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Abstract
Background  Near-infrared fluorescence (NIRF) imaging is an excellent choice for image-guided surgery due 
to its simple operation and non-invasiveness. Developing tumor-specific fluorescent molecular probes is key to 
fluorescence imaging-guided surgery. EGFR (epidermal growth factor receptor) is closely related to the proliferation 
and growth of tumor cells and is highly expressed in epithelial ovarian cancer (EOC). The study aims to construct a 
NIR fluorescent molecular probe using cetuximab (an EGFR monoclonal antibody) and investigate its feasibility for 
targeting EOC in vivo through fluorescence imaging.

Methods  We determined the expression of EGFR in EOC. NIR fluorescent molecular probe with cetuximab 
(cetuximab-Cy7) was chemically engineered and identified. The subcutaneous xenografted tumor model of EOC was 
induced using SKOV3-Luc cell line with positive expression of EGFR. Cetuximab-Cy7 was used for in vivo fluorescence 
imaging, and phosphate-buffered saline, free Cy7 dye and mouse isotype immunoglobulin G-Cy7 were used as 
controls. NIRF imaging system was performed to study the distribution and targeting of the probes. Tumors were 
imaged in situ and ex vivo, and fluorescent intensity was quantified. Resected specimens were analyzed to confirm 
diagnosis, and immunohistochemical (IHC) staining was used to identify EGFR expression.

Results  EGFR expression was increased in EOC tissues than fallopian tube tissues. The high expression of EGFR 
was significantly correlated with well-differentiation, residual lesions ≤ 1 cm, no recurrence and increased survival. 
NIRF imaging showed that the cetuximab-Cy7 enabled detection of tumor lesions in EOC-bearing mice with the 
optimal dose of 30 µg. The suitable imaging time window may be 24–96 h post-injection. Ex vivo fluorescence 
imaging indicated that fluorescent signal was mainly detected in the tumor and the lung. IHC results confirmed that 
xenografts were EGFR positive.
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Introduction
With estimated 19,680 new cases and12,740 deaths in 
USA in 2024, ovarian cancer (OC) remains one of the 
deadliest cancers in women [1]. OC is a heterogeneous 
group of malignant tumors with distinct differences in 
etiology, morphology, biological behavior, and molecular 
characteristics among different histopathological types, 
with approximately 90% being epithelial ovarian cancers 
(EOC). Surgery is the cornerstone of treatment of OC. 
The completeness of surgery is an independent prognos-
tic factor impacting survival [2, 3]. Therefore, it is crucial 
to reduce the tumor burden. Even if complete resection 
is impossible, every effort should be made to minimize 
the tumor burden. However, achieving satisfactory cyto-
reduction (no visible residual tumor or residual tumor 
diameter ≤ 1 cm) can be challenging due to the fact that 
surgeons mainly rely on imprecise visual inspection and 
empirical tactile feedback to determine tumor margins 
[2]. There is an urgent need to investigate highly accu-
rate and real-time intraoperative methods for tumor 
delineation.

Fluorescence-guided surgery (FGS) has emerged as a 
promising imaging method that provides surgeons with 
real-time intraoperative guidance for tumor visualization 
and delineation in surgery for cancers including OC [4, 
5]. Based on robust studies, fluorescence imaging agents 
including 5-aminolevulinic acid and indocyanine green 
has been already approved for clinical use by the US Food 
and Drug Administration [4]. However, conventional 
fluorescence imaging agents showed significant limita-
tions with less molecular specificity and image contrast. 
In recent decades, increasing evidence indicated that the 
tumor-specific fluorescent agents conjugating the fluoro-
phores and various targeted ligands, such as small mol-
ecules, peptides and antibodies, showed translational 
potential in surgical navigation for various cancer types. 
Near-infrared fluorescence (NIRF) emitters have been 
widely used for real-time intraoperative imaging owing 
to deeper tissue penetration and better tumor-to-back-
ground (T/B) ratio [5].

So far, the folate receptor α (FRα)-targeting strategy has 
been explored most for OC imaging. FRα is considered to 
be a great potential tumor-associated antigen with over-
expression in 90-95% EOC [6, 7], and its expression is 
significantly correlated with histological grade and stage 
[8, 9]. Pafolacianine (OTL38) is a conjugate of a folic acid 
coupled to a NIR fluorescent dye. A series of clinical tri-
als showed that pafolacianine could intraoperatively dis-
criminate cancers from normal tissues [10, 11]. Especially 

in the latest phase III study, it detected additional cancer 
on tissue not suspected by visual assessment and palpa-
tion in 33% FR-positive OC patients [11]. However, a 
high false positive rate (fluorescence positive but not 
confirmed by pathology) was noted [11]. It proposed that 
the false positive fluorescence may be caused by pafo-
lacianine binding to FRβ + macrophages in the lymph 
nodes. Thus, there is no completely satisfactory molecu-
lar imaging probe and still an unmet need to create more 
innovative molecular probes.

