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Introduction

The goal of this project was set to explore a new approach that will combine the advantages of MRI and
PET for the diagnostic imaging and staging of prostate cancer. We propose to dope positron-emitting
isotopes to superparamagnetic iron oxide nanoparticle to make nanosized dual MRI/PET probes for the
detection of prostate cancer by multi-modality (anatomical MRI plus functional PET) molecular imaging
approaches, so that the sensitivity and specificity of prostate cancer diagnosis could be significantly
improved. To realize the goal, two objectives were specified for this project: Objective 1.
Preparation/characterization of """*As-doped iron oxide nanoparticles and construction of PSMA-targeted
nano-conjugates; and Objective 11. Evaluation of the PSMA-targeted nano-conjugates in prostate cancer
xenograft mouse models via conventional biodistribution and small animal MRI/PET imaging methods.

Body

In the statement of work (SOW) of this project, the milestones and timelines were arranged in order to
achieve the two Objectives:

Objective I.
Months 0 — 12:
Milestone: Establish protocols of making dextran-coated iron oxide nanoparticles. We anticipate to
obtaining optimal conditions to control the size of nanoparticles in range of 20 — 40 nm within the first
year.

Accomplished: Please see my 1% annual report.

Months 6 — 15:
Milestone: Establish protocols of making dextran-coated ’"/"*As-doped iron oxide nanoparticles.

Accomplished: Please see my 1% and 2" annual reports.

Months 9 — 18:
Milestone: Establish protocols to construct PSMA-targeted nano-conjugates. Four such nano-conjugates
are anticipated (two nano-conjugates with sizes of 25 nm and 35 nm per targeting molecule).

Accomplished: Please see my 1%, 2" and 3 annual reports.

Objective II.
Months 12 — 30:
Milestone: Accomplish the in vitro/in vivo evaluations of the four PSMA-targeted nano-conjugates. At the
end of this timeframe, we will be able to tell which targeting approach is better. We anticipate two nano-
conjugates (one per targeting molecule) that can be used for small animal imaging studies.

Partially completed: Please see my 3™ annual report

Months 24 - 36:
Milestone: Accomplish the small animal MRI and PET imaging evaluation of the two chosen nano-
conjugates. We anticipate that the PSMA-targeted nano-conjugates can serve as dual-modality imaging




probes, which will provide the desired higher sensitivity and specificity for PCa detection than either of the
single-modality imaging approaches and the PSA test, by the combined analysis of MRI and PET images.

Partially completed: Please see my 3" annual report

The key accomplishments using dextran-coated iron oxide nanoparticles were detailed in my 3™ annual
report.

The main obstacle that we have met in carrying out this project is the availability of As-74 in the USA.
Therefore instead of using As-74, we applied our developed approach in the 1% — 3" year of the project to
the following two sub-projects, which were intended to achieve the same Objectives but using a different
nanoplatform (Gold Nanoparticle) and a different positron emitter, Cu-64. The rationale of using this
nanoplatform will be detailed later.

i) Gold nanoparticle based CT/SERS Nanoprobes for the detection of prostate cancer
metastases

i) Cu-64 incorporated gold nanoparticles as dual modality (PET/CT) imaging gents for
prostate cancer detection

The two sub-projects have been progressing very well.
1) Gold nanoparticle based CT/SERS Nanoprobes for the detection of prostate cancer metastases

RATIONALE:

Development of nanoparticle based contrast agents for diagnostic imaging applications is currently a very
active area of research. Over the past decade, a wide variety of materials have been used to synthesize
nanoparticle based contrast agents/beacons for in vitro and in vivo imaging applications. Although many
different types (geometry and material) of nanoparticles have shown promising results for imaging in an in
vitro setting, using them in vivo is limited by the constraints related to size, shape surface chemistry and
cyto-toxicity. Given these constraints, only a small set of nanoparticles have the potential to be used for in
vivo diagnostic imaging applications which include metal and polymer nanoparticles. Metal nanoparticles
have been exploited to enhance contrast of imaging modalities which include MRI, CT, ultrasound and
optical. Furthermore, metal nanoparticles exhibit unique electromagnetic properties such as enhanced
fluorescence and Raman scattering that can be exploited to improve sensitivity and multiplexed molecular
imaging. Gold nanoparticles (AuNPs) in particular are well suited for in vivo imaging applications given
their low toxicity and reactive surface that is conducive for bioconjugation using the thiol chemistry.
AuNPs provide a robust platform for the development of functionalized contrast agents for diagnostic
molecular imaging applications.

Multi-modality contrast agents can combine the complementary strengths of different imaging
modalities to enable comprehensive diagnostic imaging for pathologies such as cancer. Imaging modalities
such as CT and MRI enable whole body imaging with high resolution but lack the sensitivity that can be
achieved by optical techniques which in turn have limited penetration depth and interrogation volume.
Regardless of the imaging technique, the weak endogenous contrast between normal and abnormal tissue
necessitates the development and use of exogenous contrast agents for diagnostic imaging. Even biopsied
ex vivo tissue samples have to be stained with multiple contrast agents to obtain a comprehensive
molecular and morphological profile for accurate clinical diagnosis. AuNPs assisted improvement in
contrast and sensitivity for CT and optical imaging has been demonstrated. A nanoparticle probe that can
simultaneously enhance the contrast of CT and optical imaging modality such as Raman spectroscopy can



potentially be very valuable for many diagnostic imaging applications. Dual-modality probes for
combined MRI and fluorescence imaging using iron oxide nanopaticles have been demonstrated.

Raman spectroscopy is a highly sensitive technique for molecular detection since every molecule
has a unique spectral fingerprint known as its Raman spectrum. A major weakness of Raman spectroscopy
is the poor efficiency of Raman scattering which has limited its use in biomedical applications. Efficiency
of Raman scattering can dramatically increase (enhancement factor - 10° to 10**) when a molecule of
interest is in close proximity to a nanosurface via phenomenon known as surface enhanced Raman
scattering. With such large enhancement of Raman scattering the use of surface enhanced Raman
spectroscopy (SERS) for imaging application is an attractive alternative to fluorescence. Fluorescent tags
have emerged as dominant optical contrast agents for molecular imaging for a wide variety of in vitro
applications. In vivo applications of organic fluorescent dyes have been limited due to auto-fluorescence of
tissue. Recently developed near infrared fluorescent dyes do reduce the auto-fluorescence but still
fluorescence tags fundamentally suffer from photo-bleaching and limited colors (two or three) that can be
simultaneously detected due to spectral overlap. These limitations can be overcome by SERS to achieve
the detection sensitivity that potentially exceeds that of fluorescence techniques and also achieve
quantitative multiplexed detection of several biomolecules simultaneously.

Despite the unique advantages offered by SERS, lack of signal reproducibility and quantification has
prevented its wide spread use for in vitro or in vivo imaging applications until now. The lack of signal
reproducibility can occur due to the variation in nanoparticle size and distribution or aggregation. Metal
nanoparticles tend to aggregate in commonly used buffers and serum. Although aggregation enhances the
SERS signal but from a practical standpoint it is undesirable since aggregation cannot be controlled,
resultant SERS signal fluctuates, and the aggregate size is too large to be used for any in vivo applications.
Recently a promising design strategy to synthesize Nanotags for SERS has been developed. The design
involves encapsulating organic dyes as signature reporter dye between AuNP and a layer of silica or PEG.
Specific target ligands can be attached to PEG or silica surface with well established bioconjugation
chemistries. CT is a widely used imaging modality for various clinical diagnostic applications. Hard tissues
have higher X-ray attenuations than various soft tissues whereas the contrast between soft tissues is
inherently poor, which limits the sensitivity with which diagnosis of pathologies such as cancer can be
made. Currently, iodine based compounds are used to enhance contrast of CT which have the limitations of
short imaging window due to rapid clearance by kidneys and renal toxicity Metals such as gold have a
larger X-ray attenuation coefficient due to their high electron density and atomic number compared to
conventionally used iodine compounds. Nanoparticle based CT contrast agents have been demonstrated for
vascular imaging, which include, bare AuNPs, polymer-coated AuNPs, gadolinium-coated AuNPs and
polymer-coated Bi,S;. Molecular CT imaging of cancer using targeted AuNPs in cell culture has been
demonstrated by Popovtzer et. al.

Combined CT imaging and SERS enabled by a single probe has not been demonstrated yet. As
such, we set out to develop dual-modality contrast agents for combined CT and SERS imaging. The hybrid
nanotags are quasi-spherical gold nanoparticles coated with a Raman reporter dye (color) encapsulated by
a monolayer of polyethylene glycol (PEG) molecules with carboxylate functional group for further
bioconjugation with a ligand.

Accomplished Work

Synthesis of Nanotags: Size and shape of metal nanoparticles are critical factors that influence the
enhancement of Raman scattering. AuNPs of different sizes were employed as the cores to construct
Nanotags. The AuNPs were synthesized using published methods with modifications. In brief, to prepare
citrate coated AuNPs, an aqueous solution of 0.25 mM HAuCI, (50 mL) was first heated to boiling with
constant stirring, to which a certain volume of 1% (wt) sodium citrate (0.40 — 1.75 mL) was added. Within
a minute, the solution turned from faint blue to red indicating the formation of AuNPs. The boiling and



stirring were continued for 30 min. The resulting solution was then cooled down to room temperature,
which afforded AuNPs with a mean diameter ranging from 16.7 + 1.7 nm to 65.6 £ 6.4 nm as determined
by TEM. In this method, the particle size and size distribution can be reproducibly controlled by the
addition volume of the sodium citrate solution. AuNPs of different sizes coated with 2-mercaptosuccinic
acid (MSA) were synthesized by adding different amounts of the smallest citrate coated AuNPs (16.7 £ 1.7
nm) to a solution containing MSA and HAuUCI, at a fixed molar ratio under rigorous stirring. The color
change of the reaction mixture (pink to purple) reflects the growth of AuNPs.The size of the synthesized
AUNPs ranges from 20 nm to 120 nm. Morphological characterization of AuNPs was done with
transmission electron microscopy (TEM) and dynamic light scattering (DLS) measurements. All
synthesized particles were mono-dispersed and quasi-spherical in shape (Fig. 1).
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Figure 1: (A) Extinction curve of AUNPs and Raman Nanotags showing a 3 nm red shift. TEM pictures of (B) AuNPs
(C) Raman Nanotags. A thin film observed indicates mPEG-SH coating on the nanoparticles

The synthesis of Nanotags, namely Raman reporter dye encoding of synthesized of AuNPs, is achieved
using the method described by Qian et. Al. A freshly prepared Raman reporter dye solution was added to a
mono-dispersed AuNP solution (1.1 x10" particles /mL) with the final concentration ranging from 5 uM
to 15 uM. The ratio of the dye to AuNPs varies with different dyes. The optimum ratio was determined for
each Raman reporter dye that yields the maximum coverage of the dye on the surface of AuNPs without
resulting in aggregation. Rate of addition and speed of mixing were also found to be critical in obtaining
optimum coverage of dye as reported before. Raman reporter dye coated AuNPs were further pegylated by
a mixture of SH-mPEG (10 pM, MW: 5 kDa) and SH-PEG-COOH (1 uM, MW: 2 kDa) solutions at a
volumetric ratio of 2:7. The pegylation provides steric stabilization, improved biodistrubution properties,
and carboxylate groups for further functionalization.

After the dye encoding and peyglation, the resultant Nanotags were again characterized by UV-Vis
absorption spectroscopy, TEM, and DLS measurements to ascertain that they were monodispersed and
adequately pegylated while retaining their characteristic Raman spectra. A 3-nm red-shift of the plasmon
peak of AUNPs was observed as a result from the pegylation. Further a PEG layer was evidently shown on
the TEM images (Fig. 1) encapsulating the AuNPs. There was minimal broadening of attenuation curve as
measured by the full width at half maximum of the attenuation curve which indicates that the nanotags
were not aggregated. In addition, virtually no change in size or size distribution was observed on the DLS
histograms. Stability of the nanotags was tested in various solvents (10 mM PBS, 0.1M MES, goat serum,
methanol (99.9%), DMS0(99.9%)) at room temperature (Fig. 2). The nanotag solutions were monitored by
UV-Vis, DLS, and SERS out to one month with no signs of aggregation or spectral changes, which attested
the stability of the nanotags.



