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Early detection and diagnosis are the most important endeavors for reducing associated morbidity and mortality
of pancreatic ductal adenocarcinoma (PDAC). Developing molecular imaging probes that can speciﬁcally and
eﬀectively target cancer-associated biological pathways is one of the key points for sensitive and accurate diagnosis for PDAC. Herein, a small-sized, bispeciﬁc fusion protein constructed by genetic fusion of diﬀerent
binding domains of antibodies, termed Bi50, with enhanced targeting eﬀect for PDAC is reported. Bi50 has
excellent bispeciﬁc targeting for vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) simultaneously in vitro and in vivo. Additionally, Bi50 shows increased intratumoral permeability
and enrichment characteristics in the tumor than the control protein, which is constructed directly connecting
two individual Fabs. Moreover, Bi50 can not only target areas rich in vasculature but also bind with aﬃnity to
tumor parenchymal cells, achieving “multilevel” targeting eﬀect. Our work demonstrates that the bispeciﬁc
fusion protein Bi50 has great potential as an eﬃcient, targeted molecular imaging probe.

1. Introduction
Pancreatic ductal adenocarcinoma (PDAC), generally referred to as
pancreatic cancer, is a highly malignant and aggressive form of cancer
[1,2]. Although some progression on diagnosis and treatment has been
achieved recently, PDAC is still one of the leading causes of cancerrelated deaths [3,4]. Owing to the absence of disease-speciﬁc biomarkers and the lack of clear clinical signs at early and advanced stages
of the disease, the early detection of PDAC is extremely diﬃcult, resulting in the 5-year survival rate of less than 7% [5]. In contrast,
successful early-stage diagnosis of PDAC and the following resection of
the incipient lesions could increase the 4-year survival rate up to 78%
[6,7]. Therefore, developing new methods for early detection and diagnosis remains one of the most important endeavors for reducing the

morbidity and mortality of PDAC. Noninvasive molecular imaging,
which can be used to speciﬁcally detect alterations at the molecular
level or even gene mutations that occur in early cancer carcinogenesis,
have the potential to achieve speciﬁc detection, clear visualization, and
precise assessment at an early stage [8,9]. In order to assess more
speciﬁc and sensitive functions, molecular imaging strongly depends on
high speciﬁcity and targeting probes. Therefore, there is an urgent need
to develop targeted imaging probes that can speciﬁcally and eﬀectively
target cancer-associated biological pathways at the molecular level.
Monoclonal antibodies (mAb) have recently gained more attention
as molecular imaging agents owing to their excellent speciﬁcity and
outstanding binding aﬃnity for noninvasive detecting and monitoring
of cancer [10,11]. Although mAbs have achieved a relatively high
speciﬁcity for tumor targeting [12], their widespread oﬀ-target binding
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2. Materials and methods

