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Abstract: Pertuzumab is clinically employed in the treatment of cancers over-expressing human epidermal growth 
factor receptor 2 (HER2). Herein, we developed dual-labeled pertuzumab with a radionuclide (89Zr) and a near-infra-
red fluorophore (IRDye 800CW) to investigate the feasibility of utilizing dual-labeled monoclonal antibodies (mAbs) 
with numerous imaging modalities for preoperative imaging and image-guided surgery in ovarian cancer models. 
MAbs were dually-labeled with 89Zr and IRDye 800CW to generate 89Zr-Df-pertuzumab-800CW or 89Zr-Df-IgG-800CW. 
Serial positron emission tomography (PET) and near-infrared fluorescence (NIRF) images were acquired up to 72 
hours after injection of dual-labeled mAbs to map the tracers’ biodistributions. After the last time point, image-
guided tumor resection was executed using different modalities (NIRF, Cerenkov luminescence [CL], and β particle 
imaging) and ex vivo studies including biodistribution assays and histology analysis were performed to confirm the 
in vivo imaging data. SKOV3 ovarian cancer cells showed high expression of HER2 and pertuzumab conjugated with 
Df and IRDye 800CW maintained its binding affinity for these cells. For PET imaging in subcutaneous xenograft ovar-
ian cancer models, 89Zr-Df-pertuzumab-800CW showed a significantly higher tumor-to-muscle ratio compared to the 
nonspecific 89Zr-Df-IgG-800CW from 24 hours after injection through the last time point (72 h: 30.7 ± 7.4 vs. 7.5 ± 
1.8, P < 0.01, n = 3-4). During image-guided surgery, three imaging modalities including NIRF, CL, and β particle im-
aging could detect ovarian cancer in both subcutaneous and orthotopic models and each exhibited its own imaging 
characteristics. In addition, ex vivo imaging and biodistribution studies as well as histology analysis corroborated the 
in vivo imaging results. Therefore, we concluded that this single radiolabeled tracer can provide all-in-one contrast 
for multiple imaging modalities. The dual-labeled mAbs may hold promise to be employed for image-guided tumor 
surgery as well as diagnosis and staging through balancing out the strengths and weaknesses of various modalities 
such as PET/CT, NIRF, CL, and β particle imaging.
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Introduction

Ovarian cancer is an often-fatal gynecologic 
disease, ranking at fifth among cancer-related 
deaths for women [1]. According to a recent 
report, there will be approximately 22,530 of 
new cases of ovarian cancer in the United 
States in 2019, and the estimated number of 
deaths from ovarian cancer will be 13,980 in 
the same year [2]. Ovarian cancer can be diffi-

cult to recognize because clinical signs and 
symptoms of ovarian cancer are unclear and 
non-specific (e.g. abdominal bloating, changes 
in appetite, and urinary discomfort, etc) [3]. 
Cancer antigen 125 (CA125) has been used as 
one of the earliest biomarkers for screening 
ovarian cancer, but it was discovered that the 
sensitivity of CA125 is low at early stages and 
its level can also be increased in various physi-
ological conditions [4]. Besides, ovarian cancer 
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can be developed in any woman even without 
having high risk factors [3]. For these reasons, 
many patients who are newly diagnosed already 
show metastasis in the peritoneal space or out-
side of the pelvic region [5]. 

As ovarian cancer spreads mainly through the 
abdominal cavity [5], complete removal of 
residual tumor and the minimal safety surgical 
margin is critical. The standard treatment for 
advanced ovarian cancer is to remove discern-
ible and palpable tumor tissues and to adminis-
ter chemotherapy following surgery [6]. 
However, palpation or visual inspection for 
removal of tumor burden is not perfect and is 
subject to the experience of the surgeon. 
Ataseven et al. confirmed that residual disease 
following debulking surgery is associated with 
prognosis in patients with ovarian cancer diag-
nosed at FIGO (Federation of Gynecology and 
Obstetrics) stage IV, and complete tumor 
removal results in the greatest surgical bene-
fits [7]. In this regard, intraoperative image-
guided surgery may hold great promise for 
more accurate and sensitive removal of tumor 
tissue and potential enhancement of survival 
rates in patients with ovarian cancer. 

To help with this pressing problem, molecular 
imaging can play a crucial role not only in diag-
nosis of ovarian cancer but also in staging and 
treatment. Anatomical imaging can be per-
formed with the help of computed tomography 
(CT), magnetic resonance imaging (MRI), and 
ultrasonography. On the other hand, radionu-
clide-based imaging such as positron emission 
tomography (PET) or single-photon emission 
computed tomography (SPECT) can provide bio-
logical information with high sensitivity on the 
molecular level. In clinic, 18F-Fludeoxyglucose 
[8], which exploits glucose metabolism, or 18F- 
Fluorothymidine [9], which targets proliferating 
cells, are widely used for cancer imaging. 
However, these molecular probes remain sub-
optimal because they are not highly selective 
for cancerous cells, and the results can be 
impacted by the physiological conditions of the 
patients [8]. In this sense, molecular probes 
targeting specific markers of diseases can 
complement the information we get from non-
specific probes and may provide additional use-
ful information on abnormal lesions.