1.2 4 A 0.6 4 B
1.0 - Volume of PBS 0.5
g added to AuNP " Raman N:'n:ta_ius
[ S— [=] I\ resuspended in
g 0.8+ ehe o 047 A\ Goat Serum
o 100 ul - fif \
e zﬂo 1 v ..-' ',III — DI water
2 o6 . € 0.3 I '\ ——1x PBS
8 —~——/ ~———300 ul g " Y/ \\ 1x MES
2 ~ | 400 ul 2 — / \
< 04- / < 024 ———/
_— /__ & : = . c F-_./
021 \ 0.1
0.0- SO \H.H_—"_T—— — 0.0 ' ' . - .
400 500 600 700 800 900 400 500 600 T00 800 900
Wavelength (nm) Wavelength (nm)

Figure 2: Shows attenuation plots of (A) gold nanoparticles (AuNPs) and (B) nanotags.
The attenuation plot of AUNP gradually flattens with increase in volume of 10 mM PBS (1x)
however, attenuation curves of the nanotags retain their shape in the different solvents

SERS Characterization: Five different reporter dyes were used to synthesize single-colored nanotags:
Cresyl Violet, Rhodamine 6G, Crystal Violet, DTTC and Nile Blue. These dyes are positively charged
which readily adsorb to the negatively charged AuNPs. SERS signals from the nanotags were acquired
with a home built Raman spectroscopy module. The module is designed to be integrated into the side port
of an inverted microscope for simultaneous microscopy and Raman spectroscopy. Input laser is a 785 nm
single line laser (Ocean Optics) fiber coupled into the Raman module. All the presented spectra were
collected by microscope objective and recorded by a high resolution spectrometer (Ocean Optics,
QE65000). The near infrared excitation wavelength was chosen to minimize tissue autofluorescnce during
in vivo imaging. The incident laser intensity and integration time for all Raman measurements were 10
mW and 8 seconds, respectively. Representative signature Raman spectrum of each color nanotag encoded
with a specific Raman reporter dye is shown in Fig. 3.
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Figure 3: Raman spectra of Raman nanotags with five distinct colors: (A) DTTC lodide (DTTC), (B) Rhodamine 6G
(R6G), (C), Cresyl Violet (CV), (D) Nile blue percholate (NB) and (E) Crystal Violet. Each color has a unique spectrum
distinguished by the location and magnitude of the various peaks which enable their identification in mixtures. (F) is

SERS spectrum of a solution containing a mixture of four color nanotags: Rhodamine 6G, DTTC lodide, Cresyl violet
and Nile Blue.

Each color nanotag has a unique spectrum distinguished by the location and magnitude of the
various peaks. Although location of some peaks coincide for different nanotags due to a common
vibrational mode of specific chemical bonds but there are a number of others peaks which are unique to
each reporter dye. Nanotags of different colors show excellent reproducibility of their respective Raman
spectrum in terms of the location of the peaks and their relative magnitudes. The absolute magnitude of the
Raman spectrum peaks does vary for different batches of synthesized nanotags but consistently a large
Raman enhancement is achieved which enables highly sensitive detection of nanotags. The variation in the
magnitude of the Raman spectrum is attributed primarily to variation in the amount of dye attached to
AUNPs and to a lesser extent variation in the size of AuNPs. Shown in Fig. 3F is the SERS signals
measured from a mixture of four single-colored nanotags, specific peaks of a given reporter dye are clearly
identifiable in a mixture of nanotags.

It is noteworthy that the magnitude of Raman peaks shows a linear dependence on the
concentration of nanotags. This is critically important for quantitative SERS imaging. The measurement
dynamic range of nanotag detection is 30 dB. Nanotags were synthesized from AuNPs with various sizes
(20-120 nm) and their Raman spectra were measured. The largest Raman enhancement is obtained for
AUNPs with a diameter of 60 — 65 nm. Compared to nanotags synthesized with commercially available
spherical shaped AuNPs, the ones built upon our prepared quasi-spherical AUNPs have a larger Raman
scattering cross-section as reflected in the Raman spectrum (Fig. 3D). Nanotags colored with DTTC
generate the largest SERS signal among the nanotags because the absorption peak (795 nm) of DTTC is
very close to the laser excitation (785 nm), which results in resonant SERS.

In vitro Cell Culture Studies: Functionalized nanotags were tested on cells expressing cancer-specific
molecular biomarker. Two prostate cell lines (PC3 and LNcaP) were used to demonstrate the specificity of
functionalized nanotags binding to cell expressing the cancer specific biomarkers. LNCap cells express a
prostate tumor specific molecular biomarker known as prostate specific membrane antigen (PSMA) where



as the PC3 cells do not express it which serves as a control. Nanotags are functionalized by first activating
the —COOH groups on the nanotags and then adding anti-PSMA antibodies for bioconjugation to the
activated sites. To activate -COOH groups on the surface of nanotags, EDC (N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride) and sulfo-NHS (N-Hydroxysulfosuccinimide) were added to x ml of
nanotags followed by three time centrifugation and resuspension of pellet in PBS for remove of residual
EDC and sulfo-NHS. Anti-PSMA and IgG were added to separate solutions of activated nanotags and
stored overnight at 4 °C and for bioconjuation. The resulting antibody-nanotag conjugates were purified by
either size-exclusion column separation or centricon centrifugation.

A

Figure 4: Fluorescence images of (A) LNCaP cells conjugated to control nanotags (B) PSMA positive
LNCaP cells and (C) PSMA negative PC-3 cells

Functionalized nanotags (anti-PSMA and IgG)
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CT Characterization: X-ray attenuation of
the nanotags (60 nm and 40 nm. Size range
must be presented) was quantified by a
Siemens Inveon PET-CT Multimodality
System (Konxiville, TN). Vials containing
serially diluted nanotags were placed in the
CT scanner. The measured X-ray
attenuation values of nanotags show a linear
dependence on the nanotag concentration
(Fig. 9). The offset in the plots is due to the
background X-ray attenuation of the plastic
vials used to hold the samples. Next, the X-
ray attenuation of the nanotags is compared 5
to lohexol (Omnipaque™, GE Healthcare), 0 3 6 9 12 15
an iodine based clinical CT contrast agent. Concentration (mg/mL)
As shown in Fig. 6, both nanotags (60 nm Figure 6: Plot of Xray attenuation values against
and 40 nm) afforded significantly higher CT concentration for 40 nm and 60 nm gold nanoparticles
contrast than lohexol at the same compared w_zth the X-ray _attenuat[on value o_f lohexol. The
. . plots show higher attenuation for the nanoparticles.
concentrations (molar equivalent of gold vs
iodine). This clearly indicates the great
potential of AuNP-based CT contrast agents to improve the sensitivity of CT. The measured CT contrast
of nanotags is 2.67 times higher than that of pegylated 30 nm AuNPs reported by Kim et. al.

-@ 40 nm AuNPs
-=- 60 nm AUNPs
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Reconstructed images were analyzed using the Siemens Inveon Research Workplace (IRW) software. As
shown in Fig. 7, the spleen became clearly visible with the AuNP-based nanotags as contrast agent (Fig.
7C). The image quantification revealed that the CT attenuation value was 432 HU in the spleen at 24 h post
injection, while it was around 100 HU in other soft tissues. The presence of nanotags in the spleen was
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further confirmed by TEM images of the spleen tissue slices. In addition, the TEM images showed that the
nanotags were internalized in the spleen cells and preferentially accumulated in the lysosomes. This
evidently demonstrates the in vivo stability of the AuNP-based nanotags.

In Vivo SERS and CT Imaging: To demonstrate the dual contrasts of SERS and CT of our nanotags in
vivo, three nude mice were injected with 10 pL of the 65 nm nanotags at a concentration of 12.5 mg/mL
subcutaneously after sedation under 2% isoflurance anesthesia. SERS and CT scans were recorded pre and
post injection. The SERS images were recorded followed by CT scanning. For SERS imaging, the sedated
mouse was placed on a platform and its body temperature was maintained by a water-circulation heating
pad. The SERS spectra were acquired with a 10 x (0.25 N.A.) microscope objective with an integration
time of 8 sec. Recorded SERS spectra before and after injection of nanoatgs are shown in Fig. 8A &B,
respectively. Representative whole body CT images of the mice before and after the nanotag injection are
shown in Fig. 8C & D
respectively. The in vivo
Raman spectra pre injection are A
magnified (6x) to clearly 1
visualize the Raman peaks of 1
tissue. The in vivo Raman
spectra of the nanotags remains
distinct with little change or o
distortion in the peaks and their

line  width. Except for

overlapping peaks at 300 and

400 cm™, the rest can be

readily attributed to the reporter ] J W
dye. Raman spectra of the ]

injected nanotags were also o0 ob0
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concentration. Serially diluted
solutions of nanotags were Figure 8. SERS and CT images from sub-cutaneously injected RN
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various locations. However due whereat_s I(CE) and (!D(Ef‘gg 3D CT imigis Ft]}:e E??d f.os.f'irt‘_je‘:ﬂond
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nanotags in tissue it is difficult
to establish the functional
dependence of Raman signal magnitude on the nanotag concentration but nonetheless a robust and distinct
Raman spectrum was successfully recorded at the lowest concentration (0.025 mg/mL).
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Evaluation of tissue distribution and in vivo pharmacokinetics of Raman Nanotags in mice: The
importance of the tissue distribution and in vivo pharmacokinetics of nanoparticles has been well
recognized, however in most of recently published work on biomedical applications of a variety of
nanoparticles, it is largely neglected. As for AUNP based nanoparticles, the current biodistribution method
is limited to ICP-MS, which is a labor intensive and time consuming process. It is very hard if not
impossible to apply the ICP-MS method for systematic in vivo evaluation in an efficient manner. To
overcome this problem, we have taken advantage of the superior sensitivity of radiotracers by using a
gamma emitting gold isotope, **®Au (t;, = 2.70; y: 0.412 MeV), to enable efficient gamma counting of
tissues of interest. The isotope is weekly produced at the University of Missouri Research Reactor. Given
the identical chemical properties of ***AuCl; and cold AuCls, the synthetic procedures of AuNP based
Nanotags are essential the same when a trace amount of ***AuCls is used. In addition, the reasonably long
(or short) half life of *®*Au do not impose any time restraints on any of the above synthetic procedures or
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excessive radiation exposure to the chemists. Other radiotracer approaches include labeling the nano-
constructs with gamma or positron emitting isotopes through a covalent attachment of a bifunctional
chelator to the nanoparticles surface. However, in addition to the aforementioned advantage, our method is
advantageous in two other aspects 1) incorporation of **Au into the AUNP core offers an intact surface for
further modifications if targeting and/or drug loading are needed; and 2) no bifunctional chelators are
needed as in conventional radiolabeling of nanoparticles. This avoids the concerns of in vivo transchelation
of metal ions from the chelators/nanoparticles, which has been well documented in the literature, and thus
ensures the integrity of the multiplexed Raman Nanotags and faithful reflects their biological behavior in
live subject.