greatly decrease the targeting eﬃciency. It is increasingly accepted that
targeting an isolated process usually cannot provide a satisfactory diagnosis, owing to the inherent complexity of the cancer [13]. Bispeciﬁc
antibodies (BsAb), which can simultaneously combine two kinds of
speciﬁc antigens and enhance binding speciﬁcity for cancer cells [14],
have been widely used to enhance antitumor activity and successfully
increase imaging eﬃciency [15]. Epidermal growth factor receptor
(EGFR), widely overexpressed on the surface of cancers cells including
PDAC, is associated with increased cancer cell proliferation, survival,
and invasion [16]. Vascular endothelial growth factor (VEGF) is a key
contributor in the growth of angiogenesis or vasculogenesis in the
neoplastic growth [17]. Interestingly, crosstalk occurs between EGFR
and VEGF receptor (VEGFR) pathways, such that EGFR regulates VEGF
expression via diﬀerent transcription factors in the mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) signaling cascades [18–20]. Recent clinical trials using anti-EGFR and
anti-VEGF mAbs together have achieved synergistic therapeutic eﬀects
[21,22], further conﬁrming the close relationship between EGFR and
VEGF. Therefore, combining the binding speciﬁcity of anti-VEGF and
anti-EGFR together would greatly enhance the speciﬁcity and targeting
eﬀect of molecular probes.
However, the implementations of antibody-targeted molecular
imaging for solid tumors have been greatly limited by practical complications, especially limited penetration and non-homogeneous distribution of antibody-based probes into the tumor [23]. Molecular size
is considered to play a central role in the intratumoral diﬀusion and
distribution of targeting antibodies [23], and experiments and theoretical calculations have showed that the larger the size, the lower the
diﬀusivity [24,25]. Fortunately, engineering smaller antigen-binding
fragments (Fabs), part of the antibody, have exhibited signiﬁcantly
improved intratumoral distribution and uptake while retaining excellent antigen-binding aﬃnity [26]. However, to achieve bispeciﬁcity
or even multispeciﬁcity, diﬀerent antibody fragments are needed to reassociate together which would multiply total molecular weight of
protein and greatly aﬀect deep penetration and uniform distribution
[8]. Moreover, PDAC is characterized by the presence of a nearly impenetrable desmoplastic stroma, hypovascular and hypoperfused tumor
vessels, and especially high interstitial ﬂuid pressure in the tumor that
make inﬁltration and diﬀusion of large sized probes extremely diﬃcult
[5]. Therefore, smaller-sized or ultra-sized bispeciﬁc targeting protein
not simply linking diﬀerent fragments together need to be constructed
to bind both EGFR and VEGF simultaneously in PDAC, and then achieve
increased intratumoral diﬀusion, distribution and targeting, which has
not been reported yet.
Herein, we aim to develop a small-sized, bispeciﬁc fusion protein
that can target both EGFR and VEGF pathways simultaneously in PDAC
with high eﬃciency, as shown in Scheme 1. The bispeciﬁc fusion protein Bi50 with molecular weight of ~50 kDa was constructed by genetic
fusion of the two respective binding domains. The synthesized fusion
protein Bi50 showed very good bispeciﬁc targeting for VEGF and EGFR
simultaneously in vitro and in vivo. Additionally, the fusion protein Bi50
showed increased intratumoral permeability and enrichment characteristics in orthotopic Bxpc3 pancreatic tumor. Moreover, the fusion
protein Bi50 not only largely targeted tumor vasculature-rich areas
(overexpression of VEGF), but also largely bonded the tumor parenchymal cells (EGFR overexpression), achieving “multi-level” targeting eﬀect. Based on such enhanced targeting eﬀect of Bi50, nearinfrared ﬂuorescence imaging-guided delineation of surgical margins
during resection was successfully achieved in an orthotopic pancreatic
cancer model. Our work demonstrates that the novel bispeciﬁc fusion
protein Bi50 is very suitable for targeted molecular imaging probes
especially for tumors with very dense tissue.

2.1. Preparation of EGFR and VEGF scFv fragments
A human nonimmune scFv (single-chain fragment of variable domain: VH-linker-VL) antibody library (2 × 1011) constructed from
peripheral blood mononuclear cells from 100 healthy donors was used
for selection against VEGF165 and EGFR (cat. nos. NP_001,165,097 and
CAA25240; R&D Systems, USA). Brieﬂy, VEGF165 and EGFR were
coated on enzyme-linked immunosorbent assay (ELISA) plates (Nunc
MaxiSorp ﬂat-bottom 96-well plates; cat. no. 423501) and then incubated with 2 × 1013 phage-scFv particles prepared from the library.
After washing, three rounds of panning were performed. Then, 2000
single clones were randomly picked and screened for speciﬁc binding to
VEGF165 or EGFR. Finally, clones with high optical densities were selected for further antibody gene sequencing.
2.2. Construction of bispeciﬁc human fusion protein Bi50
In order to construct bispeciﬁc fusion protein Bi50, the corresponding single chain bispeciﬁc Ab gene was constructed ﬁrstly. After
highly speciﬁc antibodies screened from self-made, native scFv antibody library, the genes of the scFv VEGF and scFv EGFR were linked
together with G4S, 5 amino acid segments. In order to protect the antigen-binding activities of two scFv fragments, the order of CDR cassettes for these two scFv genes was shifted. VH CDR3 domains of these
two scFv were placed at both ends of the sequence. From the N′ to C′
terminals, the tandem CDRs were anti-VEGF VH CDR3, CDR2, CDR1,
G4S linker, VL CDR3, CDR2, CDR1, G4S linker, anti-EGFR VL CDR1,
CDR2, CDR3, G4S linker VH CDR1, CDR2, CDR3. The resultant fragment gene was spliced into pET30a expression vector, His-tags were
also added at the C-terminus of the VH fragment for puriﬁcation and
characterization. And the pelB leader sequence was used to direct the
expressed protein into the periplasm of the bacteria for isolation and
puriﬁcation. DNA sequencing analysis was used to verify that the gene
was correct in sequence and had been cloned in frame. The gene was
synthesized by Beijing Qingke Biotechnology Co. Ltd, Beijing, China.
The synthetic gene was then transformed into Escherichia coli strain
BL21 (λDE3). This fusion protein was puriﬁed using Ni-nitrilotriacetic
acid (NTA) and then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) while the fusion protein
was stained with Simply Blue Safe Stain.
2.3. Binding aﬃnities to EGFR and VEGF
The ELISA assay was used to compare the binding aﬃnities of obtained fusion protein with single anti-EGFR scFv and anti-VEGF scFv.
Human EGFR and VEGF protein were coated in 96-well ELISA plates for
24 h at 4 °C. After blocked with 1% bovine serum albumin (BSA)-PBS
solution for 2 h at 37 °C, the plates were incubated with either of obtained fusion protein Bi50, selected anti-EGFR scFv and anti-VEGF scFv
with same concentration for 2 h at 37 °C. After incubation with
3,3′,5,5′-tetramethylbenzidine (TMB) substrate reagent, the binding
aﬃnity of the three proteins was determined and analyzed through
detecting the absorbance at 450 nm.
2.4. Cellular experiments
The human PDAC cell line Bxpc3 was purchased from PE Co. Ltd.
(USA). Other cell lines in this study were oﬀered by State Key
Laboratory of Molecular Oncology, National Cancer Center. Bxpc3 cells
were cultured in Dulbecco's modiﬁed Eagle medium (DMEM) (Hyclone,
Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone,
GE Life Sciences, USA) and 1% penicillin/streptomycin (Promega,
Madison, WI, USA) at 37 °C and 5% CO2. The targeting properties of
each individual single-chain antibody was ﬁrst studied. In order to be
2
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Scheme 1. Schematic representation of the synthesis of bispeciﬁc fusion protein Bi50 and the targeting mechanics for pancreatic cancer. Bi50 was generated through
four main continuous steps: screening out and selecting appropriate EGFR and VEGF165 antibodies; construction of single chain bispeciﬁc Ab gene: the VH and VL
genes from anti-EGFR joined by a 5 amino acid residue linker G4S to the VH and VL genes from anti-VEGF; transfection into bacteria and expression; puriﬁcation for
further use. Bi50 can target both EGFR and VEGF on cancer cell membrane and especially VEGF in vascular system in pancreatic tumor.