Optical imaging based on fluorescence is one 
of the widely-used methods for image-guided 

surgery and recently has also been employed in 
clinical trials [10]. Fluorescence imaging has 
advantages over PET/CT imaging since it is rel-
atively inexpensive and allows real-time high-
resolution imaging without using ionizing radia-
tion [11]. In particular, near-infrared (NIR) fluo-
rophores such as indocyanine green or IRDye 

800CW absorb light with wavelengths between 
650-900 nm and show low nonspecific auto-
fluorescence from the surrounding target tis-
sues and higher signal-to-background ratios 
due to better tissue penetration than other fluo-
rophores [10]. However, limitations of fluores-
cence imaging still remain due to low tissue 
penetration compared to PET imaging [12]. 
Furthermore, most of the fluorescent agents 
available in clinic are non-targeted and there-
fore non-specific for cancerous tissues, such 
that there is still a great need for scientific 
development in this area [10].  

Another emerging method that can be used for 
image-guided surgery is Cerenkov lumines-
cence (CL) imaging. CL imaging can detect the 
Cerenkov photons which are emitted when 
charged particles (such as positrons or elec-
trons) travel through dielectric media with 
speeds faster than that of light in the particular 
medium [13]. Therefore, one of the advantages 
of CL imaging is that clinically-used radioiso-
topes, such as 90Y, 68Ga, and 89Zr, for nuclear 
imaging or therapy can also be used for CL 
imaging [13]. In addition, various hand-held 
devices have been developed that may detect 
charged particles for intraoperative imaging 
when equipped with electron-multiplying ch- 
arge-coupled devices [13]. Therefore, in spite 
of the radiation exposure for patients and sur-
geons, CL imaging serves as a companion 
imaging modality to nuclear imaging and pres-
ents an alternative to fluorescence imaging for 
real-time monitoring during surgery. 

Pertuzumab (Perjeta), approved by the United 
States Food and Drug Administration for breast 
cancer treatment, interferes with the dimeriza-
tion of human epidermal growth factor receptor 
2 (HER2) with other epidermal growth factor 
receptors and reduces intracellular signaling 
pathways [14]. Recently, radiolabeled pertu-
zumab has also been used for imaging of other 
cancers such as ovarian cancers in preclinical 
studies [15, 16]. Expanding upon previous 
works, in this study, pertuzumab dual-labeled 
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with 89Zr and IRDye 800CW (89Zr-Df-pertu- 
zumab-800CW) were employed for image-gu- 
ided ovarian tumor resection following serial 
PET and NIRF imaging. 89Zr (t1/2: 78.4 h; Emean = 
0.396 MeV) allowed for sensitive detection of 
gross tumors through preoperative PET/CT in 
both subcutaneous and orthotopic models, 
while IRDye 800CW enabled nearly real-time 
visualization for surgical ovarian tumor removal 
through NIRF. Furthermore, CL and β particle 
imaging played supportive roles during surgery 
in addition to NIRF imaging, making the devel-
oped monoclonal antibody (mAb) tracer useful 
for image-guided tumor resection in a multi-
modal setting. Therefore, through modification 
of the mAbs with radionuclides and near-infra-
red fluorophores in this study, dual-labeled per-
tuzumab enabled the use of many imaging 
techniques, each of which may complement 
the merits and augment the vulnerabilities of 
the others.

Material and methods

Cell culture and animal models

Three human ovarian adenocarcinoma cell 
lines, SKOV3, Caov3, and OVCAR3, were ob- 
tained from the American Type Culture Co- 
llection (Manassas, VA, USA). Cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium 
(DMEM; Gibco) or in RPMI 1640 medium 
(Gibco), supplemented with 10% fetal bovine 
serum (Atlanta Biologicals, GA, USA), penicillin 
(100 U/mL; Gibco), and streptomycin (100 µg/
mL; Gibco) at 37°C with 5% CO2. 

All animal experiments were implemented 
under a protocol approved by the University of 
Wisconsin Institutional Animal Care and Use 
Committee. For subcutaneous xenografts, 1 × 
106 tumor cells (SKOV3) were mixed with 
Matrigel (BD Biosciences, CA, USA) at ratio of 
1:1, and 100 µl of the mixture was subcutane-
ously implanted in the lower right flank of 
6-8-week-old female athymic nude mice 
(Envigo; n = 3-4). Animals were used for experi-
ments when the diameter of their tumors 
reached 5-10 mm. For orthotopic tumor mod-
els, surgical procedures were carried out simi-
larly to those previously reported [15]. To moni-
tor the development of orthotopic tumors, 
ultrasound imaging (Vevo 2100; FUJIFILM 
VisualSonics, Toronto, Canada) was performed 
at 3-4 weeks after implantation. A linear array 

transducer (MS-400) with 40-MHz center fre-
quency was used to obtain two-dimensional 
images of mouse ovaries. 

