/photoacoustic imaging (PANY, and SPECT/CT.**?

Nanomaterials are particularly suited for developing novel dual modal imaging contrast

13-16

agents, either with single composition or with hybrid-multiple components. Y The
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latter has been shown for the enhanced properties for imaging and therapeutics. Specifically,
new nanoparticle based contrast agents combining CT and PAI enhancement capabilities
provide fine morphological details with CT and physiological or targeted imaging with PAI
for accurate detection and localization of pathological lesions. % For instance, Tian G et
al.? recently reported that Rb-TB can be employed as a new dual-modal contrast
agent for CT and PAI imaging because of its high NIR optical absorption capability and
strong X-ray attenuation ability. Another study using Bi,S;@SiO, nanorods as a CT and
PAT dual modal contrast agent demonstrated a real time non-invasive visualization of
nanorods distribution in the gastrointestinal tract.®

Therefore, dual modal contrast agents with well-controlled structural, physical
characteristics (i.e., size, and shell thickness, shape, optical, thermal, MR relaxivities and
acoustic) and high stability and functions in the physiological conditions are highly desired,
since, these agents lead to a better understanding of real-time biological processes in a variety
of physiological or pathological conditions. Herein, we report the development of a new
class of CT-PAI dual modal contrast agents that are composed by fused gold and silver iodine
of a core/shell nanodimer (Au/AgICSD) coated with amphiphilic PEG-b-AGE polymer and
functionalized with CALNN peptides that can be used for conjugating biomarker targeting
moieties. The developed Au/AgICSD show efficient contrast enhancement in both CT and
PAI and capability of targeted imaging of cancer cells with transferrin receptor (TfR)
overexpression, demonstrating the potential to facilitate targeted diagnosis and therapy with

integrated CT and PAI techniques.

2. MATERIALS AND METHODS

2. A. Materials


http://www.ncbi.nlm.nih.gov/pubmed/?term=Tian%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24979184
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Hydrogen tetrachloroaurate(lll) trihydrate (HAuUCI,-3H,0), trisodium citrate
(HOC(COONa)(CH,COONa), -2H,0) silver nitrate (AgNOg3), ascorbic acid (CgHgOg),
CTAC( ((C16H33)N(CH3)sCl), and sodium iodide (Nal) were purchased from Fisher
chemicals. CALNN anchoring group was ordered from California Peptide (San Diego, CA,
USA). Transferrin, dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), the PD-10
desalting columns and the FluoroTag  FITC conjugation kit were purchased from Sigma-
Aldrich. All cell culture materials (media and supplements) were purchased from Invitrogen
(Burlington, OH). The Omnipaque™ 350 was purchased from Medline (Waukegan, IL). All

chemicals were used without further purification.

2. B. Methods
2. B. 1. Preparation of the colloidal gold nanoparticles (AuNPS)

Briefly, 0.03 g of HAuCl, x 3H,0O was dissolved in 300 ml of water and heated to
near boiling temperature. Aqueous tri-sodium citrate solution (9 ml, 0.034 M, ca. 60 °C) was
added into the solution. The mixture was refluxed for 40 min and then allowed to cool to
room temperature. The resulting ruby red solution was stirred overnight and then finally
filtered (0.45 um, Millipore filter) to collect gold nanoparticles (AuNPs). Obtained AuNPs
were characterized by UV-vis spectroscopy, giving the typical Plasmon band at 520 nm. The
as-prepared AuNPs were concentrated by centrifugation and used as seeds for the ensuing

reaction for making the designed core-shell nanocomposites.

2. B. 2. Preparation of the silver/iodine shell and gold core nanodimers (Au/AgICSD)
The synthesized AuNPs were used as seeds while a mixture of AGQNO;3 (2 mM) and KI
(2 mM) was used as the precursor for growing nuclei. The nucleation and growth kinetics of

the shells were manipulated. Briefly, an aqueous solution of ascorbic acid (2 ml, 2 mM) was
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added into the solution with AuNP seeds (5 ml, 185 nM). The resulted mixture was gently
stirred and heated to 60 °C for 15 min. Silver nitrate (4 ml, 2 mM) and K1 (4 ml, 2 mM,) was
then added drop-wise into the reaction mixture at a rate flow of 0.75 ml/min. The resulting
AU/AgICSD (a core diameter of 15 nm and a 4 nm shell) were subjected to centrifugation
(9000 rpm for 40 min) to remove excess reagents and redispersed in 50 ml water. An aqueous
solution of citrate (5 ml, 100 mM) was added into redispersed Au/AgICSD and mixed

overnight.

