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To improve the precision and selectivity of anticancer therapies, affinity ligands targeting molecules 
of the malignancy-associated vascular signature are used. One such target is Fibronectin Extra 
Domain-B (Fn-EDB), an oncofetal splice variant of a major extracellular matrix protein (Fn), which 
is upregulated in many solid tumors as part of the angiogenic response. In this study, we conducted 
cell-free biopanning on recombinant Fn-EDB to identify a short peptide designated as PL2 (amino 
acid sequence: TSKQNSR), which specifically interacts with Fn-EDB. Notably, the C-terminal arginine 
of PL2 enables its interaction with neuropilin-1 (NRP-1), a receptor known to facilitate cell and tissue 
penetration. When administered systemically, PL2-displaying recombinant bacteriophages and iron 
oxide nanoworms (NWs) functionalized with PL2 peptide exhibited homing to glioblastoma and 
prostate tumor xenografts, followed by their extravasation and penetration into tumor parenchyma. 
This preclinical study demonstrates that PL2-functionalized NWs penetrate ex vivo explants of 
clinical ovarian carcinoma, highlighting their proof-of-concept potential as tumor-homing and tissue-
penetrating agents for precision oncology, pending further efficacy and safety validation. These 
findings underscore the potential of the PL2 peptide as a promising agent for anticancer drug delivery 
and molecular imaging applications.
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Tumor blood vessels have emerged as critical targets for therapeutic intervention. Therapeutic strategies include 
suppressing the growth or perturbing functions of the neovessels that sustain tumor lesions1,2 and leveraging the 
unique characteristics of tumor blood vessels to enhance the delivery of cytotoxic anticancer agents via specialized 
drug delivery systems. Therapeutic agents can be directed to malignant cells in the tumor microenvironment by 
using affinity ligands such as antibodies, peptides, aptamers, or small molecules that engage tumor-associated 
markers3,4. The accessibility of target receptors from the bloodstream and their adequate expression level are 
prerequisites for any effective affinity-targeted therapy4. Current affinity-targeting strategies primarily engage 
the cell surface biomarkers on malignant and tumor endothelial cells. Targeting the extracellular matrix (ECM) 
in the tumor microenvironment is less common despite its potential advantages. ECM components are estimated 
to be ~ 10-fold more abundant than cellular receptors and offer a higher capacity for drug delivery5,6. Compared 
to receptors overexpressed on the surface of malignant cells, ECM molecules provide opportunities for more 
stable targeting as they are predominantly deposited by genetically stable nonmalignant cells7. To some degree, 
ECM targeting peptides allow for intracellular delivery due to their ability to exploit the natural cellular uptake 
pathways associated with cell-matrix interactions, as shown for the PL1 peptide that uses macropinocytosis 
for cellular entry7. The ECM provides a dynamic physical and biochemical microenvironment that actively 
regulates essential cellular functions such as adhesion, proliferation, and migration, thereby influencing cellular 
developmental pathways8,9.

Overexpression of alternatively spliced ECM isoforms is associated with cancer, and specific ECM splicing 
variants have been linked to stromal activation9. Fibronectin Extra Domain-B (Fn-EDB), an acidic 91-amino 
acid splice variant of fibronectin generated by type III homology repeats, is a key component of the angiogenic 
signature, distinguished by its overexpression in solid tumors and absence in most adult tissues, except for 
the female reproductive tract10,11. A comparative analysis of Fn-EDB expression in ~ 18,800 cancer samples 
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and ~ 4,500 normal samples demonstrated upregulation of Fn-EDB in 15 types of cancer, including in grade 
I to IV malignant gliomas12. In addition, Fn-EDB is a specific marker for tumor neovessels13. To date, several 
classes of Fn-EDB targeting ligands, including antibodies, peptides, and aptamers, have been applied to deliver 
therapeutic agents, such as cytokines, cytotoxic agents, chemotherapeutic drugs, and radioisotopes, to Fn-
EDB-expressing tumors12,14,15. The Fn-EDB targeting L19 antibody and its derivatives (diabodies, Single-chain 
variable fragment (scFv), Small immunoprotein (SIP)) have exhibited potential in preclinical and clinical studies 
in EDB-FN-positive cancer patients using both systemic and intratumoral administration routes15. Daromun, an 
intralesional immunocytokine combining IL-2 and TNF conjugated to the L19 antibody, has shown effectiveness 
in local tumor destruction and treating distant disease through an immune-mediated mechanism in early 
clinical studies16–18. In contrast to antibodies, short peptides offer easy synthesis, low immunogenicity, low cost, 
biocompatibility, and moderate affinity, which helps to circumvent the affinity site barrier6,19–21. Peptides, such as 
linear PL1 and cyclic ZD2, specifically bind to Fn-EDB and have been used to target intracranial glioblastomas 
and prostate cancer, respectively22,23.