Flow cytometry

Cells were harvested and suspended in cold 
flow cytometry staining buffer (eBioscience; 
Thermo Fisher Scientific) at a concentration of 
~1 × 106 cells/mL. After incubation with pertu-
zumab or Df-pertuzumab-800CW at a concen-
tration of 25 μg/mL in flow cytometry staining 
buffer on ice for 30-45 min, cells were washed 
three times with cold PBS, and incubated with 
Alexa Fluor 488 IgG goat-anti human antibod-
ies (Invitrogen) on ice for 30-45 min. The sam-
ples were analyzed using the MACSQuant 
cytometer (Miltenyi Biotec, Bergisch Gladbach, 
Germany), and the results were processed 
using FlowJo software (TreeStar, Ashland, OR, 
USA).

Internalization assay

For the internalization assay, ~5 × 104 SKOV3 
cells were seeded into each well of 24-well cul-
ture plates and incubated in DMEM supple-
mented with 10% fetal bovine serum and anti-
biotics (100 U/mL of penicillin, 100 ug/mL of 
streptomycin). Cells were allowed to sit over-
night under standard cell culture conditions 
and then treated with 18.5 kBq (~0.1 μg) of 
89Zr-Df-pertuzumab-800CW in each well. After 
30 min, 2 h, 6 h, or 24 h of incubation, an acid 
wash was performed with 0.2 M sodium ac- 
etate for 1-2 min to collect membrane-bound 
89Zr-Df-pertuzumab-800CW and followed by 
trypsinization to obtain internalized dual-la- 
beled mAbs. Collected fractions were meas- 
ured in a gamma counter. The fraction of me- 
mbrane-bound or internalized activity (either 
membrane-bound or internalized activity/(me- 
mbrane-bound + internalized activity) was plot-
ted against incubation time.

Dual-labeling of monoclonal antibody

Deferoxamine (Df) and IRDye 800CW were co- 
njugated to mAbs as previously reported [17]. 
Briefly, pertuzumab (Genentech, San Francisco, 
CA, USA) was mixed with p-SCN-Bn-Df (Macro- 
cyclics, Inc., Dallas, TX, USA) dissolved in DMSO 
at a mAb:chelator molar ratio of ~1:3 and incu-
bated at room temperature for 2 hours at pH 
8.5-9.0. After conjugation, samples were puri-
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fied with PD-10 desalting columns (GE He- 
althcare, Chicago, IL, USA) eluted with 1 × PBS. 
Then, purified Df-pertuzumab was mixed with 
IRDye 800CW-NHS-ester at a mAb:dye molar 
ratio of ~1:2.4 for 2 hours at room temperatu- 
re and pH 8.0-8.5. The mixture was purified 
using PD-10 columns. Human serum IgG (a 
non-specific isotype control) was also conjug- 
ated with both Df and IRDye 800CW using si- 
milar methods. 89Zr was produced by a PETtra- 
ce cyclotron (GE Healthcare) via the 89Y (p, n) 
89Zr reaction. For 89Zr radiolabeling, 89Zr (~37 
MBq) was diluted into 0.5 M HEPES butter (pH 
7.0). Df-pertuzumab-800CW or Df-IgG-800CW 
was added to the diluted solution at a ratio of 
150 µg per 37 MBq at 37°C for 1 hour, and 
purified using a PD-10 column. The number of 
chelators per antibody was determined by the 
isotope dilution method reported previously 
[18]. The amount of IRDye 800CW per antibody 
was detected by UV measurement at 780 nm.

Serial PET/CT and fluorescence imaging

Longitudinal PET imaging was performed using 
an Inveon microPET/microCT scanner (Siemens 
Medical Solutions, Erlangen, Germany). Both 
subcutaneous and orthotopic tumor-bearing 
mice (n = 3-5) were intravenously injected wi- 
th 89Zr-Df-pertuzumab-800CW or 89Zr-Df-IgG-
800CW (1.6-8.4 MBq, 13-38 μg per mouse) 
and scanned at 2, 6, 24, 48 and 72 h after 
injection. Region-of-interest analysis was per-
formed and decay-corrected whole-body imag-
es were reconstructed using vendor software 
(Inveon Research Workplace). Tissue uptake 
was represented as mean percent injected 
dose per gram of tissue ± standard deviation 
(mean %ID/g ± SD). 

Near infrared fluorescence (NIRF) images were 
acquired (λex/em: 745/800 nm) immediately fol-
lowing each PET scan using the IVIS Spectrum 
Imaging System (PerkinElmer, Waltham, MA, 
USA). For image processing and analysis, ven-
dor software (Living Image) was employed. 

Image-guided tumor resection

After the last imaging time point, tumor-bearing 
mice were euthanized by CO2 asphyxiation. 
Tumor tissues were removed based on the mul-
timodality images obtained from preoperative 
and intraoperative imaging. After the tumor tis-
sues were removed, surgical sites and the 
excised tumor tissues were detected with the 

same modalities to confirm the complete 
removal of all tumor tissues (Figure 4A).

For fluorescence (λex/em: 745/800 nm) and CL 
(λex/em: closed/open) imaging, the IVIS Spectrum 
Imaging System (PerkinElmer) was used. For 
Fluobeam (Fluoptics, Grenoble, France) imag-
ing, images were taken at a rate of 2 pictures/
sec.