2. B. 3. Preparation of PEG-b-AGE coated Au/AgICSD

In order to apply a coating layer on Au/AgICSD for surface stabilization and
functionalization, the obtained core/shell nanodimers were transferred to THF solution using
thioleted styrene. Then, the poly ethylene glycol and poly allyl glycidyl ether blocked co-
copolymer (PEG-b-AGE), synthesized as we previously reported, was applied to replace the
hydrophobic styrene molecules from the Au/AgICSD surface. Briefly, Au/AgICSD styrene
coated nanoparticles (10 mg) were dispersed in THF (2 mL) and added drop-wise to the
PEG-b-AGE solution in THF (18 mL, 5 mg/mL), stirred for 24 h at room temperature. The
resulted mixture was then added drop-wise to 200 ml DI water. This agueous mixture was
dialyzed against water for 48 h to remove the excess THF and the unreacted polymer, and
then was further centrifuged at 3000 rpm for 5 min. The resulted supernatant of Agl/AuCSD
was coated by PEG-b-AGE grafted with —NH; groups available for further conjugation of

selected targeting ligands.

2. B. 4. Preparation of transferrin receptor (TfR) targeted Au/AgICSD (Tf-Au/AgICSD)
The PEG-b-AGE coated Au/AgICSD nanodimers were dissolved in PBS at the final

concentration of 2 mg/mL and then were incubated with a CALNN peptide linker at molar

7



150

155

160

165

170

ratio of 1:4000 for one hour. The resulting solution was purified on a PD-10 column and
CALNN conjugated Au/AgICSD nanodimers were obtained. On the other hand, transferrin
(Tf) was mixed with Traut’s reagent (in the molar ratio of 1:15) in 0.1 M borate buffer, pH
8.5 and incubated overnight at room temperature. The solution mixture was then purified
with a desalting spin column to remove the excess of Traut’s reagent and obtain the pure
thiolated transferrin moieties (Tf-SH). In the final step, the CALNN functionalized
AU/AgICSD nanodimers and Tf-SH were incubated at room temperature for four hours. Tf-
AU/AgICSD nanodimers was separated from the solution using a PD-10 desalting columns.
The process was repeated three times and was performed at 4 °C. The estimation of
transferrin moieties conjugated on the surface of Au/AgICSD nanodimers was determined
using a BCA protein assay and the concentration of gold was determined by spectroscopy
methods. The molar extinction coefficient used to determine their concentration was

£ =3.67 x 10% . It should be noted that in all the experiments Tf molecules used were also

labeled with fluorescent dye FITC based on the vender (Sigma-Aldrich) provided protocol.

2. B. 5. Electron microscope and spectroscopic characterizations of Au/AglCSD

Both the size and morphology of the synthesized nanodimers were assessed using a
transmission electron microscope (TEM, HitachiH-7500 accelerating voltage 75 kV) EDX
(Energy-dispersive X-ray spectroscopy). STEM (scanning transmission electron microscope)
measurements were performed with a FEI Tecnai G2 F30 Super-Twin transmission electron
microscope operating at 300 kV. The samples were prepared by dropping a diluted amount
of nanoparticles onto the carbon coated grid to air-dry. The UV—vis absorption spectra were
obtained using a Shimadzu UV-2401PC UV-visible spectrophotometer with a slit width of
1.0 nm. The elemental composition of the synthesized nanoparticles was assessed by using

X-ray photoelectron spectroscopy (XPS) with argon-ion etching. The qualitative and
8
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guantitative analyses of the nanodimers were performed using a SPECS custom-built system.
Excitation was produced using the aluminum anode of the x-ray source (hv = 1486.6 eV). In
addition, the surface charge and the hydrodynamic size were measured by using a dynamic
light scattering (DLS) instrument (Malvern Zeta Sizer Nano S-90) equipped with a 22 mW
He—Ne laser operating at 632.8 nm.