EGFR (epidermal growth factor receptor), a member of 
HER (human epidermal growth factor receptor) family, is 
a universal biomarker for tumors and involved in the pro-
liferation and growth of tumor cells. Literature reports 
indicate varying expression rates of EGFR in OC, ranging 
from 4 to 100% [12] or 70-100% [13], with some suggest-
ing an average expression rate around 48% [12]. A study 
showed that high expression of EGFR was associated 
with elder age, advanced disease stage, poor differentia-
tion, metastasis, and residual disease after surgery in OC 
[14]. Forlani L et al. proposed that EGFR could be a prog-
nostic biomarker in OC and contribute to stratify OC 
patients [15]. Moreover, EGFR may be important in driv-
ing chemoresistance in the EOC cells through MEKK sig-
nal pathways [16]. Increasing studies indicated that EGFR 
phosphorylation or hyperactive EGFR signaling contrib-
ute to cisplatin resistance in OC [17–21]. However, there 
is no consensus regarding the expression status of EGFR 
in relation to OC and its implications [12, 14].

This study aims to use tissue microarrays (TMAs) for 
immunohistochemical (IHC) detection of EGFR expres-
sion in EOC tissues, and apply immunofluorescence (IF) 
techniques to screen for EGFR-positive cell lines to con-
struct xenograft tumor models. We developed a NIR flu-
orescent molecular probe conjugated with cetuximab (an 
EGFR monoclonal antibody) to investigate its feasibility 
in in vivo fluorescence imaging of OC xenograft tumor 
models (Fig. 1). The fluorescent molecular probes specifi-
cally targeting EGFR developed in this study will extend 
visualization time and enhance image specificity, thereby 
contributing to the establishment of novel methods for 
resection of lesions, and eventually transforming surgical 
approaches in the treatment of OC.

Materials and methods
Antibodies and reagents
Rabbit monoclonal antibody against the EGFR used in 
IHC staining (1:100), western blotting (WB) (1:4000) and 
IF staining (1:300) analyses was from Abcam (ab52894). 

Conclusion  Cetuximab-Cy7 can specifically target the tumors of EOC xenografted nude mice. This research lays the 
foundation for future studies on EOC surgery navigation.
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Mouse monoclonal anti-β-tubulin antibody (1:1000) used 
as a loading control in WB analysis was from Cell Sig-
naling Technology (#86298). Secondary antibody from 
Abcam (ab150079; 1:1000) for EGFR was used in IFstain-
ing. A goat anti-rabbit secondary antibody (ab216773; 
1:10000) for EGFR, and a goat anti-mouse secondary 
antibody (ab216776; 1:10000) for β-tubulin were used 
in WB analysis. Cy7 Nhydroxysuccinimide (NHS) ester 
(Lumiprobe, Hunt Valley, MD, USA) was employed to 
label commercially available EGFR monoclonal anti-
body cetuximab (Erbitux, Merck Lyon, Germany) and the 
mouse isotype immunoglobulin G (IgG) antibody (ZDR-
5006, ZSGB-BIO, Beijing, China) which was used as con-
trol in NIRF imaging.

Cells
The OC cell lines SKOV3·ip1, OVCAR3, A2780, 3AO, 
OV420, OV429 and ES2 preserved in Center of Gyne-
cologic Oncology, Peking University People’s Hospital 
were cultured in RPMI-1640 medium with 10–20% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin (PS). 
HeLa cell line was cultured in DMEM medium with 10% 
FBS and 1% PS, and SKOV3 cell line in McCoy’s 5  A 
medium with 10% FBS and 1% PS. The SKOV3-Luc cell 
line genetically labeled using a firefly luciferase reporter 
gene was provided by Professor Xipeng Wang from 
Shanghai Jiao Tong University and cultured in RPMI-
1640 medium with 10% FBS and 1% PS. The cells were 
cultured in a 5% CO2 incubator at 37 °C.

TMA and IHC staining with EGFR
A previously described TMA with duplicate cores from 
420 OC and 112 fallopian tube (FT) tissues was obtained 
from Qilu Hospital of Shandong University [22]. IHC 
staining was conducted as previously described [22]. 
Evaluation of EGFR staining intensity was performed 

using H-score system [22]. The DensitoQuant module 
of Quant Center software (3DHISTECH Ltd., Budapest, 
Öv u. 3., Hungary) was used to automatically and quan-
titatively measure the H-score, which ranges from 0 to 
300. The H-scores of duplicate cores were averaged. The 
receiver-operating characteristic (ROC) curve analysis 
[22, 23] provided the optimal cut-off value for H-score. 
The threshold for EGFR expression was set at 96.83. A 
score > 96.83 was classified as EGFR-high expression 
group, while ≤ 96.83 was EGFR-low expression group.

