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Combining two or more different imaging modalities in the same agent can be of considerable value in molecular
imaging. We describe the use of streptavidin nanoparticle-based complexes as multimodality imaging agents to
achieve tumor detection in a mouse model by both fluorescence and nuclear imaging. Up to four biotinylated
functionalities can be readily attached to these streptavidin nanoparticles without apparent influence on their
properties and with reasonable pharmacokinetics and therefore may be ideally suited for multimodality imaging.
By binding a biotinylated anti-Her2 Herceptin antibody to provide tumor targeting, a biotinylated DOTA chelator
labeled with 111ln and a biotinylated Cy5.5 fluorophore to a streptavidin nanoparticle, we demonstrated multimodality
imaging in SUM190 (Her2+) tumor bearing mice on both an IVIS fluorescence camera and a NanoSPECT/CT
small animal nuclear camera. The imaging results show high tumor accumulation and strong tumor-to-normal
tissue contrast by both fluorescence and nuclear imaging. The subsequent biodistribution study confirmed the
specific tumor accumulation in that tumor accumulation of radioactivity at 40 h was 21 ID%/g and therefore
much higher than all other tissues including liver, heart, kidney, spleen, and muscle that accumulated 8.7, 2.5,
6.9, 7.2, and 1.9 ID%/g, respectively. In conclusion, the streptavidin nanoparticle under development in this
laboratory was used effectively for multimodality imaging of tumor in mice by fluorescence and nuclear detection.
Presumably, other imaging modalities could also be considered.

INTRODUCTION
Optical imaging is a relatively new imaging modality that
provides rapid, low-cost, and real-time screening for surface
lesions such as breast cancer (1-3). However, optical imaging
suffers from limited sensitivity with tissue depth due to light
absorption and scatter and as yet has limited ability to provide
quantitative and tomographic information (4-7). By contrast,
nuclear imaging offers excellent sensitivity regardless of tissue
depth and readily provides both tomographic as well as
quantitative information but at a considerably higher cost (8-10).
Thus, the coupling of nuclear and optical imaging in the same
agent could overcome the shortcomings of each and combine
the benefits of each modality.
In the past several years, many conjugates have been
developed by integrating antibodies, peptides, ligands, gene
complexes, or small molecule probes with radioactive and
optical agents using covalent conjugation (11-15). This laboratory is developing a nanoparticle based on streptavidin to which
up to four biotinylated functionalities can be readily attached
without apparent influence on their properties and with reasonable pharmacokinetics (16-18). The nanoparticle therefore
appears to be ideally suited for multimodality imaging. In this
study, we developed a trifunctional dual-modality nanoparticle
to achieve tumor detection in a mouse model by both fluorescence and nuclear imaging. The nanoparticle consisted of the
biotinylated anti-Her2 Herceptin antibody to provide tumor
targeting, a biotinylated DOTA chelator labeled with 111ln and
a biotinylated Cy5.5 fluorophore, each linked via streptavidin.
The antitumor antibody, Herceptin, binds to the extracellular
segment of the Her2 receptor and is widely used in the clinic
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in combination with chemotherapy to increase both survival and
response rate in breast cancer patients (19-22). The streptavidin
nanoparticles are easily prepared by simple mixing and therefore
allow ready replacement of functionalities on the streptavidin
core. To our knowledge, no streptavidin-based dual-modality
nuclear-fluorescence imaging agents have been reported.