optimal acoustic coupling with the imaged object. The signal of the
vascular system and the signal of the Bi50-IRdye800 probes were detected simultaneously. The control protein was used for anti-VEGF and
anti-EGFR. After PA imaging, frozen tissue sections including the tumor
and surrounding tissues was obtained to further study the distribution
of Bi50.

able to locate the scFv, the anti-VEGF scFv was labeled with Alexa Fluor
488 (AF488) and the anti-EGFR was labeled with Alexa Fluor 647 dyes
(AF647). After incubation with diﬀerent kinds of probes for 2 h, Bxpc3
cells were ﬁxed and stained by DAPI (4′,6-diamidino-2-phenylindole).
Confocal laser scanning microscopy system (Leica Microsystems, USA)
was used to image the distribution of probes in vitro. Image J software
was further used for quantitative analysis. Then, the targeting properties of Bi50 was studied and compared with each scFv. For this, both
Bi50 and two single scFvs were labeled with AF488. After incubation
for 2 h, the Bxpc3 cells were ﬁxed, stained by DAPI, and imaged using
the CLSM system.

2.7. Targeting assessment of Bi50 for orthotopic pancreatic tumor in vivo
The real-time monitoring of targeting of Bi50 in vivo was performed
using a ﬁbered confocal ﬂuorescence microscopy (CFL) imaging system
(Cellvizio, Mauna Kea Technologies, USA). Mice were anesthetized via
peritoneal perfusion, and a tiny incision was made in the left abdominal
rectus. A ﬂexible ﬁber mini probe was planted through the incision and
connected to a 488 or 660 laser scanning unit. The mini probe was
attached to the surface of normal and cancerous tissues to obtain high
resolution images. Dynamic observations of the distribution of antiVEGF scFv (labeled with AF488) and anti-EGFR scFv (labeled with
AF647) were achieved under dual-mode imaging (488 nm and 660 nm
excitation simultaneously). The distribution of Bi50 (labeled with
AF647) was visualized at 660 nm mode. The mini probe was moved
gently across the surface tissue to obtain appropriate signal. After
imaging, the mice were euthanized by 20–25% chloral hydrate solution, and the appropriate tissues were collected and ﬁxed for further
use. The ImageJ software was used to quantitatively analyze the
ﬂuorescence intensity diﬀerence among Bi50 and scFvs groups.