Quantitative real-time PCR (qPCR) analysis of EGFR mRNA 
expression
Total RNA from cells was extracted by TRIzol reagent 
(Invitrogen). The cDNA was synthesized from 1 µg of 
total RNA in a 20 µl reaction volume using a FastQuant 
RT Kit (with gDNase) (Tiangen Biotech, Beijing, China). 
The qPCR reaction was performed in a Bio-Rad CFX real 
time PCR system in triplicate using the Power SYBR® 
Green PCR Master Mix Kit (Applied Biosystems, Austin, 
TX, USA). The gene-specific primers used for amplifica-
tion were as follow: GAPDH, 5’-​G​C​A​C​C​A​C​C​A​A​C​T​G​
C​T​T​A​G​C-3’ (forward) and 5’-​G​G​C​A​T​G​G​A​C​T​G​T​G​G​
T​C​A​T​G​A​G-3’ (reverse); EGFR 5’- ​G​T​G​T​G​C​C​A​C​C​T​G​
T​G​C​C​A​T​C​C-3’ (forward) and 5’- ​G​C​C​A​C​C​A​C​C​A​G​C​
A​G​C​A​A​G​A​G-3’ (reverse). Relative expression of EGFR 
to GAPDH were measured by the 2−ΔΔCt method. The 
experiment was repeated in triplicate.

WB analysis of EGFR protein expression
Cells were lysed in radio immunoprecipitation assay 
lysis buffer (RIPA) buffer (Cell Signaling Technology, 
Danvers, MA, USA) supplemented with phenylmeth-
anesulfonyl fluoride (PMSF; Cell Signaling Technology, 
Danvers, MA, USA) to extract total proteins. The lysate 
was centrifuged at 13,000 x g for 20  min at 4  °C and 

Fig. 1  Scheme for using cetuximab-Cy7 probe in NIRF guided surgery in OC. EGFR-Cy7: epidermal growth factor receptor-cyanine7 (cetuximab-cya-
nine7); NIRF: near-infrared fluorescence; OC: ovarian cancer; IgG-Cy7: immunoglobulin G-cyanine7
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protein concentrations were detected on the superna-
tant using Bradford assay (Bio-rad, Hercules, CA, USA). 
Equal amounts of protein obtained from different cell 
lysates were electrophoresed with 10% sodium dodecyl 
sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) 
gels and then were transferred to polyvinylidene fluo-
ride membranes (Millipore Corporation, Bedford, MA, 
USA). Membranes were incubated overnight at 4 °C with 
primary bodies in blocking buffer. The next day, mem-
branes were washed and incubated with secondary anti-
body. Protein band intensities were scanned using a Licor 
Odyssey Imaging System (Lincoln, Nebraska, USA) and 
determined using Image-J software (NIH). The experi-
ment was repeated three times.

IF staining with EGFR
Cells were cultured on 24-well plates until 50–70% con-
fluence. After phosphate-buffered saline (PBS) washing, 
the cells were fixed in 4% paraformaldehyde (PFA) for 
15 min, permeabilized with 0.2% TritonX-100 for 10 min, 
and incubated with blocking buffer of 1% bull serum 
albumin (BSA; Solarbio, Beijing, China) for 30–60  min. 
Then cells were incubated with primary antibodies over-
night at 4 °C. The primary antibodies were removed the 
next day and the secondary antibodies were added to 
the cells at room temperature for 30–60 min. Cells were 
then stained with 4′,6-diamidino-2-phenylindole (DAPI; 
Solarbio, Beijing, China) to identify cell nuclei. Covered 
with 90% glycerolanalyzed to seal tablet, the cells were 
imaged with a fluorescence microscope (Carl Zeiss, 
Leica, DM IL LED, Germany). The images with different 
color channels were merged by Image-J software.

Synthesis and characterization of the cetuximab-Cy7 probe
The fluorescent dye Cy7 NHS ester (Lumiprobe, Hunt 
Valley, MD, USA) was employed to label cetuximab or 
control mouse isotype IgG antibody according to a pre-
viously reported protocol [22]. The Cy7 dye was added 
to the antibodies at a molar ratio of 20:1, and reacted in 
boric acid/NaOH (pH: 8.3 − 8.5) at 4 °C in the dark over-
night. After the reaction, the mixture was purified using 
a Zeba Spin Desalting Column, 0.5 mL, 7  K MWCO 
(Thermo Fisher Scientific, Rockford, IL, USA). A UV-
Vis system (Thermo Fisher Scientific) was used to mea-
sure the absorbance of the samples at 280 nm to detect 
protein concentrations and at 750  nm to determine the 
number of fluorophore molecules conjugated to each 
antibody. In parallel, the Cy7 labeling was evaluated by 
SDS-PAGE using a NIRF imaging system.