MATERIALS AND METHODS
Chemicals. The clinical-grade anti-Her2 antibody trastuzumab (Herceptin) was manufactured by Genentech, Inc. (South
San Francisco, CA, USA). The N-hydroxysuccinimide ester of
Cy5.5 (NHS-Cy5.5) was obtained from GE Healthcare (Piscataway, NJ). The biotinylation reagent biocytin was from Sigma
(St. Louis, MO, USA) and used to biotinylate NHS-Cy5.5;
sulfosuccinimidyl-6-[biotinamido]-6-hexanamido hexanoate (sulfoNHS-LC-LC-biotin) was from Pierce (Rockford, IL, USA) and
used to biotinylate Herceptin. The streptavidin was purchased
from Sigma (St. Louis, MO, USA). The human breast cancer
cell line SUM190 (Her2+) was obtained from Asterand Co.
(Detroit, MI, USA) and was grown in Ham’s F-12 medium with
5 µg/mL insulin, 1 µg/mL hydrocortisone, 5 mM ethanolamine,
5 µg/mL transferrin, 10 nM triiodothyronine, 50 nM sodium
selenite, and 1 g/L bovine serum albumin. The biotinylated
DOTA derivative was obtained from Macrocyclics Inc. (Dallas,
TX, USA) and 111InCl3 was from Perkin-Elmer Life Science
Inc. (Boston, MA, USA). All other chemicals were of reagent
grade and used without purification.
Size-exclusion HPLC analyses were performed on a Superose
12 (Amersham Pharmacia Biotech, Piscataway, NJ, USA)
installed on a Waters 515 solvent delivery system (Waters,
Milford, MA, USA) equipped with an in-line radioactivity
detector and a Waters UV2487 dual wavelength absorbance
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Figure 1. Size-exclusion HPLC traces of the Cy5.5/streptavidin/DOTA111
In nanoparticle by in-line UV detection at 280 nm (streptavidin) and
673 nm (Cy5.5) and radioactivity detection.

detector. The running solution was 20% acetonitrile in 0.1 M
Tris-HCl, pH 8.0, at a flow rate of 0.6 mL/min.
Biotinylation of Herceptin Antibody. Herceptin from a
reconstituted commercial vial was purified from histidine by
dialyzing against 0.1 M NaHCO3 solution, pH 8.5, overnight.
The dialyzed Herceptin was added to a nonstick microfuge tube
containing sulfo-NHS-LC-LC-biotin at a molar ratio of Herceptin to sulfo-NHS-LC-LC-biotin of approximately 1:4.6. The
longer LC-LC linker was used in the antibody conjugation in
place of the shorter LC linker to help avoid steric hindrance
when bound to streptavidin. The preparation was mixed by
gentle agitation for 1 h at room temperature and then dialyzed
again against phosphate-buffered saline (PBS) overnight. The
conjugated antibody was stored in PBS at 4 °C.
Labelings and Nanoparticle Preparations. The NHS-Cy5.5
was biotinylated by the following procedure. The NHS-Cy5.5
was dissolved in dry dimethylformamide and added to biocytin
in 0.1 M NaHCO3, pH 8.5, at a 10-fold molar excess to ensure
that free biocytin was effectively consumed. The solution was
gently vortexed for 1 h at room temperature in the dark and
then stored overnight to hydrolyze the unreacted NHS ester on
Cy5.5 to the free acid. The solution was then added very slowly
and with vigorous agitation to streptavidin dissolved in 0.15 M
saline at a biocytin to streptavidin molar ratio of 1:1. After 30
min of incubation in the dark, the product was purified on a
polyacrylamide column (Thermo Scientific, Rockford, IL, USA,
MWCO 6000) using 0.1 M PBS, pH 7.2, as eluant to remove
the free Cy5.5. The Cy5.5-labeled streptavidin (Cy5.5/streptavidin) was analyzed by HPLC that showed only a single
absorbance peak in the UV trace at 280 nm (streptavidin)
corresponding to a single absorbance peak in the visible at 673
nm (Cy5.5). The Cy5.5 concentration was determined by
measuring the absorbance at 673 nm and the concentration of
streptavidin was determined using a BCA protein assay reagent
kit (Pierce, Rockford, IL, USA). The Cy5.5:streptavidin molar
ratio was calculated to be 1.1:1.
The preparation of the Cy5.5/streptavidin/DOTA nanoparticle
was accomplished by mixing the Cy5.5/streptavidin complex
with the biotinylated DOTA at a molar ratio of 1:1 with vigorous
agitation for 30 min at room temperature. The 111InCl3 stock
solution in 0.05 M HCl was mixed with an equal volume of
0.5 M sodium acetate buffer, resulting in a final pH 5.5 and
500 µCi was then added to the prepared Cy5.5/streptavidin/
DOTA complex and allowed to incubate at 43 °C for 1 h. The
labeled product Cy5.5/streptavidin/DOTA-111In was analyzed
on a size-exclusion HPLC with a Superose 12 column. As shown
in Figure 1, the appearance of a single peak in the UV trace at
280 nm (streptavidin) corresponding to a single peak at 673
nm (Cy5.5), and the single peak in the radioactivity trace (111In)
was taken as evidence of complete complexation at specific
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Figure 2. In vivo imaging of a representative tumored mouse at 2, 15,
and 40 h post-administration of the Cy5.5/Herceptin/DOTA-111In
nanoparticle by SPECT/CT (A) and fluorescence imaging (B). Arrows
mark the tumor location. Also presented is radioactivity quantitation
by imaging in percent injected dose (%ID) in tumor, liver, kidney, heart,
and whole body (C).

