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Abstract
Cancer heterogeneity and drug resistance limit the efficacy of cancer therapy. To address this issue, we
have developed an integrated treatment protocol for effective treatment of heterogeneous ovarian
cancer.
Methods: An amphiphilic polymer coated magnetic iron oxide nanoparticle was conjugated with near
infrared dye labeled HER2 affibody and chemotherapy drug cisplatin. The effects of the theranostic
nanoparticle on targeted drug delivery, therapeutic efficacy, non-invasive magnetic resonance image
(MRI)-guided therapy, and optical imaging detection of therapy resistant tumors were examined in an
orthotopic human ovarian cancer xenograft model with highly heterogeneous levels of HER2 expression.
Results: We found that systemic delivery of HER2-targeted magnetic iron oxide nanoparticles carrying
cisplatin significantly inhibited the growth of primary tumor and peritoneal and lung metastases in the
ovarian cancer xenograft model in nude mice. Differential delivery of theranostic nanoparticles into
individual tumors with heterogeneous levels of HER2 expression and various responses to therapy were
detectable by MRI. We further found a stronger therapeutic response in metastatic tumors compared to
primary tumors, likely due to a higher level of HER2 expression and a larger number of proliferating cells
in metastatic tumor cells. Relatively long-time retention of iron oxide nanoparticles in tumor tissues
allowed interrogating the relationship between nanoparticle drug delivery and the presence of resistant
residual tumors by in vivo molecular imaging and histological analysis of the tumor tissues. Following
therapy, most of the remaining tumors were small, primary tumors that had low levels of HER2
expression and nanoparticle drug accumulation, thereby explaining their lack of therapeutic response.
However, a few residual tumors had HER2-expressing tumor cells and detectable nanoparticle drug
delivery but failed to respond, suggesting additional intrinsic resistant mechanisms. Nanoparticle
retention in the small residual tumors, nevertheless, produced optical signals for detection by
spectroscopic imaging.
Conclusion: The inability to completely excise peritoneal metastatic tumors by debulking surgery as
well as resistance to chemotherapy are the major clinical challenges for ovarian cancer treatment. This
targeted cancer therapy has the potential for the development of effective treatment for metastatic
ovarian cancer.
Key words: targeted drug delivery, theranostic nanoparticles, resistant mechanism, MR image-guided cancer
therapy, spectroscopic imaging
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Introduction
Targeted cancer therapy utilizing surface
receptors that are highly expressed on tumor cells has
been used to treat human cancer. Antibodies or
antibody-drug conjugates targeting cell receptors,
such as HER2 (human epidermal growth factor
receptor 2) and insulin-like growth factor receptor,
have demonstrated therapeutic efficacy in cancer
patients [1-3]. For example, anti-HER2 monoclonal
antibodies have been used as the first-line therapy for
HER2-positive (HER2+) breast cancer patients [4-6].
Despite clinical success in targeted cancer therapy,
there is a wide range of therapeutic responses among
cancer patients. Patients with drug-resistant residual
tumors following treatment have a high incidence of
tumor recurrence and an overall poor prognosis. It is
well known that the levels of biomarker expression
are highly heterogeneous among tumors from
different patients and within tumors in the same
patient [7, 8]. Histological definition of HER2+ tumors
is based on over 10% of tumor cells having
immunohistochemical staining intensity greater than
3+ or 2+ with in situ hybridization showing HER2
gene amplification [9]. Therefore, patients classified as
HER2+ in fact have a large fraction of tumor cells with
a low level of HER2 expression. Although
HER2-expressing tumor cells are detected in 10 to 20%
of human ovarian cancer tissues, results of clinical
trials using HER2 antibody targeted therapy have
shown poor to modest therapeutic responses [10, 11].
The overall level of HER2 expression in ovarian
cancer was found to be weaker and more
heterogeneous than that of HER2+ breast cancer [8,
10]. Therefore, more effective combination therapies
are necessary to treat ovarian cancers with highly
heterogeneous tumor cells.
Chemotherapy drugs, such as platinum and
taxol, have been widely used for the treatment of
many solid cancers, including ovarian cancer [12, 13].
Although about 80% of ovarian cancer patients
showed initial response to chemotherapy following
cytoreductive surgery, most of them developed
recurrent tumors that were resistant to cisplatin
within 18 to 24 months [14]. The failure of
chemotherapy is predominantly due to systemic
toxicity of the drug that limits drug dose, in addition
to intrinsic and acquired drug resistance in a
subpopulation of tumor cells [12].
Nanoparticle drug carriers have the potential to
selectively deliver chemotherapy drugs into tumors,
thereby overcoming drug resistance while reducing
systemic toxicity. Increasing evidence shows that
biomarker-targeted therapy and nanoparticle drugs
have improved delivery into tumors, leading to
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enhanced therapeutic responses [15-19]. The effect of
nanoparticle drug carriers has been shown in mouse
ovarian tumor models [15, 18-21]. Although currently
FDA-approved nanoparticle drugs are based on
non-targeted liposomes, polymeric nanoparticles, and
human serum albumin formulations, various targeted
and multifunctional nanoparticle drug carriers have
been developed and their effects have been
demonstrated in mouse tumor models and clinical
trials [16, 22].
Theranostic nanoparticles with the ability to both
deliver drug and image tumors are a promising
platform for the development of image-guided cancer
therapy of heterogeneous and drug-resistant human
cancers [23-26]. Our previous studies showed targeted
delivery and imaging in an orthotopic human ovarian
cancer model using HER2-targeted multimodal
nanoparticle imaging probes consisted of a
near-infrared (NIR) 830 dye-labeled HER2 affibody
(ZHER2:342) conjugated to magnetic iron oxide
nanoparticles (NIR-830-ZHER2:342-IONP) [27]. For this
study, we developed HER2-targeted theranostic
nanoparticles carrying cisplatin (NIR-830-ZHER2:342IONP-Cisplatin) with combined optical, MRI, and
spectroscopic imaging capacity. The unique
properties of this theranostic nanoparticle platform
provide a means to investigate several important
questions concerning targeted delivery and intratumoral distribution in heterogeneous HER2-expressing
human tumors. This can be especially useful for
tumors with differential levels of cell receptors and
can ultimately determine whether poor drug delivery
is one of the causes of tumor resistance to targeted
therapy. Non-invasive MRI was used for monitoring
nanoparticle drug delivery in the primary tumor and
individual metastatic lesions. The feasibility and
sensitivity of intraoperative imaging of resistant
tumors following targeted therapy were also
determined. Results of those studies should provide a
strong rationale and supportive evidence for the
development of a new theranostic nanoparticle-based
cancer therapy protocol for effective treatment of
human ovarian cancer with highly heterogeneous
HER2 expression and resistance to therapy.