Animal models and treatment groups
To induce OC subcutaneous xenograft tumor models, 
4- to 5- week-old BALB/c female nude mice were inocu-
lated with 5 × 106 SKOV3-Luc cells suspended in 100 µL 

PBS into the right axilla. Tumor sizes were regularly and 
continuously measured with a caliper and calculated by 
using the following formula: length×width2 × 0.5 [24]. 
Tumors were allowed to grow to 100 − 500 mm3 prior to 
NIRF imaging. The mice were randomly divided into 10 
groups and intravenously injected with 100 µL of the fol-
lowing agents via the tail-vein: (1) PBS; (2) free Cy7; (3) 
1.1 µg IgG-Cy7; (4) 3.3 µg of IgG-Cy7; (5) 10 µg IgG-Cy7; 
(6) 30 µg IgG-Cy7; (7) 1.1 µg cetuximab-Cy7; (8) 3.3 µg 
cetuximab-Cy7; (9) 10 µg cetuximab-Cy7; and (10) 30 µg 
cetuximab-Cy7 (n = 3 per group). It should be noted that 
the control groups (1) − (6) were also used in our previ-
ous study [22] and we have got permission from the jour-
nal publisher (as shown in attached materials).

In vivo bioluminescence and NIRF imaging in EOC animals
Mice were kept anesthetized with 5% isoflurane. Biolu-
minescent imaging (BLI) was performed to assess tumor 
formation in mice of SKOV3-Luc cell xenografts 10 min 
after intraperitoneal injection of D-luciferin (150 mg/kg). 
BLI and NIRF imaging in xenograft models with lateral 
and ventral positions were conducted at 4, 24, 48, 96, 144, 
192 and 264 h after injection with corresponding agents 
via the tail vein using IVIS Spectrum Imaging System 
(Xenogen, Alameda, CA, USA). The same fixed black 
board used when imaging was taken as the background 
to eliminate possible interference. The region of interest 
(ROI) on the tumors and background was analyzed and 
quantified with IVIS software. The T/B ratio was calcu-
lated using the formula ROI tumor/ROI background (n = 3 per 
group).

Ex vivo NIRF imaging of cetuximab-Cy7 and EGFR 
expression of tumor samples
Mice were sacrificed and dissected after imaging. The 
organs including heart, lung, liver, spleen, kidney, ovary, 
fallopian tube and uterus, and tumors were subjected to 
ex vivo NIRF imaging using IVIS Spectrum Imaging Sys-
tem. Surgical excised organs and tumors were fixed in 4% 
PFA and embedded in paraffin. The tumors were simul-
taneously stained with hematoxylin-eosin (H&E) and 
immunohistochemistry of EGFR to verify the presence of 
EOC and expression of EGFR in tumor implants.

Statistics
Quantitative data were presented as the means ± stan-
dard deviation of three replicate experiments or three 
technical replicates from individual experiments. Kol-
mogorov-Smirnov test was used to test normality. EGFR 
expression in TMAs assay was assessed by Pearson’s 
Chi-square test. Variations among multiple groups were 
evaluated using two-way analysis of variance (ANOVA) 
test. A value of p < 0.05 indicates significant. IBM SPSS 
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Statistics (Version 20.0; IBM Corp., New York, USA) was 
applied for statistical analysis.

Results
Conjugation and characterization of cetuximab-Cy7 probe
The cetuximab, a commercially available EGFR anti-
body, and mouse isotype IgG antibody were fluores-
cently labeled by conjugation of lysine residues with the 
N-hydroxy succinimide of Cy7 and were identified by UV 
spectroscopy and SDS-PAGE. The IgG antibody was used 
as control to exclude nonspecific binding. UV-Vis system 
showed that the number of Cy7 fluorophores attached 
to each IgG or EGFR molecule was approximately 2–3. 
As shown in Fig.  2A, the Cy7-labeled EGFR antibody 
solution displayed fluorescent signals under NIRF imag-
ing. After SDS-PAGE of Cy7-labeled antibodies, the gel 
was scanned using the IVIS Spectrum Imaging System. 
No bands were observed under bright-field condition 
(Fig.  2B), but fluorescent bands for IgG-Cy7 and cetux-
imab-Cy7 were detected under NIRF imaging (Fig.  2C). 
These results indicated successful conjugation of Cy7 dye 
to the antibodies.

EGFR expression in EOC tissues and cells
First, the higher EGFR expression (H-score > 96.83) in 
tumor tissues compared to FT tissues was detected with 
IHC staining using TMAs [41.7% (175/420) vs. 17.0% 
(19/112); p = 0.000] (Fig.  3A; Table  1). EGFR antibody 
staining was mainly located on the cytomembrane, fol-
lowed by the cytoplasm (Fig. 3A). The clinical relevance 
of EGFR in EOC was determined. EGFR expression was 
higher in serous subtype (43.7%; 162/371) than in non-
serous subtype (22.7%; 10/44) (p = 0.008) (Table 2). Mean-
while, the high expression of EGFR was significantly 
associated with well-differentiation (grade 1) (p = 0.001), 
residual lesions ≤ 1  cm (p = 0.000), no recurrence 
(p = 0.000), and prolonged survival (p = 0.002). However, 
EGFR expression did not show significant correlation 

with age, menopausal status, FIGO staging, lymph node 
metastasis, ascites, preoperative CA-125 value, and plati-
num resistance status (all p > 0.05).