To evaluate the surface charge effect on the tissue distribution profiles and PK parameters,
8 Au/AUNP nanoplatforms differing in the molar ratios of HS-PEG-COOH (C) and HS-mPEG (M) were
synthesized (C15M85: 15C:85M; C50M50: 50C:50M; C85M15: 85C:15M). The pegylated nanoplatforms
can be prepared at a concentration up to 15-mg (Au)/mL. However a rather diluted solution (0.05 mg/mL)
was used for the following biodistribution experiments to maintain 5 pCi of *®Au activity per mouse,
which is equivalent to 5 ug of Au injected into each animal. All animal studies were performed in
compliance with guidelines set by the UT Southwestern Institutional Animal Care and Use Committee.
The injected doses were prepared by diluting the purified ***Au/AuNP nanoplatform with 10 mM PBS
buffer. Normal 4 — 5 wk male healthy balb/c mice (Harlan, IN) were anesthetized with isoflurane and then
injected with 100 puL of each **Au/AuNP nanoplatform (ca. 5 uCi/mouse) via the tail vein. The animals
were anesthetized again prior to sacrifice at 24 h, 48 h, and 72 h post-injection (p.i.) (n = 4 at each time
point). Organs of interest (blood, heart, lung, liver, spleen, kidney, fat, muscle, intestine, stomach, and
thyroid) were removed, weighed, and counted. Standards were prepared and counted along with the
samples to calculate the percent injected dose per gram tissue (%ID/g) and percent injected dose per organ
(%I1D/organ). The animals of the last time point groups were housed in metabolic cages (4 mice per cage)
to collect urine and feces at 24 h, 48 h, and 72 h p.i. For the evaluation of pharmacokinetic (PK)
parameters, 5 — 10 uL of blood was collected from the retroorbital sinus of the animals at 5 min, 10 min,
20 min, 40 min, 1 h, 4 h, and 24 h p.i. The PK parameters were calculated based on a two-compartment
open model.

In order to identify optimal AuNP nanoplatforms with desired in vivo properties for the
development of Nanotags, systematic biodistribution studies have been done in normal male BALB/c mice
since the last submission using **Au/AuNP nanoparticles in diameter of 16.7 + 1.7 nm, 43.9 + 3.8 nm, and
65.6 £ 6.4 nm. The evaluated variables include: 1) Nanoparticle size (depicted in Fig. 13 as 20 nm, 40 nm,
60 nm, respectively, for simplicity); 2) PEG chain length (2 KDa and 5 KDa); and 3) surface charge
(namely, molar ratio of HS-PEG-COOH/HS-mPEG: 15:85; 50:50; and 85:15). Consistent with previous
reports, the non-targeted ***Au/AuNP Raman Nanotags predominately deposited in the liver and the
spleen, while their uptake in other organs was negligible. From 48 h to 72 h p.i., the retention of the
nanoparticle appears rather steady. Among the ***Au/AuNP nanoplatforms, M50C50 exhibited the lowest
uptake in the liver, while M85C15 showed the lowest accumulation in the spleen at 48 h p.i. Overall the
surface charge varied by the molar ratio of HS-PEG-COOH and HS-mPEG didn’t significantly alter the
biodistribution profiles of the AUNP based Raman Nanotags. Limited by space, biodistribution and in vivo
kinetic data are not presented. It should be pointed out that the optimal nanoplatform selection is dependent
on the application, for which the nanoplatform is intended. Given the aims of this project, desired
properties of AuUNP nanoplatforms for further development of Nanotags include: low uptake in non-target
organs (especially liver, spleen, and bone marrow), reasonable long blood circulation time (ti2,> 30 min)
so that the nanoplatforms have adequate time to reach the targets before trapped in the RES organs, and
strong SERS signal. After taking these factors into consideration, we have chosen two AUNPs as
nanoplatforms to develop Nanotags for future studies: 43.9 + 3.8 nm and 65.6 + 6.4 nm AuNPs coated with
HS-PEG-COOH/HS-mPEG at a fixed molar ratio of 50:50 (PEG: 5 KDa).

Ex vivo determination of CT attenuation values of Raman Nanotags in the spleen: CT scans were
performed on a Siemens Inveon PET-CT Multimodality system (Siemens Medical Solutions Inc.,
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Knoxville, TN). The CT Imaging was obtained at 80 kV and 500 A with a focal spot of 58 um. The total
rotation of the gantry was 360° with 360 rotation steps obtained at an exposure time of approximately 225
ms/frame. The images were attained using a CCD readout of 4096 x 3098 with a bin factor of 4 and an
average frame of 1. Under low magnification the effective pixel size was 103.03 pum. The total CT scan
time was approximately 6 min. CT images were reconstructed with a down sample factor of 2 using Cobra
Reconstruction Software. Reconstructed images were analyzed using Inveon Research Workplace (IRW)
software. For each organ of interest, five similarly sized regions of interest were placed in the areas
expressing the highest contrast as determined by visual inspection. The resulting quantitative data was
expressed in Hounsfield Units (HU) and averaged.
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Figure 9. Biodistribution data (A) and CT attenuation values (B) of the three Raman
Nanotags in the spleen.

Since the spleen showed the highest uptake of ***Au/AuNP nanoplatforms (~ 5%ID/g), we
performed ex vivo CT scans of the spleen tissues after biodistribution. As shown in Figure 9, the CT
attenuation values (Fig. 9B) of the spleens (whole) correlate well with the uptake values (%ID/g; Fig. 9A)
measured by biodistribution experiments. Notably 5% of the injected dose (~0.25 nug Au) resulted in ~ 400
HU in the spleen tissue. If we use a 1 mg (Au)/mL of Rama Nanotag solution to prepare the injection
doses, a 1%ID/g uptake value in a tumor with the similar spleen size (50 — 100 mg) would be able to offer
a CT attenuation value > 100 HU assuming the biodistribution profile maintains the same. Given that the
typical CT attenuation values of soft tissues are in the range of 0 — 50 HU, we anticipate that tumors with >
1%ID/g uptake be revealed on CT images.

In Vivo Tumor Imaging Tumor (orthotopic prostate tumor model) bearing mice were injected with
Raman Nanotags (RN) and imagining studies were carried out at different time points. Tumor cells (PC-3)
cell suspension was injected orthotopically (20k DAB2IP knockout PC-3 cells per injection, injection
volume of 100 pL) into the prostates of 5 nude mice. After the injection of cells, the animals were
monitored everyday. This orthotopic prostate cancer metastasis animal model was provided by Dr. Jer-
Tsong Hsieh’s in the Department of Urology at UT Southwestern. The tumor was allowed to grow for 1
week for in vivo imaging studies. Five tumor-bearing mice were fasted overnight before injected with 100
pL of 100 pCi of FDG solution. PET/CT scanning was performed at 1 hr p.i. When the orthotopic tumors
were clearly denoted by PET imaging, 100 pL concentrated RN (43.9 + 3.8 nm) of 12.5 mg/mL dosage
was injected intravenously via the tail vein. CT scans were carried out for 3 days. After mice were
sacrificed, organs of interest, such as the spleen, liver and tumors were taken out for SERS and TEM
characterization. The TEM images clearly show the uptake of RN in the tumor (Fig. 10A&B).
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Corresponding SERS from RN in tumor are shown in Fig. 10C. Overlap of CT (pre and post RN injection)
and PET (**FDG) images of tumor metastasis are shown in Fig. 11. Clearly the metastasis from the tumors
in the prostate was visualized by RN-aided CT. The result was further verified by FDG-PET.
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i) Cu-64 incorporated gold nanoparticles as dual modality (PET/CT) imaging gents for
prostate cancer detection

Rationale:
It has been well-recognized that no single modality is perfect or sufficient to afford all desired information.
For instance, CT has supremely high resolution but with low sensitivity, while PET is exceptionally
sensitive, metabolically functional but with poor spatial resolution. Therefore the synergistic combination
of these two imaging techniques will certainly be advantageous over CT or PET alone. Indeed recently we
have seen the hybrid PET/CT scanners have completely replaced the standalone PET system in the United
States. To enable PET/CT studies of biological events at the molecular or cellular level, novel dual modal
imaging agents are high desirable.

In this project, we applied our developed approach to incorporate **Cu, a positron emitter, to the
same gold nanoparticle platform, whose potential as CT contrast agent has been shown in project i).

Accomplished Work

Synthesis of ®*Cu-incorporated AuUNP: The AuNPs were synthesized using the procedure as described
above. In brief, to prepare citrate coated ®*Cu-incorporated AuNPs, an aqueous solution of 0.25 mM
HAUCI, (50 mL) with ®*CuCl, (8 mCi) was heated to boiling with constant stirring, to which a certain
volume of 1% (wt) sodium citrate (0.40 — 1.75 mL) was added. Within a minute, the solution turned from
faint blue to red indicating the formation of AuNPs. The boiling and stirring were continued for 30 min.
The resulting solution was then cooled down to room temperature, which afforded AuNPs with a mean
diameter of ~ 40 nm as determined by TEM.

In Vivo Dual Modality Imaging in a PC-3 tumor bearing mouse model: PC-3 cells were cultured in T-
media at 37 "C in an atmosphere of 5% CO; and were passaged at 75 % confluence in P150 plates. T-media
was supplemented with 5% Fetal Bovine Serum (FBS) and 1 x Penicillin/Streptomycin. Cultured PC-3
cells were harvested from monolayer using PBS and trypsin/EDTA, and suspended in T-media with 5%
FBS. The cell suspension was then mixed 1:1 with Matrigel™ and injected subcutaneously (2.5 x 10° cells
per injection, injection volume 100 pL) into the nape of neck of nu/nu mice. After the cell injection, the
animals were monitored three times a week by general observations. The tumor was noticed to grow in the
first week and allowed to grow three weeks to reach 50 — 100 mg for the imaging studies. Small animal
PET/CT imaging studies were performed using a Siemens Inveon PET/CT Multimodality System
(Knoxville, TN, USA). Three mice were injected with ~120 uCi of **Cu-incorporated AuNPs via the tail
vein. Ten minutes prior to imaging, the animals were anesthetized using 3% Isofluorane at room
temperature until stable vitals were established. Once the animal was sedated, the animal was placed onto
the imaging bed under 2% Isofluorane anesthesia for the duration of the imaging. The CT data was
acquired at 80kV and 500 pA with a focal spot of 58 um. The total rotation of the gantry was 360° with
360 rotation steps obtained at an exposure time of approximately 200 ms/frame. The images were attained
using a CCD readout of 4096 x 3098 with a bin factor of 4 and an average frame of 1. Under low
magnification the effective pixel size was 103.03 um. The total CT acquisition time was approximately 6
min. CT images were reconstructed with a down sample factor of 2 using Cobra Reconstruction Software.
The PET imaging acquisition was performed directly following the CT scans at 4 h, 24 h, and 48 h post
injection. PET images were reconstructed using Fourier Rebinning and Ordered Subsets Expectation
Maximization 2D or 3D (OSEM2D or OSEM3D) algorithm. Reconstructed CT and PET images were
fused and analyzed using the Siemens Inveon Research Workplace (IRW) software.
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Figure 12. Representative PET/CT imaging of #Cu-incorporated AuNP.

Prior to AuNP injection, control CT images were taken on SCID mice with 300 11
PC3 cells implanted subcutaneously. The tumors were allowed to grow

for 12 days before imaging. Directly after the CT imaging, 84Cu-

incorporated AuNP (120 uCi) was injected intravenously into the mice. HU %ID/g
PET/CT imaging was acquired at 24 hours post injection. CT units are

expressed in Hounsfield Units (HU) and PET units are expressed in

Percent Injected Dose per Gram (%ID/g). The images above depict the iP5 4

same slice of the animal pre and post injection.

Clearly, the dual modality image nanoprobe revealed a ring shaped signal enhancement, which may
reflect the vasculature of the tumor. Notably, this unique tumor vasculature feature was not visible on
FDG-PET-CT images.

Construction of PSMA-Targeted Nanoprobes (Objective I1)

As shown in the above In vitro Cell Culture Studies (Figures 4&5), we have accomplished the construction
and in vitro evaluations of PSMA-targeted nanoconjugates. However, the nanoplatform that we used was
gold nanoparticles instead of iron oxide nanoparticles as proposed in the project due to the availability of
As-74. In addition, we were able to obtain a PSMA targeting aptamer from Dr. Ellington’s lab at UT
Austin to construct another PSMA-targeted nanoconjugate as detailed below.