Methods
Production of NIR-830-ZHER2:342-IONPCisplatin nanoparticles
HER2 affibody (ZHER2:342-Cys) was produced from
a bacterial-expressing system using an established
protocol [28]. ZHER2:342-Cys was labeled with
NIR-830-maleimide dye that was synthesized from
IR-783 dye in our group [29]. Ten NIR-830-HER2
affibody molecules were conjugated to each
http://www.thno.org
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amphiphilic polymer-coated magnetic iron oxide
nanoparticle (IONP, 10 nm core size, Ocean Nanotech,
LLC, San Diego, CA, USA) via an amide bond
mediated by ethyl-3-dimethyl amino propylcarbodiimide
and
sulfo-N-hydroxysuccinimide.
Cisplatin (Polymed Therapeutics Inc, Houston, TX,
USA) was conjugated to NIR-830-ZHER2:342-IONP by
mixing freshly dissolved cisplatin solution (10
mg/mL in 10 mM borate buffer, pH 6.2) with
NIR-830-ZHER2:342-IONP at a ratio of 1 mg of iron
equivalent of IONPs with 1 mg of cisplatin for 4 h at
room temperature. Cisplatin was conjugated to
IONPs by the formation of a coordinate bond between
platinum (Pt+) and carboxylate group (O=C-O-,
Lewis base) on the polymer surface of IONP.
Unconjugated cisplatin was separated from
nanoparticle conjugated cisplatin by centrifuging
through a Nanosep 100kDa molecular weight cut-off
filter column (Pall Corp., MI, USA). The
hydrodynamic size and zeta-potential of the
nanoparticles were determined using a Zetasizer
Nano-ZS (Malvern Instruments, Southborough, MA,
USA). In vitro drug release was examined in
phosphate-buffered saline (PBS) at pH 5 or pH 7.5 and
under rotation at 37 °C in a Nanosep 3kDa cut-off
filter column (Pall Corp.). The amount of released
cisplatin was determined using a modified platinum
colorimetric assay that was based on the reaction of
platinum with o-phenylenediamine [30].

Orthotopic human ovarian cancer xenograft
model
A firefly luciferase gene stably transfected
human SKOV3 ovarian cancer cell line (SKOV3-Luc)
was provided by Dr. Daniela Matei at Indiana
University-Purdue University. Cells were cultured in
McCoy's 5A supplemented with 10% fetal bovine
serum and 1% penicillin and streptomycin.
Orthotopic xenograft model was established by
injecting 5 x 104 cells in 15 µL of PBS into the ovary
bursa of female athymic nude mice (6- to 8-week-old,
Harlan laboratories, Indianapolis, IN, USA) using an
Emory Institutional Animal Care and Use Committee
approved protocol.

Prussian blue staining
To determine target specificity in cells, 100 nM of
NIR-830-ZHER2:342-IONP-Cisplatin or non-targeted
IONPs were added to cultured cells for 2-3 h. After
removing the culture medium, cells were washed and
fixed with 4% paraformaldehyde in PBS for 20 min.
Prussian blue solution prepared by 1:1 mixture of 10%
potassium ferrocyanide (Sigma-Aldrich, St. Louis,
MO, USA) and 20% HCl acid was added for 30 min to
2 h at 37 ⁰C. To determine IONP delivery in tumors,
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frozen tumor tissue sections were incubated with the
aforementioned staining solution for 3 h and then
counter-stained with a nuclear fast red solution
(Sigma-Aldrich).

Non-invasive imaging of targeted delivery of
nanoparticle in ovarian cancer and detection
of drug-resistant tumors
Bioluminescence imaging (BLI): The growth of
SKOV3-luc tumors was monitored using a BLI system
following an i.p. injection of D-luciferin substrate
(IVIS Spectrum in vivo imaging system, Perkin Elmer,
Waltham, MA, USA).
NIR optical imaging: Optical imaging was
conducted using the Kodak In Vivo FX imaging
system (Carestream Health Inc, Rochester, NY, USA).
All optical images were captured using an 800-nm
excitation and 850-nm emission filter set and analyzed
using Kodak imaging software.
MRI: A clinical, 3-Tesla (3-T) MRI scanner
(Siemens Medical System, Tarrytown, NY, USA) with
a customized coil or animal 4.7-T MRI scanner
(Oxford Magnet Technology, Oxford, UK) was used
for murine imaging. T2-weighted fast spin-echo
imaging sequence with a repetition time (TR) of 5000
millisecond (ms), echo time (TE) of 28 ms,
field-of-view (FOV) of 40 × 70 mm, and slice thickness
of 1 mm was used to acquire multiple slices of axial
MR images for each animal on the 4.7-T MRI scanner.
On the 3-T MRI scanner, T2-weighted turbo spin-echo
imaging sequence was performed with the following
imaging parameters: turbo factor = 14, TR = 5000 ms,
TE = 65 ms, image matrix = 60 × 256, FOV = 28 × 120
mm2, slice thickness = 1.5 mm for coronal MR images.
Signal intensity of T2-weighted spin-echo images in
the tumor following the administration of
nanoparticles was quantitatively analyzed in all MR
image slices of all identifiable tumor areas, including
primary and metastatic sites. Averaged signal
intensities of the regions of interest (ROIs) of tumor
areas were selected for measuring IONP-induced MRI
T2 signal change using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). Signal
intensity of T2-weighted MR images in a selected
muscle area was measured for each mouse and each
MRI scan to serve as an internal control. The relative
signal intensity of T2-weighted MRI of the tumor area
in each MR image was calculated as the ratio of signal
intensities of T2-weighted MRI in tumor area to that in
normal muscle.

Evaluation of efficacy of targeted therapy in
the orthotopic ovarian cancer xenograft
model
Three weeks after the tumor cell implantation,
http://www.thno.org
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nude mice bearing orthotopic SKOV3 ovarian tumors
were randomized to different treatment groups.
Tumor growth was confirmed by BLI. Mice were
subjected to therapeutic interventions, twice per week
for three weeks with a total of six tail vein injections.
Mice were sacrificed five days after the last treatment,
and tumor and normal tissues were collected for
histological analysis.

Immunohistochemical and
immunofluorescence analyses
The level of HER2 expression was determined by
either immunohistochemical analysis or immunofluorescence labeling on frozen or paraffin-embedded
tumor tissue sections using an anti-HER2 antibody
(cat # 2242, Cell Signaling, Danvers, MA, USA) at
1:100 dilution and standard immunostaining
protocols. Secondary antibodies conjugated to
horseradish peroxidase (HRP, immunohistochemical) or
Alexa fluor-488 (immunofluorescence) were used.
HRP was detected with a 3,3’-diaminobenzidine
substrate. To determine proliferating cells, an
anti-Ki67 antibody (Clone 7B11, Invitrogen, Carlsbad,
CA, USA) was used to label the tissue section. Alexa
Fluor-555 labeled secondary antibody was used for
immunofluorescence imaging. Mouse anti-human
CK19 antibody (C-6930, Sigma-Aldrich) was used to
identify ovarian cancer cells. Rat anti-mouse CD68
monoclonal
antibody
(MCA1957,
BioRad
Laboratories, Inc., Hercules, CA, USA) was used to
label macrophages. For immunofluorescence, slides
were counter-stained with Hoechst 33342 (Thermo
Fisher Scientific, Waltham, MA, USA).

Detection of drug-resistant tumors using
spectroscopic imaging
A custom-built, handheld spectroscopic imaging
device was used for this study [31]. Signals of
spectroscopic and NIR imaging were detected using a
pen-like probe and then processed using a custom
software [31]. The processed imaging signals were
co-displayed with the imaged field captured by a
CCD camera on a color monitor. Five days following
the last treatment, tumor-bearing mice were sacrificed
and then subjected to spectroscopic imaging of
drug-resistant tumors and normal tissues. The
spectroscopic signal intensity was recorded for each
detection.

Statistical analysis
Data are presented as mean ± standard
deviation, and all experiments were performed in at
least triplicates. Statistically significant differences (p
≤ 0.05) between groups with respect to tumor weights
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were determined using the standard Student’s t-test.