radioactivity of about 10 µCi/µg. Radioactivity recoveries were
in all cases 90% or better. Finally, the biotinylated Herceptin
was added and the product was incubated at room temperature
for an additional 30 min in the same manner. The final Cy5.5/
Herceptin/111In-DOTA nanoparticle was drawn into a 1 mL
U-100 insulin syringe for injection.
Animal Studies. All animal studies were performed with the
approval of the UMMS Institutional Animal Care and Use
Committee. Female nude mice (NIH Swiss, Taconic Farms,
Germantown, NY, USA, 25-30 g) at 7 weeks of age were each
injected subcutaneously in the left thigh with a 0.1 mL
suspension containing 106 SUM190 cells mixed with 5 mg of
Matrigel per milliliter. Mice were used for imaging studies 14
days later when the tumors reached 0.4-0.6 cm in diameter
and were placed on a chlorophyll-free diet (AIN-93G Purified
Diet, Harlan Teklad, Madison, WI) for 5 days prior to imaging.
Mice with SUM190 tumor xenografts were intravenously
administered Cy5.5/Herceptin/DOTA-111In nanoparticles containing 50 µg streptavidin, 139 µg Herceptin, 500 µCi of 111In,
and 1 nmol of Cy5.5 in 200 µL of saline. Mice were imaged
on an IVIS 100 small-animal imaging system using a Cy5.5
filter set (Xenogen, Alameda, CA) at 2, 15, and 40 h postintravenous administration under anesthesia by inhalation of
oxygen-isofluorane. The mice were also imaged at approximately the same time points on a NanoSPECT/CT small animal
nuclear camera (Bioscan, Washington, DC, USA) with regionof-interest (ROI) analysis using InViVoScope 1.37 software
(Bioscan). After the last image at 40 h, the mice were
immediately sacrificed by cervical dislocation under anesthesia
by isoflurance inhalation for biodistribution. Samples of blood
and organs were removed, weighed, and counted for radioactivity in a dose calibrator.

RESULTS
Four nude mice each bearing SUM190 tumors in the left thigh
received an injection of the multimodality Cy5.5/Herceptin/
DOTA-111In nanoparticle and were imaged on both an IVIS
fluorescence scanner and a NanoSPECT/CT small animal
nuclear scanner for comparison at 2, 15, and 40 h. A typical
set of SPECT/CT acquisition are shown in Figure 2A, and for
the same animal, a set of IVIS fluorescence images in the dorsal
view at the corresponding time points are shown in Figure 2B.
Figure 2C presents the percent of the injected radioactivity at
each time point in several organs measured by volume of interest
(VOI) analyses using InViVoScope software.
Figure 3 shows the biodistribution of radioactivity at 40 h
postinjection. Tumor accumulation was 21 ID%/g and therefore
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Figure 3. Biodistribution of the trifunctional multimodality nanoparticle
by radioactivity (% ID/g) in tumor and selected organs at 40 h
postinjection by sacrifice and dissection. (N ) 3, error bars represent
one standard deviation.)

much higher than all normal tissues such as liver, heart, kidneys,
spleen, and muscle that accumulated 8.7, 2.5, 7.0, 7.2, and 1.9
ID%/g, respectively.