Construction of PSMA-targeted AuNP-Aptamer conjugates: An aptamer that target PSMA with a
common extended GAA UUA AAU GCC CGC CAU GAC CAG was provided by Dr. Andrew Ellington’s
laboratory. The conjugation of the aptamer to the surface of AuNPs was carried out according to an
established procedure from Dr. Ellington’s lab that was recently published (1). Briefly, our AUNPs were be
firstly coated with an oligonucleotide with a sequence complementary to the extended sequence of the
aptamers in the pegylation procedure (2). The oligonucleotide (5'/ThioMC6-D/Sp18/CTG GTC ATG GCG
GGC ATT TAA) TTC was purchased from IDT DNA Technologies. The unreacted capture
oligonucleotide and other PEG molecules were removed from the oligonucleotide- and PEG-coated gold
nanoparticles by centrifugation. The PSMA targeting aptamer was then hybridized to the modified AuNPs
by warming the solution at 70 °C for 5 min followed by incubation at room temperature for 30 min. The
unreacted aptamer molecules were removed from the aptamer-conjugated AuNPs by centrifugation. The
aptamer-AuNP conjugates were characterized by our established HPLC, DLS, and TEM methods. Further
studies are ongoing.
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Figure 13. Schematic conjugation of aptamer to the surface of AUNPs.

Key Research Accomplishments

In addition to the accomplishments that were summarized in my 3 annual report, we have achieved the
following ones:

1) Successfully constructed two PSMA-targeted nano-conjugates using a monocloncal anti-PSMA
antibody and a PSMA-targeting aptamer.

2) Successfully applied our developed methodology to a different nanoplatform (AuNP) to develop
multimodality imaging probes for prostate cancer detection;

3) Successfully visualize prostate cancer metastases on the small intestines in an orthtopic prostate
cancer mouse model by CT using AuNP-based Raman Nanotags as contrast agents. The CT result
was further confirmed by the clinical gold standard, FDG-PET, ex vivo SERS, and TEM images.

4) Successfully incorporated ®*Cu, a positron emitter, to gold nanoparticles; and performed PET/CT
imaging of prostate cancer using the **Cu-incorporated AuNPs.

5) PET/CT images enabled by ®**Cu-incorporated AuNPs showed a unique feature of tumor

vasculature in vivo, probably indicating the neovasculature formation.

Reportable Outcomes

One oral presentation by Ms. Yi Guo in the DOD IMPaCT meeting in Atlanta, Georgia, September 5 — 8,
2007

A Master of Science Thesis entitled “DEVELOPMENT OF IRON OXIDE BASED NANOPARTICLES
AS DUAL-MODALITY IMAGING PROBES” by Ms. Yi Guo, Graduate Program of Radiological
Sciences, Graduate School of Biomedical Sciences, UT Southwestern Medical Center at Dallas. Mentor:
Xiankai Sun, PhD

A publication in Journal of Biomedical Nanotechnology (a pdf copy is attached):
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Zhou Y, Gulaka P, Zhou J, Xiao M, Xu D, Hsieh J-T, Kodibagkar V, and Sun X: Preparation and
Evaluation of a Radioisotope-incorporated Iron Oxide Core/Au Shell Nanoplatform for Dual
Modality Imaging. J. Biomed. Nanotechnol. 2008, 4:474-481

A publication in Nanotechnology (a pdf copy is attached)

Xiao M, Nyagilol J, Arora V, Kulkarni P, Xu D, Sun X, Davé DP: Gold Nanotags for Combined
Multi-Colored Raman Spectroscopy and X-Ray Computed Tomography. Nanotechnology, 2010,
21(3): 1-8

Two manuscripts in preparation are to be submitted within six months (We will send them to the

USAMRMC once they are accepted for publication).

Conclusions

In addition to the accomplishments detailed in my 1% — 3" annual report, we developed gold nanoparticle
based tags (nanotags) for combined multi-color surface enhanced Raman spectroscopy (SERS) and X-ray
computed tomography (CT). The hybrid nanotags are quasi-spherical gold nanoparticles coated with a
Raman reporter dye (color) encapsulated by a monolayer of polyethylene glycol (PEG) molecules with
carboxylate functional group for bioconjugation with a ligand. Nanotags of five different colors were
synthesized for a range of gold nanoparticle sizes and an optimum size has been established to yield the
largest SERS signal and X-ray absorption coefficient that is higher than the iodinated compounds currently
used in clinic to enhance contrast of CT imaging. Our preliminary in vivo imaging results with nanotags
demonstrate the dual modality imaging capability of SERS and CT with a single nanoprobe. Furthermore,
we have incorporated a positron emitter to the core of the AuNP-based nanoprobe to enable PET/CT
imaging of prostate cancer by a single dose injection. Although the preparation of PSMA-targeted
PET/MRI dual modality imaging probes was impeded by the availability of arsenic-74, we were able to
take a different route to develop multi-modality imaging agents based on gold nanoparticles. Therefore |
believe we have satisfactorily accomplished the goal set for this project.
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Xiankai Sun, PhD, Assistant Professor of Radiology, UT Southwestern
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Magnetic gold-coated iron oxide nanoparticles (Fe@Au NPs) have recently emerged as a new
type of iron oxide nanoparticle based magnetic resonance imaging (MRI) contrast agents, in which
the gold shell provides a conveniently tunable surface for the presentation of multiple functional
molecules. Given the versatility of this nanoplatform and the intrinsic sensitivity limitation of MRI
contrast agents, a new approach was developed in this work to incorporate radioisotopes with
suitable half-lives into the iron oxide core of Fe@Au NPs and impart the superior sensitivity of
nuclear imaging to the nanoplatform. The incorporation of 8Ga was successfully accomplished
by co-precipitation of 5Ga3* with Fe3*/Fe?* ions at a pH ranging from 4-10. The gold coating
procedure was carried out by an iterative hydroxylamine seeding process. Upon the gold deposition,
the hydrodynamic radius of the nanoparticles was changed from 23.2+2.2 nm to 31.7+2.3 nm,
indicating an 8-nm thickness for the gold shell. The Fe@Au NPs were functionalized by lipoic
acid (LA) and further conjugated with a polyarginine cell permeation peptide, NH,GR11. All the
Fe@Au NPs stayed nearly 100% intact in either PBS or rat serum within 72 h. Cell labeling with
the LA-modified Fe@Au NPs and NH,GR11-conjugated Fe@Au NPs was conducted by using a
human prostate cancer cell line (PC-3). It was shown that NH,GR11 was able to increase the
nanoparticle loading to PC-3 cells by 2-3 times. Shown in a pilot dual-modality imaging study, the
LA-modified Fe@Au NP labeled cells could be visualized by both MRI and autoradiography imaging
if the labeled PC-3 cell concentrations were above 1 x 10% cells/mL. The cell permeation peptide,
NH,GR11, could significantly enhance the dual-modality detection sensitivity of the nanoplatform
labeled PC-3 cells.

)
m
n
m
>
)
)
T
>
)
=
®)
T
m

Keywords: MRI, Nuclear Imaging, Prostate Cancer, Cell Trafficking, Superparamagnetic Iron
Oxide Nanoparticles (SPIO), Gold Nanoparticles.

1. INTRODUCTION magnetic moment surrounding each particle, iron oxide
based nanoparticles are capable of providing significantly
APy T IO ) HHOn ) ! higher MRI contrast (7,) than traditional gadolinium-
ficking in vivo in a non-invasive manner is of scien-  paged contrast agents (7). However iron oxide based
tific and clinical significance in the development of new T, agents also exhibit the inherent weakness of MRI

cancer therapies. Due to its high spatial resolution and  conrast agents, relatively low sensitivity. Thus various
superior soft tissue contrast, magnetic resonance imaging approaches have been reported to combine nuclear imag-
(MRI) techniques have been increasingly used to image ing or optical imaging techniques with MRI in hope
magnetically labeled cells with either gadolinium or iron for complementary anatomic, functional, and molecular
oxide nanoparticle based agents.'”” With the much larger  jnformation.® The combination of MRI and optical imag-
ing is straightforward and has been proven successful

*Author to whom correspondence should be addressed. in preclinical studies. However, its clinical application is

The ability to longitudinally monitor cell viability or traf-
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Preparation and Evaluation of a Radioisotope-Incorporated Iron Oxide Core/Au Shell Nanoplatform

hindered by the shallow tissue penetration depth of visi-
ble light.*~!! Nuclear imaging techniques, such as positron
emission tomography (PET), single photon emission com-
puted tomography (SPECT), have high intrinsic sensitiv-
ity without the tissue penetration problem. Therefore the
development of dual-modality imaging probes that enable
simultaneous MRI and nuclear imaging has drawn con-
siderable interest in the field of molecular imaging.'>'4
In addition, the recent success of PET-MRI scanners is
expected to drive the need for such dual modality imaging
probes. '3 16

The preparation of PET/MRI or SPECT/MRI probes can
be conveniently realized by attaching bifunctional chela-
tors to the surface of iron oxide nanoparticle for radioiso-
tope labeling.!” However the in vivo stability or integrity
of the nanosized conjugates must be seriously considered
given the fact that the in vivo demetallation of metal com-
plexes is inevitable.'® Gold-coated iron oxide nanoparti-
cles (Fe@Au NPs) have recently shown potential as MRI
contrast agents and the gold shell can serve as a func-
tional moiety for further modifications with varieties of
functional molecules. In this work, we hypothesized that
the incorporation of metallic radioisotopes with suitable
half-lives into the core of Fe@Au NPs would avoid the in
vivo stability problem and impart the nanoplatform with
the superior sensitivity of SPECT or PET.

2. MATERIALS AND METHODS

All chemicals were reagent-grade and used as received.
FeCl; - 6H,0 (>99.0%), FeCl, - 4H,0 (>99.0%),
NaOH (>99.0%), KSCN (>99.0%), 4-(2-hydroxyethyl)
piperazine- 1-ethanesulfonic acid (HEPES), N-Ethyl-N’-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC),
Hydroxy-2,5-dioxopyrrolidine-3-sulfonicacid sodium salt
(sulfo-NHS), and H,0, solution (35 wt% in H,0) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
All aqueous solutions were prepared using Milli-Q water
(resistivity: 18.2 MQ -cm), and degassed by bubbling
with N, gas for 30 min. Phosphate buffered saline (PBS)
solution (0.01 M PO;~, 0.138 M NaCl, 0.0027 M KCl,
pH 7.4) was prepared by using premade powder (Sigma-
Aldrich). Gallium-67 was purchased from MDS Nordion
(Vancouver, British Columbia, Canada). Amicon filters
with molecular weight cutoff (MWCO) of 30 KDa were
purchased from Millipore (Bedford, MA, USA).

The separation and purification of nanoparticles were
carried out by centrifugal filtration using the Amicon
filters on a HERMLE Z-300K centrifuge (Labnet,
Woodbridge, NJ, USA). The nanoparticles were charac-
terized by dynamic light scattering (DLS) on a Wyatt’s
DynaPro (Santa Barbara, CA, USA), transmission electron
microscopy (TEM) on an FEI Tecnai G2 Spirit Biotwin
Microscope (Hillsboro, OR, USA), size exclusion high
performance liquid chromatography (SEC-HPLC) on a
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Waters 600 system (Milford, MA, USA) equipped with
three in-line detectors: Waters UV2996 PDA UV detector,
Wyatt Mini DAWN light scattering detector, and Shell-
USA radio detector. The UV absorbance was acquired
on a Milton Roy Spectronic 1201 UV-Vis spectrome-
ter. The addition of NH,OH or NaOH solution was con-
trolled by a syringe pump (KD Scientific Inc., MA, USA).
Radioactivity was counted by a WIZARD?2 gamma counter
(PerkinElmer, Waltham, MA, USA). Autoradiography was
measured on a PerkinElmer Cyclone Plus storage phos-
phor system with OptiQuant software.