One potential limitation in the application of matrix targeting ligands for tumor delivery is the variability 
of accessibility in the ECM to circulating ligands. The accessibility, influenced by the degree of tumor blood 
vessel leakiness, generally correlates with histological grade and malignancy but varies significantly both within 
individual tumors and across tumor types. Several pharmacological strategies have been employed to increase 
tumor vascular permeability and improve tumor delivery (e.g., drugs modulating tumor blood pressure, 
inflammatory cytokines, and bradykinin mediators)24,25. We investigated the pharmacological stimulation of 
extravasation to enhance tumor ECM exposure to circulating targeting ligands by designing bispecific ligands 
that simultaneously bind the ECM molecule Tenascin-C and the cell and tissue penetration receptor neuropilin-1 
(NRP-1)26,27. The engagement of the peptide with NRP-1 induced extravasation and tissue penetration via a 
mechanism involving cellular entry and vascular transcytosis through the C-end Rule (CendR) pathway26,28–30.

Here, we used peptide-phage display on the recombinant Fn-EDB domain to identify a novel heptameric PL2 
peptide that interacts specifically with Fn-EDB. The peptide also engages the tissue penetration receptor NRP-1 
via the C-terminal arginine containing motif of the peptide, promoting cellular uptake in vitro and penetration 
of cell and tissue barriers in vivo. The in vivo phage playoff and systemic PL2-guided iron oxide nanoparticles 
showed specific accumulation in a panel of tumor xenografts implanted in mice. Our study suggests that PL2-
guided agents can be used for detection, imaging, and payload delivery to solid tumors positive for the expression 
of Fn-EDB and NRP-1.

Materials and methods
Materials
Phosphate-buffered saline (PBS) was purchased from Lonza (Verviers, Belgium). K3[Fe(CN)6], HCl, isopropanol, 
Triton-X, Tween-20, CHCl3, MeOH, Isopropyl β-D-1-thiogalactopyranoside (IPTG), and dimethylformamide 
(DMF) were purchased from Sigma-Aldrich (Munich, Germany).

Peptides and proteins
The peptides and proteins used in the study were Cys-5(6)-carboxyfluorescein (FAM)-PL2, biotin-PL2, Cys-
FAM peptides, and biotin with 6-aminohexanoic acid spacer, which were purchased from TAG Copenhagen 
(Denmark). The plasmids pASK75-Fn7B8 and pASK75-Fn789 were kindly provided by Prof. Dr. Arne Skerra31. 
The gene fragment of Fn-EDB domain was amplified from the plasmids and cloned into a pET28a + plasmid 
containing a N-terminal His6-tag for expression in E. coli strain BL21 Rosetta™ 2 (DE3) pLysS (Novagen, #70956). 
Recombinant Fn-EDB was produced as a soluble protein and purified using the HisTrap IMAC HP column 
(GE Healthcare, #17-0920-05) as previously described4,23. SDS-PAGE and mass spectrometry (MS) analyses 
were used to determine proteins purity, size, and sequence. The NRP-1 b1b2 domain protein was expressed 
and purified at the Protein Production and Analysis Facility at the Sanford Burnham Prebys Medical Discovery 
Institute (La Jolla, CA, US), and the NRP-1 b1 domain protein was expressed and purified in-house. Cloning, 
expression, purification of proteins (FN-EDB, TNC-C, NRP1, NCL and single chain antibodies FN-EDB-L19), 
and generation of polyclonal rabbit antibodies are described in Supplementary Information, Materials and 
Methods section and PL1 study protocols23.

Cell lines and experimental animals
The study utilized human glioblastoma (U87-MG, HTB-14, RRID: CVCL_0022) and prostate carcinoma (PC3, 
CRL1435, RRID: CVCL_0035) cells purchased from ATCC (VA, USA). Murine wild-type glioblastoma (WT-
GBM) cells were kindly provided by Gabriele Bergers (UCSF, USA), and stem cell-like cancer cells P3, P13 were 
gifted by Rolf Bjerkvig (University of Bergen, Norway). The M21 (RRID: CVCL_D031) melanoma cells were the 
gift of David Cheresh (USA). The cells and tumors were prepared as described in previous studies4,23,26,28,32–34.

