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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one lé tleadliest human
malignancies with poor patient outcomes often tesylfrom delayed diagnosis.
Therefore, early diagnosis can lead to a bettegnuosis and improved outcomes. In
this study, we have developed a novel conjugateptmoof plectin/integrin-targeted
bispecific molecular probe, termed Gd-Cy7-PTP/RGD,be used for magnetic
resonance/near-infrared imaging (MRI/NIRF) of pa&atic cancerin vivo. This
bispecific molecular probe comprises four parts({liBdor MRI, cyanine 7 (Cy7) for
NIRF, the peptide PTP for binding to plectin-1 dpeally overexpressed on the
surface of PDAC cells, and the peptide RGD foreatny integrin widely expressed
on pancreatic duct epithelial cells and angiogend®emarkably, the combination of
PTP and RGD greatly increased the targeting effayén vitro andin vivo compared
to that of either single peptide. Moreover, sucbkpbcific molecular probes target
pancreatic neoplasms and angiogenesis simultanyequslducing a “multi-level”
targeting effect confirmed by immunofluorescemestingin vitro andin vivo. Under
the guidance of MRI/NIRF dual-modality imaging, NARyuided delineation of
surgical margins during operations was successadhieved in orthotopic pancreatic
cancer. This study promotes further exploratiorbispecific molecular probes for

clinical application.

Keywords: Bispecific peptides, Early diagnosis, Moleculaaging, Pancreatic cancer,

Theranostics

1. Introduction

Pancreati cancer (PC) is amonthe most lethal cancers, with an overall 5-year
survival rate of approximately 7% [1]. One impotta@ason for the poor survival is
that the majority (over 85%) of patients are diaggtbwith advanced diseases and
have poor prognoses [2, 3]. However, successfuly-stage pancreatic ductal

adenocarcinoma (PDAC) and resection of the inctdesions can increase the 4-year



survival rate of PC up to 78% [4, 5]. Thereforerlyealiagnosis leads to better
prognoses and outcomes for patients. Molecular ggrobombined with current
imaging systems can bind and detect disease-speudiecules present several years
before the appearance of symptoms [6], and thus enaple diagnosis of incipient
disease among individuals with no obvious symptd@is There are two key
components to molecular imaging constructs, incdgda highly specific ligand for
active targeting and a contrast agent for visuabna

At present, several biomarkers have been succbsséublored, applied to
targeting of pancreatic cancer, and have truly eoéé the prognosis of the disease in
preclinical research. These biomarkers include thesia [8], urokinase plasminogen
activator (uPA)9], insulin-like growth factor | receptor (IGF-1R}0], mucin 1 [11],
vascular endothelial growth factor receptor 2 (VIR2H12], zinc transporter 4 (ZIP4)
[13], and carbohydrate antigen 19-9 (CA19®3]. However, pancreatic cancer is
genetically complex and heterogeneous, with evemgle tumor mass from a given
patient containing up to 63 genetic alterations &kl core signal pathway
abnormalities [15], to say nothing of the heteraggnof tumor biomarker expression
among different cancer patients [2]. Thus, effextigrgeting will probably need to
attack several targets simultaneously through coetbregimens [16].

Plectin, a traditional cytoskeleton scaffolding tein, has recently gained
considerable attention as a target for PDAC deaiecti vivo [17] and in clinical trials
[18] because of its exclusively aberrant mislo@lan on the surface of the
pancreatic cancer epithelium [19]. Integrins, aifarof cellular adhesion molecules
involved in tumorigenesis and tumor progression],[2tave been widely shown
efficient targets and biomarkers for the detecttdrPDAC [21, 22]. Interestingly,
there is a close relationship between plectin aegrins. Integri34 (ITGB4) has
proved indispensable to plectin mislocalizationrPiDAC [19]. Plectin-1 and ITGB4
directly interact with one another and play an imgat role in PDAC proliferation
and migration [19]. Moreover, plectin and integare exclusively overexpressed in
different areas of PDAC, plectin in the ductal beital cells and integrin in PDAC

cells and angiogenesis. Therefore, combining pleend integrin as targeting



biomarkers may amplify targeting efficiency and guoe the “multi-level” targeting
effect as targeting neoplastic parenchyma and twasculature in molecular imaging
of PDAC, which has not yet been reported, to owedge.

Additionally, PDAC is characterized by the presemdea dense desmoplastic
stroma, hypovascular and hypoperfused tumor vessetsincreased interstitial fluid
pressure within the tumor that render most nanmpedtbased delivery ineffective
[23]. A recent analysis of literature from the pa6tyears indicated that less than 0.4%
of administered nanoparticles are delivered todstlmors in PDAC [24, 25], well
below the 0.7% (median) average of all types ofcean[26]. Additionally,
considering the long-term safeig vivo and clinical translational prospects, small
molecular probes may be more suitable for imagihd®@AC. Molecular imaging
also requires the use of specialized contrast agenénsure optimal tissue contrast.
Among the various imaging modalities, MRI is widelged in clinics and provides
independent imaging with high soft-tissue contf2st. NIRF imaging can reveal
real-time pharmacokinetics and biodistributionha tvhole body with high sensitivity
and specificity, but it suffers from low spatiakcdution and poor tissue penetration
[28]. Therefore, the combination of MRI and NIRR waly integrates their individual
advantages and overcomes their intrinsic limitajdout also provides accurate and
comprehensive diagnostic information to guide swyrgeowever, the synthesis and
application of bispecific molecular probes to inmtdg plectin/integrin-targeted
peptides and MRI/NIRF molecular contrast agentsalldormidable challenges.