Results
Establishment of an orthotopic and metastatic
human ovarian cancer xenograft model with
tumor developmental stages and
heterogeneous levels of HER2 expression that
resemble human ovarian cancer
Effective treatment of heterogeneous tumors
using receptor-targeted therapy in human cancer
patients will require a combination of: (i) assessment
of targeted receptor expression by molecular imaging,
(ii) noninvasive imaging for monitoring targeted drug
delivery and therapeutic response, and (iii)
image-guided surgery for the removal of
drug-resistant residual tumors (Figure 1A). Most
previous studies used mouse tumor models bearing
single subcutaneous or orthotopic tumor, which could
not provide information on the correlation between
heterogeneous levels of biomarker expression with
targeted delivery of nanoparticle drug carriers and
molecular imaging signals in individual primary and
metastatic tumors. To determine the ability of HER2
targeted theranostic nanoparticles in targeted delivery
and non-invasive imaging of human tumors with
highly heterogeneous HER2 expression, we
established and characterized an orthotopic human
ovarian cancer xenograft model that recapitulated
developmental stages and heterogeneous HER2
expression in human ovarian cancer (Figure 1B-C).
Noninvasive BLI and gross examination of the
peritoneal cavity of mice demonstrated that tumor
growth and metastatic spreading correlated with
disease progression in ovarian cancer patients. H&E
staining of tumor tissues showed the initial primary
tumor inside the ovary (stage I), metastatic tumors
developed in the peritoneal cavity (stage III), and then
in distant organs, such as the lung (stage IV) (Figure
1B). Differential expression levels of HER2 in the
tumors were found among the primary tumor and
metastatic lesions collected from the peritoneal cavity.
Double labeling immunofluorescence further showed
that metastatic tumors had high levels of HER2
expression and proliferating cells (Ki67 positive) than
that of the primary tumor (Figure 1C). Therefore, this
mouse tumor model should allow for the evaluation
of the effect of HER2-targeted therapy using
theranostic nanoparticles, the efficiency of targeted
delivery of nanoparticle drug carriers, and the
differential therapeutic effects on different tumors in
the same mice using non-invasive MRI, optical
imaging, and histological analysis.

http://www.thno.org
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Figure 1. Development of an integrated protocol of targeted drug delivery and image-guided therapy. (A) Schematic illustration of targeted and image-guided
therapy of advanced ovarian cancer with heterogeneous HER2 expression using theranostic nanoparticles. Systemic delivery of HER2 targeted theranostic nanoparticles leads to
drug accumulation in HER2-expressing ovarian tumors. MRI can be used to evaluate nanoparticle drug delivery in individual tumors with different levels of HER2 in the peritoneal
cavity. It can also assesse therapeutic response in tumors. Residual tumors, due to a low level of HER2 or intrinsic drug resistance, produce NIR signals for detection and removal
by image-guided surgery. (B) Orthotopic ovarian cancer xenograft model derived from HER2+ human ovarian cancer SKOV3-luc cell line was established by direct injection of
cells into the ovary of nude mice. Growth and staging of the tumor could be identified by BLI. Bright-field images were included for visualizing tumor locations. H&E-stained tissue
sections showed stage I tumor in the ovary (PT, green arrow), stage III with i.p. metastases (blue arrows), and stage IV with lung metastases. Red arrow: normal follicle. Yellow
arrow: intestine. (C) Immunohistochemical staining of tumor tissue sections collected from two representative mice using an anti-HER2 antibody. The levels of HER2 expression
from negative to strongly positive were detected in four tumors in Mouse #1 and three tumors in Mouse #2. Normal pancreas: a negative control for HER2 labeling. Dual
immunofluorescence labeling of HER2 (green) and Ki67 (red) of primary and metastatic tumors showed metastatic tumors had a higher level of HER2 and more proliferating cells
(red) than primary tumors. Blue: Hoechst 33342 nuclear staining. Scale bars: 100 μm.
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Characterization of HER2-targeted
theranostic nanoparticles in vitro and in vivo
HER2-targeted IONP conjugated with cisplatin
was prepared in two steps as shown in Figure 2A.
Chemical analysis of platinum (Pt) content showed
that about 0.5 mg of cisplatin was conjugated to 1 mg
of iron equivalent IONPs. Electron microscopy images
showed uniformly sized magnetic IONPs with a 10
nm core (Figure 2B). Dynamic light scattering
measurement determined that the hydrodynamic
diameters for non-targeted IONP, IONP-Cisplatin,
NIR-830-ZHER2:342-IONP and NIR-830-ZHER2:342-IONPCisplatin were 15.3, 19.2, 21.5, and 23.6 nm
respectively (Figure 2C). Zeta potentials of the
nanoparticles were -46.2 millivolts (mV) (IONP), -34.9
mV (NIR-830-ZHER2:342-IONP), -31.7 mV (NIR-830ZHER2:342-IONP-Cisplatin), and -33.6 mV (IONPCisplatin). Under pH 7.5 in PBS for 18 h, about 25% of
conjugated cisplatin was released. However, under
pH 5, drug-release rate reached 80% at 18 h,
suggesting a pH-dependent drug release (Figure 2D).
Target specificity of NIR-830-ZHER2:342-IONP-Cisplatin
was determined in the HER2+ human ovarian cancer
SKOV3 cells in vitro. Accumulation of HER2-targeted
IONPs in tumor cells was demonstrated by Prussian
blue staining (Figure 2E). Furthermore, a stronger
cytotoxic
effect
was
observed
in
high
HER2-expressing SKOV3 cells relative to low
HER2-expressing OVCAR3 cells (Figure S1).
Targeted delivery of NIR-830-ZHER2:342-IONPs in
ovarian cancer xenografts following intravenous (i.v.)
injection was determined by optical imaging.
Forty-eight hours following i.v. injection of NIR-830ZHER2:342-IONPs into tumor bearing mice, strong
optical signals were detected in both primary tumor
in the ovary and metastatic lesions in the lung and
peritoneum (Figure 2F and Figure S2). Control mice
that received non-targeted NIR-830-bovine serum
albumin (BSA)-IONPs had weak optical signals in
primary and peritoneal metastatic tumors (Figure 2F).
Ex vivo optical imaging showed that signal intensity
was 1.6- and 2.6-fold higher in the primary tumor and
lung metastases in the mice that received NIR-830ZHER2:342-IONPs than those treated with non-targeted
NIR-830-BSA-IONPs (Figure 2F). Chemical analysis
of IONP in tumors showed a 7-fold higher iron
concentration in the tumors treated with the targeted
IONPs compared to non-targeted IONPs (Figure 2F
and Figure S2). Histological and chemical analysis of
tumor tissues further confirmed the accumulation of
targeted IONPs in primary tumors and lung
metastases with 13% of total delivered NIR-830ZHER2:342-IONPs found in tumor (Figure S2).
Magnetic IONPs have been used for the
development of MRI contrast agents and theranostic
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IONPs [32-34]. Accumulation of IONPs primarily
shortens the transverse relaxation times, i.e. T2 and
T2*, which lead to prominent signal decrease or
“negative contrast” of targeted tissue in T2-weighted
MRI. To assess the functionality of NIR-830-ZHER2:342IONPs as a superparamagnetic MRI contrast agent for
imaging intratumoral delivery of theranostic IONPs,
mice were subjected to MRI before and after the
delivery of the nanoparticles. T2-weighted MRI of the
mouse treated with NIR-830-ZHER2:342-IONPs showed
a 31.9% of the relative signal reduction of T2-weighted
spin-echo image in tumors, indicating targeted
delivery of the nanoparticles (Figure 2G).