Athymic nude mice (Hsd/Athymic Fox1 nu Harlan) were purchased from Harlan Sprague Dawley (HSD, 
Indianapolis, IN, USA) and maintained under standard housing conditions of the Animal Facility of the Institute 
of Biomedicine and Translational Medicine, University of Tartu (Tartu, Estonia). Inclusion and exclusion criteria 
for animals were based on standard experimental conditions and we selected age-matched male and female 
nude mice (11–15 weeks old). The orthotopic glioblastoma (GBM) tumor models were established using P13, P3 
stem cell-like, and WT-GBM cells. Approximately 2–3 × 10⁵ cells suspended in 3 µL of PBS were intracranially 
implanted into mice brain 2 mm right and 1 mm anterior to the bregma. For the subcutaneous models, 2−9 × 106 
U87-MG GBM and prostate carcinoma (PC3) cells in 100 µl of PBS were subcutaneously (s.c.) implanted in the 
right flank of 11−15-week-old male and female nude mice. No attrition was noted during the study, as all animal 
samples were included as per protocol. No blinding was used during the experiment and study did not include 
treatment groups; power calculations were not applicable. Our experimental design ensures that minimal bias 
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(or noise) by ensuring same sex, similar animal weight at start of experiment, same animal age, same type of 
stabling, several animals caged together.

Animal experimentation procedures were approved by the Estonian Ministry of Agriculture, Committee of 
Animal Experimentation, projects #42 and #48. We confirm that all methods were performed in accordance 
with the relevant guidelines and regulations. We confirm that the study was conducted in accordance with the 
ARRIVE guidelines35.

T7 phage peptide library biopanning
We employed T7-Select® phage display system (Novagen, EMD Biosciences, MA, USA) to generate NNK-
encoded X7 peptide phage libraries with a diversity of ~ 5 × 108 for biopanning on recombinant Fn-EDB. The first 
round of selection was carried out on Fn-EDB immobilized on a Costar 96-Well enzyme-linked immunosorbent 
assay (ELISA) plate (#3590, Corning Life Sciences, MA, USA) by coating the plate with 20 µg/ml recombinant 
Fn-EDB protein in 100 µl of PBS overnight at 4 °C. The plate was then blocked with 1% bovine serum albumin 
(BSA) in PBS overnight at 4 °C. The phage library solution (5 × 108 pfu in 100 µl of PBS-BSA) was incubated 
overnight at 4  °C, followed by 6 washes with PBS + BSA + 0.1% Tween 20 to remove non-specifically bound 
background phages. The bound phages were rescued and amplified in E. coli strain BLT5403 (Novagen, MA, 
USA)36. The subsequent selection rounds were performed with His6-tagged Fn-EDB protein (30 µg/10 µl beads) 
immobilized on Ni-NTA Magnetic Agarose Beads (QIAGEN, Hilden, Germany) at room temperature for 1 h in 
400 µl of PBS. The Fn-EDB immobilized beads were washed three times with PBS + BSA + 0.1% NP40, followed 
by incubation with the phage from the previous round (5 × 108 pfu in 100 µl of PBS + BSA + 0.1% NP40) for 
1 h at room temperature. The background and weakly bound phages were removed by rinsing six times with 
PBS + BSA + 0.1% NP40, and the bound phages were eluted with 1 ml of PBS + 50 0mM imidazole + 0.1% NP40. 
The recovered phages were titered and amplified for a subsequent round of selection. After 6 rounds of selection, 
peptide-encoding phage DNA from a randomly selected set of 48 clones from round 5 was subjected to Sanger 
sequencing to obtain information on the displayed peptides36,37.

For cell-free binding studies with individually amplified phage clones, phages were incubated with Fn-EDB 
coated magnetic beads as described above. Furthermore, the GRPARPAR phage on NRP-1 coated beads was 
used as a positive control29while the Nucleolin (NCL) and the C-domain of Tenascin C (TNC-C) were used as 
negative controls. Finally, we used phage displaying heptaglycine peptide (​G​G​G​G​G​G​G, G7) or insertless phage 
clones for negative controls.