In this study, a novel bispecific molecular pro@el-Cy7-PTP/RGD, consisting of
two peptides (PTP/RGD) for targeting plectin/intagvas developed and applied to
MRI/NIRF dual-modality imaging and surgical navigat as shown in Fig. 1.
Plectin-targeted polypeptide (PTP, short for KTLIEBEXclusively targets pancreatic
cancer cells. The integrin-targeting polypeptideG[} widely targets the whole
pancreatic neoplasm and angiogenesis. After syistitee bispecific molecular probe
maintained both excellent targeting properties améging characteristics. The
combination of PTP and RGD peptides greatly in@dake binding efficiency of the

probes to their targets and achieved the “multefetargeting effectn vitro andin



vivo. Furthermore, the bispecific molecular probe faatiéd dual-modality imaging:
whole-body tumor localization using MRI as welllagh-sensitivity, high-specificity,
and real-time imaging using NIR fluorescence imggitUnder the guidance of
preoperative diagnostic information, NIRF-guidedirdEation of surgical margins
during resection of pancreatic cancer was sucdgssichieved in an orthotopic
pancreatic cancer model. Our work not only dematett the advantages of
bispecific targeting in PDAC but also encouragesthier exploration of such

molecular probes for future clinical applications.
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Fig. 1. Schematic illustration of the bispecific probe targeting PDAC. (A) Molecular structural
formula of Gd-Cy7-PTP/RGD. (B) Schematic illusteatiof the preparation of Gd, Cy7, PTP, and
RGD. (C) Clear diagram of Gd-Cy7-PTP/RGD. (D) Schémillustration of Gd-Cy7-PTP/RGD
with bispecific targeting of plectin/integrin in RT.

2. Materialsand methods

2.1 Synthesis and Characterization of Gd-Cy7-PTP/RGD

1, 4, 7, 10-tetraazacyclododecane-1,4,7,10-tetti@aceid (DOTA), GdC . 6H,O and
Cyanine7 ester (Cy7-NHS) were purchased from Aladdthemical Co, Ltd. 3-(4,
5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazoliumrdmide (MTT), fluorescein isothiocyanate
(FITC), Alexa Fluor 488/647 (AF488/AF647), and @@liamidino-2-phenylindol) (DAPI) were
purchased from Sigma-Aldrich.

Bispecific probe preparation based on the previeeorts [29-30]. Polypeptides were



synthesized by solid-phase methods using a starkaod-Chemistry. This process was repeated
from C-terminal to N-terminal as follows: Fmoc-Lys (Dde)-Fmoc-Lys
(Alloc)-Fmoc-Pro-Fmoc-Thr  (tBu)-Fmoc-Pro-Fmoc-Leméc-Leu-Fmoc-Thr (tBu)-Fmoc-Lys
(Boc), which was simplified as KTLLPTPKRGDFKK. Afteeach reaction cycle, the resin was
thoroughly washed for the subsequent preparatigi-NHS ester (5 mg) was conjugated to the
N-terminal of side chain of bi-peptides (15 mg) tbe resin in the presence of coupling agents
(HATU: DIEA, 3:10). After [DOTA (tBu}-ester]was coupled to the amine of Lys (Ddey
hydrazine hydrate selective deprotection Dde origeepThe peptide and other protection of the
amino acid side chains were cleavedTiiA (95% v/v), HO (2.5% v/v) and TIPS (2.5% v/v) for

3 h. A crude precursor as KTLLPTPK(RGDF-Cy7)-K(DOTK(DOTA) was harvested through
centrifugation and washed to yield (16.45 mg, 3%275.0 mg Gd chloride hexahydrate (13.45
pmol) was added in the precursor mixture (1.0 rstifred overnight at room temperature. The
mixture solution was purified using a dialysis b@golecular cut off, 1KDa) and then was
condensed and lyophilized in the dark. The robustdygct as KTLLPTPK (RGDF-Cy7)
K(DOTA@Gd)-K(DOTA@Gd) was obtained (13.94 mg, 286 simplified as
Gd-Cy7-PTP/RGD.

The final product and its precursor were charanteri by high-performance liquid
chromatography (HPLC) and mass spectrometry (MS) described in the supporting
information. UV spectrophotometer (UV-2450; Shimadzwas used to measure optical
characteristic and serum stability. Longitudinalaxation {T;) of the probe was measured at
varying Gd(lll) concentrations using a 7.0 T MR (Rer BioSpec 70/20, Germany) scanner.

2.2 Cdlular culture

Human pancreatic cancer cells (Aspcl, Pancl, Bxf&8,1990, Capan2, T3M4), human
pancreatic ductal epithelial cells (HPDE6-C7), hanianbilical endothelial vein cells (HUVEC),
mouse fibroblast cells (L929) were gifted by Na#ibkey laboratory of tumor hospital of Chinese
academy of medical sciences. They were culturddgin-glucose DMEM and RPMI medium and
supplemented with 10% (v/v) fetal bovine serum FB%, penicillin and 1% streptomycin. The
cells were maintained in a humidified atmospher8%fCO2 at 37 °C.

2.3 Western blot analysis

Six pancreatic cancer cells were lysed in 1xPBS NBYidet P-40, 21g/mL Aprotinin, 2pg/mL
Leupeptin, and 50ug/mL phenylmethylsulfonyl fluoride (PMSF). Cell bies were then
centrifuged at 12,000 xg at 4°C for 30 min. Thealtgproteins were extracted from the
supernatants. Proteins were separated though sodiotecyl sulfate polyacrylamide gel
electrophoresis SDS-PAGE (10% resolving gel) aedteblotted onto a polyvinylidene fluoride
(PVDF) membrane. The membrane was blocked with B8TPbuffer for 30 min, incubated with
the indicated primary antibodies and anti-mousearti-rabbit secondary antibodies conjugated
with horseradish peroxidase. Chemiluminescencealigmere detected usingaageQuant LAS
4000 (GE Healthcare Life Sciences).

2.4 Célular toxicity

In vitro cytotoxicity was measured using a standard MTRy&#. Three kinds of cells were
seeded in 96-well plates at a density ofcs/100 pL culture per well for 24 h. Thereaftée



culture medium was replaced by equal volumes ofianeghtaining six different concentrations of

Gd-Cy7-PTP/RGD probe (0-200 pg/mL) and cells wecaibated. After 24 hours, the cells were

washed with PBS three times and then mixed with|1I00f media and MTS (20 pL) were added

to each well. Cell viability was assessed by meaguoptical absorbance at 490 nm, using a
Synergy HT microplate reader (BioTek, USA).