2.5. Animals and tumor model
Experimental procedures were approved by the Animal Ethics
Committee of the Chinese Academy of Medical Sciences Tumor Hospital
(NCC2016A002). Strict adherence to protocols for animal care and use
was ensured throughout the study. Mouse bearing subcutaneous tumors
with Bxpc3-luc cell suspensions (5 × 105 cells/mouse) was established
using 6-week-old female BALB/C nude mice. When subcutaneous tumors reached 5 mm in size, the tumors were harvested and cut into
~1 mm3 pieces for in situ transplantation to form orthotopic tumor
model.
2.6. Intratumoral penetration and distribution of Bi50-IRdye800 in vivo
Intratumoral penetration and biodistribution of Bi50 were studied
by a multispectral photoacoustic tomography system (MSOT,
iTheraMedical GmbH, Munich, Germany). Bi50 was labeled with
IRdye800 (Near infrared 2 dye, about 1kD) to enhance the photoacoustic imaging (PAI) signal intensity. First, the performance of Bi50IRdye800 probe in diﬀerent concentrations in solution was tested.
Then, the vasculature of the subcutaneous tumor of pancreatic cancer
was studied using the 3D probe of the PAI device. Under the 3D model
of PAI, the metabolism and distribution of Bi50-IRdye800 were obtained and analyzed before and several hours after intravenous injection. A transparent polyethylene membrane was used to enclose the
active detection surface, and the volume between the membrane and
active surface was ﬁlled with matching ﬂuid (water) to facilitate

2.8. Immunoﬂuorescence staining
After in vivo CFL imaging, the tumors were harvested and ﬁxed in
4% paraformaldehyde (PFA) for 2 h at 4 °C and dehydrated in 15%
sucrose for 4 h, followed by 25% sucrose for another 24 h. Then, the
tumor tissues were embedded, frozen, and stored at −80 °C.
Cryosections of 12–15 μm were cut, rehydrated with PBS, blocked with
5% bovine serum albumin, and stained with DAPI (diluted 1:10,000, R
&D Systems) in order to visualize cell nuclei.

3
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1c, Bi50, almost same with F (ab’)2, could not only bind VEGF but also
EGFR simultaneously in a concentration-dependent manner while antiVEGF scFv and anti-VEGF scFv could only target VEGF and VEGF165,
respectively. Additionally, the binding eﬀect of Bi50 and F (ab’)2 to
VEGF165 and EGFR is basically the same as its corresponding scFv. The
preliminary ELISA results showed that the obtained fusion protein Bi50,
like F (ab’)2, has excellent target binding capacity to VEGF and EGFR
simultaneously. Additionally, Bi50 can also be easily connected with
other molecule dyes, such as IRdye800 and Alexa Fluor 488/647 dyes.
By measuring the standard curve of concentration-absorption intensity
of IRdye800 dyes (Figure S1), and the absorption intensity of Bi50IRdye800 with known concentrations, we calculated that each Bi50
protein had conjugated about 4.2 IRdye800 dye molecules.

2.9. NIRF imaging-guided surgery using Bi50-IRdye800
For NIRF imaging-guided precise surgery, mice bearing Bxpc3 orthotopic pancreatic tumors were injected intravenously (i.v.) with
150 μL of 0.02 mmol Bi50-IRdye800. Mice were anesthetized and optical imaging was performed after 8 h after i. v. injection to localize the
tumor. Then, the tumor was resected under the navigation of NIRFguiding system. For further conﬁrmation of the precise surgery of the
pancreatic tumor, surgically excised tumor lesions were ﬁxed in 5%
buﬀered formalin and embedded in paraﬃn, cut into sections (8 μm),
and stained with hematoxylin and eosin (H&E.
2.10. Statistical analysis
All the quantitative data were recorded as mean ± standard deviation (SD). Means were compared using paired t-test and two-way
analysis of variance (ANOVA). The linear and non-linear correlations
were assessed by Pearson test. P** < 0.01 were considered as signiﬁcant.

3.2. In vitro studies of Bi50
The excellent target binding capacity of Bi50 encouraged us to
further study the binding aﬃnity and bispeciﬁcity in vitro. Bxpc3 pancreatic cancer cells, which overexpress EGFR and VEGF [28], were used
in the following in vitro and in vivo experiments.
We ﬁrst studied the binding aﬃnity of single scFv to Bxpc3 cells. In
order to quantitatively and qualitatively analyze the targeting eﬀect
under ﬂuorescence microcopy, anti-VEGF scFv and anti-EGFR scFv
were labeled with AF488 (green ﬂuorescence) and AF647 (red ﬂuorescence), respectively. As seen in Fig. 2a, the two scFv showed strong
aﬃnity for Bxpc3 cancer cells. Quantitative analysis of ﬂuorescence
further showed that the aﬃnity of scFv was at least two-fold higher
than blocking control group, and anti-EGFR scFv was obviously higher
than anti-VEGF scFv, mainly due to the higher expression on the
membrane of Bxpc3 cells.
Then, we cultured Bxpc3 cells with anti-VEGF scFv and anti-EGFR
scFv simultaneously while dual blocking as control group. Both antiVEGF scFv and anti-EGFR scFv bonded well with the Bxpc3 cells, while
there was no obvious ﬂuorescence signal in the dual-blocking group
(Fig. 2b). Quantitative analysis further conﬁrmed that the ﬂuorescence
intensity of dual scFv was several times higher than the dual-blocking
group. Moreover, the ﬂuorescence intensity of dual scFv group was
about the sum of the two single scFvs. Therefore, anti-VEGF scFv and
anti-EGFR scFv could bind to Bxpc3 cells synchronously while there
was no obvious interference between each other, and the binding eﬀect
would be greatly improved if simultaneously these two proteins were
targeted.
Finally, we evaluated the binding ability of the fusion protein Bi50
using the same method. Anti-VEGF scFv, anti-EGFR scFv, and Bi50 were
all labeled with AF488 for visualizing and ﬂuorescence microscopy. As
seen in Fig. 2d, Bi50 group had signiﬁcantly stronger ﬂuorescence
compared with single scFv group, while single-blocking groups (mAb-