To detect emitted β particles, the Hand-Held 
RadioLuminescence Imaging (HARLI; Lightpoint 
Medical, MA, USA) system was used. The HARLI 
system employs a Peltier-cooled electron-multi-
plying charge-coupled camera (-80°C) to detect 
charged particles after their interaction with a 
CsI scintillating film. The exposure time for each 
image from the HARLI system was 30 seconds 
and the field-of-view was 2.17 × 2.17 cm2. The 
vendor software, Andor Solis, was employed for 
the analysis of data and the scale bar was rep-
resented in terms of counts. 

Ex vivo imaging and biodistribution studies

Ex vivo imaging of major organs and tissues 
was performed using PET, NIRF and CL imag-
ing. Following the imaging studies, the organs/
tissues were wet weighed and counted using 
an automated gamma counter. Tracer accumu-
lation was represented as %ID/g (mean ± SD). 
Normal ovary and tumor tissues were embed-
ded in the paraffin for further hematoxylin and 
eosin staining.

Immunofluorescence staining

Frozen tissue slices of 7-µm thickness were 
fixed with 4% paraformaldehyde. To prevent 
non-specific binding of mAbs, tissue slices were 
blocked with 5% donkey serum for 1 hour at 
room temperature and followed by incubation 
with a mixture of pertuzumab (20 µg/ml) and 
rat anti-mouse CD31 antibody (BD Biosciences; 
2 µg/ml) overnight at 4°C. Next, a mixture of 
Alexa Fluor 488 goat anti-human (5 µg/ml) and 
Cy3 donkey anti-rat (Thermo Fisher Scientific; 
10 µg/ml) secondary antibodies was incubated 
with the slices. After DAPI mounting, tissue sec-
tions were imaged with a Nikon A1R confocal 
microscope.

Statistical analysis

Quantitative data is expressed as mean ± SD. 
The quantitative results were analyzed using a 
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two-tailed unpaired Students’ t-test. P-values 
less than 0.05 were considered significant. 

Results

In vitro characterization

The expression level of HER2 in different ov- 
arian cancer cells and the immunoreactiviti- 
es of the mAbs were evaluated through flow 
cytometry (Figure 1A). SKOV3 cells showed 
high expression of HER2 compared to the two 
other cell lines, OVCAR3 and Caov3. In addi-
tion, there was no significant difference in bind-
ing affinity between unconjugated pertuzumab 
and Df-pertuzumab-800CW in any of the three 
ovarian cell lines, indicating that conjugation of 
Df and IRDye 800CW did not compromise the 
binding affinity of pertuzumab. Therefore, fur-
ther in vivo and ex vivo assays with dual-labeled 

mAbs were performed in the HER2-expressing 
SKOV3 cell line. The internalization assay 
showed that 89Zr-Df-pertuzumab-800CW pre-
sented high internalization kinetics in SKOV3 
cell lines during 24 h (Figure 1B). Of all cell-
associated mAbs (17.3 ± 3.1% of total incubat-
ed activity), 60.8 ± 6.3% were internalized, with 
a smaller amount remaining on the surface of 
the cells (39.2 ± 6.3%; n = 3) at 24 h after 
incubation. 

Df/IRDye 800CW conjugation and 89Zr labeling

Based on the isotopic dilution experiment, the 
average number of chelators per antibody in 
this study was ~2.3. In addition, UV measure-
ment indicated that the ratio of mAbs to IRDye 

800CW was ~1:0.7. This ratio is desirable be- 
cause antibodies conjugated with less than 1 
equivalent mole of fluorophore have little 

Figure 1. In vitro characterization and generation of monoclonal antibodies (mAbs) conjugated with 89Zr and IRDye 
800CW. (A) Flow cytometry results showing high HER2 expression on SKOV3 cells compared to Caov3 or OVCAR3. 
(B) Internalization profile of 89Zr-Df-pertuzumab-800CW in SKOV3 cells. Cell-associated activity (%) was calculated 
as the radioactivity in the bound or internalized fractions over the total radioactivity associated to cells, n = 3. (C) 
89Zr-Df-mAb-800CW was prepared as reported previously [17]. Pertuzumab and a non-specific IgG were employed 
as the mAbs in this study.
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chance of losing of fluorescence signal from 
self-quenching of dye, which can occur via 
Förster resonance energy transfer [17]. The 
mAbs conjugated with Df and IRDye 800CW 
were then radiolabeled with 89Zr (Figure 1C). 
The radiolabeling yield of the dual-labeled pe- 
rtuzumab and non-specific IgG with 89Zr was 
~70% and ~50% (non-decay corrected), res- 
pectively.

Serial PET/NIRF imaging and image-guided tu-
mor resection in subcutaneous tumor models

Time points of 2, 6, 24, 48 and 72 h post-injec-
tion (p.i.) were selected for in vivo serial PET 
imaging of subcutaneous SKOV3 tumor-bearing 
mice. Subcutaneous models were used as a 
proof-of-concept imaging study since this 
model is relatively easy to establish and moni-
tor. Imaging results are presented as maximum 
intensity projections (MIPs) (Figure 2). The 
tumor accumulation of 89Zr-Df-pertuzumab-
800CW increased until 48 h and remained 
steady at 72 h. The uptake of 89Zr-Df-
pertuzumab-800CW in the heart/blood was 
highest at 2 h (12.7 ± 3.5 %ID/g, n = 4) and 
continuously decreased until the last time point 
(Figure 3A). After 72 h, the tumor/muscle ratio 
in the 89Zr-Df-pertuzumab-800CW group was 

significantly higher than that of the 89Zr-Df-IgG-
800CW group (30.7 ± 7.4 vs. 7.5 ± 1.8, P < 
0.01, n = 3-4; Figure 3C). 