Significant inhibition of tumor growth
following targeted therapy
We further investigated the therapeutic efficacy
of HER2-targeted therapy using NIR-830-ZHER2:342IONP-Cisplatin. Tumor-bearing nude mice received 5
mg/kg cisplatin-equivalent dose of NIR-830-ZHER2:342IONP-Cisplatin, cisplatin, or non-targeted IONPCisplatin, twice per week for a total of six treatments.
Five days after the last injection, no-treatment control
mice displayed large primary tumors and peritoneal
metastases (Figure 3A-C). However, treatment with
NIR-830-ZHER2:342-IONP-Cisplatin significantly inhibited the growth of both primary and peritoneal
metastatic tumors, and in two of six mice, led to
complete tumor regression (Figure 3A-C). Results of
our in vivo study showed that systemic delivery of
HER2-targeted IONPs carrying cisplatin at 5 mg/kg
dose had stronger tumor growth inhibition on
peritoneal metastases than primary tumors (Figure
3A-C). The majority of mice that received HER2targeted IONP-Cisplatin had very small primary
tumors and no-visible peritoneal metastases.
Furthermore, even after treatments with a very low
dose of 0.5 mg/kg of cisplatin equivalent of
NIR-830-ZHER2:342-IONP-Cisplatin, the mice had
marked inhibition of i.p. metastases while having a
modest response in primary tumors (Figure S3).
Overall, treatment with NIR-830-ZHER2:342-IONPCisplatin led to 88% of growth inhibition of the total
tumor volumes, including all visible primary and
metastatic tumors in the peritoneal cavity, compared
to those of no treatment control mice (Figure 3A).
Treatment with non-targeted IONP-Cisplatin resulted
in 45% of tumor growth inhibition. The same dose of
conventional cisplatin led to 66% inhibition of tumor
growth. Statistical analysis using student’s t-test
showed that the anti-tumor growth effect of the
targeted-IONP-Cisplatin was highly significant
compared to no-treatment control (p<0.005), and
significant compared to cisplatin (p<0.05) and
non-targeted IONP-Cisplatin (p<0.01) treated mouse
http://www.thno.org
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groups. Although the mouse groups treated with
cisplatin or non-targeted IONP-Cisplatin had reduced
volumes of primary tumors and small peritoneal
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tumors, only cisplatin treatment mouse group
showed statistically significant inhibition compared to
the no-treatment control group (p≤0.01).

Figure 2. Characterization of HER2-targeted theranostic nanoparticle carrying cisplatin. (A) Production of HER2-targeted theranostic nanoparticle,
NIR-830-ZHER2:342-IONP-Cisplatin. (B) Electron microscopy images of different IONPs. (C) Dynamic light scattering analysis of nanoparticle sizes. (D) Platinum-loaded, HER2
targeted IONPs showed faster drug release in pH 5.0 buffer than that under pH 7.5. Percentage of drug release was calculated from the initial drug content of
NIR-830-ZHER2:342-IONP-Cisplatin. (E) In vitro target specificity detected by Prussian blue staining. (F) In vivo targeted delivery. Optical imaging at 48 h following the second i.v.
injection of 400 picomolar (pmol) of NIR-830-ZHER2:342–IONP. Primary tumor (pink arrow) and metastatic lesions in the peritoneal cavity and lung (yellow arrows). Imaging results
performed after the first injection is shown in Figure S2. There was no bright optical signal in the mice received non-targeted NIR-830-BSA-IONP. Locations of tumors were
identified by bioluminescence imaging (BLI). Pink numbers: ratio of optical signal in tumor and body background. Ex vivo imaging confirmed stronger optical signal in primary tumor
and lung metastases in targeted IONP treated mice than those treated with non-targeted IONPs. Chemical analysis of iron concentrations in the primary tumors are shown. (G)
T2-weighted MRI performed Pre and 24-h post i.v. delivery of NIR-830-ZHER2:342–IONP showed a signal intensity decrease of T2-weighted MRI in the primary tumor (~5 mm in
diameter) (pink arrows). No T2 signal intensity decrease was seen in the tumor of the mice that received non-targeted NIR-830-BSA-IONP. White numbers: the mean relative
signal intensity in tumors. Bright field images of the peritoneal cavity showed primary tumors in the ovary (pink arrows). Blue arrow: fallopian tube.
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Figure 3. Therapeutic effect of HER2-targeted IONP-Cisplatin on primary and metastatic ovarian tumors. (A) Tumor weights of primary and metastatic tumors
following 5 mg/kg of cisplatin dose twice per week for a total of six treatments. The mean tumor weights of total visible tumors collected from the peritoneal cavity, primary
tumor, and i.p. metastatic tumors (Mets) are shown. (n = 6-8 mice/ control, cisplatin and targeted IONP groups; n = 3 mice/IONP-Cisplatin). Student’s t-test: No treatment vs.
targeted IONP-Cisplatin: total tumor: p=0.004, Primary tumor: p=0.026, Mets: p=0.006. Targeted-IONP-Cisplatin vs cisplatin: total tumor: p=0.02. Primary tumor: p=0.035,
Mets: p=0.005. (B) Therapeutic responses in two representative mice shown as BLI images and bright-field pictures that identified tumors in the peritoneal cavity. Green arrows:
primary tumors. Pink arrows: i.p. metastases. (C) Ex vivo pictures of tumors collected from mouse groups. Primary tumor: top pink boxed. Multiple i.p. metastases from mouse
groups are shown (n = 4 mice/group). Three of four mice treated with targeted IONP-Cisplatin lack visible i.p. metastases. (D) Prussian blue staining of tumor tissue sections
showed the presence of IONP in primary tumor (PT) and i.p. metastases (Mets) in targeted IONP-Cisplatin treated mice. Some residual primary tumor areas (green arrow) and
adjacent normal follicle (blue arrows) lacked IONP positive cells. Non-targeted IONP-Cisplatin treated tumors showed a very low level of IONP positive cells. (E)
Immunofluorescence labeling of cell proliferation marker Ki67. A low level of Ki67 positive cells (red) was found in the primary and metastatic tumors treated with
NIR-830-ZHER2:342-IONP-Cisplatin (HER2-IONP-Cis). Blue: Hoechst 33342 nuclear staining. Scale bar: 100 µm.

Histological analysis of tumor tissues showed
intratumoral necrotic areas in NIR-830-ZHER2:342IONP-Cisplatin treated tumors. However, dense

tumor cells were found in the no-treatment control,
cisplatin and IONP-Cisplatin treated tumors (Figure
S4). Prussian blue staining revealed high levels of
http://www.thno.org
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IONPs
in
tumor
tissues
treated
with
NIR-830-ZHER2:342-IONP-Cisplatin. It seemed that
normal follicles in the ovary lacked accumulation of
IONPs (Figure 3D). IONPs were not detected in the
primary and metastatic tumor tissues obtained from
mice that received non-targeted IONP-Cisplatin
(Figure 3D). Furthermore, immunofluorescence
labeling showed that the residual tumors treated with
NIR-830-ZHER2:342-IONP-Cisplatin had a markedly
lower level of Ki67-positive proliferating cells in the
primary and metastatic tumors (~1.6%) than that of
no-treatment control (31%). There was a statistically
significant difference between the two groups (p =
0.009, n = 5 image fields) (Figure 3E).
An advantage of nanoparticle-based drug
carriers is the reduction of systemic toxicity since they
are unable to pass through normal vessels to be
delivered into normal tissues, with the exception of
macrophages in the liver and spleen [35]. In our
study, there was no apparent systemic toxicity
observed in mice treated with NIR-830-ZHER2:342IONP-Cisplatin. Serological examination and histological analysis showed that there was no damage in the
liver and kidney (Figures S5-S6). However, mice
treated with 5 mg/kg of unconjugated cisplatin
showed noticeable tissue damage in normal organs
(Figure S6).