2.51n vitro binding affinity assays of Bi-peptides

According to previous report [31], 16ells including human pancreatic cancer pancl cells
mouse L929 fibroblast cells, human HUVEC cells &ndhan normal pancreatic duct epithelial
cells as HPDEG6-C7 cells, were seeded into a cohfmgesule for 24 h at 37°C in G@hcubators
and then fixed with paraformaldehyde. After PBS hiag three times, cells were incubated with
PTP labeled AF488 and RGD labeled AF647 (peptide/dyl.5) at room temperature for 4 h in
the dark, respectively. Thereafter, ttedl nucleus was stained with DAPI for 5 min. Férdking
studies, cells were preincubated with 1 mL (20 Lg/emti-plectin-1 McAb (monoclonal antibody)
and anti-ITGB4 McAb for 2 h for blocking. Furtherneg HPDE6-C7 cells, as negative control,
were incubated directly with bi-peptides labeledT®l The cells were observed in PE
fluorescence confocal microscope (PE ultraview) iamaed with &EN 2012. Co-localization of
bi-peptides on the Pancl cells was analyzed usiege J 2X. And overlap scatter plots and
Mander’s coefficient for overlap were analyzedl image proplus6.0 software.

Pancl and HPDE6-C7 cells were plated into four B-plates at a density of f@ells per
well and incubated in culture medium for 24 h. Hadter, culture media were replaced with fresh
media containing six FITC concentrations (0-2.0nmg/ of bi-peptides labeled FITC and
incubated with cells for 4 h. After PBS washingethitimes, the cells were digested with EDTA
and centrifuged at 100 xg for 3 min [32]. Sampleserassessed to test usBig Accuri C6 and
analyzed bylow Jo 7.6.

Subsequently, Enzyme linked immunosorbent assaypgdormed. Pancl and HPDE6-C7
cell homogenates were prepared by two times fréeae-cycles in ice-cold 1xPBS. Then the
homogenates were centrifuged for 5 minutes at 50®gmove the supernate and assay
immediately. The following procedure was perfornredccordance with the protocol provided by
Wuhan ELlab Science Co. Ltd's ELISA kits with lgtthange. Firstly, 100l cell homogenates or
bovine serum albumin (BSA) were added into per wélb6-well plate. After incubation for 2
hours at 37°C, Human Plectin-1 or ITGB4 first aatl, the corresponding IgG and Bi-peptide
were added into the corresponding wells and in@tbat 37°C for 1 hour. Secondly, remove the
liquid of each well then add 1Q0 of detection reagent A which provided by the EAIligt. Then
detection reagent B, substrate solution and stdptieo were added successively. At last,
determine the optical density of each well at onisig a microplate reader set to 450 nm.

2.6 Animals and Tumor model

All experiments involving animals were performedaocordance with the guidelines of the
Animal Ethics Committee of the Chinese Academy o&didal Sciences tumor hospital
[NCC2016A002]. 6-weeks-old female BALB/C nude mijmerchased from Beijing Vital River
Laboratory Animal Technology Co. Ltd (China). Mieere injected with Pancl cells (0.2 mL in
H-DMEM culture medium without FBSy1 x 1) and tumor models were subcutaneously and
orthotopically established. The mice were used wihair tumor volumes approached 80-100



mnr.

2.7 In vivo confocal fluorescence lasermicroscopy (CFL) of Bi-peptides

CFL imaging was performed as described [33] usirgGellvizo488 and 660 laser scanning
units for non-specific FITC imaging as control, @@D labeled AF488 and PTP labeled AF647
for specific imaging. Mice bearing Pancl tumor wiejected with FITC (100 pL, 1 mg/mL) via
tail vein for pancreatic tumor and tumor vesseliforvivo morphological analysis. For specific
targeting of bi-peptides probe, mice were injectéd tail vein with bi-peptides labeled AF647
(100 pL, 1 mg/mL) for specific distribution to tumd-or further investigation for bi-peptides
targeting mechanism, mice were injected via taiih weith RGD labeled AF488 and PTP labeled
AF647 (100 pL, 1 mg/mL), respectively for the distition of RGD and PTP targeting to tumor.
Tumor masses were excised rapidly and fixed iméigseezing medium with OCT gel. The frozen
sections were stained with DAPI (100 pg/mL) for fTnmiThe slices were visualized by 3D
HISTECH software [34].

2.8 In vivo optical and MR imaging of Gd-Cy7-PTP/RGD

For in vivo optical imaging, BALB/c mice were intravenously jected with
Gd-Cy7-PTP/RGD, (0.15 mL of a 0.5 mg/mL solutiom &ach mouse), one group injected with
free Cy7 as non-specific control. For blocking #gd mouse anti-human plectin-1 McAb and
anti-human ITGB4 McAb was pre-injected 4 h in acd@mrespectively. And fluorescent signals
were detected at various time points. Fluorescamteasity was presented as the average radiant
efficiency in the unit of [p/sec/citsr]/ [mWi/cnf]. Fluorescence intensity of thes vivo tumor and
main organs at different time was measured and rturackground ratio (TBR) at different time
was calculated.

Forinvivo MR imaging, BALB/c mice were intravenously injedtat a dose of 0.03 mmol Gd/kg
(100 ul), respectively. The same protocol was perénl as Gd controll;-weighted images were
acquired at 4 h and 24 h post injection, respdgtivia-weighted images were acquired with a
T,-TSE sequence using the mouse body volume coil.s€qaences used were TEEaxial view
(parameters: FOV 40 mm, slice thickness 3.0 mm,2ZBR ms, TE 30 ms, four averages). And
SNR measurement according t&NR=S-S/SD, SNR: signal noise ratio,S Signal of
objectives,: Singal of backgroundSD: image niose. The standard deviation of the more
homogeneous background area is meaning image noise.