2.1. Preparation of * Ga-Incorporated Fe@Au NPs

The Fe@Au NPs were prepared by modified litera-
ture procedures.'”?° A mixture of FeCl, - 6H,0 (0.54 g,
2.0 mmol) and FeCl, -4H,0 (0.20 g, 1.0 mmol) was dis-
solved in 25 mL of Milli-Q water containing 0.09 mL of
concentrated HCI (0.11 mmol). To the solution was added
1-2 mCi of “’GaCl, (~10 pL in 0.1 N HCI), followed by
the addition of 20 mL of 1.5 M NaOH or NH,OH solu-
tion dropwise by a syringe pump at a rate of 40 mL/h
under vigorous stirring. A black precipitate was formed
immediately. The solution was then neutralized with 0.1 M
HNO;. The resulted iron oxide nanoparticles were sepa-
rated by four times of filtration (Amicon 30 KDa filter;
5000 rpm (670 g) x 30 min), twice with 10 mL Milli-Q
water and twice with 10 mL of 0.1 M tetramethylam-
monium hydroxide solution (TMAOH). The nanoparticles
were resuspended in 25 mL of the TMAOH solution, of
which 0.75 mL was taken out and diluted to 28 mL with
Milli-Q water. To the diluted nanoparticle solution was
then added 0.75 mL of a solution containing 0.1 M sodium
citrate, 0.2 M NH,OH - HCl, and 1% HAuCl,. The color
of the solution turned from brown (iron seeds) to light red
as the gold shell was forming. The process was monitored
using UV-vis spectroscopy and DLS.

2.2. Surface Modifications of the
Fe@Au Nanoparticles

As shown in Figure 1, the conjugation of Fe@Au NPs
(*’Ga- or non-*’Ga-incorporated) with NH,GR11 was car-
ried out by a two-step procedure. In the first step, lipoic
acid (LA), which is a bifunctional linker with both car-
boxylate and thiol functionalities, was mixed with the
diluted Fe@Au NPs to reach a final concentration of
I mM. During this step, the thiol group of the linker
was bound to the gold surface via the gold-thiol inter-
action, and the carboxylate groups were left intact. Cen-
trifuge filtration was used to remove the excess linker
(Amicon 30 KDa, three times of 5,000 rpm for 30 min).
In the second step, the solution of LA-modified Fe@Au
NPs was mixed with an EDC/sulfo-NHS solution (6.0 mg
sulfo-NHS and 4.0 mg EDC in 50 uL of H,0) and the
pH was adjusted to 7-7.5 by adding 1 N NaOH. The
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Fig. 1. Schematic synthesis of LA-modified Fe@Au NPs and NH,GR11-conjugated Fe@Au NPs. Nu: Gamma or positron emitting radioisotopes.

resulting mixture was agitated for 30 min at room temper-
ature for the NHS-activated ester formation. Then 10 uL
of 10 mg/mL of NH,GR11 in DMSO solution was added
and mixed thoroughly for 60 min at room temperature. The
obtained NH,GR11-conjugated Fe@Au NPs were washed
twice with 5 mL of PBS (5,000 rpm for 30 min) and then
resuspended in 1.0 mL of PBS solution for further studies.

2.3. Characterization of Fe@Au NPs

The hydrodynamic radii of Fe@Au NPs (’Ga- or non-
¢’Ga-incorporated) were determined by a Wyatt’s DynaPro
equipped with a He-Ne laser (A = 632.8 nm). Briefly,
about 80 uL of Fe@Au NP solution was placed in a quartz
microcurvette for the DLS analysis. The scattering data
were recorded by appropriate laser intensity (about 500 K
counts per second).

The morphology of the Fe@Au NPs was examined
by the FEI Tecnai G2 Spirit Biotwin Microscope. The
TEM samples were prepared by spreading a drop of the
diluted NP solution (0.8 uL) on a discharged copper grid
(300 mesh copper Formvar/Carbon).

The iron content of the Fe@Au NPs was measured by
a photometric method. In order to calibrate the analysis,
a series of standard FeCl; solutions (ranging from 0.05
to 0.60 mM, in 2 N HCI) were prepared. To 500 uL of
each standard Fe** solution, 100 uL of 0.1 M H,0, and
400 puL of 0.26 M KSCN were added. The colorimetric
reaction was allowed to proceed for more than 1 h before
the absorbance was measured at 480 nm. A standard curve
(y =3.045 x—0.003) was generated with the linear corre-
lation of 0.999.

2.4. SEC-HPLC Analysis

The quality of Fe@Au NPs was assessed by a SEC-HPLC
method using a Waters Ultrahydrogel SEC column (range:
0.5-8000 KDa, 7.8 x 300 mm) and a Biosuite SEC guard
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column (7.5 x 75 mm). Briefly, 20 uL of Fe@ Au NP solu-
tion was injected into the SEC column, which was eluted
with 20 mM HEPES and 150 mM NaCl buffer at an iso-
cratic flow rate of 1.0 mL/min. Spectra data were collected
and processed using the Waters Empower Chromatography
Data Software.

2.5. In Vitro Stability of Fe@Au NPs

The in vitro serum stability was conducted by adding
20 uL of purified Fe@Au NP samples (*’Ga- or non-*’Ga-
incorporated) to 180 L rat serum or PBS. The solutions
were incubated at 37 °C and analyzed by DLS or SEC-
HPLC at specific time points.

2.6. Labeling PC-3 Cells with Fe@Au NPs

The PC-3 cell line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA). PC-3
cells were cultured in T-medium (Invitrogen Corporation,
Grand Island, NY) at 37 °C with 5% CO, and were
passed when cells reached 75% of confluency in P100
plates. T-Medium was supplemented with 5% Fetal Bovine
Serum (FBS) (Gemini Bio-Products, Woodland, CA)
and 1 x Penicillin/Streptomycin (Sigma, St. Louis, MO).
Approximately 1 x 107 cells were mixed with LA-modified
or NH,GR11-conjugated Fe@Au NPs (*’Ga-incorporated:
~2.1 uCi each in 1-mL) in PBS solution and allowed
to interact for 5 h in an incubator (37 < C, 5% CO,).
After labeling, the cells were washed by three times of
9 mL PBS solution to remove unbound particles. Then
the resulting cells were scratched from the dish and sus-
pended in 5 mL PBS solution, and further washed twice
with 5 mL of PBS solution. The Fe@Au NP labeled cells
were finally reconstituted with un-labeled cells to 1 mL
for either autoradiography imaging or mixed with agarose
solution (v/v: 1:2) in order to prevent the cell precipitation
during MRI evaluation.
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2.7. Determination of Magnetic Relaxivities and
MR Imaging

The magnetic relaxivities of Fe@Au NPs were measured
in a MR relaxometer (MARAN Ultra, Oxford Instruments)
at 23.4 MHz 'H resonance frequency. MRI measurements
of relaxation rates R, (=1/7)) and R, (=1/T,) were per-
formed on a 4.7 T Varian MRI system (200 MHz for 'H).
A 1% agarose solution in PBS was used to prepare PC-3
cell samples for the MRI studies. Labeled and un-labeled
PC-3 cells at various concentrations were homogenously
dispersed in warm (~40 °C) agarose phantoms and cooled
to room temperature. Each phantom had same concentra-
tion of agarose and same total volume (250 uL). These
phantoms were placed in a home built solenoid volume-
coil and 7, and 7, maps were acquired. Four differ-
ent cell concentrations (1 x 10%, 5 x 10°, 2.5 x 10°, and
1 x 10° cells/mL) of LA-modified Fe@Au NP labeled
PC-3 cells or NH,GR11-conjugated Fe@Au NP labeled
PC-3 cells were imaged. Two control samples, one with
unlabeled PC-3 cells (1 x 10° cells/mL) and the other with
no cells (agar only) were also imaged. For the 7| and 7,
measurements, a 2D spin-echo sequence was employed
with varying echo times (TE) and recovery times (TR) on
a coronal slice of 1 mm thickness. Maps of the relaxation
times 7, and 7, were computed on a voxel-by-voxel basis
from least-squares fitting of the exponentially varying sig-
nals using the analysis routines available on the Varian
MR system. Regions of interest (ROIs) were drawn on the
maps around each vial to obtain the mean relaxation times
T, and T, £SD and these were converted to relaxation rates
R, and R,, respectively.

2.8. Autoradiography

Autoradiography was measured on a PerkinElmer Cyclone
plus storage phosphor system with OptiQuant software.
A series of dilutions of PC-3 cells labeled with ¢’Ga
incorporated Fe@Au NPs (LA-modified or NH,GR11-
conjugated) were loaded to a 24-well plate. The final vol-
ume of each well was 0.75 mL by addition of PBS buffer.
A well containing unlabeled 5 x 10° PC-3 cells in 0.75 mL
of PBS solution was used as control. The loaded 24-well
plate was attached to a phosphor plate with the exposure
time of 1 h.

3. RESULTS

As shown in Figure 1, the incorporation of ®’Ga into the
core of Fe@Au NPs was successfully accomplished. The
radiochemical incorporation rate was 39 +3% if 1.5 M
NaOH was used in the preparation. In order to improve
the incorporation rate, a weak base NH,OH solution was
employed to co-precipitate ®’Ga** and Fe**/Fe’t ions.
Under our optimized conditions, a rate up to 83% could be
achieved. This is likely because the Ga(OH); compound is

4

Zhou et al.

soluble in highly acidic and basic solutions at room tem-
perature. The optimal pH range for the co-precipitation of
Ga** was found to be 4-10.

Gallium-67 incorporated iron oxide seeds were mixed
with citrate, and then aliquots of hydroxylamine and
HAuCl,. Gallium-67 (¢,, = 3.26 d) decays by electon
capture (EC) and emits gamma rays at various energies
(300 KeV: 17%; 185 KeV: 20%; 93.3 KeV: 37%; etc.).
Due to the radiation exposure and the isotope’s physical
decay, the preparation time must be minimized. There-
fore we employed centrifugal filters (MWCO 30 KDa) to
separate Fe@Au NPs from small species and non-reacted
reagents. Because the gold deposition increased the density
of the nanoplatform, the magnetic Fe@Au NPs could be
separated from the excess iron oxide cores using centrifuge.
This expedited separation procedure makes it feasible to
prepare such radioisotope-incorporated nanoparticles, espe-
cially for the isotopes with short half-lives.

The gold-coating procedure was monitored by the
hydrodynamic radius increases (from 23 nm to 29 nm)
resulted from the gold deposition as shown in Figures 2
and 3. The UV-vis peak at 520 nm, which is the
characteristic surface plasmon (SP) absorption of gold
nanoparticles,' can also be used to verify the gold shell
formation. After the gold-coating, the intensity of the SP
peak was increased from 0.7240.03 to 1.69+£0.10.

After the purification, the ©®"Ga-incorporated iron
oxide NPs and ®’Ga-incorporated Fe@Au NPs were

80+

voeny L4 00 5 | v gy
10 100 1,000 10,000
R (nm)

751

50

% Mass

25 4

0 —— —— —r
10 100 1,000 10,000
R (nm)

Fig. 2. Changes in hydrodynamic radius of Fe@Au NPs during the for-
mation of Au shell.
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Fig. 3. DLS histograms of the iron oxide core NPs before (upper) and
after the gold coating (lower).

characterized by DLS (Fig. 2). Their hydrodynamic radii
were 23.2+2.2 nm and 31.7£2.3 nm, respectively, indi-
cating that the gold shell thickness was about 8§ nm. The
nanoparticles before and after the gold coating show a sin-
gle peak in their corresponding SEC-HPLC spectra with
retention times of 6.7 min and 7.0 min, respectively, indi-
cating a narrow size distribution (from the light scattering
detector) and high radiochemical purity (from the radiode-
tector).