MRI detection of differential tumor responses
to the targeted therapy in mice bearing
orthotopic ovarian tumors
We further examined the ability of monitoring
drug delivery and therapeutic response in ovarian
tumors using MRI. Following six treatments, BLI
revealed marked decreases in the tumor volumes of
mice treated with NIR-830-ZHER2:342-IONP-Cisplatin (5
mg/kg) compared with untreated or NIR-830ZHER2:342-IONP (no drug) treated mice (Figure 4A).
However, differential signal intensities of T2-weighted
MRI were found in residual tumors following
treatment.
In
NIR-830-ZHER2:342-IONP-Cisplatin
comparison with tumor size and T2 signal intensity
detected in the control mouse, a good responder
mouse M2 had a much smaller residual tumor with
28% of signal intensity decrease in T2-weighted MRI,
while mouse M1 showed an intermediate-sized
residual tumor without a T2 signal intensity decrease,
suggesting lack of IONP accumulation in this portion
of the residual tumor (Figure 4A). Our results also
showed that HER2-targeted delivery played a key
role for the observed changes in the signal intensity of
T2-weighted MRI and therapeutic effect since systemic
delivery of non-targeted IONP or IONP-Cisplatin did
not show a T2 signal intensity decrease in tumors
(Figure S7).
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Next, we examined whether MRI could monitor
response to therapy in primary and metastatic
tumors. T2-weighted spin echo MRI was performed
on mice following the fifth and sixth therapy.
Comparison of two MR images of the untreated
control mice showed continued growth of the primary
and metastatic tumors with a high level of T2 signal
intensity (Figure 4B). In the mouse M3 that had an
intermediate therapeutic response, the first MR image
detected a smaller primary tumor with a 13.8% T2
signal intensity decrease but no visible metastases
(Figure 4B). In the second MR image, an enlarged
primary tumor without a T2 signal intensity decrease
was detected (Figure 4B). However, a good responder
mouse M4 had a very small primary tumor with a
50.5% T2 signal intensity decrease in the first MRI.
Following an additional treatment, there was no
detectable tumor in the original tumor site in the
second MRI (Figure 4B). Although a very weak BLI
signal could still be detected in the primary tumor
area, there was no visible tumor mass in the ovarian
area of the peritoneal cavity (Figure 4B). In contrast,
the mouse treated with IONP-Cisplatin did not show
T2 signal intensity change and had slightly reduced
primary tumor and detectable metastases in the first
MRI (Figure 4B). Prussian blue staining showed a
high level of IONPs in the tumor tissues of the mice
treated with NIR-830-ZHER2:342-IONP or NIR-830ZHER2:342-IONP-Cisplatin (Figure 4C). Therefore, our
results supported the feasibility of using MRI to
monitor therapeutic response in individual tumors in
the same or different mice following targeted therapy
using theranostic IONPs.
Since macrophages in tumor tissues could
take-up nanoparticles non-specifically, double
immunofluorescence labeling was performed to
confirm targeted delivery of NIR-830-ZHER2:342-IONPCisplatin into ovarian tumor cells. Frozen tumor
tissue sections obtained from the mice treated with
the targeted IONP-Cisplatin were doubly labeled
with an anti-CK 19 antibody (tumor cells) and an
anti-CD68 antibody (macrophages). Under a
fluorescence microscope equipped with NIR
fluorescence filter, we detected a high level of NIR
signals produced from the nanoparticles in tumor
tissue sections. Most NIR-signal-positive cells
co-localized with CK19-positive tumor cells.
CD68-positive macrophages were found near
CD19-positive tumor cells and some of them have
NIR-positive nanoparticle signals. Macrophages
without NIR signal were also detected in the tumor.
Thus, despite the possibility of non-specific uptake of
the nanoparticle drug in tumors by macrophages, our
result showed that a high level of the targeted
IONP-Cisplatin was taken up by tumor cells.
http://www.thno.org
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However, macrophages in tumor tissues could also
engulf tumor cell debris with the nanoparticles.
Although those macrophages could be identified by
histological analysis, this factor should be taken into

787
consideration when the IONP-positive cells were used
as an indication for the possible cause of therapy
resistance.