In vivo playoff phage auditioning
To assess the systemic homing of peptide-phages to xenograft tumor models, we employed an internally 
controlled competitive assay that we have termed in vivo peptide-phage playoff23,36,38. Briefly, the candidate 
Fn-EDB binding peptides, together with previously published tumor-homing peptides and control peptides, 
were amplified individually and purified by PEG-8000 precipitation, CsCl gradient ultracentrifugation, and 
dialysis to minimize amplification biases. The equimolar pooled peptide-phages were intravenously injected into 
tumor-bearing mice at a concentration of 1 × 1010 pfu in 200 µL of PBS. After 2 h of circulation, the mice were 
anesthetized by intraperitoneal (i.p.) injection of 350 µL containing 0.1 mg/kg dexmedetomidine and 75 mg/
kg ketamine dissolved in saline or 3–4% isoflurane. Following anesthesia, the mice were perfused intracardially 
with Dulbecco’s Modified Eagle Medium (DMEM; Lonza Ltd, Basel, Switzerland) to remove non-bound phages. 
Tumors and organs were collected in LB + 1% NP40, and tissue homogenization was carried out to rescue 
peptide-phages. The lysates were then amplified in E. coli, purified through precipitation with PEG-8000, and 
the DNA was extracted using a DNA extraction kit (High Pure PCR Template Preparation Kit; Roche, Basel, 
Switzerland). To evaluate the representation of each phage in the input mixture, tumor, and control organs, we 
performed next-generation sequencing of phage genomic DNA using the Ion Torrent high-throughput DNA 
sequencing system (Thermo Fisher Scientific, Waltham, MA, USA), with reads normalized to non-targeted G7 
control phage to account for input diversity. The FASTQ data from Ion Torrent were processed using a custom 
Python (RRID: SCR_024202) script that identified the barcodes and constant flanking residues, and extracted 
the correct length reads. Table 1 provides a detailed list of the equimolarly pooled phage peptides used in this 
study.

Peptide binding assay
ELISA plates (Nunc Maxisorp, Thermo Fisher Scientific Inc., MA, USA) were coated with 20 µg of PL2 peptide 
labeled with FAM in 100 µl of PBS and incubated at 37 °C overnight. The plate wells were blocked with 1% 
BSA in PBS for 1 h at 37 °C, washed with a blocking solution (PBS containing 1% BSA and 0.1% Tween-20), 
and incubated with 2 µg of recombinant proteins in PBS per well for 6 h. The wells were washed 3 times with 
the blocking solution, and the bound protein was detected using an anti-His-tag antibody (Cat #A2-502-100, 
RRID: AB_11135798, Icosagen, Tartu, Estonia) for 1 h at 37 °C. After washing the wells 3 times with the blocking 
solution, a horseradish peroxidase-conjugated secondary antibody (Cat# 111-035-008, RRID: AB_2337937, 
Jackson Immuno Research, Cambridgeshire, UK) was added according to the manufacturer’s instructions. The 
wells were washed 3 times with the blocking solution, and a peroxidase reaction was initiated by adding 100 µL/
well of freshly prepared solution from the TMB Peroxidase EIA Substrate Kit (Bio-Rad, Hercules, CA, USA), 
followed by a 5-minute incubation at 37 °C. The reaction was stopped with 1 N H2SO4, and the absorbance was 
measured at 450 nm using a microplate reader (Tecan Austria GmbH, Salzburg, Austria).

Nanoparticle synthesis and functionalization
The synthesis and functionalization of iron oxide nanoworms (NWs) and silver nanoparticles (AgNPs) 
followed4,6,23,26,39–41. For NWs, aminated NWs were PEGylated with maleimide-5  K-PEG-NH2 (JenKem 
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Technology, TX, USA), enabling thiol-reactive maleimide groups. Subsequently, Peptides with N-terminal cysteine 
were conjugated to the PEG-NWs via a thioether bond formed between the thiol group of a cysteine residue on 
the peptide and the maleimide group on the PEGylated NWs. The concentration of NWs was determined by 
constructing a calibration curve with iron oxide, and the absorbance of NWs at 400 nm was measured using 
a NanoDrop 2000c spectrophotometer (Thermo Scientific). For AgNPs, CF647-N-hydroxysuccinimide-dye 
(NHS-dye) was conjugated to the terminal amine group of PEG, and biotinylated peptides were coated on the 
surface of the AgNPs through NeutrAvidin (NA; Sigma-Aldrich, USA). The nanoparticles were characterized 
using transmission electron microscopy (TEM, Tecnai 10, Philips, Netherlands) to image, and dynamic light 
scattering (DLS, Zetasizer Nano ZS, Malvern Instruments, UK) to assess the zeta potential, polydispersity, and 
the size, as described previously.