As shown in the qPCR experiments, EGFR expression 
was increased in SKOV3, OVCA429 and SKOV3·ip1 
cell lines, but reduced in OVCAR3 and A2780 cell lines 
(Fig.  3B). In consistent with qPCR results, representa-
tive images and quantification analysis of WB indicated 
that EGFR expression was highest in SKOV3, followed 
by OVCA429 and SKOV3·ip1 (Fig. 3C-D). To verify and 
explore the localization of EGFR, IF staining was per-
formed in the SKOV3 cells with high EGFR expression 
and the A2780 cells with low expression. Similar to the 
above-mentioned results, EGFR staining was predomi-
nantly distributed in the membrane of SKOV3 cells, while 
the staining in A2780 cells was extremely weak (Fig. 3E). 
These results showed that EGFR may serve as an attrac-
tive target for imaging of EOC. Therefore, we selected the 
SKOV3 cells for subsequent in vivo imaging experiments.

In vivo imaging of EOC xenografts with cetuximab-Cy7
Subcutaneous tumor formation and location in mice of 
SKOV3 cell xenografts was accurately detected by BLI on 
an IVIS Spectrum system (Fig. 4A). To exclude the influ-
ence of Cy7 dye on imaging, we set up a control group 
with free Cy7 dye. According to Fig. 4B-C, the fluorescent 
signals in free Cy7 group could be detected at 4  h post 
injection (hpi), but disappeared at 24 hpi. It indicates that 
the Cy7 dye can be cleared from the body within 24 h and 
does not undergo nonspecific adsorption at the tumor 
site. No significant Cy7 fluorescent signals were detected 
in the PBS group at the indicated time points. Impor-
tantly, the fluorescent signals in the IgG-Cy7 groups 
never accumulated at the tumor site. As can be seen from 
the ventral position imaging in Fig. 4C, IgG-Cy7 was pri-
marily metabolized through abdominal metabolic organs 
such as liver, spleen, and kidneys.

Fig. 2  Characterization of cetuximab-Cy7 probe (A) The Cy7-labeled EGFR antibody solution was screened using NIRF imaging. SDS-PAGE of Cy7-labeled 
antibodies under (B) bright-field condition and (C) NIRF imaging. NIRF: near-infrared fluorescence; SDS-PAGE: sodium dodecyl sulfate - polyacrylamide 
gel electrophoresis; Cetuximab-Cy7: cetuximab-cyanine7; IgG-Cy7: immunoglobulin G-cyanine7
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The fluorescent signals in the 1.1 µg and 3.3 µg cetux-
imab-Cy7 groups were significantly weaker compared to 
the 10 µg and 30 µg groups (Fig. 4B). Starting from 96 hpi, 
the fluorescent signals in the 10 µg and 30 µg cetuximab-
Cy7 groups were dominantly concentrated at the tumor 
site. Both the 10  µg and 30  µg cetuximab-Cy7 groups 
were able to specifically target the subcutaneous trans-
planted tumors, and the fluorescent signals in the 30 µg 
group were consistently stronger than those in other 
groups at each time point. Further, we compared the T/B 

ratio of cetuximab-Cy7 with that of PBS, free Cy7, and 
IgG-Cy7 with the same protein mass at the indicated time 
points (Fig.  5A-D). In the 1.1  µg cetuximab-Cy7 group, 
the T/B ratio was higher than that of the PBS group 
(p = 0.0113), the free Cy7 group (p = 0.0011), and the IgG-
Cy7 group (p = 0.0456) at 4 hpi. In the 3.3 µg cetuximab-
Cy7 group, the T/B ratio was higher than that of the 
PBS group at 4 hpi (p = 0.0001), 24 hpi (p = 0.0001) and 
48 hpi (p = 0.0013), and the free Cy7 group (p = 0.0001) 
at 4 hpi, 24 hpi (p = 0.0001), 48 hpi (p = 0.0007) and 144 
hpi (p = 0.0006), and IgG-Cy7 group at 4 hpi (p = 0.0001), 
24 hpi (p = 0.0001) and 48 hpi (p = 0.0033). In the 10  µg 
cetuximab-Cy7 group, the T/B ratio was significantly 
higher than that of the control groups at almost all moni-
toring points (p ≤ 0.0010). Except at 264 hpi, the T/B ratio 
of the 10  µg cetuximab-Cy7 group was higher than the 
PBS group and the free Cy7 group (both p = 0.0001), while 
there was no statistical difference compared to the 10 µg 
IgG-Cy7 group (p = 0.1157). In the 30 µg cetuximab-Cy7 

Table 1  EGFR expression in FT and OC samples
Group Samples EGFR expression [N (%)] χ2 p 

valueLow (H-
score ≤ 96.83)

High (H-
score > 96.83)

FT 
tissues

112 93 (83.0) 19 (17.0) 23.288 0.000

OC 
tissues

420 245 (58.3) 175 (41.7)