NIRF imaging was executed at the same time 
points as PET imaging. At 24 h p.i. of 89Zr-Df-
pertuzumab-800CW, the subcutaneous SKOV3 
tumor was clearly outlined through fluores-
cence imaging (Figure 2A). Since both PET and 
NIRF imaging could delineate the tumor in an 
obvious manner at 72 h p.i., and a significant 
difference in accumulation was noted between 
the 89Zr-Df-pertuzumab-800CW and 89Zr-Df-
IgG-800CW groups in the PET imaging, image-
guided tumor resection was performed at this 
time point.

Surgical removal of subcutaneous tumors was 
performed immediately following the last time 
point of serial PET/NIRF imaging. First, preop-
erative images of tumor-bearing mice were 
obtained using multimodality imaging (Figure 
4). In addition to PET and NIRF imaging (Figure 
2), CL and β particle imaging could also delin-
eate subcutaneous tumors in a supportive 
manner (Figure 4C and 4D). During surgery, 
tumors were removed based on both the pre- 
operative images and the images acquired 
from intraoperative imaging. In particular, the 

Figure 2. Serial PET and NIRF images of subcutaneous SKOV3 tumor-bearing mice after intravenous injection of the 
radiolabeled probes. (A) 89Zr-Df-pertuzumab-800CW clearly visualized tumors compared to (B) 89Zr-Df-IgG-800CW as 
early as 24 h p.i. in both PET and NIRF imaging. For PET imaging, the images are presented as maximum intensity 
projections (MIPs). The yellow and blue arrows indicate the tumors detected by PET and NIRF imaging, respectively 
(n = 3-4).
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Fluobeam instrument allowed tumor resection 
to be performed with almost real-time image 
guidance by providing visualization of fluores-
cence signal. Use of this instrument revealed 
remaining fluorescence signal sensitively after 
initial gross tumor surgical removal, leading to 
a second round of surgical removal in some of 
the mice (Figure S1). In addition, intraoperative 
imaging using the Fluobeam demonstrated 
higher imaging contrast than was observed 
with post-operative images from other instru-
ments (Figure S1). Postoperative images from 
the NIRF and CL imaging confirmed that no 
notable fluorescence or Cerenkov signal was 
left in the region of the tumor after final tumor 
resection (Figure 4B and 4C). Additionally, 
HARLI images indicated that the detected β 
particles markedly decreased to a background 
level after tumor removal, and detected counts 
from the tumors were similar both in vivo before 

surgery and ex vivo after tissue resection 
(Figure 4D).  

Ex vivo NIRF and CL imaging results indicat- 
ed that the highest signal from 89Zr-Df-per- 
tuzumab-800CW was in the tumor (Figure 4B 
and 4C). In addition, the biodistribution resul- 
ts confirmed a statistically significant differ-
ence between 89Zr-Df-pertuzumab-800CW and 
89Zr-Df-IgG-800CW in tumor uptake (9.7 ± 0.9 
vs. 1.8 ± 0.6 %ID/g, P < 0.001, n = 3-4) as well 
as in tumor-to-muscle ratio (38.7 ± 18.0 vs. 6.6 
± 1.1, P < 0.05, n = 3-4), which correlates with 
the in vivo PET imaging results (Figure 3D).

Serial PET/NIRF imaging and image-guided 
tumor resection in orthotopic tumor models

The presence of orthotopic tumors was co- 
nfirmed by ultrasonography 3-4 weeks after 

Figure 3. Quantitative region-of-interest analysis of PET imaging over time and ex vivo biodistribution results at 
72 h after injection of the tracers. Time-activity curves after administration of (A) 89Zr-Df-pertuzumab-800CW and 
(B) 89Zr-Df-IgG-800CW in subcutaneous SKOV3 tumor-bearing mice. (C) The tumor-to-muscle ratio was significantly 
higher in the 89Zr-Df-pertuzumab-800CW group than in the 89Zr-Df-IgG-800CW group after 24 h (*P < 0.05, **P < 
0.01; n = 3-4). (D) Ex vivo biodistribution results also confirmed that tumor uptake of 89Zr-Df-pertuzumab-800CW 
was significantly higher than that of the control IgG group (***P < 0.001).
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Figure 4. Image-guided tumor resection in the subcutaneous SKOV3 tumor model after the last time point (72 h) of 
serial PET/NIRF imaging. The same mouse shown in Figure 2A is here presented in Figure 4. (A) Schematic diagram 
of using multimodalities for verification of tumor development, preoperative and intraoperative/ex vivo imaging. The 
length of the scale does not reflect actual time. (B-D) Image-guided surgery with (B) Fluorescence-based imaging, 
(C) Cerenkov luminescence (CL) imaging, and (D) β particle imaging. Red boxes are the expected field of view during 
HARLI imaging. The actual field-of-view was 2.17 × 2.17 cm2.
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tumor implantation (Figure S2). Even though 
the tumor cells were injected into the ovary, 
tumor masses were also observed adjacent to 
the ovary. The sizes of orthotopic tumors 
ranged from 1-5 mm in diameter. 