Inductive couple mass spectroscopy (ICP-MS) was employed to quantitatively
measure the composition of each element of the Au/AgICSD core-shell nanodimers. The
ICP-MS measurements were carried out with a quadrupole ICP-MS instrument (Elan DRC-e,
PerkinElmer, Germany), equipped with a cross flow nebulizer and a Scott Double Pass spray
chamber. Indium is used as an internal standard. Before analysis of the torch position, RF
power, nebulizer gas flow and lens voltage are carefully optimized. Standard AuNPs were
used as a reference material for all analyses.

Statistical analyses for mean value, standard deviation, and Student’s t-test of the
measurements were performed using Microsoft Office Excel software (Microsoft

Corporation, Redmond, WA, USA).

2. B. 6. Cytotoxicity evaluation

Cytotoxicity of the nanoparticles was examined using 3-(4,5-dimethylthiazol-2-yl)-
2,5-iphenyltetrazolium bromide (MTT) assay with four different cell lines, i.e., HEK293
human embryonic kidney cell, HeLa human cervical carcinoma cell, MDA-MB-231 human
breast cancer cell, and D556 human brain tumor medulloblastoma cell. The cells were
maintained as an adherent culture and grown as a monolayer in a humidified incubator (95%
air, 5% CO,) at 37 °C in a cell culture flask containing medium supplemented with 1%
penicillin-streptomycin and 10% FBS. Cells were detached and seeded in 96-well flat-bottom

microplates at 4,000 cells per well. After 24 h recovery at 37 °C, the medium was replaced
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with 100 uL medium containing nanoparticles (Au/AgICSD or AuNPs) at various gold
concentrations (12.5-400 pg/ml). For the control cell sample, a fresh medium without
nanoparticles was added. After 24h of incubation at 37 °C, 10 uL of MTT solution (5
mg/mL) was added into each well following a 4h incubation period. After removing the
culture media, the precipitated formazan was then dissolved in 10% SDS in 0.01M HCI.
Finally, a micro-plate reader (Biotech Synergy2) was used to measure the absorption of all
samples (n = 6 per group) at 570 nm. Cell viability was determined by comparing the

absorptions of cells incubated with and those without nanoparticles.

2. B. 7. Targeting and specific cell binding of Au/AgICSD to cells with TfR over
expression

D556 medulloblastoma cell lines with a high level of TfR overexpression were used
for testing the specificity of Tf-Au/AgICSD. Cells treated with Tf-Au/AgICSD were labeled
with FITC at 37 °C for 3 h. Au/AgICSD conjugated with BSA (BSA-Au/AgICSD) was
prepared as a control for non-targeted agent. Briefly, cells were maintained as an adherent
culture and grown as a monolayer in a humidified incubator (95% air, 5% CO,) at 37 °C in a
cell culture dish containing medium supplemented with 1% penicillin-streptomycin and 10%
FBS. Cells were then seeded in 8-well chambered slides at the concentration of 50,000 cells
per well. After 36 hours of incubation, the media was replaced and the nanoparticles were
added into the cell media at a final concentration of 5 nM and further incubated at 37 °C for 3
h. The cell media was then discharged and the cells were washed three times with PBS. The
cell internalization of the targeted nanoparticles was observed using a Zeiss (Germany)
fluorescent microscope with an excitation at wavelength 488 nm and emission at wavelength

515 nm.
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2. B. 8. Evaluation of contrast effect for computed tomography imaging

Solutions of Au/AgICSD with gold concentrations varying from 0.5 x 10%, 2.5 x 10°,
12.6 x 10°, 17.7 x10°, 25 x 10% and 50 x 10° nM were added into PCR tubes as imaging
phantoms for the investigating contrast enhancing effect. The contrast phantoms with distilled
water as background were scanned at a peak voltage of 45keV using a micro-CT consisting
of a micro-focus (12 um) x-ray tube and a flat panel x-ray detector at 48x48 um? detector cell
size. AuNPs at similar Au concentrations with Au/AgICSD and a clinically used iodine
contrast agent, Omnipaque 350, at different iodine concentrations of 4.2 x 10° and 9.7 x 10°
nM are included as controls. After a 4x4 binning in projection data, tomographic images of
the samples were reconstructed at 0.192x0.192 mm? pixel size, corresponding to a spatial
resolution of 2.6 Ip/mm. Hounsfield Unit (HU) values of each sample were measured and
compared. The CT contrast (i.e., CT number in Hounsfield Units) of each Au/AgICSD
solution, defined as Contrast=Meantarger—Meangackground, Where Meantarger and Meangackground
are the average CT numbers gauged in the region of interest (ROI) placed in the target and

background (water) areas, respectively.