Cell binding and internalization assay
The U87-MG, PPC1, and M21 cells were cultured on coverslips and treated with CF555-labeled PL2 AgNPs or 
non-targeted control AgNPs at 37 °C for 1 h, as previously described7,26,28. After removing unbound particles 
with culture medium, cells were treated with an etching solution (10 mM working concentration in PBS) made 
by diluting 0.2 M stock solutions of Na2S2O3 and K3Fe (CN)6 in a 1: 1 ratio for 3 min, followed by washing 
with PBS. Cells were fixed with methanol at −20 °C for 1−2 min, and thereafter the nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI, Molecular Probes) at 1 µg/mL. Finally, the coverslips were mounted on 
microscopy slides using Fluoromount-G medium (Electron Microscopy Sciences) for confocal imaging.

Tumor-targeted delivery and biodistribution studies
FAM-labeled PL2 peptide-conjugated NW or control FAM-NW (7.5 mg/kg) in PBS were administered via tail 
vein injection to subcutaneous U87-MG, PC3, and orthotropic WT-GBM tumor-bearing mice. Five hours after 
circulation, the tumors and organs were collected via cardiac perfusion of mice under deep anesthesia with 
20 ml PBS/DMEM. Macroscopic images of tissues were taken using an Illuminatool Bright Light System LT-
9900 (Lightools Research, Encinitas, CA, USA) before snap-freezing. The frozen tissues were then cryosectioned 
with Leica CM1520 (Leica Camera AG, Germany) into 8–10 μm sections and mounted on Superfrost + slides 
(Thermo Fisher Scientific, MA, USA). The tissue sections were equilibrated at room temperature and fixed with 
4% paraformaldehyde/-20  °C methanol. Tissue staining was performed using primary antibodies, including 
rabbit anti-fluorescein IgG fragment (Cat # A889, RRID: AB_221561, Thermo Fisher Scientific, MA, USA), rat 
anti-mouse CD31 (RRID:

AB_393571, BD Biosciences, CA, USA), and in-house prepared CF647/CF546-labeled single-chain 
antibodies ScFV L19. Secondary antibodies used were Alexa 488 goat anti-rabbit IgG (Cat # A-11034, RRID: 
AB_2576217), Alexa 647 goat anti-rat IgG (Cat # A-21247, RRID: AB_141778), and Alexa 546 goat anti-mouse 
IgG (Cat # A-11003, RRID: AB_2534071) from Invitrogen, CA, USA. The tissue nuclei were counterstained with 
4′,6-diamidino-2-phenylindole (DAPI, Molecular Probes) at 1 µg/ml concentration. Coverslips were mounted 
on glass slides with Fluoromount-G (Electron Microscopy Sciences, PA, USA) and imaged using confocal 
microscopy (Olympus FV1200MPE, Hamburg, Germany). The resulting images were analyzed using FV10-
ASW4.2 viewer/Imaris software/Fiji ImageJ.

Ex vivo clinical tumor dipping assay
In compliance with the Ethics Committee of the University of Tartu, Estonia (permit #243/T27), fresh surgical 
ovarian carcinoma samples were collected from consenting patients undergoing surgery according to relevant 
guidelines and regulations accordance with the Declaration of Helsinki42. To perform the dipping assay, the 

Phage-displayed Peptides in
the “Playoff ” Mix

Representation of the phage in tumors or in control brain tissue (fold 
over G7 control phage)

WT GBM P3 stem cell-like P13 U87-MG PC3 Normal brain

Control ​G​G​G​G​G​G​G (G7) Control 1.0 1.0 1.0 1.0 1.0 1.0

Fn-EDB-selected
(round 5)