Similar to imaging of subcutaneous tumors, 
serial PET and NIRF imaging with 89Zr-Df-
pertuzumab-800CW were performed for the 
orthotopic SKOV3 tumor-bearing mice (Figure 
S3). In addition to ultrasonography, PET/CT 
images at 72 h after injection of the tracers 
also confirmed the presence of orthotopic ovar-
ian tumors (Figure 5A). The tumor uptake of the 
tracer in the orthotopic models peaked at 48 h 
(13.2 ± 2.2 %ID/g) and slightly reduced at 72 h 
(12.3 ± 1.1 %ID/g). 

Image-guided orthotopic tumor resection was 
executed in a similar manner as for the subcu-
taneous tumor models. During surgery, ortho-
topic tumors were outlined and removed based 
on the preoperative NIRF, CL, and β particle 
imaging (Figure 5C-E). In some of the mice, 
non-target signals such as fluorescence from 
food in the stomach and accumulation of free 
89Zr in the bones were also observed with NIRF 
and CL imaging, respectively (Figure 5F). 
Furthermore, Fluobeam images allowed detec-
tion of tumor tissues along the fallopian tubes 
(Figure S4). Notably, in HARLI imaging, β parti-
cle counts remaining in the abdomen near the 
removed tissue were higher than expected 
after tumor removal, which could have resulted 
from relatively wide imaging field-of-view (2.17 
× 2.17 cm2) compared to the size of the mice, 
meaning that the detector might collect signals 
from organs near the orthotopic tumors (Figure 
5E). Ex vivo imaging of harvested organs and 
the biodistribution study confirmed the uptake 
of the tracer in the orthotopic tumors (Tumor-
to-muscle ratio: 22.2 ± 11.5; n = 5, Figure 6A 
and 6B). In addition, hematoxylin and eosin 
staining also verified the malignancy of excised 
tumor/ovary tissues (Figure 6C). 

Immunofluorescence staining 

Positive staining of HER2 was pronounced in 
tumor sections acquired from both subcutane-
ous and orthotopic models. In addition, the 
results of immunofluorescence imaging in nor-
mal ovaries verified that the in vivo imaging sig-
nals came from human HER2 expression on 
tumor cells, not from intrinsic expression of 

HER2 in the ovary, since pertuzumab does not 
cross-react with the mouse antigen (Figure 7). 
Little signal in organs other than tumor such as 
the liver suggests that in vivo liver uptake is not 
due to binding of the tracers but likely from the 
metabolism of the antibodies (Figure S5).

Discussion

Ovarian cancer is one of the widely used mod-
els for studies of image-guided surgery. In pre-
vious studies, molecular probes including fluo-
rophore-conjugated galactosyl serum albumin 
[19], avidin [20], and folic acids [21] were used 
for targeting ovarian cancer. Using peptides or 
analogues of ligands as imaging agents usually 
requires a short time to reach notable tumor-to-
background contrast but can show high false 
positive rates if they are non-targeted probes 
[5]. On the other hand, bevacizumab or trastu-
zumab-based probes have allowed tumor 
detection with high specificity during intraoper-
ative NIRF imaging [11]. In addition, Holland et 
al. used 89Zr-DFO-trastuzumab for CL image-
guided surgery of HER2-expressing cancers 
[22]. In this regard, the present study of dual-
labeled pertuzumab examined four different 
modalities (PET/CT, NIRF, CL, and β particle 
imaging) for ovarian cancer imaging and may 
suggest effective combinations for image-guid-
ed surgery. 

Flow cytometry results confirmed high expres-
sion of HER2 on SKOV3 cells (Figure 1). 
Furthermore, serial PET and NIRF imaging with 
89Zr-Df-pertuzumab-800CW clearly visualized 
both subcutaneous and orthotopic ovarian 
tumors (Figures 2 and S3). In particular, PET 
imaging results showed that 89Zr-Df-pertuzu- 
mab-800CW specifically accumulated in tu- 
mors, while 89Zr-Df-IgG-800CW remained at 
background levels (Tumor-to-muscle ratio: 
30.7± 7.4 vs. 7.5 ± 1.8, P < 0.01, n = 3-4; Figure 
3C). The significant difference between 89Zr- 
Df-pertuzumab-800CW and the control group 
appeared as early as 24 h p.i. in the subcut- 
aneous model. Therefore, 89Zr-Df-pertuzumab-
800CW showed promising in vitro and preop-
erative imaging results, indicating the potential 
of the same probe for image-guided surgery in 
ovarian cancer. 