Then tumors and main organs were dissected outanubgenized with concentrated nitric
acid (1.0 mL, 70%, EMD, Gibbstown, NJ, USA). Thenpdes were liquefied for 4 days and the
solutions were centrifuged at 15,000 rpm for 8 rtésuThe supernatant liquor was diluted with
deionized water. Gd (Ill) concentration was measuby ICP-OES. Gd (lll) content was
determined as the percentage of injected doserper gf organ/tissues (% ID/g).

2.9 Optical imaging-guided surgery of Gd-Cy7-PTP/RGD

For optical imaging-guided surgery, mice bearinthatopic Pancl xenografts were injected
i.v. with 0.5 nmol Gd-Cy7-PTP/RGD. Mice were anesitted and optical imaging was performed
at 4 h p.i to localize the nodules and then werzifs@ed to thoroughly resect tumor nodules.
NIRF-guiding system navigated tumor excision. Ratlfer confirmation of orthotopic lesions in
the pancreas, surgically excised tumor lesions vieeel in 5% buffered formalin and embedded



in paraffin, cut into sections, and subjected tm&txylin and eosin (H&E) staining. And also,
the excised tumor was made into frozen sectionblBIF imaging. The frozen sections (thickness,
20 um) were exposed to bright field and NIR i@ nm) using a Leica CM1950 machine.
Statistical analysis: Quantitative data are expressed as means + ShdMeare compared using
one-way analysis of variance (ANOVA) and Studenttest. P values <0.05 were considered
statistically significant.

3. Resultsand Discussion
3.1 Synthesisand characterization of Gd-Cy7-PTP/RGD

Gd-Cy7-PTP/RGD was synthesized by a solid-phasetioga(Fig. S1). Firstly, the
synthesized precursor prior to Gd(lIl) chelationswanfirmed by analytical HPLC
and MS analyses and had molecular weight 2933.t8pamity 99.33% (Fig. S2).
While the end product after chelation had molecwaight 3676.94 and purity 95.38%
(Fig. S3), proving successful chelation, whichlesady shown in the 3D model in Fig.
S4.

Bispecific probe labeled with Cy7 NHS ester yieldedharacteristic peak at 748
nm, similar to the absorption waveform of free Q¥ig. 2A), showing successful
labeling. UV absorption exhibited a negligible chanafter conjugation with Cy7,
implying that the Cy7 NHS ester linkage to the sitdain of lysine was effective and
stable with a 1:1 molar ratio after solid-phasetlsgais. Fluorescence intensity and
UV absorption in the 50% FBS/PBS mixture only sligldecreased within 48 h, as
shown in Fig. 2B. Fig. S5A and B show that thergenanly slight declines of either
fluorescence intensity or UV absorption at varyiimge points.

Additionally, the fluorescence intensity of Gd-CRTP/RGD changed with Cy7
concentration, as shown in Fig. 2C, and fherelaxivity changed with Gd(lll)
concentration, as shown in Fig. 2D. Fluorescence pasitively correlated with Cy7
concentration, but sharply dropped when Cy7 comagah reached to 20.4g/mL,
suggesting that aggregation of Gd-Cy7-PTP/RGD Hasmeescence-quenching effect
similar to that of free Cy7. Beside$; relaxivity (longitudinal relaxation ratio) at
different Gd(lIIl) concentrations was examined, &mplcal T;-weighted MR images at
7.0T are shown in Fig. 2D. THE, relaxivity of Gd-Cy7-PTP/RGD was 6.88 nitg*

per molecule and exceeded 3.57 f&Vl per molecule of Gd at room temperature.



This suggests that the bispecific probe possessed distinguished’; relaxivity than
did Gd.
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Fig. 2. Characterization of bispecific probe. (A) UV absorption characterization of
Gd-Cy7-PTP/RGD. (B) Fluorescence spectrum of prabd, 4, 8, 12, 24, and 48 h. (C)
Fluorescence intensity changes with varying Cy7ceatrations. (D)I;-weighted MR images of
Gd-Cy7-PTP/RGD and Gd at varying (bid) concentrations.

Hence, these results demonstrated that the fluemescperformances and UV
properties were unaffected by specific, conjugasegeting elements; meanwhile, the
T, relaxivity compared with that of Gd alone was ¢jseamproved, consistently with

previous reports [29].
3.2 Plectin-1/ ITGB4 expression in human pancreatic cancer cell lines

The expression of both plectin-1 and ITGB4 was @at&ld in human pancreatic
cancer cell lines, such as Aspcl, Bxpc3, Pancl, @ 1Capan2, and T3M4. Actin
(muscle protein) and GAPDH (glyceraldehyde-3-phasphdehydrogenase) were

used as internal controls for normalization of tieabundance after western blotting.



Plectin-1 had high expression across the cell lilgSB4 was overexpressed in most
cell lines. As shown in Fig. 3, both plectin-1 di&B4 were overexpressed in Pancl
cells; thus, these cells were used in the followimgitro andin vivo experiments.

Theoretically, this also meant that the bispegiiobe (PTP/RGD) should have high

binding affinity to Pancl cells vitro orin vivo.

A Protein level of ITGB4 in Pancreatic cancer cells B Protein level of plectin-1 in Pancreatic cancer cells
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Fig. 3. Western blotting for I TGB4 and plectin-1 expression in human pancreatic cancer cell
lines. (A) Relative abundance of ITGB4. (B) Relative atbamce of plectin-1. (C) ITGB4 was
universally highly expressed in pancreatic cane#ls.cActin was used as an internal control. (D)
Plectin-1 was also highly expressed in the celidilGAPDH was used as an internal control.