Figure 4. Non-invasive MRI detection of response to targeted therapy following systemic delivery of HER2-targeted theranostic IONP-Cisplatin. (A)
T2-weighted MRI. Two days following the sixth therapy, BLI and coronal MR images showed tumor sizes and MRI contrasts in good responder (M2), intermediate responder (M1),
no-treatment and targeted IONP (no drug) control mice. Mouse M2 had a smaller tumor and lower T2 signal intensity than those in mouse M1, suggesting a higher level of
theranostic IONP accumulation in mouse M2 that led to a better response. (B) Transverse MR images. No-treatment control mouse following the fifth treatment (1st MRI) had
a large primary tumor and several large metastases with a high T2 signal intensity. Good responder (M4) had a very small primary tumor with a decreased T2 signal intensity. The
intermediate responder (M3) had a primary tumor with a 13.8% T2 signal intensity reduction compared with no treatment control. Both mice had no visible i.p. metastases.
IONP-Cisplatin treated tumor had an intermediate size primary tumor and detectable i.p. metastases with a high T2 signal intensity. The second MRI after sixth treatment revealed
progressive growth of primary and metastatic tumors in the control mice. A small tumor in the good responder mouse M4 became invisible on the MR image. The primary tumor
in mouse M3 continued to grow and did not show a decrease in T2 signal intensity. Pink arrows and line-circled areas: primary tumor. Yellow arrows: i.p. metastatic tumors; blue
arrow: kidney. P: primary tumor. M1-3: selected i.p. metastases for quantification. Numbers in blue color C: the mean value of T2 signal intensity of identifiable tumor areas in all
MR image slices. Number shown as white S: quantification of the tumor areas of the primary and selected i.p. metastases in pixel in one representative MRI slice as shown. (C)
Prussian blue staining in primary (PT) and i.p. metastatic (Met) tumor tissue sections. (D) Double immunofluorescence labeling to identify tumor cells (CK19, purple), and
macrophage (CD68, red). NIR signal of nanoparticles (green). Blue fluorescence: Hoechst 33342. White arrows: IONPs in tumor cells. Blue arrows: IONPs in macrophages.
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Optical imaging of drug-resistant tumors and
mechanisms of heterogeneous therapeutic
responses in tumors
The ability of optical imaging of accumulation of
theranostic nanoparticles in tumors made it possible
to examine targeted delivery of nanoparticle drugs as
well as the presence of drug-resistant tumors. First,
we analyzed optical signals from two representative
mice that were treated with NIR-830-ZHER2:342-IONPCisplatin (5 mg/kg cisplatin) and showed a relatively
poor (M2) or good (M3) therapeutic response among
all mice in the targeted therapy group (Figure 5A).
Mouse M1 received NIR-830-ZHER2:342-IONP (no
cisplatin) as a delivery control to assess the efficiency
of targeted nanoparticle delivery in tumors after
repeated systemic deliveries but without killing of
tumor cells containing the nanoparticles. We detected
much stronger optical signals in metastatic tumors
than in the primary tumor, although the primary
tumor was larger than peritoneal and lung metastatic
tumors as shown in BLI (Figure 5A). Strong optical
signals were the result of increased accumulation of
the targeted nanoparticles in the growing tumors.
Immunofluorescence labeling revealed that the
primary tumor tissue has from weak-to-intermediate
levels of HER2 expression while i.p. metastatic tumors
had a much higher level of HER2 compared to the
primary tumors (Figure 5B). We also detected a high
level of IONP accumulation in metastatic tumor cells
(Figure 5B).
As expected, BLI revealed markedly smaller
peritoneal tumors in the mice after six systemic
deliveries
of
NIR-830-ZHER2:342-IONP-Cisplatin
compared to the mice treated with the targeted
nanoparticles without carrying cisplatin (Figure 5A).
Heterogeneous optical signals were detected in the
residual areas in the mice. For example, mouse M2
had a poorer therapeutic response with a relatively
large primary tumor and was the only mouse with
peritoneal metastases in the mouse group following
the targeted therapy at 5 mg/kg cisplatin dose (Figure
5A). Noninvasive optical imaging showed an
intermediate level of optical signal in the residual
metastatic tumor but a weaker signal in the primary
tumor. Prussian blue staining revealed that the
primary tumor that survived the targeted therapy had
a low level of IONP accumulation (Figure 5B).
Immunofluorescence labeling of the residual tumor
tissue sections showed that most of the resistant
tumor cells in the primary tumor and a large portion
of the metastatic tumor had a low level of HER2
expression, except a small subpopulation of cells on
the edge of the metastatic tumor expressed HER2
(Figure 5B). Therefore, a low level of HER2 expression
in a subpopulation of tumor cells was the major cause
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of inefficient delivery of theranostic IONPs in those
tumor cells to effectively kill cells. However,
immunofluorescence labeling using an anti-Ki67
antibody showed that the presence of a low level of
NIR-830-ZHER2:342-IONP-Cisplatin was still able to
inhibit cell proliferation in the primary and metastatic
residual tumors that led to an intermediate
therapeutic response compared to no treatment
control mouse group (Figure 5C). In a good responder
mouse M3, a strong optical signal was detected in the
area that had a low luciferase activity (Figure 5A).
After sacrificing the mouse, there was no visible
tumor in the ovary and peritoneal cavity. Histological
analysis of collected ovarian tissue showed the
presence of microscopic residual tumor with a few
HER2-positive tumor cells at the edge and some
Prussian blue positive residual tumor cells in the
ovarian tissue (Figure 5B). There was no i.p.
metastases in this mouse.
Since tumor response to chemotherapy drug is
closely associated with the amount of the drug
molecules delivered into tumors, we examined the
therapeutic response when tumor-bearing mice
received a lower dose of cisplatin equivalent of
NIR-830-ZHER2:342-IONP-Cisplatin. Although mice
treated with a 2 mg/kg cisplatin dose of the targeted
theranostic nanoparticle still inhibited the growth of
the primary and metastatic tumors, especially i.p.
metastases, we observed more heterogeneous
response among tumors in the targeted treatment
group (Figure S3). Following six treatments, residual
tumors from four representative mice in the same
treatment group that showed 12 to 86% of inhibition
in tumor growth compared to the no-treatment
control were analyzed for optical signal and
theranostic IONP delivery. Our result showed that
mouse M5 had the largest tumor and the strongest
optical signal (Figure 5D). A high level of HER2 was
detected in the primary tumor. High levels of IONPs
were also found in both primary and metastatic
tumors (Figure 5E). Therefore, it seemed that the
residual tumor in this mouse had an adequate level of
nanoparticle drug delivery, but the concentration of
cisplatin was not sufficient to overcome intrinsic drug
resistance in those tumor cells. Accumulation of a
high level of NIR-830 dye-labeled theranostic IONPs
without efficient tumor cell killing resulted in a strong
signal for optical imaging of drug-resistant tumors.
Mouse M4 showed intermediate growth inhibition
and its residual tumors had low levels of HER2 and
IONP drug accumulation. A relatively low level of
optical signal was detected in the tumor (Figure
5D-E). Although there was a good response (72% of
inhibition) in the primary tumor of mouse M6,
resistant tumor cells surrounding a central necrotic
http://www.thno.org
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area had a high level of HER2. Intermediate levels of
IONPs and optical signal were found in this tumor
(Figure 5D-E). Finally, mouse M7 had the best
response among all treated mice. A very small
residual tumor in this mouse had a strong optical
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signal, suggesting that efficient nanoparticle drug
delivery and high sensitivity of tumor cells to the
therapy contributed to a good response at a lower
cisplatin dose (Figure 5D-E).

Figure 5. Correlation of differential therapeutic responses, optical signals and the levels of HER2 expression in drug resistant tumors. (A) BLI and optical
imaging of residual tumors following the sixth treatment at 5 mg/kg cisplatin dose. BLI signal quantification: NIR-830-ZHER2:342-IONP-Cisplatin treated mouse M2 (1.4x108
photon/second) and mouse M3 (1.6x106 photon/second). NIR-830-ZHER2:342-IONP (no drug) treated mouse M1 (2.5x109 photon/second). Lung and i.p. metastases (yellow
arrows); primary tumor (pink arrows). Green arrow: normal lung. (B) Prussia blue staining (PB) and immunofluorescence labeling. Higher levels of IONPs were detected in i.p.
metastases compared to primary tumors. Mouse M2 lacked HER2 and IONP accumulation in the primary tumor and had a low level of HER2 in most metastatic tumor cells
except in a subpopulation. Mouse M3 had IONP positive cells and a low level of HER2+ cells in a microscopic residual primary tumor. (C) Cell proliferation (Ki67+, red) in both
primary and metastatic tumors was inhibited in mouse M2. (D) BLI and optical imaging of mice treated with a 2 mg/kg cisplatin dose of NIR-830-ZHER2:342-IONP-Cisplatin. (E)
Residual tumors of mouse M4 and M5 had dense tumor cells in H&E images. Primary tumor in mouse M4 lacked HER2 and had a low level of IONPs. A poor responder mouse
M5 had high levels of HER2 and IONPs in the tumor. Mouse M6 had large necrotic areas (green arrow) in the primary tumor, while having viable HER2+ and IONP positive tumor
cells at the tumor edge (red arrow). A good responder mouse M7 had a small and HER2 low expressing residual tumor. A and D: Green numbers: the percentages of tumor
growth inhibition based on the tumor weight of no treatment control mice as 0%. Red numbers: optical intensity in tumors. White numbers: body background. Pink numbers:
optical signal intensity measured on tumors by ex vivo imaging.
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Significant inhibition of the development of
tumor metastases following systemic, targeted
therapy
One of the major advantages of systemic,
targeted therapy is to treat disseminated tumor cells
locally or in distant organs. The SKOV3 cell
line-derived orthotopic tumor model has a high
incidence of lung metastases. Six weeks after ovarian
implantation of tumor cells, BLI revealed that all mice
had developed lung and peritoneal metastases in the
control group (Figure 6A). However, upon
completing six targeted therapies using NIR830ZHER2:342-IONP-Cisplatin, we observed not only
significant reduction of the primary tumors but also
no detectable lung metastases in the mice by BLI
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examination and histological analysis (Figure 6A-B
and Figure S8). Only one mouse had small peritoneal
metastases. H&E staining of the lung tissues further
confirmed the absence of lung metastases (Figure 6B).
Mice treated with cisplatin and non-targeted
IONP-Cisplatin also had decreased lung metastases
(Figure 6A-B). However, H&E-stained lung tissue
sections revealed the presence of micrometastases
(Figure 6B and Figure S8). All mice in the aforementioned two control groups also had detectable peritoneal metastases. Furthermore, Prussian blue staining
demonstrated targeted delivery of NIR-830-ZHER2:342IONP-Cisplatin into HER2-expressing lung metastases in mice treated with either 2 or 5 mg/kg cisplatin
dose of NIR-830-ZHER2:342-IONP-Cisplatin (Figure 6C).