Some interesting phenomena were observed 
during in vivo imaging. First, in the PET/CT 
imaging, tumor accumulation in the orthotopic 
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Figure 5. Preoperative/intraoperative imaging and quantitative analysis in orthotopic SKOV3 tumor-bearing mice. 
(A) PET/CT maximum intensity projection (MIP) and axial images of orthotopic SKOV3 tumor-bearing mice at 72 h 
after injection of 89Zr-Df-pertuzumab-800CW. The yellow arrows indicate the location of the tumors. (B) Time-activity 
curve based on PET imaging of orthotopic SKOV3 tumor models after intravenous injection of 89Zr-Df-pertuzumab-
800CW (n = 5). The mean tumor uptake (%ID/g) peaked at 48 h after injection of the tracer. (C) Preoperative near-
infrared fluorescence (NIRF) imaging at 72 h post-injection of the tracer and image-guided surgery based on white 
light and NIRF imaging. Both the blue arrow and the white dotted circle indicate the location of the tumor. (D, E) Im-
age guided surgery with (D) Cerenkov luminescence (CL) and (E) β particle imaging. Red boxes are the expected field 



Dual-labeled pertuzumab for multimodality imaging of ovarian cancer

1464 Am J Cancer Res 2019;9(7):1454-1468

model was higher than that in the subcutane-
ous model at early time points (2 h: 8.8 ± 2.2 
vs. 3.2 ± 0.6 %ID/g, P < 0.01; 6 h: 11.3 ± 3.3 
vs. 4.5 ± 1.7 %ID/g, P < 0.05, n = 4-5; Figures 
3A and 5B), which may be partly explained by 
the high vascularization of orthotopic tumors 
[23]. However, after 72 h p.i., the ex vivo biodis-
tribution study showed less accumulation of 
the tracer in orthotopic tumors than expected, 
which may have resulted from an increase in 
the removed tissue mass because of normal 
tissues from margins being resected together 

with tumor tissues during surgery (Figure 6B). 
In addition, while 89Zr4+ is trapped after internal-
ization into cells and contributes to sustained 
PET signals, dyes will often lose their fluores-
cence properties over time as a result of their 
degradation. These phenomena are shown in 
the serial PET and NIRF imaging, wherein PET 
signals increased in the tumors over time, while 
NIRF did not exhibited the same trend and may 
thus have not reflected the actual concentra-
tion of pertuzumab in the tumors (Figures 2 
and S3) [24]. 

of view during β particle imaging. The actual field-of-view was 2.17 × 2.17 cm2. (F) Examples of non-target signals 
detected by NIRF and CL imaging in the orthotopic model. The yellow-dotted circle indicates the SKOV3 orthotopic 
tumors, while white, pink, and orange arrows represent the stomach, bone, and liver of the SKOV3 tumor-bearing 
mice, respectively.

Figure 6. Ex vivo imaging and a biodistribution study of 89Zr-Df-pertuzumab-800CW in orthotopic SKOV3 tumor-
bearing mice were performed for confirmation of results of preoperative and intraoperative imaging. (A) Ex vivo PET 
images and near-infrared fluorescence images of the organs collected from the mouse in Figure 5A-E. (B) Biodis-
tribution of 89Zr-Df-pertuzumab-800CW in orthotopic SKOV3 tumor-bearing mice at 72 h post-injection of the tracer 
(n = 5). (C) Hematoxylin and eosin staining of normal ovary and excised ovarian tumor sections during surgery. The 
scale bars are 250 μm and 100 μm for low and high magnifications, respectively. 
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In vivo imaging and biodistribution studies 
herein showed relatively low tumor accumula-
tion and enhanced liver uptake compared to 
previous studies using 89Zr-labeled pertuzumab 
[25] or other dual-labeled mAbs [26]. Our flow 
cytometry studies showed that conjugation of 
Df and IRDye 800CW did not impair the speci-
ficity or affinity of the tracers for their target 
(Figure 1). In addition, there is a report that ~4 
Df groups and ~1 IRDye 800CW molecule can 
be conjugated to a single antibody, respective-
ly, without compromising of its in vitro and in 
vivo characteristics [27]. However, since there 
is still a chance that chelator or dye conjugation 
can alter the physical characteristics of an anti-
body or its intermolecular interactions within 
the body by inducing changes of conformation, 
charge density or hydrophobicity in the mAb, 
further investigation may be needed in this 
regard [28]. Furthermore, both chelator and 
dye conjugation shared the amine groups of the 
antibodies resulting in nonspecific conjugation 
in this study. Therefore, site-specific conjuga-

tion could be considered as a future develop-
ment to optimize the dual-labeling of mAbs.

In this study, we examined the possibility of 
using dual-labeled pertuzumab for pre/intraop-
erative imaging with various imaging modali-
ties. Each modality has its own advantages and 
disadvantages, so researchers and clinicians 
may be able to choose the proper combination 
of these modalities depending on their purpose 
and the availability of the equipment. Based on 
our study results, we envision a number of pos-
sible clinical scenarios. First, for preoperative 
imaging of ovarian cancer, ultrasonography can 
be employed as a screening test to look at the 
uterus, fallopian tubes, as well as ovaries and 
to find abnormal masses in the ovaries [29]. 
PET/CT may also play an important role, if sus-
picious lesions are found, since it allows func-
tional and molecular imaging and quantifica-
tion of tracer uptake with unlimited tissue pen-
etration, providing information on the location 
and extent of tumor burden. 