3.3 Invitroand in vivo toxicity of Gd-Cy7-PTP/RGD

Probe toxicitytesting is a critical prerequisite to biomedicaplagations. The possible
cytotoxicity of both Gd-Cy7-PTP/RGD and its free momers towards normal and
PC cells was evaluated (Fig. S6). Cell viability Bancl (PC cells, ITGB4 and
plectin-1 dual over-expressed), T3M4 (PC cells, enate expressed), and HDPEG6-C7
(normal human pancreatic ductal cell, rarely exgrdy after incubation with
Gd-Cy7-PTP/RGD, Gd, and free Cy7 (at concentratairi 30, 60, 90, 120, and 150
ug/mL) for 48 h was determined by MTT tests. Sigrafit cytotoxicity toward Pancl
and T3M4 cells was observed at probe concentra@srtigh as 9Qg/mL, which far

surpassed those used in the vitro and in vivo experiments. No significant



cytotoxicity toward HPDEG6-C7 cells was found at gangbe concentrations, even up
to 150 ug/mL. All cell lines retained 86% viability at thtested concentrations. In
addition, healthy mice were intravenously injectath a Gd/Cy7 complex (60g/mL)

for in vivo toxicity testing. As shown in Fig. S7, thevere no detectable acute (24 h
post-injection) or chronic inflammatory respons@® (days post-injection) in the
major organs, including the liver, spleen, kidnggncreas, and muscle. These suggest

that the Gd/Cy7 complex is stable and safe atieses.
3.4 In vitro specific binding affinity of bi-peptides

After the safety of the bispecific probe was dent@tedin vitro andin vivo, cell
target binding was examined by cellular immunofesmence and flow cytometry and
ELISA.

Firstly, human pancreatic cancer pancl cells, m&928 fibroblast cells, human
HUVEC cells and human normal pancreatic duct epéheells as HPDEG6-C7 cells
were incubated with PTP-labeled AF647 and RGD-kdb&iF488 in Fig.S8. On the
one hand, it was clear whether there were diffeegnic the affinity of the probes for
different types of cells, and on the other hane, ¢b-localization value of the two
peptides probe. Overlap scatterplots and Mandegfficient for overlap of human
pancreatic cancer pancl cells, mouse L929 fibrolokts, human HUVEC cells and
human normal pancreatic duct epithelial cells aDBH& C7 cells was 0.83, 0.47, 0.34,
0.25, respectively, usingnage-proplus 6.0 software.

The binding affinity of single peptides was demeoaistd, is shown in Fig. S9A,
and is quantitatively analyzed in Fig. S9B. AF6dBdled RGD and AF488-labeled
PTP co-incubated with Pancl cells revealed mucbngér fluorescent intensity
outside nuclei than did the blocking control pretibated with plectin-1/ITGB4
McADb for 4 h. Additionally, fluorescence intensitfferences were clearly observed
between single staining and blocking. Mean fluoceese intensity was quantitatively
analyzed usingmage J 2X, and significant differences between fluoreseewalues
were observed in the AF647-labeled RGD and AF488i&d PTP groups via single

blocking; the differences were even more clearhia Ibi-peptide complex-blocking



group. Hence, single peptides had good bindingrigffito Pancl cells, and their
combined application was targeted Pancl cells raoagly. Notably, fluorescence
visualization and quantitation of each single pptilemonstrated the above results.
As shown in Fig. S9C, so many fluorescent signatiduted on the same line were
found with the fluorescence colocalization functminmage J 2X, meaning that the
single peptides were colocalized in Pancl cells.

Secondly, to test the high affinity of FITC-labelbdpeptide complexes to PC
cells, fluorescence microscopy and flow cytometmgrevperformed in Pancl cells
(plectin-1/ITGB4, dual overexpressed) and HPDEGe€EIKs (rarely expressed). Target
binding in vitro was qualitatively and quantitatively evaluated.TElabeled
bi-peptide complexes were used to stain Pancl (@disitive cells) and free FITC
was used as a nonspecific control. HPDE6-C7 cediewncubated with the bispecific
probe as a negative control. As shown in Fig. 44 4B, Pancl cells incubated with
FITC-labeled bi-peptide complexes displayed strondiorescence intensity,
signifying that the bi-peptides probe had highegdting affinity to Pancl cells than
to HPDEG6-C7 cells. Mean fluorescence intensity aumding Pancl cells was
significantly higher than that surrounding HPDEG6-€&Tls in Fig. 4E.

The results of flow cytometry were consistent witlose of confocal imaging.
Fluorescent cells were chosen as shown in Fig. Ed@eting affinity towards Pancl
and HPDEG6-C7 cells was assessed by fluoresceneeciitometry, and the results are
shown in Fig. 4C and D, respectively. With incregstoncentrations of FITC-labeled
bi-peptide complexes, apparent fluorescent shigsewshown, and the fluorescence
intensity of the probe significantly increased. Hwmer, no evident change in
fluorescence intensity was observed in either tR®B6-C7 cells (negative control)
or the free FITC group (nonspecific control). Quidtion by flow cytometry is
shown in Fig. 4F and G; as FITC concentration iaseel, fluorescence intensity of
FITC-labeled bi-peptide complexes reached 9.12%ah@l was nearly saturated at 2.0
ug/mL of FITC.

However, the fluorescence intensity of Pancl aeltabated with free FITC did

not exceed 2x10 HPDE6-C7 cells, which lack binding sites for tA&P and RGD



peptides, exhibited relatively low fluorescenceemntity when incubated with
FITC-labeled bi-peptide complexes that did not excel.2x16. Therefore, the

bispecific probe was shown by confocal imaging #od cytometry to effectively

bind Pancl cell depending on overexpression oftipldcand ITGB4. That is, by
efficiently targeting both plectin-1 and ITGB4, thespecific probe increased binding
affinity to Pancl cells but not to HPDEG6-C7 cells.
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Fig. 4. In vitro specific binding affinity of bi-peptides targeting. (A) Pancl cells (positive cells)
were incubated with Gd/FITC complexes and free HGiCt h for cell fluorescent microscopy. (B)
HPDEG6-C7 cells (negative cells) were incubated VthFITC complexes and free FITC for 4 h.
Scale bar, 3Qum. (C) Bispecific binding and nonspecific binding Pancl and (D) HPDEG-C7
cells were evaluated by flow cytometry. (E) Mearofescence intensity of Pancl and HPDEG6-C7
cells as analyzed biynage J 2X. (F) Mean fluorescence intensity of Pancl anyl BDE6-C7
cells as analyzed by flow cytometry ¥0.05;**, P<0.01; ***, P < 0.001.