Figure 6. Systemic delivery of HER2-targeted theranostic IONP-Cisplatin inhibited the growth of metastatic tumors in orthotopic human ovarian cancer
model. (A) BLI shows the presence of lung and i.p. metastases in all no-treatment control mice (upper panel). Six i.v. injections of a 5 mg/kg cisplatin equivalent dose of
NIR-830-ZHER2:342-IONP-Cisplatin markedly inhibited the lung and i.p. metastases (bottom panel). Mice treated with unconjugated cisplatin or non-targeted IONP-Cisplatin also
showed inhibition of lung metastasis but still had large i.p. metastases and primary tumors. Red arrows: primary tumors; White arrows: i.p. metastases; Yellow arrows: lung
metastases. (B) H&E staining of lung tissue sections from different groups. Large metastatic tumors were detected in the lungs of no-treatment control mice but none in mice
treated with targeted IONP-Cisplatin. Low (100x) and high magnification (200x) microscopic images of the lung are shown. Small metastatic lesions were seen in the lung of the
mice treated with non-targeted IONP-Cisplatin. A few lung metastatic lesions were seen in cisplatin-treated mice. (C) Immunofluorescence labeling and Prussian blue staining of
serial tissue sections detected targeted delivery of NIR-830-ZHER2:342-IONP-Cisplatin to HER2-expressing lung metastases (yellow arrows).
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Detection of drug-resistant residual tumors
using spectroscopic imaging
The inability to completely excise peritoneal
metastases during surgery has been a major challenge
for effective treatment of ovarian cancer patients [36].
We proposed that pre-operative therapy using
targeted theranostic nanoparticles offers the
opportunity to reduce the tumor burden, making
complete surgical resection feasible. Accumulation of
NIR-830-ZHER2:342-IONP-Cisplatin in drug-resistant
tumors enabled the detection of tumor lesions by
optical imaging (Figure 7A). For intraoperative
imaging, a handheld imaging device has been
developed (Figure S9) [31], which sensitively detects
spectroscopic and NIR signals of NIR-dye-conjugated
IONPs. First, we examined the sensitivity of
spectroscopic and NIR optical imaging of different
drug-resistant primary tumors. Following the sixth
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treatment using NIR-830-ZHER2:342-IONP-Cisplatin (5
mg/kg), various tumor responses were seen in the
mice. In a mouse that showed a very weak BLI signal
but no visible residual tumor in the ovary, both
spectroscopic and NIR signals were detected in the
orthotopic site, suggesting the ability to detect very
small resistant tumors that contained theranostic
IONPs (Figure 5 and Figure 7A; mouse M3). A
slightly higher signal was detected in a resistant
tumor with 63% growth inhibition. As a delivery
control, a large tumor in a mouse that received six
injections of NIR-830-ZHER2:342-IONPs but without
carrying cisplatin to kill the nanoparticle-containing
cells had the strongest spectroscopic and NIR signals
(Figure 7A). Quantification of spectroscopic signals in
three mice showed that the mean tumor signal was
three-fold higher than the body background (Figure
7B-C).

Figure 7. Detection of drug-resistant residual tumors in the peritoneal cavity using a handheld dual spectroscopic and NIR imaging device. (A)
Spectroscopic signals in small and large drug-resistant residual tumors in mice treated with NIR-830-ZHER2:342-IONP-Cisplatin (5 mg/kg). An intermediate level of spectroscopic
signal was detected near the ovary in mouse M3 without a visible tumor. Delivery control: tumors treated with NIR-830-ZHER2:342-IONP (no drug). Background control: basal
signal in the tumor of no-treated control mouse. The percentage of tumor growth inhibition was calculated using the mean total tumor weight of no treatment control mice of
837 mg as 0% growth inhibition. Mouse M1: 800 mg (4.4%), mouse M2: 300 mg (64%), mouse M10: 100 mg (88%). Mouse M3: No visible tumor and only microscopic tumor
(100%*). (B) Quantification of spectroscopic signals. The peak signal was at an emission wavelength of 830 nm. Tumor signal is 7 times higher than that in the muscle. Nonspecific
signals in the liver and kidney were detected. (C) The mean spectroscopic signal intensity detected from three mice. All small and large tumors had signal intensity 2 to 5 times
over the muscle background. The error bars are standard deviations from one measurement on each organ of three mice. (D) Detection of peritoneal metastatic tumors on the
surface of normal organs. Despite a low dose of theranostic IONPs (0.5 mg/kg cisplatin), spectroscopic imaging detected strong signals in the primary (pink arrow) and metastatic
tumors (green arrows). Several small tumor nodules on the surface of the intestine and spleen identified by ex vivo BLI (green arrows) had spectroscopic imaging signals two-fold
higher than muscle background (yellow arrows). Red arrow: liver nonspecific signal.
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To determine whether optical imaging was able
to detect drug-resistant metastatic tumors in the
peritoneal cavity, we used the mice treated with 0.5
mg/kg of cisplatin equivalent dose of NIR-830ZHER2:342-IONP-Cisplatin that had more peritoneal
metastatic tumors than that treated with higher doses.
As shown in Figure 7D, primary tumor and
peritoneal metastases had about three-fold higher
spectroscopic signal compared to the body
background. As expected, high signal levels were
found in the liver and kidney. Although some areas in
the intestine had intermediate signals, we used a
three-fold increase over the muscle signal as a cutoff
for spectroscopic imaging (Figure 7D and Figure S9).
One potential problem using this cutoff might be a
low sensitivity of detection of small tumors on the
surface of the liver and kidneys due to a high
background signal resulting from nonspecific uptake
of the nanoparticle drug by macrophages in the liver
and clearance of the NIR dye by the kidneys. Among
small metastatic deposits on the surface of the normal
organs that were identified by ex vivo BLI,
spectroscopic signals were approximately 2.3-fold
higher than the body background. Thus, it is possible
to detect small tumors on the surface of normal organs
in the peritoneal cavity using a 2-fold increase as the
cutoff value (Figure 7D). Our results clearly
suggested that spectroscopic imaging can detect
NIR-830-labeled theranostic IONPs in small residual
tumors in the peritoneal cavity. Therefore, there is a
potential for further development of image-guided
surgery to improve current surgical management of
ovarian cancer.