FT, fallopian tube; OC, ovarian cancer

Fig. 3  EGFR expression in OC tissues and cell lines. (A) IHC staining of EGFR protein in TMAs. FT tissue with a low H-score (4.13); a serous OC tumor (grade 
3) with a low H-score (3.20); and a serous OC tumor (grade 3) with a high H-score (217.50). Black scale bar, 200 µm; yellow scale bar, 50 µm. (B) EGFR 
mRNA expression in OC cell lines was detected by qPCR. (C) WB of EGFR protein in OC cell lines and (D) quantification analyses. (E) IF staining of EGFR 
in OC SKOV3 cells (positive) and A2780 cells (negative). EGFR, red; DAPI, blue. Magnification 400×; white scale bar, 100 µm. OC: ovarian cancer; IHC: im-
munohistochemical; TMAs: tissue microarrays; FT: fallopian tube; qPCR: quantitative real-time PCR; WB: western blotting; IF: immunofluorescence; DAPI: 
4’,6-diamidino-2-phenylindole
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Table 2  EGFR expression features in OC patients (420 cases)
Characteristics N (%) EGFR expression [N (%)] χ2 p value

Low (H-score ≤ 96.83) High (H-score > 96.83)
Age at diagnosis (years) 2.089 0.148
    ≤ 50 149 (35.5) 80(53.7) 69(46.3)
    > 50 269 (64.0) 164(61.0) 105(39.0)
    Unknown 2 (0.5)
  Menopause 0.954 0.329
    No 150 (35.7) 84(56.0) 66(44.0)
    Yes 256 (61.0) 156(60.9) 100(39.1)
    Unknown 14 (3.3)
Histological subtypes 7.106 0.008*
  Serous 371 (88.3) 209 (56.3) 162 (43.7)
  Nonserous 44 (10.5) 34 (77.3) 10 ((22.7)
    Unknown 5 (1.2)
  FIGO stage 2.706 0.439
    I 43 (10.2) 22 (51.2) 21 (48.8)
    II 34 (8.1) 23 (67.6) 11 (32.4)
    III 291 (69.3) 172 (59.1) 119 (40.9)
    IV 18 (4.3) 9 (50.0) 9 (50.0)
    Unknown 34 (8.1)
Histological grade 13.344 0.001*
    Grade 1 24 (5.8) 6 (25.0) 18 (75.0)
    Grade 2 17 (4.0) 13 (76.5) 4 (23.5)
    Grade 3 332 (79.0) 197(59.3) 135 (40.7)
    Unknown 47 (11.2)
Lymph node metastasis 0.106 0.744
    Negtive 136 (32.4) 81(59.6) 55(40.4)
    Positive 76 (18.1) 47(61.8) 29(38.2)
    Unknown 208 (49.5)
  Ascites (mL) 1.503 0.220
    < 500 87 (20.7) 46 (52.9) 41(47.1)
    ≥ 500 213 (50.7) 129 (60.6) 84(39.4)
    Unknown 120 (28.6)
Preoperative CA125 (U/ml)
    < 35 28 (6.7) 17(60.7) 11(39.3) 0.091 0.763
    ≥ 35 372 (88.5) 215(57.8) 157(42.2)
    Unknown 20 (4.8)
Residual tumor size (cm)
    ≤ 1 137 (32.6) 67(48.9) 70(51.1) 14.266 0.000*
    > 1 59 (14.1) 46(78.0) 13(22.0)
    Unknown 224 (53.3)
Platinum resistance
    No 91 (21.7) 44(48.4) 47(51.6) 0.782 0.377
    Yes 35 (8.3) 20(57.1) 15(42.9)
    Unknown 294 (70.0)
  Relapse
    No 123 (29.3) 50 (40.7) 73 (59.3) 15.991 0.000*
    Yes 141 (33.6) 92 (65.2) 49 (34.8)
  Unknown 156 (37.1)
  Death 9.151 0.002*
    No 182 (43.3) 94(51.6) 88(48.4)
    Yes 142 (33.8) 97(68.3) 45(31.7)
  Unknown 96 (22.9)
*p < 0.05. OC, ovarian cancer; FIGO, International Federation of Gynecology and Obstetrics; CA125, cancer antigen 125
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group, the T/B ratio was significantly elevated compared 
to the control groups at each time point (all p = 0.0001). 
Overall, the T/B ratio increased with the dose of the 
fluorescent imaging agent antibody. The T/B ratio of the 
30 µg cetuximab-Cy7 group could distinguish that of the 
control groups at the indicated time points, suggesting 
that it may be a suitable imaging dose.

The cetuximab-Cy7 probe was first distributed 
throughout the body via the blood system and then 
gradually distributed to metabolic organs such as liver, 
spleen, and kidneys, with the strongest signals observed 
in the liver (Fig.  4C). As shown in Fig.  5F, the signal in 
the liver was highest at 4 hpi for the 30 µg cetuximab-Cy7 
group and gradually decreased, approaching the tumor 
signal value at 96 hpi. Compared to the stable signal of 
the 30  µg IgG-Cy7 group (Fig.  5E), the signal value of 
30  µg cetuximab-Cy7 in the tumor region continuously 
increased from 4 hpi, reaching a peak at 96 hpi, and then 
decreased. Combined with the lateral fluorescence imag-
ing in Figs.  4B, we speculated that  24–96 hpi may be a 
suitable imaging time window for cetuximab-Cy7 probe.