Lastly, the results of the cell binding study compg the targeting ability of
bi-peptide complexes and single peptides verifieel advantage of our innovative
design for bi-peptide targeting. As shown in FigA, Scompared with multiple
blocking levels, FITC labeled bi-peptide complexgeduced significantly stronger

immunofluorescence staining of Pancl cells, ancevediectively blocked when the



cells were incubated with a saturating dose of-jlettin-1, anti-ITGB4, or both
antibodies before staining. Thus, the combinatiorthe PTP and RGD peptides

targeting PDAC increased binding efficiency.
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Fig. 5. In vitro bispecific targeting. (A) Fluorescent microscope images of Pancl cedsbated
with Gd/FITC complex and pre-incubated with an escef either anti-ITGB4, anti-plectin-1, or
both monoclonal antibodies. Scale baru®@® (B) Mean fluorescence intensity of Pancl cebis w
analyzed bymage J 2X. *P <0.05;**, P<0.01; ***, P< 0.001.

For competition analysis, Plectin-1 and IGTB4 ELI8¥s were used. Human
Plectin-1 or ITGB4 first antibody, the corresporgligG and Bi-peptide were added
following bovine serum albumin (BSA) and cell homogtes incubation. Then
perform the following steps in accordance with tBEISA kit. Both Plectin-1
antibody and bi-peptide can block Plectin-1 antigefancl and HPDEG6-C7 cells’
homogenates. IGTB4 antibody and bi-peptide alsobback IGTB4 antigen in Pancl

and HPDEG6-C7 cells’ homogenates, as shown in Aif). S

Above all, confocal imaging and flow cytometry raled evident enhancements
in fluorescence intensity when Pancl cells wereubated with FITC-labeled
Gd-Cy7-PTP/RGD compared to that after multiple kiogs. These results
demonstrated that the bispecific PTP/RGD peptidgetad Pancl cells with high
affinity and excellent specificity. The enhancedy&ing affinity toward PDAC and

not normal pancreatic tissue is encouraging foagtgonin vivo.

3.5 In vivo microscopical imaging of bi-peptidestargeting



Specific affinity was illustrated via the confoealages of pancreatic cancer cells.
Subsequently, we wished to microscopically illuninahe specific affinity of
bi-peptides to pancreatic cancer tissues. Hencé, i@&ging was used to further
clarify the targeting affinity.

Nonspecific contrast agent fluorescein was usedotline the showed
organizational structure of normal pancreatic abd\@ tissue, which can be seen at
nearly single-cellular level in Fig. 6Aa and b. Tolevious junction between normal
pancreatic and PDAC tissue because of interstitiedsis due to carcinogenesis. And
nonspecific fluorescein couldn’'t delineate cancerdissue because of excessive
fibrosis, as shown in Fig. 6Ac. Thus, CFL imagingthwnonspecific fluorescein
illustrated that interstitial fibrosis caused by npeeatic ductal epithelium
carcinogenesis makes cancer and normal pancrdatoet easy to distinguish.
However, this ends with morphological changes.

To further explain the binding affinity of bispeciftargeting, AF647-labeled
PTP/RGD was used to target PDAC tissue. FluoresmainAF647-labeled PTP/RGD
were injected i.v. after 2 h and AF647-labeled FRIGD could outline the orthotopic
PDAC to specifically target the PDAC tissues witighh plectinl and ITGB4
expression in Fig. 6B. And then, to confirm bisfiecbinding to PDAC with
bi-peptides, bi-blocking tests were performed. Aséctinl and anti-ITGB4 were
injected 4 hours in advance for dual-blocking phectand ITGB4 combination sites
in order to verify binding specificity of bi-peped. As shown in Fig. 6C, effective
obturation function of plectinl/ITGB4 mAb made legiides probe less in PDAC
tissues and almost no localized in normal panae@dsues. Subsequently, CFL
images with AF488-labeled RGD and AF647-labeled Pilléstrated how a
single-peptide works on targeting to PDAC tissueBig. 6D.

Ex vivo fluorescence images of tumor tissue cryosectioasevgcanned by 3D
HISTECH and read bizannoramic Viewer to further reveal the targetimgplization
of RGD and PTP to PDAC, as shown in Fig. 6E. Défgral localization in cancerous
tissue was demonstrated, indicating that the btipegomplex strengthened targeting

affinity and amplified the fluorescence signal. Aiéabeled PTP diffused



throughout the tumor tissue, and most of the PbBgrvas densely distributed at the
tumor periphery, which may be because the periplenaor cells were more active
than those in the center. However, AF488-labeledRfEcumulated at the tumor
centers, suggesting that it widely bind to intedgamily proteins, not only acting on
ITGB4 overexpressed on the PDAC epithelium but tdsgeting tumor angiogenesis.
Under greater magnification, AF488-labeled RGD aAdr647-labeled PTP
overlapped in tumor tissue, as shown in Fig. 6fd B more clearly explained that
PTP targeting to tumor parenchyma tissue with Higbrescent level while RGD
extensively targeting the entire tumor tissue, esfly tumor vessels.

Using CFL imaging with fluorescence probes, the maecsm by which
bi-peptides probe targets and localizes to PDAC wamonstrated, and probe
distribution, signal intensity, and cellular morpdgy were examined. Bi-peptide
complexes demonstrated facile targeting of plettiand ITGB4 for the early
detection critically needed in PDAC. Bi-peptide idesof bi-peptides probe had
higher PDAC targeting capability than did eithergie peptide.

A Normal pancreas Junction PDAC tissue

:, . | © LA F  ArsssiaFear.iabeled PDAC
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Fig. 6. In vivo microscopical imaging of bi-peptides targeting. (A) CFL imagingin vivo of
fluorescein (green color) to outline organizatiostalicture of normal pancreatic and PDAC tissue.
Scale bar, 2@m. (B) CFL imaging of AF647-labeled PTP/RGD bisfliegdorobes (red color) and
nonspecific fluorescein (green color) was perforratdr 2 h post-injection i.v. Scale bar, 2.