3. Results and discussion
3.1. Synthesis and characterization of Bi50
Bi50 was generated through four main continuous steps as showed
in Scheme 1. First, highly speciﬁc antibodies were screened from selfmade native single-chain variable fragments (scFv) antibody library,
based on purchased VEGF165 and EGFR protein (R&D). Then the single
chain bispeciﬁc Ab gene was constructed while the VH and VL genes
(linked by G4S) from anti-EGFR joined by a 5 amino acid residue linker
G4S to the VH and VL genes (linked by G4S) from anti-VEGF. The resultant fragment gene was spliced into pET30a expression vector, and
the pelB leader sequence and His-tags added at the C-terminus of the VH
fragment were used to following isolation, puriﬁcation and characterization. The synthetic gene was then transfected into Escherichia coli
strain BL21 (λDE3) to express fusion protein Bi50. The two antigenbinding fragments (Fab) from corresponding antibody were directly
connected as control group (named control protein), as well as antiEGFR scFv and anti-VEGF scFv.
The puriﬁed Bi50, the two corresponding scFv and the F (ab’)2 were
evaluated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) with 15% gel (Fig. 1a). Bi50 showed a high purity (92% by
ultraviolet (UV) analysis) and an approximate molecular weight of
50 kDa, while the two corresponding scFv had a molecular weight of
about 28 kDa and control protein was about 100 kDa (94% purity by
UV analysis). The binding ability of Bi50 and the F (ab’)2 to VEGF165
and EGFR were further analyzed by ELISA. As showed in Fig. 1 b and

Fig. 1. Characterization of the fusion protein Bi50. (a) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the puriﬁed Bi50 and the
individual scFv. (b–c) Enzyme-linked immunosorbent assay (ELISA) assessment of the binding ability of Bi50 and control protein F (ab’)2 for VEGF and EGFR,
respectively.
4
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Fig. 2. In vitro studies of bispeciﬁc fusion protein, Bi50. (a–c) Targeting ability of anti-VEGF scFv and anti-EGFR scFv. (a) Confocal images of Bxpc3 pancreatic cancer
cells incubated with anti-VEGF scFv (labeled Alexa Fluor 488, AF488) and anti-EGFR scFv (labeled with Alexa Fluor 647, AF647), and corresponding blocking as the
control group. (b) Confocal images of Bxpc3 cells incubated with anti-VEGF scFv and anti-EGFR scFv simultaneously, dual blocking as a control group. (c)
Quantitative analysis of ﬂuorescence intensity for diﬀerent groups. (d–e) Bispeciﬁc targeting of Bi50 to Bxpc3 pancreatic cancer cells. (d) Confocal imaging of Bxpc3
cells incubated with Bi50 (connected with AF488) or anti-VEGF scFv (AF488) and anti-EGFR scFv (AF488), single blocking and dual blocking as control groups, Scale
bar, 30 μm. (e) Quantitative analysis of the ﬂuorescence intensity. Data are presented as mean ± standard deviation (SD) (n = 4); **P < 0.01.

EGFR and mAb-VEGF blocking) had weak ﬂuorescence and dualblocking group had almost no green ﬂuorescence signal. Moreover, the
ﬂuorescence intensity of Bi50 was approximately equal to the sum of
the ﬂuorescence intensities of two individual scFvs (Fig. 2e). Moreover,
we further compared the targeting and cellular uptake ability of Bi50
and F (ab’)2 for Bxpc3 cells, and Bi50 for immortalized human pancreatic duct epithelial (HPDE) cell line, HPDE6-C7 cells. The binding
ability of F (ab’)2 was almost same with Bi50 from both qualitative and
quantitative targeting result (Figure S2 and Fig. 2e), while HPDE6-C7
cells showed obviously much lower targeting of Bi50, just about one
third of Bxpc3 cells.
These results demonstrate that the synthesized fusion protein, Bi50
has very good bispeciﬁc targeting for VEGF and EGFR of Bxpc3 cells
and is equivalent to the targeting eﬀects of two individual scFvs applied
simultaneously.