The gold-coated iron oxide nanoparticles were then
functionalized by lipoic acid (Fig. 1), which is a bifunc-
tional linker with two free thiol groups at one end and
a carboxylate group at the other end. The thiol-Au inter-
action resulted in the intensity decrease of the SP peak
at 520 nm to a constant value (Fig. 4) within 60 min
upon the reaction completion of lipoic acid with the gold
surface of the iron oxide nanoparticles. The LA-modified
Fe@Au NPs (“’Ga- or non-*’Ga-incorporated) with car-
boxylate groups were further functionalized with a cell
permeation peptide, NH,GR11, which has shown a high
affinity to prostate cancer cells,?! after being activated
with EDC/sulfo-NHS (Fig. 1). The NH,GR11 conjugation

0.9+
0.8
0.7 1
0.6 1

0 0.5
< 041
0.3
0.2
0.14
0+ T T T T T T T T T T T |

400 450 500 550 600 650 700

Wavelength (nm)

Fig. 4. The characteristic surface plasmon (SP) absorption changes of
the Fe@Au NPs during the surface modification of lipoic acid (interval:
5 min).
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Fig. 5. Comparative UV-vis spectra of Fe@Au NPs, NHS-activated
Fe@Au NPs, LA-modified Fe@Au NPs, and NH,GR11-conjugated
Fe@Au NPs.

resulted in a 6-nm shift of the SP absorbance spectra
(Fig. 5), indicating the formation of the NH,GR11 conju-
gated Fe@Au NPs (’Ga- or non-%’Ga-incorporated). As
shown in Figure 6, the sizes of LA-modified Fe@Au
NPs and NH,GR11-conjugated Fe@Au NPs were 27.3 +
6.8 nm. The NH,GR11 conjugation did not alter the par-
ticle size or size distribution significantly.

The in vitro serum stability was evaluated by DLS or
SEC-HPLC. All the Fe@Au NP samples stayed nearly
100% intact in either PBS or rat serum within 72 h. Nei-
ther aggregation nor decomposition was found.

To label PC-3 cells with the nanoparticle, the cells were
first mixed with Fe@Au NPs at 37 °C in an incubator.
After a 4-h incubation period and the removal of unbound
particles, the iron concentrations were determined by
the photometry assay. The iron contents of LA-modified
Fe@Au NPs and NH,GR11 conjugated Fe@Au NPs in the
labeled PC-3 cells were 0.42 mM and 1.23 mM, respec-
tively. This shows that the labeling efficiency of PC-3
cells with the Fe@Au NPs was significantly improved by
NH,GR11.

LA-modified Fe@Au NPs show a slightly higher
translational relaxivity r», than the NH,GR11-conjugated
Fe@Au NPs (75.6 +3.5 mM~!s! versus 64.2 4+
7.4 mM~'s7!) at 23.4 MHz. This is probably because
the modification of NH,GR11 resulted in less proton
exchanges between the iron oxide core and the surround-
ing water.

The sensitivity of the dual-modality imaging capabil-
ities of %’Ga-incorporated Fe@Au NPs was assessed by
a pilot imaging study. Both LA-modified and NH,GR11-
conjugated Fe@ Au NPs incorporated with %’Ga were used
to label PC-3 cells. A series of labeled cell dilutions were
prepared by diluting with non-labeled cells thus main-
taining the total cell number the same in each well for
autoradiography imaging. As shown clearly in Figure 7,
1 x 10* NH,GR11-conjugated Fe@Au NP labeled cells
or 5 x 10* LA-modified Fe@Au NP labeled cells were
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Fig. 6. TEM micrographs of LA-modified Fe@Au NPs (left) and NH,GR11-conjugated Fe@Au NPs (right). The inset scale bar is 200 nm.

clearly visualized by autoradiography imaging. In the
MR studies, at least 1 x 10° LA-modified Fe@Au NP
labeled cells (Fig. 8) were needed to show an appreciable
increase of R, relaxation rate. As shown in Figure 9, the
NH,GR11-conjugated Fe@Au NP labeled cells exhibited

Fig. 7. Determination of the imaging sensitivity of ®’Ga-incorpoprated
Fe@Au NP using LA-modified or NH,GR11-conjugated Fe@Au NP
labeled PC-3 cells. Autoradiography images of LA-modified Fe@Au
NP labeled PC-3 cells (upper row) and NH,GR11-conjugated Fe@Au
NP labeled PC-3 cells (lower row) at concentrations of 5 x 10°, 1 x 10°,
5x10% 1x 10% and 5 x 10* cells/mL (from the left to right; the right-
most: un-labeled PC-3 cells).

Fig. 8. Comparison of MR imaging sensitivity of LA-modified Fe@Au
NP or NH,GR11-conjugated Fe@Au NP labeled PC-3 cells. R, maps of
(a—d) LA-modified Fe@Au NP labeled PC-3 cells and (e-h) NH,GR11-
conjugated Fe@Au NP labeled PC-3 cells dispersed in agar phantoms.
The concentrations are: (a, €) 1 x 10, (b, f) 5x 10°, (c, g) 2.5 x 10°,
(d, h) 1x 10° cells/mL. Also included are control samples with (i) agar
(no cells) and (j) 1 x 10° un-labeled PC-3 cells.

6

approximately 2-3 times higher of R, relaxation rates than
the corresponding LA-modified Fe@Au NP labeled cells
as well as the controls (Figs. 8 and 9, Table I).

4. DISCUSSION

Nano-architectures have long been explored as carriers
for the delivery of therapeutic and diagnostic agents.??>
Of the current nanoplatforms, nanosized superparamag-
netic iron oxide (SPIO) holds great promise as MRI probes
for non-invasive early detection of signatures of diseases,
especially cancer.! Indeed the SPIO has been success-
fully used for MRI imaging of clinically occult lymph-
node metastases of prostate cancer.’>*® Nevertheless, its
sensitivity was substantially lower for the detection of
small nodes (<5 mm).*>33 Because each imaging modal-
ity has its own inherent limitations, developing new probes
that can be used in multiple imaging modalities is highly

160
B LA-modified Fe@Au NPs
[T NH GR11-Fe@Au NPs
120 :
o 80
o~
14
40 -
04

2.5x10° 5x10° 1x10°

1x10°
Cell concentration (cells/mL)

Fig. 9. Effect of NH,GR11 conjugation on MR imaging sensitivity
of labeled PC-3 cells. Bar-graph of R, versus cell concentrations of
LA-modified Fe@Au NP or NH,GR11-conjugated Fe@Au NP labeled
PC-3 cells.
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Table I. Compilation of literature data on cellular uptake of nanoparticles.

Preparation and Evaluation of a Radioisotope-Incorporated Iron Oxide Core/Au Shell Nanoplatform

Corresponding
Core/core—shell Stated maximum vol. fraction,
Material diam. (nm) Incubation conditions loading” core only (%) Method Refs.
Feridex/TAs 4.8-5.6/ 2 h 37 °C, 25 pug/ml Fe 30 1.6 Ferrozine/MR [14]
80-150
MION/small molecule 3/38 4h 37 °C, 0.1 mg/ml Fe 22 0.12 FITC immunoassay  [15]
"In-labeled CLIO/Tat peptide 5/45 1 h 37 °C, 40 pg/ml Fe 30 1.6 Gamma counter [13]
Magnetite (Fe,O,)/LHRH 10/? 1 h 37 °C, 7.6 mg/ml Fe 453 23.5 Prussian blue [18]
Magnetite (Fe,O,)/LHRH 10/? Tail vein inj, 78 +24 4 Prussian blue (luciferase [18]
metastatic tumors 250 mg/kg NPs, 20 h for metastatic cells)
Magnetite (Fe,0,)/ 10/~60 4 days 37 °C, 0.2 mg/ml NPs 113 5.9 ICP [16]
PEG (MW 5000)
Magnetite/PEG-folic acid 44/~94 48 h, 37 °C, unknown conc. 730 37.9 (O [17]
Aul/citric acid 50 6 h 37 °C, 0.02 nM NPs 9000 NPs/cell 0.11 ICP-AES, UV-Vis [19]
Au/folic acid~-PEG (MW 1500) 10/~30 2 h 37 °C, 10" NPs/mL cell vol. 0.05 TEM on cryoslices [32]

~5x 10'"" NPs/ml

In converting between mass of Fe and volume fraction, we use the published density for bulk iron oxide, and assume a chemical formula of Fe,O; except where noted.
Using the formula Fe;O, does not make a significant difference (~1%). For the gold nanoparticles, we also assume that the density of the nanoparticle cores is the same

as that of bulk gold.
“For iron nanoparticles, loading is given in units of pg iron per cell.

desirable and attractive. Nanoscaffolds become ideal can-
didates because multi-presentation of various functional-
ities can be conveniently made possible on a common
platform.

In this study, we developed a new approach to pre-
pare a radioisotope-incorporated iron oxide core/Au shell
nanoplatform for dual modality imaging. The nanoplat-
form was prepared by incorporating a radionuclide (°’Ga)
to the core of SPIO NPs. The procedures for the syn-
thesis of %’Ga-incorporated SPIO NPs and the follow-
ing surface functionalization are illustrated in Figure 1.
In the procedures, we adopted a size-exclusion centrifu-
gation technique to expedite the separation and purifica-
tion of nanoparticles, which typically takes less than 10 h
rather than days if using dialysis tubes or lengthy column
separation as in the preparation of SPIO NPs.

Coating the SPIO magnetic particles with a gold
shell renders the nanoparticle surface additional tunabil-
ity because the gold surface can be conveniently func-
tionalized with thiolated molecules.!” A gold layer was
deposited onto the surface using previously reported iter-
ative hydroxylamine seeding process by first mixing the
%’Ga-incorporated iron oxide seeds with citrate and then
aliquots of hydroxylamine and HAuCl,.">?° The surface
modification of the obtained Fe@Au NPs was carried out
by anchoring the two thiol groups of lipoic acid on the
gold shell, which imparts water solubility and further tun-
ability to the nanoplatform by the peripheral carboxylate
groups. The characteristic UV-vis spectra of the Fe@Au
NPs (SP: 520 nm) was a sensitive indicator of the Au shell
functionalization procedures (Figs. 4 and 5). The polyargi-
nine cell permeation peptide, NH,GR11, was reported with
a high affinity to human prostate cell lines.?' In this study,
it was chosen to increase the uptake efficiency of Fe@Au
NPs into PC-3 cells.

J. Biomed. Nanotechnol. 4, 1-9, 2008

The integrity of nanoparticles is critically important
for their biological applications. A sensitive and reliable
method was developed to assess the nanoparticle integrity
by using an HPLC system equipped with three different
detectors: a Wyatt Mini DAWN light scattering detector
for the nanoplatform, a Waters UV2996 PDA for a wide
range of UV detection of functional molecules anchored
on the nanoplatform surface as well as the particles them-
selves; and an HPLC radio-detector for the radioisotope.
From the three HPLC readouts, we can convincingly and
accurately determine the integrity of Fe@Au NP-based
nanoconjugates. In addition, this HPLC method can be
used to monitor the chemical reactions in Figure 1 and the
separation/purification procedures.

Uptake of Fe@Au NPs by PC-3 cells shortens the
spin—spin relaxation time (7,) by dephasing the spins
of neighboring water protons, resulting in darkening 75-
weighted images. In the pilot dual-modality imaging study,
un-labeled PC-3 cells were used not only as a diluent
to mix with different concentrations of labeled cells but
also as a control. The dual-modality imaging capabilities
of this radioisotope-incorporated Fe@Au nanoplatform
was assessed by MRI and autoradiography imaging using
both LA-modified Fe@Au NP and NH,GR11-conjugated
Fe@Au NP label PC-3 cells. As seen in Figures 7 and 8,
the LA-modified Fe@Au NP labeled cells could be clearly
visualized by both MRI and autoradiography imaging if
the labeled cell concentrations were above 1 x 10° and
5 x 10* cells/mL, respectively. The cell permeation pep-
tide, NH,GR11, could enhance the dual-modality detection
sensitivity by 2-3 times. It is noteworthy that the incorpo-
rated %’Ga radioactivity, which is a dominant factor influ-
encing the detection sensitivity of nuclear imaging, was
not evaluated as a variable in this pilot study but it can
be conveniently increased to improve the sensitivity if the
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need arises. Through conjugation with targeting molecules,
the LA-modified Fe@ Au nanoplatform may find applica-
tions in targeted cancer imaging or therapy.