2. B.9. Measurement of photoacoustic signals

To test the capability of prepared nanocomposites for PAI, we measured the
photoacoustic signals of each sample using a home-built PAI instrument. A Q-switched
Nd:YAG laser was adopted to provide 532-nm laser pulses with a full-width half-maximum
(FWHM) value of 6.5 ns. An OPO system (Vibrant B, Opotek) pumped by the second
harmonic of an Nd: YAG laser (Brilliant B, Bigsky) was used to provide laser pulses with a
repetition rate of 10 Hz and a pulse width of 5.5 ns. The wavelength for PA measurement in
this study was 532 nm, which was determined as an optical absorption wavelength for both

AU/AgICSD and AuNPs according to results from UV spectra of those nanoparticles. During
11
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the PA measurement, each sample was placed in a glass tube (2 mm in diameter) to avoid the
variations that may be induced by the illumination of strong laser on the sample, e.g. laser
induced temperature rise or change in optical absorption. The laser beam, 2 mm in diameter,
illuminates the sample surface and generates PA signals which can be collected by a 10 MHz
focused transducer (V312, Panametrics). The sample and the transducer were immersed in
water for acoustic coupling. The PA signals from the samples were recorded by a digital
oscilloscope (TDS 540B, Tektronics). To compare the performance of Au/AgICSD and
AuNPs, PA signals from Au/AgICSD and AuNPs samples at different concentrations were
measured at intervals of 20 nM, 10 nM, 7 nM, and at an interval concentration that provided

for a signal-to-noise ratio (SNR) of 2.

3. RESULTS
3. A. Synthesis and characterization of Au/AgICSD

The schematic illustration of the major steps used for the production of Au/AgICSD
nanonanodimer is shown in Figure 1. Highly mono-dispersed citrate coated AuNPs with an
averaged core diameter of 15 nm were first synthesized and then utilized as seeds for the
growth of the shells. In order to initiate the nucleation of shells, ascorbic acid was used as a
reduction agent and the iodine and silver shells were reduced on the seed surface. The
resulted core-shell nanodimers were further decorated with PEG-b-AGE and CALNN

anchoring peptide.

room temperature gré
aqua solution e

SV~ CALNN O - Agl shell -PEG-b-AGE coating @_ Gold nanoparticle core 53"2‘ - Transferrin '

KIAgNO3/ PEG-b-AGE Transferrin A~~~ 'S
Ascorbic |d @@ CALNN M
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Figurel. Schematic illustration of the major steps used for the production of Au/AgICSD,
their functionalization with transferrin through the CALNN anchoring groups and with the
surface preserve PEG moieties.

To confirm and demonstrate the formation of the core/shell structure along with the
composition of the nanodimers, shell coverage and their surface protection, spectroscopic and
electron microscopic imaging characterizations of Au/AgICSD were performed using TEM,
STEM, XPS and ICP-MS. TEM images (Figure 2A, C) show the high and bright contrast of
the Au core compared with the Agl shell which confirms the formation of the
multicomponent nanoparticles. Furthermore, TEM revealed that the Agl shell (with a
thickness of 5 nm) covers the internal Au core and mediated the formation of the dimers.
The composition of the Au/AgICSD components was performed by inductively coupled
plasma mass spectrometry (ICP-MS) analysis of Au, Ag and iodine (Figure 2D). The
fractions of each metal component in Au/AgICSD were 1001.2 ppm for Au, 184.9 ppm for
Ag and 1433.9 ppm for iodine as revealed by ICP-MS. Interestingly, optical properties of
AU/AgICSD as shown in Figure 2D are attributed to the anisotropic and dimmer like shape
of Au/AgICSD nanocomposite. The absorption curves reveal two peaks associated to the
gold nanoparticles composition (at 532 nm and 760 nm), corresponding to the longitudinal
plasmon excitation at 530 nm and transversal plasmon excitation at 760 nm, respectively. In
addition, one peak for the silver shell appears at 420 nm and the iodine composition appears

around 280 nm. .