study the intratumoral penetration and accumulation of Bi50, owing to
its unique advantage of real-time imaging for deep vascular system
[29–32]. In order to enhance the PAI intensity, Bi50 was labeled with
IRdye800 dyes (Bi50-IRdye800), which has been approved to have
good photoacoustic signals [33].
The PA signal of Bi50-IRdye800 increased linearly with the concentration of Bi50-IRdye800 probes (Fig. 3a), indicating that Bi50IRdye800 is a promising candidate for PA imaging. Then, the pharmacokinetics proﬁle of the Bi50-IRdye800 probe in vivo was examined
by measuring the ﬂuorescence intensity of IRdye800 in blood to determine the concentrations at diﬀerent time point. As showed in Fig. 3b,
the blood circulation of the Bi50-IRdye800 showed the typical two
compartment model: the ﬁrst distribution phase with a half-life of only
1.34 ± 0.34 h, the second elimination phase with a half-life of
4.47 ± 1.04 h. This is consistent with the pharmacokinetic characteristics of the small molecular probe [34,35], which is beneﬁcial to
the inﬁltration in the dense PDAC tumor as a molecular imaging probe.
Then, the dynamic process of penetration and enrichment of Bi50IRdye800 in the tumor was further studied for 48 h post-injection under
3D-mode PAI. As shown in Fig. 3c, Bi50-IRdye800 gradually penetrated
the surrounding tumor parenchyma from local blood vessels 2 h after i.
v. injection, reaching its relatively maximum concentration in about
8–12 h. Then, Bi50-IRdye800 was found to be metabolized slowly
through the tumor blood vessels as time went on. In contrast, the PAI

3.3. Increased intratumoral penetration and accumulation of Bi50
The excellent bispeciﬁcity in vitro encouraged us to further study the
performance of obtained fusion protein Bi50 in vivo, especially penetration and accumulation of Bi50 in tumor region. As is well known,
even if the probe reached the tumor site, it is still diﬃcult to achieve
subsequent functions if it cannot penetrate the tumor tissue from the
local blood vessels. Therefore, we used PAI, especially the 3D-mode, to
5
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Fig. 3. Photoacoustic imaging (PAI) of penetration performance of Bi50-IRdye800 in vivo. (a) The PA intensity of Bi50-IRdye800 solutions with diﬀerent concentrations, and PA images are added to the top of the picture. (b) Blood circulation curve of the Bi50-IRdye800 probes determined by measuring the IRdye800
ﬂuorescence intensity at diﬀerent time points in the blood after i. v. injection. (c) 3D PA images of orthotopic pancreatic tumors were acquired at diﬀerent time points
after injection of Bi50-IRdye800 or control protein-IRdye800 probe. The bright signals are from the blood vessels in the tumor owing to hemoglobin. The green area
corresponds to the distribution of probes. (d) Signal to background ratio (SBR) analysis of PAI intensity at diﬀerent time points. (e) 2D PA images of the section of the
mouse acquired pre-injection and over 12 h post-injection of Bi50. The red arrow indicates Bi50-IRdye800 accumulated at the periphery of the tumor and penetrated
the intratumoral region. (f) Hematoxylin and eosin (H&E) staining of frozen sections from mice 12 h after injection of Bi50-IRdye800, T: tumor. The probe completely
penetrated the deep tissue of the tumor. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

pancreatic cancer cells hereinbefore. Then, we wished to microscopically illuminate the bispeciﬁc aﬃnity of Bi50 in vivo. Confocal
ﬂuorescence laser-microscopy (CFL) imaging was used to further clarify
the targeting aﬃnity of fusion protein Bi50 in orthotopic Bxpc3 pancreatic tumor model. As there were only two ﬂuorescence channels
(green and red) in commercial CFL (Cellvizio), anti-VEGF scFv, antiEGFR scFv, and Bi50 were labeled with AF48 (green), AF647 (red) and
AF647 respectively, for real-time visualizing and imaging.
As shown in Fig. 4a, individual anti-VEGF scFv and anti-EGFR scFv
could both target tumor tissue after i. v. administration synchronously,
further conﬁrming the two scFvs would not interfere with each other.
Before i. v. injection of Bi50, free FITC (ﬂuorescein isothiocyanate)
(green ﬂuorescence, 488 channel) dyes were i. v. injected ﬁrst to locate
tissues as small molecules can penetrate both pancreatic tumor region
(marked PC) and surrounding normal pancreas (marked NP). From
Fig. 4a (middle), the boundary of normal pancreas and tumor region
was very clear owing to the large diﬀerence between two kinds of tissues. Moreover, Bi50 (red) was mainly distributed in the tumor region
(Fig. 4a, middle) while almost no red ﬂuorescence signal was seen in
normal tissues, reﬂecting excellent speciﬁcity. In the inner region of
tumor (Fig. 4a, bottom), Bi50 was found to be widely distributed
throughout the entire tumor tissue, further indicating that Bi50 could