In summary, our preliminary data clearly demon-
strates the potential of using the radioisotope-incorporated
Fe@Au NPs for non-invasive dual-modality imaging
detection of tumor cells. The significantly improved sen-
sitivity by a cell permeation peptide conjugation and the
radioisotope incorporation is a highly desirable property
of imaging probes for the systemic detection of cancer
metastases, and cell trafficking in vivo.
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Abstract

Multi-color gold-nanoparticle-based tags (nanotags) are synthesized for combined
surface-enhanced Raman spectroscopy (SERS) and x-ray computed tomography (CT). The
nanotags are synthesized with quasi-spherical gold nanoparticles encoded with a reporter dye
(color), each with a unique Raman spectrum. A library of nanotags with six different colors
were synthesized for a range of gold nanoparticle sizes and an optimum size has been
established to yield the largest SERS intensity and x-ray attenuation that is higher than the
iodinated CT contrast agents used in clinics. Proof-of-principle in vivo imaging results with
nanotags are presented that, for the first time, demonstrates the combined in vivo dual modality
imaging capability of SERS and CT with a single nanoparticle probe.

Supplementary data are available from stacks.iop.org/Nano/21/035101/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Development of nanoparticle-based contrast agents for
diagnostic imaging applications is currently a very active
area of research. Over the past decade, a wide variety of
materials have been used to synthesize nanoparticle-based
contrast agents/beacons for in vitro and in vivo imaging
applications [1-3]. Although many different types (geometry
and material) of nanoparticles have shown promising results
for imaging in an in vitro setting, using them in vivo is limited
by the constraints related to size, shape, surface chemistry
and cytotoxicity. Given these constraints, only a small set
of nanoparticles have the potential to be used for in vivo

5 Authors contributed equally.
6 Author to whom any correspondence should be addressed.

0957-4484/10/035101+08$30.00

diagnostic imaging applications. Metal nanoparticles have
been exploited to enhance contrast of imaging modalities
which include MRI [4-8], CT [9-15], photo-acoustic [16, 17]
and optical [18-22].  Furthermore, metal nanoparticles
exhibit unique electromagnetic properties such as enhanced
fluorescence and Raman scattering that can be exploited to
improve sensitivity and enable multiplexed imaging [22].
Gold nanoparticles (AuNPs) in particular are well suited for
in vivo imaging applications given their low toxicity [23]
and reactive surface that is conducive for bioconjugation
using thiol chemistry. AuNPs provide a robust platform for
the development of contrast agents for diagnostic imaging
applications.

A multimodality imaging platform can combine the
complementary strengths of different imaging modalities to

© 2010 IOP Publishing Ltd  Printed in the UK
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enable comprehensive diagnostic imaging for pathologies such
as cancer [24]. Imaging modalities such as CT and MRI
enable whole-body imaging with high resolution but lack the
sensitivity that can be achieved by optical techniques which in
turn have limited penetration depth and interrogation volume.
Recognizing the weak endogenous contrast in tissue, a major
research focus area in recent years has been the development of
exogenous contrast agents to substantially improve molecular
and morphological contrast for diagnostic imaging. Even
ex vivo examination of tissue samples requires staining
with multiple contrast agents to obtain a comprehensive
morphological and molecular profile for accurate clinical
diagnosis. A nanoparticle probe that can simultaneously
enhance the contrast for CT and optical imaging in the near-
infrared (NIR) can potentially be very valuable for many
diagnostic imaging applications. The NIR window of the
optical spectrum is preferred for in vivo tissue imaging due
to substantially lower auto-fluorescence of tissue and deeper
penetration of NIR light. The dual modality approach for
combined MRI and fluorescence imaging using an iron oxide
nanoparticle platform has recently been demonstrated [25-27].

Raman spectroscopy is a highly sensitive optical technique
for chemical analysis since each chemical entity has a
unique Raman spectrum. A major weakness of Raman
spectroscopy is the poor efficiency of Raman scattering which
has limited its use in biomedical applications. The efficiency
of Raman scattering can dramatically increase (enhancement
factor of 10°-10'%) when a molecule of interest is in close
proximity to a nanosurface via a phenomenon known as
surface-enhanced Raman scattering (SERS) [28-32]. With
such a large enhancement of Raman scattering, the use of
SERS for imaging applications is an attractive alternative
to fluorescence.  Fluorescent tags have emerged as the
dominant optical contrast agents for a wide variety of in vitro
applications. In vivo applications of fluorescent dyes are
limited by the auto-fluorescence of tissue. Recently developed
near-infrared fluorescent dyes do reduce the auto-fluorescence
but fluorescence tags still fundamentally suffer from photo-
bleaching that makes quantification difficult and limited colors
(two or three) that can be simultaneously detected due to
spectral overlap. These limitations can be overcome by SERS
to achieve the detection sensitivity that potentially exceeds
that of fluorescence techniques and also achieve quantitative
multiplexed detection of several biomolecules simultaneously.

Despite the unique advantages offered by SERS, lack of
signal reproducibility and quantification have prevented its
widespread use for in vitro or in vivo imaging applications until
now. The lack of signal reproducibility can occur due to the
variation in nanoparticle size and shape or aggregation. Metal
nanoparticles tend to aggregate in commonly used buffers
and serum. Although aggregation substantially enhances
SERS, from an imaging or sensing application standpoint
it is undesirable since aggregation cannot be controlled, the
resultant SERS signal fluctuates and typically the aggregate
size is too large to be used for any in vivo applications.
Recently a promising design strategy to synthesize nanotags
for SERS was developed [19, 20, 33]. The design involves
encapsulating organic dyes as signature reporter dyes between

AuUNP and a layer of silica or polyethylene glycol (PEG)
which prevents the AuNPs from aggregating. These nanotags,
each with a unique Raman spectrum (color), can be utilized
as beacons for imaging with target ligands attached to the
PEG or silica surface with well-established bioconjugation
chemistries.

CT is a widely used imaging modality for various clinical
diagnostic applications.  Hard tissues have higher x-ray
attenuations than various soft tissues whereas the contrast
between soft tissues is inherently poor, which limits the
sensitivity with which diagnosis of pathologies such as cancer
can be made. Currently, iodine-based compounds are used
to enhance the contrast of CT which have the limitations of
a short imaging window due to rapid clearance by kidneys
and renal toxicity. Metals such as gold have a higher x-
ray attenuation coefficient due to their high electron density
and atomic number compared to conventionally used iodine
compounds. Nanoparticle-based CT contrast agents have been
reported for in vivo imaging, which include bare AuNPs [11],
polymer-coated AuNPs [12], gadolinium-coated AuNPs [13]
and polymer-coated Bi,S3 [14]. Molecular CT imaging of
cancer using targeted AuNPs in cell culture was recently
demonstrated by Popovtzer et al [15].

In this paper we report the first proof-of-principle
demonstration of dual modality probes for combined CT
and SERS imaging. The multi-color hybrid nanotags are
quasi-spherical gold nanoparticles coated with Raman reporter
dyes (color) encapsulated by a monolayer of poly(ethylene)
glycol (PEG) molecules with carboxylate functional groups for
further bioconjugation with a ligand. We describe nanotag
synthesis, quantitative contrast characterization and present
results of dual modality in vivo imaging.

2. Materials and methods

2.1. Synthesis of AUNPs

The size and shape of metal nanoparticles are critical factors
that influence the SERS signal. The enhancement of a given
molecular vibration peak in the SERS spectrum depends on
the morphology of the metal nanoparticle. In this work,
AuNPs of different sizes were employed as the cores to
construct nanotags. The AuUNPs were synthesized using
published methods with modifications [34, 35]. In brief, to
prepare citrate-coated AuNPs, an aqueous solution of 0.25 mM
HAUCI, (50 ml) was first heated to boiling point with constant
stirring, to which a certain volume of 1% (wt) sodium citrate
(0.40-1.75 ml) was added. Within a minute, the solution turned
from faint blue to red, indicating the formation of AuUNPs. The
boiling and stirring were continued for 30 min. The resulting
solution was then cooled down to room temperature, which
afforded AuNPs with a mean diameter ranging from 16.7 1.7
to 65.6 £+ 6.4 nm as determined by TEM. Particle size and
size distribution can be reproducibly controlled by varying the
volume of the sodium citrate solution added. To synthesize
AUNPs of larger diameters (80-120 nm) a seed growth method
was used [35]. In this method AuNPs of different sizes coated
with 2-mercaptosuccinic acid (MSA) were synthesized by
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Figure 1. TEM images of quasi-spherical AUNPs of various sizes: (A) 16.7 & 1.7 nm, (B) 43.9 + 3.8 nm, (C) 51 + 3.1 nm,
(D) 65.6 & 6.4 nm, (E) 83 £ 5.1 nmand (F) 114 £ 7.9 nm. The measured ‘diameter’ represents an average of 300 particles. The ‘diameter’ is

quantified by a circle circumscribing individual quasi-spherical AUNPs.

adding different amounts of the smallest citrate-coated AuNPs
(16.7 = 1.7 nm) to a solution containing MSA and HAuUCI, at
a fixed molar ratio under rigorous stirring. The color change
of the reaction mixture (pink to purple) reflects the growth of
AUNPs.

2.2. Morphological characterization of AUNPs

The synthesized AuNPs ranging from 20 to 120 nm are
shown in figure 1. Morphological characterization of AUNPs
was done with transmission electron microscopy (TEM) and
dynamic light scattering (DLS) measurements. All synthesized
particles are mono-dispersed and quasi-spherical in shape
(figure 1). The average ‘diameter’ estimation of the quasi-
spherical AuNPs from the TEM images (n = 300) is done by
circumscribing a circle over an AuNP. The hydrodynamic size
of the AuNPs estimated by DLS measurement is lower by 10—
25% for different sizes compared to TEM measurement due to
the fact that the nanoparticles are non-spherical.

2.3. Synthesis of multi-color nanotags

Coating of a Raman reporter dye on synthesized AuNPs is
achieved using the method described by Qian et al [18].
A freshly prepared Raman reporter dye solution was added
to a mono-dispersed quasi-spherical AuNP solution (1.1 x

10%° particles ml~1) with the final concentration ranging from
5 to 15 uM. The ratio of the dye to AuNPs varies for
different dyes. The optimum ratio was determined for
each Raman reporter dye which yields maximum coverage
of the dye on the surface of AuNPs without resulting in
aggregation.  The rate of addition and speed of mixing
were also found to be critical in obtaining optimum coverage
of the dye as reported by others [18]. Raman-reporter-
dye-coated AuNPs were PEGylated by a mixture of SH-
mPEG (10 uM, MW 5000) and SH-PEG-COOH (1 uM,
MW 2000) solutions. Varying the ratio of the mixture
does not affect the nanotag stability but does alter the
charge. The PEGylation provides steric stabilization, improved
biodistribution properties and carboxylate groups for further
bioconjugation with biomolecules.

2.4. Nanotag stability

After the dye encoding and PEGylation, the resultant nanotags
were again characterized by UV-vis absorption spectroscopy,
TEM and DLS measurements to ascertain that they were
mono-dispersed and adequately PEGylated while retaining
their characteristic SERS spectra. A 3 nm redshift of the
plasmon peak of AuNPs was observed as a result from
the PEGylation (figure 2(A)). A PEG layer is evidently
seen in the TEM images (figure 2(B)) encapsulating the
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Figure 2. Extinction curves of AuNPs and nanotags which show a
3 nm redshift after PEGylation of the AuNPs (A) and TEM image of
nanotags (B) showing the PEG layer encapsulating the AuNPs.

AuUNPs. There was minimal broadening of the attenuation
curve as measured by the full width at half-maximum of
the attenuation curve, which indicates that the nanotags were
not aggregated. In addition, virtually no change in size
or size distribution was observed on the DLS histograms.
Stability of the nanotags was tested in various solvents
(PBS, MES, goat serum) (supporting information figure S1,
available at stacks.iop.org/Nano/21/035101/mmedia). The
nanotag solutions were monitored by UV-vis, DLS and SERS
for a month with no signs of aggregation or spectral changes,
which attests to the stability of the nanotags.