13



295

300

1

09 4

0.8 5

0.7 9
Aw/AglCSD
B

0.6 9

05 4

04 4

0.3 9

0.2 9

0.1 9

0
il 200 300 400 500 600 700 800

Figure 2. TEM images of (A) Au/AglICSD nanocomposites, (B) a magnified image of
AU/AgICSD nanodimmers, (C) STEM image of Au/AgICSD nanodimers, (D) EDS dataof
Au/AgICSD nanonanodimersand (E) UV-Vis spectra of : gold nanoparticles (blue line) and
Au/AgICSD nanocomposites (black line)

To confirm  the  core-shell  structure  observed in  TEM, X-
ray photoelectron spectroscopy (XPS) was performed on Au/AgICSD nanocomposites.
Figure 3 shows the XPS narrow scan for Au 4f, Ag 3d, | 3d and C1 of the Au/AgICSD

(survey scan in Supporting Information?). The presence of each element was determined by

its corresponding binding energy (BE).

p—— 144000
Au 4' /Au ar= Ag 3d A M
69700 Au 462 [\ 124000 T
59700 , '
N [ 104000 Ag 3 i
Q 49700 \ | | B f\ |
¥ ‘ [\ € 84000 (l [ 1
€ 39700 \ [ o | “
| | (8] | |
S8 29700 [\ /' \ % /| '
\ \ 44000 A [\
19700 \ \ /
|/ \J \ _J\ J\
9700 - .
o g 81 374 369 364
Binding energy (eV) Binding energy (eV)
120000 EE| 36000
115000 {I 3d ; 34000 {C 1 a
110000 5 32000
gl o
B o 28000
E 95000 # 26000 \
2 90000 5 24000 '
O 85000 ‘ 3 22000 - ¥ |
80000 {Agl rel] © 20000 </
75000 7 A A
S_——. 18000 avh
70000 . 16000 £ — S
632 628 624 620 616 612 290 285 28
Binding energy (eV i
g energy (eV) Binding energy (eV)

14


http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy

305

310

315

320

325

Figure 3. Binding energy profiles of Au 4f, Ag 3d, | 3d and C1 for the Au/AgICSD
nanocomposites obtained from the XPS narrow scan, top left panel: Au 4f(5/2 and 7/2), top
right panel: Ag 3d (5/2 and 7/2), bottom left: | 3d (5/2 and 7/2), bottom right: C1 scans

The Au-4f, Ag-3d and 1-3d signals from XPS spectra of Au/AgICSD revealed several
spin orbit pairs. Their BE values are assigned as follows: 83.8 eV and 87.7 eV for Au4f (7/2,
5/2), 367.8eV and 374.0 eV for Ag-3d (7/2, 5/2) and 618.2.0 eV and 630.2 eV for 1-3d (7/2,
5/2). The presence of two small additional Agl peaks confirms the observation of the tri-
domain nanodimer peaks that appear in the iodine scanning. These two peaks are assigned at
621.0 eV and 632.0 eV, respectively. Moreover, two components in the C-1s spectra were
resolved using the peak fitting, such as C-C bonds at 285.0 eV and for C=0 at 285.5 eV
corresponding to the organic molecules.

The stability and surface functions of Au/AgICSD were obtained by coating with the
PEG-b-AGE copolymer previously reported by our group.® Since the surface coating
procedure needs to be performed in a non-agqueous inorganic/organic solvent, a styrene linker
was first applied to the Au/AgICSD nanoparticles. Further, an exchange between styrene
coated Au/AgICSD molecules and PEG-b-AGE polymer was performed by stirring them at
room temperature for 24 h. The resulted solution was dialysed against water and the PEG-b-
AGE-AU/AgICSD nanoparticles resulted. The average thickness of the polymer coating is
approximately 2 nm and the final Au/AgICSD nanodimer is about 37 nm with a

polydispersity index (PDIs) of 0.254.

3. B. Conjugation of transferrin to Au/AglICSD (Tf-Au/AgICSD)
The successful grafting of the Tf on the surface of the nanodimers was first confirmed
by XPS analysis (Figure 4), in which a new C-C sp3 covalent bond is formed while the C-C

sp2 from Tf and the C-N bond from both CALNN and Tf disappear.
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Figure 4. Binding energy profiles of different samples obtained from C1 XPS narrow scans.
Transferrin (top left panel), CALNN (top right panel), Tf-Au/AgICSD nanonanoodimer
nanoparticles (bottom panel)

Z-potential measurement also confirms the transferrin functionalization as
demonstrated by the z-potential value changing from 23 mV for PEG-b-AGE coated

AU/AgICSD with —NH, groups on the surface to -35 mV for Tf-Au/AgICSD after the

transferrin grafting (Figure 4 bottom right panel).