(C) CFL imaging of AF647-labeled PTP/RGD bispecificobes (red color) and nonspecific
fluorescein (green color) was performed beforehplattinl and ITGB4 binding sites were
enclosed by anti-plectinl and anti-ITGB4 mAb foh4n advance for dual-blocking. (D) CFL
imaging of RGD/AF488 (green color) and PTP/AF64&d(icolor) was performed for further
explanation the binding affinity of single peptidgcale bar, 2Qum. (E) Tumor tissues were
resected 4 h after injection of RGD/AF488 and PTH&4Y. Cryosections were scanned by 3D
HISTECH at 407 nm (blue color), 488 nm (green dpland 660 nm (red color) for tissue
visualization by immunofluorescence. AF488-labl&@D is shown in green and AF647- labeled
PTP was shown in red. (F) AF488-lableed RGD (mak)l AF647-labeled PTP (n, I) were
illustrated in details for further illustration single peptide distribution difference.

3.6 In vivo bio-distribution and dual-modality imaging of Gd-Cy7-PTP/RGD

Bispecific targeting and bio-distributiom vivo were explored by noninvasive
NIRF/MRI imaging, which reflected the tumor-targeficharacteristic of the Gd/Cy7
complex. Stable fluorescence of the probe at ab@@t nm (Fig. 2A) enabled
non-invasive monitoring and quantitative evaluatwofgits bio-distributionin vivo.
Hence, the mice bearing subcutaneous Pancl tunevesimtravenously injected with
Gd-Cy7-PTP/RGD (150uL/mouse, 400ug/mL) to examine its targeting and
bio-distribution behaviorin vivo. Bio-distribution was observed by fluorescence
imaging. NIRF images of mice injected with Gd-CyYH?RGD without blocking,
with plectin-1 McAb blocking, with ITGB4 McAb bloékg, and with free Cy7 are

presented in Fig. 7Aa—d.
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Fig. 7. In vivo bio-distribution and dual-modality imaging of Gd-Cy7-PTP/RGD.
(A) In vivo fluorescence images of the bispecific probe witd aithout multiple blockings in
mice bearing Pancl tumors at different time pgist-injection. a: Mice injected with bispecific
probe; b: Mice pre-injected with an excess of phet&tMcAb; c: ITGB4 McAb blocking; d: free
Cy7 injected; e:ex vivo fluorescence images of resected tumor and majgansr from



probe-injected mice 24 h after injection;ek vivo organs from mice injected with free Cy7; g:
TBR distribution. (B) MRI images of Gd-Cy7-PTP/RGDd Gd in mice bearing Pancl tumors at
different time points after injection. (C) Gd bigstlibution in tumor and major organs as
visualized by ICP-OE®R <0.05;**, P<0.01; ***, P< 0.001.

Considerable fluorescence changes were observedtmears and the TBR
(tumor background ratio) distinctly changed 30 maiiter injection. Fluorescence
intensity in the tumors gradually increased withih of injection, and TBR reached a
9.46 maximum (Fig. 7AQ), indicating that the pratmmtinually accumulated near the
tumors. Within 24 h of injection, strong fluorescerintensity remained at the tumor
sites in the bispecific probe group (Fig. 7Aa), batfluorescence signal was observed
in the free Cy7 group 8 h after injection (Fig.7Adgmonstrating the better retention
and longer cycle time of the bispecific probe tr@nfree Cy7 near the tumors.
Plectin-1 and ITGB4 blocking produced better fllsme@nce intensity and longer cycle
times than did free Cy7; however, they producecelofluiorescence and shorter cycle
times than did staining with the bispecific probe,shown in Fig. 7Ag. This suggests
that the bispecific probe has targeting abilityrtli® single peptides, which necessary
for effective molecular imaging, good TBR, and ldegnm cycle time of molecular
probes [30]. As shown in Fig. 7Aex vivo fluorescence images of major organs from
mice injected with the bispecific probe were ob¢gin24 h after injection.
Considerable fluorescence was found in resectesdrurand weak residual signals
were found in some organs, including the liver,niegs, and intestines. However,
almost no free Cy7 signal was detected in tumotsjewweak signals were still
present in the major organs, as shown in Fig. AA#, 8, 24, and 48 h post-injection,
the fluorescence intensity in tumors and major sgaas examined USINEx vivo
images shown in Fig. S12. Fluorescence intensityrabr sites was obviously higher
than that in other tissues at all observed timatgofurther explaining the distribution
of the bispecific probe in tumors and in major orga

The excellent accumulation of the bispecific prabaumors is based on efficient
binding and prolonged cycle time. Good TBR depenu#dnly on high tumor signal
but also on low background signals, which was whgnall molecular probe was

chosen for targeting PDAC. In terms of metaboliarelteristics, small molecular



probes have some incomparable advantages. Theyclaeacterized by easy

permeability and take advantage of electron paraetagresonance (EPR) effects as
well as convenient excretion based on their smalkeoular weights and sizes [35, 36].
Easy permeability and EPR effects contributed ® high probe concentration and
fluorescence intensity at the tumor sites in thiglg Further, because of their small
molecular sizes, the probe had no immunogenicity easily escaped the RES
(reticuloendothelial system absorption) monitoguténg in negligible uptake by the

liver and spleen and decreasing background noike. probe did show increased
kidney uptake, which may have been associatedrestal excretion.

According to our design, Gd-Cy7-PTP/RGD was expkdteimprovein vivo
tumor fluorescence and MR imaging. Increasing th&#(ll§ concentration near
tumors was key to successful molecular MRI. Smatilletular probes with MR
modules make use of easy permeability and EPRteffeanore effectively enhance
Gd(lll) concentration in tumor sites than do namtipkes, which rely only on EPR
effects. Both advantages are critical for imagihgense malignancies, particularly in
pancreatic cancer, which is characterized by exdragpoperfusion, hypovascularity,
and high interstitial pressure. Nevertheless, #igeting element and NIFR module
increased the molecular weight and decreased tljlYGobncentration of the probe.
To cope with this problem, the design incorporatiell DOTAs chelated to two
Gd(ll)s to enhancd;-weighted relaxation.nlvivo MRI was performed at varying
time points after injection of Gd-Cy7-PTP/RGD tarmdnstrate its performance using
Gd as a control.