Discussion
Despite advances in drug development,
resistance to therapy is still a daunting challenge.
Human cancer is highly heterogeneous in its tumor
vasculature as well as tumor cells and stromal
components, leading to heterogeneous responses to
therapeutic agents within the same tumor and among
different tumor lesions in the same and different
cancer patients. To the best of our knowledge, there is
currently no reliable biomarker or prognostic factor to
predict if a tumor will respond to a given therapeutic
agent. Increasing evidence shows that biomarkertargeted nanoparticle drugs have improved delivery
to tumors, leading to enhanced therapeutic response.
Multifunctional theranostic nanoparticles that target a
biomarker highly expressed in tumor cells for
selective drug delivery, with the ability to monitor
drug delivery and response to therapy, are promising
nanotheranostic systems for the development of
image-guided cancer therapy of heterogeneous and
drug-resistant human cancers [23-26]. The unique
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properties of the HER2-targeted theranostic
nanoparticle developed and validated in this study
provide means for the development of a precision
oncology protocol for effective treatment of cancer
patients with HER2+ drug-resistant tumors (Figure
1A). Proof-of-concept studies in animal tumor models
have the potential for the development of other
biomarker-targeted theranostic nanoparticles for the
treatment of human cancers.
In this study, we have demonstrated an
enhanced delivery of nanoparticle drug into primary
ovarian tumor as well as peritoneal and distant
metastases using HER2-targeted theranostic IONP
carrying cisplatin, which led to substantial tumor
growth inhibition (88% inhibition at 5 mg/kg dose
compared to no-treatment control) in an orthotopic
human ovarian cancer xenograft model. A strong
therapeutic response in metastatic tumors supported
the potential of this targeted therapy for the treatment
of metastatic HER2+ ovarian tumors. The use of a
metastatic ovarian cancer model in nude mice having
multiple tumor lesions with different levels of HER2
expression allowed for determining the feasibility of
the application of non-invasive imaging for the
detection of differential nanoparticle drug delivery
and therapeutic response in those tumors.
Extensive efforts have been made to develop
various targeted nanoparticle drug carriers [37, 38].
HER2 is a well-characterized biomarker for the
development of targeted therapeutics, despite its
heterogeneous levels of expression in human cancer
[39]. Therefore, the ability to correlate the level of
HER2 expression in tumor cells with delivery
efficiency and therapeutic efficacy of HER2-targeted
theranostic nanoparticles by non-invasive imaging
and histological analysis should provide a critical
information on the mechanisms of differential
therapeutic responses in tumor cells that would have
significance in future clinical applications. In
comparison with other nanoparticle-based drug
carriers (liposomes and polymeric nanoparticles),
IONPs retained in drug-resistant tumor cells for
longer durations, which made it possible to monitor
nanoparticle drug delivery in tumors by non-invasive
imaging and to determine therapeutic response by
imaging individual tumor lesions. Such an approach
can be used to investigate the causes of resistance to
targeted therapy in tumor cells by histological
analysis of individual tumors after preoperative,
targeted therapy followed by surgical resection.
Our results confirmed that HER2 targeting
played a major role in nanoparticle delivery and
retention. A higher level of HER2 in tumor cells led to
more theranostic IONPs to be delivered to metastatic
tumors compared to primary tumors. Since tumor
http://www.thno.org
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endothelial cells do not overexpress HER2, it is likely
that targeted or non-targeted IONP-Cisplatin were
delivered into the tumor via the enhanced
permeability and retention (EPR) effect. However,
non-targeted-IONP-Cisplatin had a low drug delivery
efficiency into tumor cells due to the lack of tumor
retention. Those nanoparticle-based drug carriers
retained in the interstitial space and stroma areas that
were slightly acidic (pH 6.5 to 7) and not sufficient for
cisplatin release, which occurred at pH 5 to 6. Some
nanoparticles could be eliminated from the tumor by
the lymphatic system or tumor vessels. Thus, an
intermediate therapeutic response was seen in mice
treated with IONP-Cisplatin. On the other hand,
without a high level of HER2 on tumor cells, targeted
theranostic IONP could not effectively enter tumor
cells. Subsequently, they also had low accumulation
in the tumor, leading to poor to modest therapeutic
responses. Demonstration of HER2-targeted delivery
of the IONPs into peritoneal and distant metastases
and significant growth inhibition of metastatic tumors
suggest the potential of this targeted therapy for the
treatment of metastatic HER2+ tumors. Non-invasive
MRI of tumor growth inhibition and drug-resistant
tumors offers an opportunity for further translational
development of this integrated, image-guided cancer
therapy platform for the treatment of HER2+ tumors,
especially advanced ovarian cancer.
At present, there is no adequate non-invasive
approach to evaluate targeted drug delivery and
response to therapy in human cancers that have
different levels of biomarker expression and
therapeutic response. Even when biopsy could be
performed to obtain tumor tissue samples, the result
only represents a specific tumor area, but is unable to
provide the expression level of a biomarker and
analysis of delivery of therapeutic agents in the entire
tumor and in different tumors in the same patient.
Moreover, many metastatic tumors are not accessible
for biopsy. Therefore, the ability of non-invasive
imaging to efficiently visualize nanoparticle drug
delivery and changes in tumor volume should
provide a valuable information for the development
of personalized treatment and for improvement of
therapeutic response in heterogeneous cancer.
Increasing evidence supports the feasibility of
developing magnetic IONP-based drug carriers for
clinical translation due to its biodegradable and
biocompatible nature and relatively high capacity for
drug loading [40]. Several non-targeted IONPs have
been used for MRI of lymph node metastases and
liver cancer in humans, or for the treatment of severe
anemia in patients with chronic kidney diseases
[41-43]. Compared to other theranostic agents,
magnetic IONPs have a translational advantage in
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their ability to be detected by a clinical 3-T MRI
scanner. MRI, in combination with targeted delivery
of theranostic IONPs, should be a good clinical
imaging modality since it offers excellent quantitative
imaging and 4-D imaging capacity for tumor lesions
located deep in the peritoneal cavity. In this study, we
found that systemic delivery of NIR-830-ZHER2:342IONP-Cisplatin led to marked MRI T2 signal intensity
decrease in small and large ovarian tumors. While T2
mapping method can be readily adopted to clinical
imaging protocols, we also realize that the detection
of magnetic IONP theranostic agents in tumors based
on a decrease in T2 signal intensity, or the
“negative-contrast” effect, has a limitation in
specificity and sensitivity when studying an abnormal
area that has low background signals from
surrounding organs, e.g. the intestine, liver or spleen.
However, an alternative ultrashort echo time (UTE)
imaging that allows for obtaining T1-weighted
“positive or bright” contrast enhancement from
magnetic IONPs can be used as demonstrated in our
prior study [44, 45]. Our previous study also showed
that the combination of multimodality imaging
approaches, such as 3D fluorescence tomography,
photoacoustic and MR imaging, with NIR-830
dye-labeled HER2-targeted IONPs could improve the
detection of ovarian tumors in the peritoneal cavity
[27, 46].
At present, the standard therapy for advanced
ovarian cancers is debulking surgery followed by i.v.
platinum and taxane chemotherapy [47, 48]. Current
surgery for ovarian cancer has a major unmet
challenge of the inability to completely excise of all
tumor nodules on the surface of normal organs in the
peritoneal cavity. The guideline of optimal debulking
surgery has been defined as the diameter of the
largest residual tumor nodule that remains after
surgery is 1 cm or less [36, 49]. Despite the
combination of surgery and chemotherapy, most
patients will ultimately develop recurrent tumors and
the ten-year survival rates for ovarian cancer patients
with the stage III and IV diseases are 21% and less
than 5%, respectively [47]. It is likely that
preoperative, targeted therapy using theranostic
nanoparticles has the potential to significantly reduce
tumor burdens in primary tumor as well as peritoneal
and distant tumor metastases, which could pave the
way for a more complete debulking surgery using
optical
image-guided
surgery
to
remove
drug-resistant residual tumors [50]. Such an
integrated therapy using a precision oncology
protocol has the potential to improve outcome of the
treatment for advanced ovarian cancer patients.
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