3. C. Target specific binding and cytotoxicity of Tf-Au/AgICSD
3. C. 1. Targeting capability

The targeting capability of developed Tf-Au/AgICSD was tested in vitro using D556
medulloblastoma cells with TfR over expression. Cells were incubated with both targeted, Tf-
AU/AgICSD conjugated with FITC labeled Tf and non-targeted Au/AgICSD conjugated with
FITC labeled BSA (BSA-Au/AgICSD) as a control. Furthermore, we also used a blocking
experiment to confirm the binding specificity of the targeted Tf-Au/AgICSD in which a fixed
amount of Tf was incubated with the cells to block the transferrin receptors before adding the

16



350

355

360

365

nanoparticles. Fluorescence images in Figure 5A-D show that the green fluorescence from
FITC is stronger in cells treated with Tf-Au/AgICSD (Figure 5B) compared to the cells
treated with BSA-AU/AgICSD (Figure 5C). The blocking of transferrin receptors reduced
the cell uptake of targeted Tf-Au/AgICSD (Figure 5D). These results indicate that the
specific uptake of the Tf-Au/AgICSD into the cancerous cells (that express high levels of
TfR) is likely via a receptor-mediated pathway. Furthermore, in order to demonstrate the
uptake of the Tf-Agl/-AuCSD into the cancer cells via receptor mediated internalization,
fluorescence cell imaging was performed with Tf-Au/AgICSD treated D556
medulloblastoma cancer cells at different time points. The green florescence images show a
time dependent internalization of the FITC labeled Tf-Agl/-AuCSD into the D556 cancerous
cells after 30 min (Figure 5E, F), 1h (Figure 5G, H) and 3 h (Figure 51, J) incubation. A
weak green florescence signal from cell internalized nanoparticles was observed in the cells

after 30 min of incubation with FITC labeled Tf-Au/AgICSD.
| E -
G
C
<& s
)=« ]
Figure 5. A-D. Fluorescence images of the D556 medulloblastoma cells treated with
different nanocomposites: control cells (A), cells treated with Tf-Au/AgICSD (B), cells

treated with BSA-Au/AgICSD(C), cells pre-treated with a fix amount of Tf before adding the
Tf-Au/AgICSD (D). Magnification 40 x. Tf and BSA were labeled with FITC.
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In comparison, green florescence of FITC labeled Tf-Au/AgICSD treated cells
became much stronger after 3h of incubation. This observation is consistent with the early

study by Yang et al.?°

which reported that the transferrin conjugated gold nanoparticles were
internalized by cells through the endocytosis pathways shown in their atomic force

microscopy imaging.

3. C. 2. Cytotoxicity Evaluation

The toxicity of citrate coated AuNPs andAgl-AuCSD as well as amphylilic PEG-b-
AGE polymer coated AuNPs and Agl/AuCSD was evaluated at different concentrations
(range from 12.5 ug/ml -400ug/ml) using MTT assay with four types of cells: MDA231
breast cancer cells, human embryonic kidney 293 cells, HeLa cells and D556
medulloblastoma cells. The MTT experiments were done with 24 h and 48 h, respectively.
The results normalized to that of Au nanoparticles (stabilized with citrate) are presented in
Supporting Information 1. A-D.?" All nanoparticles tested presented some degrees of acute
toxicity under the conditions used in the study. However, the citrate-stabilized Agl-AuCSD
exhibited less cytotoxicity on the MDA 231 breast cancer cell line compared to other
nanoparticles after 48 h of exposure. Moreover, coating the nanoparticles with copolymer
(PEG-b-AGE) improved the biocompatibility of the nanomaterials (Figure 6 A-D). The
synthesized PEG-b-AGE coated Au/AgICSD did not show any significant toxicity up to 50

pug/mil.
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Figure 6: A-D In vitro toxicity investigations of different concentrations of PEG-b-AGE and
citrate coated AuNPs and Au/AgICSD (at different concentrations 12.5 pg/ml — 400 pg/ml)
on D556 medulloblastoma cells, incubation time 24 h and 48 h.
3. D. X-ray attenuation properties of Au/AgICSD in CT imaging