DISCUSSION
With the benefits of molecular imaging becoming increasingly
apparent in many fields of medical research, it is also becoming
increasingly apparent that no one imaging modality will serve
all needs. Accordingly, an ability to couple two or more imaging
modalities within the same agent could be useful. This laboratory
is developing a nanoparticle based on streptavidin that is
ideally suited to multimodality imaging, since up to four
biotinylated functionalities can be readily combined without
apparent influence on their properties and with reasonable
pharmacokinetics (16-18). We had previously established that
the noncovalent bond between streptavidin and biotin is
sufficiently stable in vivo, that different biotinylated components
(antibodies, cell penetrating peptides, DNA, and MORF oligomers) on streptavidin within the nanoparticle apparently exhibit
preserved function, and that the nanoparticle exhibits favorable
pharmacokinetics (16-18, 25, 26). Finally, we had previously
shown that the nanoparticle is capable of accumulating in tumor
by specific mechanisms. In our earliest studies, the nanoparticle
was labeled with 99mTc or Cy3 and studied in SUM190 (Her2+)
and SUM149 (Her2-) cells in culture (18). The nanoparticle
accumulation was significantly higher in SUM190 vs SUM149
cells (10% vs 2% at 7 h). When the Herceptin was omitted from
the nanoparticle, accumulation dropped to that of controls (<2%)
and the difference in accumulation between SUM190 and
SUM149 cells disappeared. The nanoparticle has also been
incubated in these cells while labeled with 99mTc or Lissamine.
Accumulations were again significantly higher in SUM190 vs
SUM149 cells (11% vs 0.2% at 12 h) and the immunofluorescence results confirmed the much higher accumulation in the
Her2+ cells (26). When administered to SUM190 tumor-bearing
mice, accumulation reached 17%ID/g at 9 h and therefore
similar to the 21%ID/g at 40 h in this multimodality study, a
value that could not be achieved by any conceivable nonspecific
mechanism. In a direct comparison of our nanoparticle labeled
with 111In with that of 111In-labeled Herceptin in SUM190
tumors, both the images and the necropsy results were remarkably similar (16). For example, at 8 h, tumor accumulation was
10% vs 12% ID/g. In this case, the 111In was on the MORF
oligomer that clears rapidly through the kidneys and does not
accumulate in tumor unless coupled to Herceptin. When the
Herceptin is omitted from the nanoparticle, the tumor accumula-
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tion falls to about 3% ID/g at 21 h (17). These results show
conclusively that our nanoparticle accumulates specifically in
Her2+ tumors due to the presence of the Herceptin. Although
not pertinent to this study, several of these reports also present
results showing conclusively that accumulation is significantly
higher when the nanoparticle is incubated with the radiolabeled
antisense oligomer compared to the radiolabeled control oligomer, as further evidence of specific binding.
As shown in Figure 2A and B, the tumor is evident in both
the fluorescent and nuclear images at all times, confirming that
the streptavidin nanoparticle successfully delivered all three
components to the tumor target such that each component could
perform its function. The high tumor accumulation is due to
the antitumor Herceptin antibody carried by the nanoparticle
to the tumor, while the images are due to the nuclear and
fluorescent labels also delivered to the tumor by the nanoparticle.
The nuclear images obtained on a SPECT/CT camera located
the tumor with relatively high resolution (Figure 2A) and
provided quantitative information on accumulations in tumor
and in several normal organs (Figure 2C). Fluorescence imaging
obtained on the IVIS scanner provides a relatively inexpensive
and complementary approach to real-time tumor screening
(Figure 2B). Despite the tissue absorption and lower resolution
inherent in these fluorescent images, the two modelities have
provided images that are remarkably similar and in which the
tumor kinetics of the nanoparticle could have been estimated
by either method with equal effectiveness.

CONCLUSION
Both the fluorescent and nuclear images confirm that each
component of the Cy5.5/Herceptin/DOTA-111In nanoparticle has
performed as expected. The obvious accumulation in the Her2+
tumor and the impressive tumor/normal tissue ratios is a result
of the presence of a functioning Herceptin within the nanoparticle. That this favorable biodistribution was observed by both
fluorescence and nuclear imaging confirms that the Cy5.5
fluorophore and the 111In along with its DOTA chelator remained
bound to the antibody throughout the imaging period. Thus,
the streptavidin nanoparticle under development in this laboratory was used effectively for multimodality imaging of tumor
in mice by fluorescence and nuclear detection. Presumably, other
imaging modalities could also be considered.
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