The results in Fig. 7B clearly demonstrate that Theveighted signals in the
axial position gradually changed in the tumors atembearing orthotopic human
Pancl cells treated with Gd-Cy7-PTP/RGD. Comparéth Wuorescent imaging,
which supplies only two-dimensional information abgrobe metabolism, MRI
tomography provides more valuable detallsweighted signals gradually permeated
from well-perfused peripheral to non-perfused adntegions of the pancreatic
tumors. Notably, brighteil;-weighted signals and prolonged retention caused by

probe accumulation gradually enhanced until 8 ht-pgsction. However, the



T,-weighted signals of Gd decreased at 4 h posttiojgecTo examine metabolism of
the probe, Gd(lll) retention was quantified in tunsites, as shown in Fig.7C. The
tumor tissues were collected from the mige vivo at different time intervals
post-injection and solubilized with a lysis solutioThe homogenized lysates were
diluted and measured by ICP-OES to quantitativeexnine the concentrations of
Gd(lll) in the tumor tissues. Higher concentratiomsre found in tumors than in
major organs, including the liver, spleen, and kignconsistently with thén vivo
fluorescence results at 4 h post-injection. Howeseperior Gd(lll) uptake emerged
in the kidneys compared to that in tumors at 24$t4njection, suggesting that renal
excretion was the primary metabolic pathway for pnebe. Absolutel; and SNR
(signal noise ratio) were determined at differémies post-injection, as shown in Fig.
S13.AbsoluteT; was representative &, relaxation R; relaxation of the bispecific
probe was obviously increased compared to thatdhfddd SNR of the probe was
also evidently enhanced and prolonged. Thus, tgkeeniGd(lll) concentration and
longer blood cycle time of the bispecific probe tridouted to the bettef;-weighted

signals in tumor sites than those observed affection of Gd alone.
3.7 NIRF-guided surgery for orthotropic pancreatic tumors

Fluorescence and MR imaging using Gd-Cy7-PTP/RGDewperformed, and
intraoperative NIRF guidance was demonstrated ooenfiearing orthotopically
growing Pancl-luc xenograft tumors. Bioluminescen@&il) imaging of the
orthotopic xenograft model showed remarkable flsoeace intensity and sizable
volume 27 days after Pancl-luc cell implantatiortha tails of normal pancreases.
Bioluminescence  tomography (BLT) imaging further cwately and
three-dimensionally located the orthotopic xendgraf the left abdominal region, as
shown in Fig. 8A. Under the guidance of NIRF imagithe tumors were successfully
and entirely removed by surgery, as shown in FB.a8d C. The removed tumor
tissues were then subjected to histological amalyd&E staining of the dissected
tumors further confirmed that resection marginsengggative, as shown in Fig. 8Da.

Paraffin-embedded sections of the tumors were ts@bserve tumor heterogeneity



by immunohistochemical staining of PNCA (prolifengt cell nuclear antigen).
Nuclear staining was medium and dark brown, sugggstalignant proliferation and
high heterogeneity according to the characterisifgsancreatic neoplasia, as shown
in Fig. 8Dc. Cryosections were cut into gt slices for NIRF imaging by inverted
fluorescence microscopy (800 nm). NIRF imaging ede@ that most of the bispecific
probe-positive area overexpressed human plectindl'&GB4, as shown in Fig. 8e,
and that strong NIR signals were found in the whotaor region, demonstrating that
Gd-Cy7-PTP/RGD had the capability to effectivece the PDAC xenograft tumor.
While optical imaging has some limitations in de¢igsue and image
reconstruction and quantification, it can be ead&lly adapted for intraoperative
guidance. Excellent intraoperative guidance usingGy7-PTP/RGD was verified,
and similar probes have great potential for clinagplication. Highly specific NIRF
probes could improve intraoperative location andl@ation of suspicious lesions
during surgery and provide fast assessment of tiesemargins to avoid residual
tumor tissue and relapse. Stirringly, similar apgltes to indocyanine green
fluorescence-guided surgery have already been ssitty applied to detection of
the chest sympathetic nerve in lung cancer anctieseof sentinel lymph nodes in

breast cancer [37, 38].
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Fig. 8. NIRF-guided surgery for orthotropic pancreatic tumors. (A) BLI and BLT located

pancreatic tumors. (B) NIRF imaging-guided intragpige location and removal of orthotopic
xenografts from mice bearing Pancl-luc tumors. &der, 30um. (C) The tumor was to be
removed. (D) Histological analysis and NIRF imagfog surgery. a: H&E staining of resected
tumor and partial normal pancreas; b: H&E staindigumor tissue; c: immunohistochemical



staining of PCNA, d: cryosections imaged by invérieorescence bright-field and e: NIRF field
microscopy (magnification: a, 40x; b—e, 200x).

4. Conclusions

In summary, we have prepared a plectin/integrigatad bispecific molecular
probe, Gd-Cy7-PTP/RGD, and applied it to MRI/NIRkadmodality imaging-guided
early PDAC diagnosis and surgical resection. Thalination of PTP/RGD peptides
greatly enhanced the specificity of probe and iaseel its binding efficiency to
PDAC due to the close relationship of the peptided their interaction in PDAC
tissue. Moreover, the PTP and RGD simultaneousiinbanalignant epithelial cells
and angiogenesis in tumor stroma to achieve a frauel” targeting effect when
used togethem vitro andin vivo. The excellent targeting effect lays the foundatio
for the early diagnosis and treatment of PDAC. Unitbe guidance of MRI/NIRF
dual-modality imaging, more accurate surgical arcisof PADC tumors has been
successfully achieved in an orthotopic pancreatiacer model. The bispecific
molecular probe shows great promise for clinicalligation in PDAC diagnosis and

guided surgical resection.
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