The CT images corresponding to the contrast agent are presented in Figure 7A, with
their corresponding intensities in Hounsfield Units that were measured using the method
specified in Section 2. B. 8. Compared with the clinically used iodine agent, Omnipaque 350,
both Au/AgICSD and AuNPs showed enhanced contrast in CT, though, Au/AgICSD
exhibited significantly stronger contrast. The HU values of the samples with different
amounts of gold in nM were obtained and presented in Figure 7A such as: for AuNPs: 0.5 x
10° nM - 4.2 HU (Figure 7a); 2.5 x 10° nM -11.7 HU (Figure 7b); 12.6 x 10° nM - 62.3 HU
(Figure 7c); 17.7 x 10° nM - 86.8 HU (Figure 7d); 25 x 10° nM — 98.4 HU (Figure 7e); 50 x
10° nM - 266 HU (Figure 7f); for Agl/AuCSD: 0.5 x 10° nM - 79.8 HU (Figure 7h); 2.5 x
10° nM - 136.0 HU (Figure 7i); (j) 12.6 x 10° nM - 230.1 HU (Figure 7j); 17.7 x 10° nM -
376 HU(K); 25 x 10° nM- 558.9 HU(I); 50 x 10° nM -1240.8 HU (Figure 7m); for clinically
used Omnipaque 350 iodine contrast capability: 4.2 x 10° nM- 134.4 HU (Figure 7g) and
9.7 x 10° nM -195.9 HU (Figure 7n). HU intensity corresponding to the contrast agents

increases proportionally with the concentration (Figure 7B).
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The concentrations were determined by ICP-MS. It is found that adding an Agl shell on
AU/AgICSD generates substantially stronger contrast than the AuNP core in CT images,
suggesting that the loading of iodine in the shell of gold nanoparticles is an efficient method

to enhance the contrast without the need of increasing the amount of gold.
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Figure 7: X-ray CT images of solution phantoms of different materials. (A) Au/AgICSD and
AUNPs (used as a control) prepared in a serial of dilutions along with clinical iodine contrast
agent Omnipaque 350 dilution. (B) The nanoparticulate diluted samples and their
corresponding HU value.
3. E. Characterization of Au/AgICSD in photoacoustic (PA) measurements

The results of photoacoustic measurements and the quantification of the peak to peak
value of both Au/AgICSD and AuNP samples at different concentrations are shown in
Figure 8. The photoacoustic signal from Au/AgICSD is much higher than that from AuNPs
at the same concentrations. The concentrations leading to photoacoustic measurement of SNR
of 2 were 3 nM and 0.2 nM respectively for AuNPs and Au/AgICSD. Therefore, the ratio
between the molar extinction coefficients of Au/AglCSDand AuNPs is about 15, again
suggesting that the loading of iodine in the shell of gold nanoparticles may contribute to the

increase of the optical absorption contrast of the Au/AgICSD over pure AuNPs.
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Figure 8. (A) PA signals from Au/AgICSD and AuNPs samples at different concentrations

calibrated based on the amount of Au in the samples. (B) PPV of photoacoustic signals from
Au/AgICSD and AuNPs samples corresponding to different concentrations.

4. DISCUSSION

We demonstrated that nanodimers of Agl/Au core shell nanocomposites can be
prepared by using a novel seed mediated approach, in which AuNPs are used as seeds for the
core and the composite shell of Agl then can be deposited and assembled on the core
spontaneously from solutions of silver nitrate and potassium iodine. The layers of the Agl
shell of two core/shell particles then undergo fusion based on the non-epitaxial shell growth,
resulting in the formation of a nanodimer. The formation and growth of the dimer structure is
likely due to the spontaneous chemisorption of iodine on the surface of aspartic acid AuNPs.
The rapid chemisorption of iodine on gold was observed by Cheng et al.?’ previously. They
demonstrated that the chemisorption of iodine takes place on the citrate-stabilized gold
nanoparticles in a controllable manner, due to the electron donation between the KI and

citrate molecules, thus promoting the fusion of gold nanoparticles together. The mechanism

21



445

450

455

460

465

responsible for the formation of Au/AgICSD dimer is believed to be similar to Ostwald
ripening (i.e. the small crystals of the sol solutions are depositing on the surfaces of the seed
particles), where the KI addition enhances the rate of the Ostwald ripening process.
Moreover, Shipway et al have reported that the interactions between iodine and gold are very
strong. 2% Additionally, XPS peak values for the binding energy (Figure 3) are shifted to
the lower energy area compared with their corresponding pure metals reported in the
literature 3*2, This peak shifting suggests the interaction of the shell with the Au core
surface, and it might be explained by a decreased electron density on the interacting metal
atoms or that the metal atoms are in an oxidized state as they are coupling with the shell.
This decrease of the binding energy in the XPS spectra appears to be inconsistent with some
previous reports. ** ** Moreover, the presence of two small additional Agl peaks confirms the
observation of the tri-domain nanodimer peaks that appear in the iodine scanning. These two
peaks are assigned at 621.0 eV and 632.0 eV, respectively.