Ex vivo NIRF imaging and histological verification of EGFR 
binding
The EOC xenograft models in the study were sacrificed 
at 264 hpi. The organs of the mice and subcutaneous 

transplanted tumors were excised. Ex vivo NIRF imaging 
showed that fluorescent signals were strong in tumor and 
lung in the 30 µg cetuximab-Cy7 group, followed by liver 
(Fig. 6A). H&E staining of the tumor tissue indicated the 
formation of epithelial serous OC. IHC staining showed 
that EGFR was positively stained in the transplanted 
EOC tumor (Fig. 6B).

Discussion
The advent of precision medicine is promising to effec-
tively intervene the occurrence and progression of can-
cer. In recent decades, fluorescence imaging has been 
successfully applied to assist surgeons in detecting tumor 
margins and resecting micro-tumors during surgery [25]. 
Fluorescent dyes are mainly divided into three categories 
based on wavelength including traditional fluorescent 
dyes, NIR-I and NIR-II dyes. The NIR-I dyes are primar-
ily organic small molecule fluorophores, such as cya-
nide dyes, fluorescein isothiocyanate, indocyanine green 
(ICG), and methylene blue. The dyes have wavelengths 
ranging from 650 to 900 nm, with high sensitivity, deep 
penetration, low absorption, low self-luminescence, and 
high spatial resolution. The NIR-II dyes have a longer 
wavelength, ranging from 1000 to 1700 nm, and deeper 
penetration [26].

Fig. 4  In vivo imaging of subcutaneous OC tumors and biodistribution of cetuximab-Cy7 probe. (A) BLI imaging was used to detect SKOV3-Luc OC 
tumor cells at 4, 24, 48, 96, 144, 192, and 264 h post-injection of cetuximab-Cy7. In vivo NIRF imaging of mice post-injection of cetuximab-Cy7 in (B) the 
lateral position and (C) the ventral position at the same timepoints. The control groups including PBS, free Cy7 dye and mouse isotype IgG-Cy7 were also 
used in our previous work [22]. The corresponding images in the control groups in Fig. 4A and B were reprinted with permission from reference 22. OC: 
ovarian cancer; BLI: bioluminescent; Cetuximab-Cy7: cetuximab-cyanine7; IgG-Cy7: immunoglobulin G-cyanine7; NIRF: near-infrared fluorescence; PBS: 
phosphate-buffered saline
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Fig. 5  Quantification of the fluorescence intensity of in vivo NIRF imaging using cetuximab-Cy7 probe in OC tumor models. The T/B ratios for (A) 1.1 µg 
cetuximab-Cy7, (B) 3.3 µg cetuximab-Cy7, (C) 10 µg cetuximab-Cy7 and (D) 30 µg cetuximab-Cy7 groups at all time points. Quantification of fluores-
cence intensity of (E) 30 µg mouse isotype IgG-Cy7 and (F) 30 µg cetuximab-Cy7 groups were shown for tumor and liver (n = 3). The mice were divided 
into 10 groups with 3 mice in each group, respectively intravenously injected with PBS, free Cy7, 1.1 µg, 3.3 µg, 10 µg, 30 µg dose of cetuximab-Cy7 or 
IgG-Cy7. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. The control groups including PBS, free Cy7 dye and mouse isotype IgG-Cy7 were also used 
in our previous work [22]. The corresponding images in the control groups in Fig. 5A -E were reprinted with permission from reference 22. NIRF: near-
infrared fluorescence; Cetuximab-Cy7: cetuximab-cyanine7; OC: ovarian cancer; T/B: tumor-to-background; IgG-Cy7: immunoglobulin G-cyanine7; PBS: 
phosphate-buffered saline; hpi: time post injection
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NIRF imaging is preferred by researchers for in vivo 
real-time navigation due to the advantages of the dyes. 
For instance, ICG may help visualize the tumors to assist 
in pulmonary metastasectomy for hepatocellular carci-
noma [27]. However, when ICG was employed to detect 
OC metastases during surgery, no difference in the T/B 
ratio was observed between malignant tissues and benign 
lesions, with a false-positive rate of up to 62% [28]. It 
seems that the passive targeting imaging of ICG based 
on the enhanced permeability and retention effect may 
be not suitable for detecting OC metastases, and spe-
cific imaging agents utilizing OC-targeting ligands are 
needed.