signal of the control protein was much weaker than that of the fusion
protein Bi50 at all the time points, indicating much weaker permeation
and accumulation characteristics of the control protein. The quantitative analysis of PAI signal at tumor site further proves this result. As
shown in Fig. 3d, the changing trends of PAI signal is consistent with
the intuitive observation results. For the area under the two curves,
Bi50-IRdye800 was about 1.8 times of control protein-IRdye800, indicating that more probes have reached the tumor site.
Additionally, PA section images containing major metabolic organs
showed that Bi50-IRdye800 was widely distributed not only in the
periphery of pancreatic tumors but also intratumoral region 12 h postinjection (Fig. 3e), further conﬁrming high penetration and accumulation. Moreover, the pathological section of the whole mouse slices obtained 12 h post-injection and stained with H&E further conﬁrmed the
high penetration and accumulation of Bi50 in the tumor (Fig. 3f). The
smaller size of Bi50 (~50 kDa) compared with control protein
(~100 kDa) is most likely to allow Bi50 to better penetrate from local
vessels into the deep tissue of the tumor.
3.4. Bispeciﬁc targeting of Bi50 for orthotopic pancreatic tumor in vivo
Bispeciﬁc aﬃnity was illustrated via the confocal images in Bxpc3
6
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Fig. 4. In vivo microscopical imaging of targeting and metabolism of Bi50. (a) Confocal ﬂuorescence laser-microscopy (CFL) images of pancreatic tumor region
(marked PC) or surrounding normal pancreas (marked NP) after intravenous injection with anti-VEGF scFv (labeled with AF488, green), anti-EGFR scFv (labeled with
AF647, red), or Bi50 (labeled with AF647). The top row reﬂects the corresponding scFv targeting the tumor cells at a diﬀerent level; the middle (junctional area) and
bottom rows (tumor) reﬂect the targeting eﬀect of Bi50. Single FITC dyes were injected for 10 min before imaging to show tumor tissue and normal tissues. (b)
Quantitative analysis of ﬂuorescence intensity in tumor. (c) CFL images of kidney, liver, and lung tissues 4 h after intravenous administration of Bi50 (labeled with
AF647, red). (d) Quantitative analysis of ﬂuorescence intensity of Bi50 in kidney, liver, and lung tissues. The scale bar is 20 μm. Data were presented as mean ± SD
(n = 4); **P < 0.01. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

mainly through leakage and inﬁltration to the center. Therefore, applying anti-VEGF scFv and anti-EGFR scFv together can target diﬀerent
regions of pancreatic tumor. Then, fusion protein Bi50 of the same
amount was i. v. administrated. Bi50 fusion protein was abundantly
distributed in the whole tumor tissue, not only in the regions with
abundant vasculature but also in the tumor parenchymal tissue (Fig. 5b
and Figure S6). The enlarged images demonstrate that Bi50 can bind
cancer cells in the corresponding regions, further conﬁrming the bispeciﬁcity of Bi50. Bi50 can achieve the targeting function of both antiVEGF scFv and anti-EGFR scFv at the same time, and target diﬀerent
regions of tumor, therefore, achieving “multilevel” targeting eﬀect.

penetrate and target deep pancreatic tumor tissues. Quantitative analysis further showed that the ﬂuorescence intensity of Bi50 was much
higher than the two individual scFvs (Fig. 4b) and was equivalent to the
sum of the two individuals scFvs approximately, preliminarily reﬂecting the simultaneous bispeciﬁcity of Bi50.
Additionally, Bi50 was found to be mainly enriched in the kidneys
(much higher than that in liver and spleen) 4 h after i. v. injection
(Fig. 4c). Quantitative analysis of ﬂuorescence further conﬁrmed that
the intensity in the kidneys was almost twice as strong as the intensity
in liver (Fig. 4d), indicating that Bi50 was mainly metabolized by the
kidneys. As is well known, ultra-small materials (less than 6–8 nm) are
mainly metabolized through the kidneys [36,37], which is very helpful
for the application in vivo as it can be metabolized in the body quickly
after the function is realized. Therefore, our new fusion protein Bi50
with smaller molecular weight (size) was very suitable for the application in vivo with high biosafety.