We showed that functionalization of the Au/AgICSD with the cell targeting moiety
transferrin can be accomplished Au/AgICSDthrough a CALLN linker attached to PEG-b-
AGE polymer coated on the nanoparticle surface via the amide bond formation between the
NH, groups of the polymer and COOH group of CALNN linker. The successful
functionalization was demonstrated by an XPS analysis (Figure 4) which revealed that a new
sp® C-C covalent bond between CALNN linker and Tf was formed while the sp? C=C double
bonds from Tf and the C-N bond from both CALNN and Tf disappeared. This reaction may
take place due to the super electrophilic ability of CALLN that enables the formation of a
transient bond with the aromatic rings of Tf (phenylalanine or histidine), resulting in the
activation of the [-protons and the cleavage of the C-N bond and ammonia dissipation. This
reaction is likely initiated by Friedel-Crafts attachment and is widely reported in the

literature.® Furthermore, a decrease in the z-potential of Au/AgICSD suggests the anchoring
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of targeted Tf molecules on the surface of Au/AgICSD. The z-potential changed from 23 mV
for PEG-b-AGE coated Au/AgICSD with —NH, groups on the surface to -35 mV for Tf-
AU/AgICSD after grafting transferrin on the surface (Figure 4 bottom right panel).
Furthermore, the developed PEG-b-AGE coated Au/AgICSD has a good biocompatibility
without significant cytotoxicity up to an Au concentration of 50 pg/ml.

Our results on CT contrast enhancement showed that Au/AgICSD are 4.3 times more
efficient than the simple AuNPs and 3 times more efficient than the clinically used
Omnipaque™ contrast agent. Even at low concentrations of gold (0.5 X 10° nM-79.8 HU),
the Au/AgICSD generate satisfactory contrast in CT images. Interestingly, the Agl shell
generated substantially stronger CT contrast than the AuNP core, suggesting that the loading
of iodine in the shell of gold nanoparticles is a very effective and efficient way to increase the
contrast effect. Similarly, the photoacoustic signal from Au/AgICSD was also much higher
than that from AuNPs at the same concentration. Additionally, the HU and PAT intensity
from Au/AgICSD was also much higher than that reported in the early report™® even when
concentration of Au/AgICSD used in this study was 10 times lower. Therefore, the Agl-Au
core/shell structure may provide some form of synergistic effect that enables further
enhancement of both CT and PAI contrast, although the phenomena of this synergistic effect

need to be further investigated in the future.

5. CONCLUSIONS

We report the development of a new class of core-/shell dimers (Au/AgICSD) as
CT/PAI dual-modal biomarker targeted contrast agents. The nanodimers are composed by
uniformly fusing gold, silver and iodine to form core-shell nanocomposite structure. TEM,
STEM, XPS and ICP-MS were used to characterize the nanodimers and confirm the core

shell formation with an overall size of 35 nm with a 15 nm AuNPs core covered by an Agl
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shell of 5 nm. The composition ratio between these three components was determined to be
38% gold, 54.26% iodine and 6.97% silver by ICP-MS.

The Au/AgICSD was stabilized in water by applying an amphiphilic PEG-b-AGE
polymer coating. Surface functionalized with CALNN peptide linker allows for conjugating
cell targeting ligands, e.g., transferrin. The evaluation of CT and PAI contrast enhancement
demonstrated that prepared Agl/Au CSD has dual modality contrast enhancing capability.
The Au/AgICSD is 4.3 times more efficient in CT enhancement than the AuNPs without the
shell and 3 times more efficient than the clinically used Omnipaque™ 350 contrast agent.
The presence of the Agl shell around the AuNP core likely provides additional contrast
enhancing effect in CT. Similarly, in PAT imaging, the optical absorption contrast is further

increased with Au/AgICSD with the presence of Agl shell.
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