Figure 7. Immunofluorescent staining of orthotopic and subcutaneous SKOV3 tumors and a normal mouse ovary. 
Human HER2 signal is presented in green, and CD31 (red) and DAPI (blue) staining visualize the locations of vas-
culature and cell nuclei, respectively. Green signal was pronounced in both orthotopic and subcutaneous SKOV3, 
while it was undetectable in normal ovaries. Scale bar = 50 μm. (For images of other organs [liver, spleen, and 
kidney], the reader is referred to the supporting information).
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Next, for intraoperative imaging, fluorescence, 
CL, and β particle imaging using hand-held 
devices can be considered. The use of a fluo-
rescence imaging system using a NIR fluoro-
phore may be the first choice since it is rela-
tively inexpensive and can detect tumor tissues 
in a sensitive manner without the risk of radia-
tion exposure. In particular, the Fluobeam sys-
tem was found useful for complete removal of 
fluorescently-labeled tissues in our study. 
However, reduced fluorescence signal was 
observed at the later time points and autofluo-
rescence was also detected in organs other 
than tumor tissues (Figures 5F and S3). On the 
other hand, CL imaging was free of autofluores-
cence or reflection from the excitation light 
since it did not require an external excitation 
source. Instead, CL imaging showed signals 
from bones where free radionuclide (89Zr) can 
accumulate, pointing to the importance of dou-
ble-checking imaging signals with multiple 
imaging modalities to piece apart true and 
false positives (Figure 5F). Similar to PET imag-
ing, CL imaging could also visualize the uptake 
of radiotracers with high sensitivity, but risks 
from radiation exposure to patients and clini-
cians still remain. The hand-held charged-parti-
cle detector, HARLI, has a relatively high spatial 
resolution of 42 µm as compared to PET with 
approximately 1-2 mm and 4-6 mm resolution 
for preclinical and clinical instruments, respec-
tively [30]. Also, the relatively short exposure 
time (30 sec) of HARLI data acquisition com-
pared to CL imaging (1-5 min) was another 
merit of using this hand-held device in our study 
[13]. However, as shown in our experiment, 
when the field-of-view for imaging is too wide 
for the subjects, accurate detection of small 
tumors can be hampered due to signals from 
other organs. Nonetheless, if this instrument is 
applied to patients or large animals, the prob-
lem of signal interference from other organs 
with high accumulation of the tracers may be 
mitigated. Furthermore, a standard camera 
providing white-light images can also be used 
as an adjunct with these various modalities to 
obtain anatomical as well as functional 
information. 

Taken together, pertuzumab conjugated with 
89Zr and IRDye 800CW allowed the detection 
and removal of ovarian tumors in both subcuta-
neous and orthotopic models. Since ovarian 
cancer is vulnerable to peritoneal metastasis, 

this tracer may also find potential in metastatic 
ovarian cancer models or other cancers overex-
pressing HER2. In addition, improvement of the 
dual-labeled mAbs with different radionuclides 
or fluorophores may further optimize its clinical 
potential. 

Conclusion

In this study, we demonstrated that pertuzum-
ab conjugated with 89Zr and IRDye 800CW 
could be employed for pre-, and intraoperative 
imaging of HER2+ cancer in an effective man-
ner. In this regard, development of dual-labeled 
mAbs conjugated with a radionuclide with a 
long-half life and a NIR fluorophore may hold 
promise for diagnosis, staging, image-guided 
surgery, and even post-operative care in the 
clinical setting, leading to improved patient out-
comes in the future.
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Figure S1. (A) Fluobeam imaging of a subcutaneous SKOV3 tumor with 89Zr-Df-pertuzumab-800CW during image-
guided surgery. After initial surgery, fluorescence signals from the remaining tumor tissues were observed (white 
arrows) and removed after final surgery. Images were taken at a rate of 2 pictures/sec. (B) Fluorescence imaging 
from the IVIS Spectrum Imaging System, and (C) Cerenkov luminescence imaging after final surgery. 

Figure S2. Ultrasound imaging three to four weeks after implantation of SKOV3 tumor cells to validate the orthotopic 
tumor model. A 40-MHz linear array transducer was utilized for imaging of tumor tissues and ovaries.
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Figure S3. Longitudinal PET and NIRF imaging of the orthotopic ovarian tumor model after injection of 89Zr-Df-per-
tuzumab-800CW (n = 5). The same mouse shown in Figure 5A-E is presented in this figure. Yellow and blue arrows 
indicate the orthotopic tumor detected from PET and NIRF imaging, respectively.  

Figure S4. A compilation of images during Fluobeam-guided tumor (yellow-dotted circle) resection of orthotopic 
ovarian cancer.
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Figure S5. Immunofluorescence staining of liver, spleen and kidney tissues from SKOV3 tumor-bearing mice. Per-
tuzumab and Alexa Fluor 488 goat anti-human antibodies (green) were used for staining human HER2. CD31 (red) 
and DAPI (blue) staining indicate the presence of vasculature and cell nuclei, respectively. Scale bar = 50 μm. 