3.6. Fluorescence imaging-guided surgery based on Bi50 probes
Based on increased intratumoral penetration and accumulation, and
excellent bispeciﬁcity of protein Bi50, we further explored whether
Bi50-IRdye800 probes could be used for NIRF imaging-guided surgery.
After 8 h of i. v. administration of Bi50-IRdye800, NIRF imaging-guided
surgery was conducted for orthotopic Bxpc3 pancreatic tumor using
self-made equipment. The signal-to-background ratio (TBR) peak of
Bi50 was 4.32 ± 0.1 by measuring the ﬂuorescence intensity of exposing tissues. The relatively high TBR is beneﬁcial for surgical navigation to clear tumor microfoci. As showed in Fig. 6a, the pancreatic
tumor was clearly visible in near-infrared light. Under the guidance of
NIRF imaging, the pancreatic tumor could be successfully and entirely
extracted by more precise surgery, while the normal tissues connecting
the tumors were less aﬀected. Additionally, the excised tumor tissues
showed very strong and uniform ﬂuorescence while the tumor bed location showed almost no ﬂuorescence, further explaining the high
speciﬁcity and targeting of Bi50. Histological analysis of the removed
tumor tissues further conﬁrmed that the removed tissue was basically
tumors (a small number of normal tissues have been intentionally removed together). The boundary between the tumor and normal tissues
was clearly visible (Fig. 6b), indicating the accuracy of the surgery. In
order to achieve this, the enhanced targeting of Bi50 in tumor sites lays
a solid foundation for subsequent in vivo application.

3.5. “Multi-level” targeting of Bi50 for orthotopic pancreatic tumor in vivo
The successful results of increased and bispeciﬁc targeting eﬀect of
Bi50 in vivo encouraged us to further study the targeting mechanism in
orthotopic Bxpc3 pancreatic tumor (Figure S3). Like the method mentioned above, anti-VEGF scFv, anti-EGFR scFv, and Bi50 were labeled
with AF488 (green), AF647 (red), and AF647, respectively, for visualizing and imaging. After 8 h of i. v. injection, the complete tumor tissue
was extracted, and corresponding frozen sections were made. The nuclei were stained with DAPI to locate the cells.
After 8 h of i. v. injection with same amount, anti-VEGF scFv and
anti-EGFR scFv were both found to be widely distributed in the whole
tumor tissues, but their dominant regions were diﬀerent (Fig. 5a and
Figure S5). Anti-VEGF scFv was more abundant in the periphery of
tumor tissue and the area with a certain depth from the surface layer,
where are generally rich in blood vasculature. Anti-EGFR scFv was
mainly located at parenchymal tissues of tumors, which is closely related to the large amount of EGFR expression on the membrane of
pancreatic cancer cells. Additionally, the avascular and necrotic cores
also have a lot of scFv aggregation, especially Anti-VEGF scFv, which is
7
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Fig. 5. Immunoﬂuorescence (IF) images of tumor tissues resected 8 h after intravenous injection of scFvs or Bi50. (a) IF images after intravenous injection of antiVEGF scFv (labeled with AF488, green), anti-EGFR scFv (labeled with AF647, red) simultaneously, the nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI), the upper left image is the complete tumor section, the next three images are those zoom-in pictures (merge, anti-EGFR channel and anti-VEGF channel). (b)
IF images after intravenous injection of same amount of Bi50 (labeled with AF647, red), containing complete tumor section (upper left) and three zoomed in images
(merge, DAPI channel and Bi50 channel), the dashed yellow circles are the microvasculature. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)

4. Conclusions

new fusion protein Bi50 shows great promise in PDAC early diagnosis
and precise surgery. Additionally, the current quantitative analysis of
tumor uptake and retention is based on PAI signals and semi-quantitative, more rigorous quantiﬁcations such as radioactive approach are
needed to further verify this result in future.

In summary, we have successfully constructed a novel bispeciﬁc
fusion protein Bi50 targeting both VEGF and EGFR for PDAC. The genetic fusion process allows the synthesized Bi50 to have a smaller
molecular weight (size) while ensuring bispeciﬁcity of two individual
scFvs, which facilitates penetration in dense PDAC tumor tissue.
Therefore, the fusion protein Bi50 achieved increased intratumoral
permeability and enrichment characteristics than the control protein F
(ab’)2 in vivo. Moreover, Bi50 not only maintained a very prominent
bispeciﬁcity for pancreatic cancer cells in vitro and in vivo, but also
obtained a “multilevel” targeting eﬀect. The increased intratumoral
penetration and accumulation, bispeciﬁcity, and “multilevel” targeting
increased the targeting eﬀect of the fusion protein Bi50 for PDAC. The
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