The main strategy of active targeting imaging is based 
on the binding of targeted ligands of fluorescent molec-
ular probes to receptors on tumor cells. Therefore, 

selecting specific and high-affinity targets is the key to 
constructing such imaging agents. An increasing num-
ber of studies are applying fluorescent probes targeting 
biomarkers of EOC, such as cancer antigen 125 (CA125) 
[29], cluster of differentiation 24 (CD24) [30] and FR-a 
[10, 11] in the preclinical stage and clinical trials [5]. For 
instance, Kleinmanns et al. demonstrated that CD24-tar-
geted FGS improved tumor resection in xenograft mod-
els of EOC [30].

EGFR is a broad-spectrum tumor marker. Fluores-
cence imaging targeting EGFR for the detection of head 
and neck squamous cell carcinoma (HNSCC) has been 
reported [31–33]. Specific commercialized antibodies 
targeting EGFR can achieve sub-millimeter resolution for 
the identification of HNSCC [31]. Fluorescently labeled 
anti-human EGFR recombinant antibody single chain 

Fig. 6  Ex vivo imaging and IHC staining of EGFR in OC tumors. (A) Ex vivo NIRF imaging of tumor and normal organs in different groups. (B) IHC stain-
ing of EGFR protein in OC tumor tissue. Magnification 400×; scale bar, 100  μm. The control groups including PBS, free Cy7 dye and mouse isotype 
IgG-Cy7 were also used in our previous work [22]. The corresponding images in the control groups in Fig. 6A were reprinted with permission from refer-
ence 22. IHC: immunohistochemical; OC: ovarian cancer; NIRF: near-infrared fluorescence; IgG: immunoglobulin G; PBS: phosphate-buffered saline; H&E, 
hematoxylin-eosin
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antibody fragment (scFv) could be used to rapid deter-
mine of tumor boundaries in freshly isolated tissue and 
find metastases in lymph nodes in lung cancer [34]. In 
the study, we investigated EGFR targeting EOC in vitro 
and in vivo due to its wide expression in kinds of tumors 
and commercially available EGFR antibodies.

Herein, EGFR is highly expressed in EOC tissues, espe-
cially in serous subtype, serving as a specific target for 
EOC. Cetuximab is a chimeric IgG1 monoclonal anti-
body targeting EGFR and consisting of murine-derived 
variable regions of the light and heavy chains (respon-
sible for recognizing and binding to EGFR) and human-
derived constant regions, designed to reduce the immune 
response against the murine components in the human 
body. A NIR fluorescent molecular probe was con-
structed using cetuximab as the carrier, and identified 
its successful construction by NIRF imaging and SDS-
PAGE. We established a serous OC subcutaneous xeno-
graft model using SKOV3-Luc cell line expressing EGFR 
and BALB/c female nude mice, and explored the distri-
bution and targeting efficacy of cetuximab-Cy7 in vivo. 
BALB/c nude mice lack mature T lymphocytes resulting 
in low cellular immune function, and possess normal B 
lymphocytes, but had poor humoral immune function 
mainly producing IgM antibody and a small amount of 
IgG antibody, which were also employed in other stud-
ies to investigate fluorescence imaging using cetuximab-
associated antibody [35–37]. In the study, NIRF imaging 
results showed that cetuximab-Cy7 probe can specifi-
cally target OC tumors and 30  µg cetuximab-Cy7 may 
be a suitable imaging dose. During the experiments, no 
acute or chronic toxic symptoms were observed in the 
mice. Although there may be some cross-reaction in 
mouse tissues with cetuximab when BALB/c nude mice 
received injection with cetuximab, it may not have appar-
ent effect on the experiment results. In the future, peri-
toneal or in situ tumor models which better simulate the 
real situation in humans deserve to be explored in related 
research. Collectively, these findings suggest that the NIR 
fluorescent molecular probe cetuximab-Cy7 can specifi-
cally target serous OC xenografts with good tolerance.

This study has some limitations, but also some pros-
pects. The IHC results showed that less than half of the 
EOC patients possessed higher expression of EGFR, but 
no targets are ideally expressed in all patients with EOC, 
and therefore the investigation of new specific targets still 
remains an important issue. Given the relatively limited 
sample size in the study, our clinicopathological analyses 
showed that EGFR expression had no statistically sig-
nificant correlation with platinum resistance, which may 
deserve expanding the sample size in the future. It could 
be speculated that EGFR may be associated with cispla-
tin resistance according to many reports [16–21]. EGFR 
antibodies would be used in magnetic hyperthermia for 

integrated diagnosis and treatment of OC patients with 
cisplatin resistance [38], and the penetration ability of 
probes would be increased to reach the deep tumor 
sites through modification [39]. Additionally, as full-
length antibody with large molecule, cetuximab has a 
long retention time in organs and is difficult to penetrate 
lymph nodes. We may conjugate small molecule antibod-
ies, such as fragment of antigen binding and scFv, with 
NIR dyes to construct probes to shorten imaging time, 
decrease non-specific imaging and explore imaging of 
lymph nodes. In summary, cetuximab, as a commercially 
approved antibody already in clinical use, holds promise 
for application in NIRF imaging of EOC and possesses 
translational value for clinical practice.
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