2.5. Raman spectrum measurement

Raman spectrum measurements of nanotags were made with
a home-made Raman spectroscopy module operating in
reflection mode. A 785 nm single line laser (Ocean Optics)
fiber is coupled to the Raman module. SERS spectra are
collected by a microscope objective and recorded by a high
resolution spectrometer (Ocean Optics, QE65000). The near-
infrared excitation wavelength was chosen to minimize auto-
fluorescence from tissue during in vivo imaging. The home-

made Raman module is used for all the in vitro and in vivo
measurements.

2.6. X-ray attenuation and CT imaging

X-ray attenuation of the nanotags was quantified by a Siemens
Inveon PET-CT Multimodality System (Knoxville, TN). CT
images were obtained at 80 kV and 500 mA with a focal spot
of 58 um on the Siemens Inveon PET-CT scanner. The total
rotation of the gantry was 360° with 360 rotation steps obtained
at an exposure time of approximately 225 ms/frame. Under
low magnification the effective pixel size is 103.03 um. CT
images were reconstructed with a down sample factor of 2
using Cobra reconstruction software. Reconstructed images
were analyzed using the Siemens Inveon research workplace
(IRW) software.

3. Results and discussion

3.1. SERScharacterization

Using different reporter dyes, we have synthesized nanotags of
six different colors, each with a unique Raman spectrum. The
six different reporter dyes used to synthesize single-colored
nanotags are: Cresyl Violet, Rhodamine 6G Tetrafluroborate,
Crystal Violet, DTTC lodide, Nile Blue and 2-Thiouracil.
These first five are laser dyes that are positively charged
which readily adsorb to the negatively charged AuNPs whereas
2-Thiouracil binds via the thiol chemistry. None of the
dyes exhibit a measurable Raman spectrum in the absence of
AUNPs, even at saturation concentrations.

The representative signature Raman spectrum of each
color nanotag encoded with a specific Raman reporter dye
is shown in figures 3(A)—(E). SERS spectra of 2-Thiouracil-
coated nanotags is included in the supporting information (fig-
ure S4, available at stacks.iop.org/Nano/21/035101/mmedia).
The Raman spectrum of nanotags was recorded while sus-
pended in deionized water. Each color nanotag has a unique
spectrum distinguished by the location and magnitude of the
various peaks. The locations of some peaks do coincide
for different nanotags due to a common vibrational mode
of specific chemical bonds but there are a number of others
peaks which are unique to each reporter dye. Nanotags
of different colors show excellent reproducibility of their
respective Raman spectra in terms of the location of the peaks
and their relative magnitudes. The absolute magnitudes of
the Raman spectrum peaks do vary (10-15%) for different
batches of synthesized nanotags but consistently a large Raman
enhancement is achieved. The variation in the magnitude
of the Raman spectrum is attributed to variation in the
amount of dye attached to AuNPs and variation in the size of
AuNPs. Shown in figure 3(F) is the SERS signal measured
from a mixture of four nanotags. Peaks attributable to a
specific reporter dye are clearly identifiable in a mixture
of nanotags. Raman transition peaks of specific dyes are
tabulated in table 1 (supporting information, available at
stacks.iop.org/Nano/21/035101/mmedia).

It is noteworthy that the magnitude of Raman peaks shows
a linear dependence on the concentration of the nanotags. This
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Figure 3. Raman spectra of five different color nanotags: (A) DTTC iodide (DTTC), (B) Rhodamine 6G (R6G), (C) Cresyl violet (CV),
(D) Nile blue perchlorate (NB) and (E) Crystal violet. Each color has a unique spectrum distinguished by location and magnitude of the
various peaks which clearly enables their identification in mixtures. (F) SERS spectra of a solution containing a mixture of four color

nanotags: Rhodamine 6G, DTTC iodide, Cresyl violet and Nile blue.

is critically important for quantitative SERS imaging. The
measurement dynamic range of nanotag detection is greater
than 30 dB, which represents a concentration range from
10 pM to 10 nM. Nanotags were synthesized from AuNPs
of various sizes (20-120 nm) and their Raman spectra were
recorded. The largest Raman enhancement was obtained for
nanotags synthesized with AuNPs with a diameter of 65.6 £
6.4 nm. Compared to nanotags synthesized with commercially
available spherical AuNPs of similar size, the ones prepared
with our quasi-spherical AuNPs yield 2-3 times (depending
on the peak compared) higher SERS intensity as reflected
in the Raman spectrum (supporting information figure S3,
available at stacks.iop.org/Nano/21/035101/mmedia). Since
DTTC nanotags fluoresce at the excitation wavelength, they
provide a good opportunity to compare fluorescence and
SERS. The fluorescence intensity of DTTC is also enhanced
due to the AuNPs (surface-enhanced fluorescence) and the
SERS signal is further enhanced due to the resonant effect
since the absorption peak (795 nm) of DTTC is close to
the laser excitation wavelength. Shown in figure 4 is the
combined fluorescence and SERS DTTC spectra. Magnitudes
of both spectra are comparable, which indicates the large
Raman enhancement. For comparison, the scaled fluorescence
spectrum of neat DTTC is also shown. The SERS intensity
remains stable as a function of time upon excitation whereas
the fluorescence signal decays with increasing exposure time.
The stability of SERS signal is a critical advantage over
fluorescence measurements for quantitative analysis.

nanotag
——DTTC lodide

Intensity (a.u.)

T T T
800 1200 1600

Raman Shifts (cmi’)

T
400

Figure 4. Combined SERS and surface-enhanced fluorescence
spectra of DTTC iodide (blue color). Scaled fluorescence spectra of
neat DTTC iodide (black color) is shown for comparison.

3.2. CT contrast

Nanotags of two sizes (65.6+£6.4 nm and 43.9+£3.8 nm) which
show the largest SERS intensity from the range of various
sizes were chosen for x-ray attenuation characterization. Vials
containing serially diluted nanotags were placed in the CT
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Figure 5. Measured x-ray attenuation of AuUNPs (40 and 60 nm) and
lohexol as a function of their concentration. The offset in the plots is
due to the x-ray attenuation in the plastic vials used to hold the
solution for the measurements.

scanner. The measured x-ray attenuation values of nanotags
show a linear dependence on the nanotag concentration
(figure 5). The offset in the plots is due to the background x-ray
attenuation of the plastic vials used to hold the samples. Next,
the x-ray attenuation of the nanotags is compared to lohexol
(Omnipaque™, GE Healthcare), an iodine-based clinical CT
contrast agent. As shown in figure 5, both nanotags’ (65.6 +
6.4 nm and 43.9 &+ 3.8 nm) size range must be present for CT
contrast and, afford higher CT contrast than lohexol at the same
concentrations (molar equivalent of gold versus iodine). These
values are slightly higher than the ones reported by Xu et al for
AUNPs of comparable sizes [36].

3.3. Invivo CT contrast of nanotags

All in vivo animal imaging studies were performed in
compliance with guidelines set by the University of Texas
Southwestern Institutional Animal Care and Use Committee.
To demonstrate in vivo CT contrast of the nanotags, three
Balb/c mice were fasted overnight and scanned under 2%
isoflurane anesthesia for the duration of the imaging before
receiving 100 x1 of 12.5 mg ml~! of the 65.64-6.4 nm nanotags
via the tail vein. At 24 h post-injection, the mice were sedated
and scanned again. Each CT scan time was approximately
6 min. As shown in figure 6, the spleen became clearly visible
with the AuNP-based nanotags as contrast agent. The image
quantification revealed that the CT attenuation value was 432
HU in the spleen at 24 h post-injection, while it was around
100 HU in other soft tissues. The presence of nanotags in the
spleen was further confirmed by TEM images of the spleen
tissue slices. In addition, the TEM images showed that the
nanotags were internalized in the spleen cells and preferentially
accumulated in the endosomes (figure 7). This observation is
consistent with recently published work [37] and demonstrates
the in vivo stability of the AuNP-based nanotags.

3.4. Combined in vivo SERSand CT imaging

To demonstrate the dual contrast of SERS and CT of our
nanotags in vivo, three nude mice were injected with 100 ul
of the 65 nm nanotags at a concentration of 12.5 mg ml~*
subcutaneously after sedation under 2% isoflurane anesthesia.
SERS and CT scans were recorded pre- and post-injection.
The SERS images were recorded followed by CT scanning.
For SERS imaging, the sedated mouse was placed on a
platform and its body temperature was maintained by a water-
circulation heating pad. The SERS spectra were acquired with
a 10x (0.25 N.A.) microscope objective with an integration
time of 8 s and incident power of 10 mW. Recorded SERS
spectra before and after injection of nanotags are shown in
figures 8(A) and (B), respectively. Representative whole-
body CT images of the mice before and after the nanotag
injection are shown in figures 8(C) and (D), respectively.
The in vivo pre-injection Raman spectrum is magnified (6x)
to clearly visualize the Raman peaks of the tissue. The in
vivo Raman spectra of the nanotags remains intact with little
change or distortion in the peaks and their linewidth. Except
for overlapping peaks at 300 and 400 cm™?, the rest can be
readily attributed to the reporter dye. Raman spectra of the
injected nanotags were also recorded as a function of nanotag
concentration.  Serially diluted solutions of nanotags were
injected subcutaneously at various locations. Due to the rapid
diffusion of the nanotags in tissue it is difficult to establish
the functional dependence of Raman signal magnitude on
the nanotag concentration but nonetheless a strong Raman
spectrum was successfully recorded at the lowest concentration
of 25 ug mi~2.

4. Conclusions

We have developed gold-nanoparticle-based nanotags for
combined SERS and CT imaging. Dual imaging probes of
six different colors were synthesized and characterized, each
with a distinct Raman spectrum. The optimal size (65.6 +
6.4 nm) of quasi-spherical AuNPs has been established to
synthesize nanotags that yield the largest enhancement of
SERS signals. Nanotags with an AuNP core 40-60 nm
in diameter are suitable for in vivo dual modality imaging
as demonstrated by their large SERS intensity and high CT
contrast. Understandably, the magnitude of contrast is not
solely dictated by the SERS signal or x-ray attenuation but
also by the in vivo distribution profile of the nanotags. Smaller
nanoparticles usually exhibit better biodistribution properties
but ultimately it is the product of the signal magnitude per
nanotag and the concentration of the nanotags accumulated
at the site of interest that dictates the final imaging contrast.
By conjugating targeting molecules specific to a biomarker
with the nanotags, desired in vivo kinetics and distribution
could be achieved to realize targeted dual modality imaging
enabled by a single nanoplatform. In perspective, an array
of different biomarker targeted nanotags with corresponding
colors would provide a non-invasive technique for molecular
profiling of diseases such as cancer. In a clinical setting,
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Figure 6. 3D CT images of the mouse before injection of nanotags (A) and 24 h post-injection (B). Yellow arrows indicate the location of the
spleen which is not visible without the nanotags while it is clearly revealed on the CT image once the nanotags accumulate in the spleen.

Figure 7. TEM images of spleen tissue showing the accumulation of nanotags ((A) and (B)). The nanotags are internalized in spleen cells and
preferentially accumulate in endosomes (B).

1 i 1 i 1 i 1

1A Pre injection (6x)

Post injection (1x)

SERS Intensity (a.u.)
W

300 600 900 1200 1500 1800
Raman Shifts (cm-1)

Figure 8. SERS and CT images from subcutaneously injected nanotags (60 nm) in a nude mouse. (A) and (B) are recorded Raman spectra
whereas (C) and (D) are 3D CT images pre- and post-injection, respectively. The arrows in panel (C) and (D) point to the site of injection and
CT contrast generated.

such nanotags can be potentially used for dual modality the molecular level to obtain the profile of multiple cancer-

imaging of cancer, in which the tumor is first localized specific biomarkers for patient-specific diagnosis, staging and
by whole-body CT imaging and then assessed by SERS at treatment.
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