TKRKGKG Clone-2 2.7 0.7 0.8 2.0 1.0 0.2

GLGGRRIKLKTS Clone-3 0.8 0.7 1.3 0.6 1.5 0.1

GRRGRVIKLKTSEPPQ Clone-4 0.8 0.5 1.9 0.8 1.3 0.3

KVKKRGA Clone-17 1.5 0.3 1.6 1.0 0.7 0.1

RESRRGRVKLAAALE Clone-33 4.0 0.6 1.0 1.2 1.3 0.2

TSKQNSR Clone-46 11.6 32.2 4.8 19.0 4.5 0.4

CTVRTSADC ZD2 4.5 0.7 3.1 2.1 1.7 0.2

Table 1.  In vivo playoff auditioning of Fn-EDB-selected peptides in tumor xenograft models in mice. 
Significant values are in [bold]. An equimolar mixture of Fn-EDB-selected phages was intravenously injected 
into mice bearing orthotopic WT-GBM, P3 stem cell-like, P13, and s.c. implanted U87-MG glioblastoma, or 
PC3 prostate carcinoma xenografts at a dose of 1 × 1010 pfu/mouse. After 2 h of circulation, background phages 
were removed by perfusion, and the representation of individual phages in tumor and control tissues was 
evaluated by Ion-Torrent high-throughput sequencing. Phages displaying PL2 (TSKQNSR) peptide showed the 
highest representation across tumor models tested in tumor tissue. The data represent the mean of 3 mice for 
each model.
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fresh ovarian carcinoma tissues were washed with DMEM, and 1 cm3 explants were incubated at 37 °C with 
PL2-NW or non-targeted control NWs (40 mg/mL Fe in DMEM supplemented with 1% BSA) for four hours. 
The explants were then washed with PBS, snap-frozen, cryosectioned at 10 μm, and immunostained with rabbit 
anti-fluorescein primary antibodies, followed by detection with the Alexa-488 anti-rabbit secondary antibody 
(Invitrogen, Thermo Fisher Scientific, MA, USA).

Statistical analysis
The statistical analysis was conducted using Prism 6 software (GraphPad Software, Inc, RRID: SCR_002798). 
For comparisons between two groups, a student’s unpaired t-test was used, while an ANOVA test was applied 
for comparisons involving multiple groups. For Continuous data, including quantifying FAM signal in tissue 
sections, the fluorescence signal intensity of antibody-amplified FAM was analyzed from 12 to 20 confocal 
images using Fiji ImageJ freeware (RRID: SCR_003070) and were analyzed using the student’s unpaired t-test. 
Data are presented as mean values, with error bars representing ± SEM. The data are presented as mean values 
with error bars showing ± SEM. The significance level was set at p < 0.05, and the P-values are denoted as *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. The Samples were processed in a randomized order during analysis to 
prevent systematic bias. Group sizes were determined based on prior studies and standard practices in the field 
to ensure robust data collection and reproducibility. A priori power analysis was conducted to ensure the sample 
size was sufficient to detect biologically relevant differences, adhering to the 3R principles43 and guidelines such 
as PREPARE44 and ARRIVE35.

Results
Identification of Fn-EDB binding peptides
For biopanning, His6-tailed Fn-EDB domain was expressed in E. coli and purified using Ni-NTA chromatography 
(Supplementary Fig. S1). Subsequently, 6 rounds of selection were performed on immobilized Fn-EDB using X7 
peptide T7 phage libraries. The first and fourth rounds of biopanning were performed using Fn-EDB immobilized 
on polystyrene multiwell plates, and other rounds were performed on Fn-EDB coated on Ni-NTA magnetic beads 
(Supplementary Fig. S2). We observed enrichment of Fn-EDB binding of the phages through the screening, with 
round 6 pool showing ~ 3000-fold increased binding over the naive library (Fig. 1A). Sanger sequencing of 48 
random phage clones from a selection round 5 resulted in 11 unique peptide-phages that were individually 
tested for their interaction with Fn-EDB. Among the 11 candidates, 5 clones demonstrated the ability to bind to 
Fn-EDB in vitro > 50 fold over control phage displaying heptaglycine (Supplementary Fig. S3). To evaluate the 
systemic tumor homing of the in vitro selected Fn-EDB binding peptides, in vivo phage playoff auditioning was 
used38. An equimolar mixture of candidate and control peptide-phage were intravenously injected into a panel 

Fig. 1.  Identification and characterization of the PL2 peptide binding to Fn-EDB and NRP-1. (A) Biopanning 
of T7 phage-displayed X7 peptide libraries on immobilized Fn-EDB resulted in ~ 3000-fold enrichment in 
phage binding after the sixth round of selection. (B) The selected PL2 peptide phage bound to immobilized Fn-
EDB and NRP-1 b1b2 but not to control protein TNC-C, or Nucleolin. Phage binding is expressed as fold over 
control phage displaying heptaglycine (G7) peptide. (C) Alanine substitutions were introduced at each position 
of the PL2 peptide, and changes in binding were verified by measuring the percentage of changes in binding 
to immobilized Fn-EDB and NRP-1. The first peptide from the bottom without red in the box represents the 
parental PL2 peptide. (D) The interaction of synthetic FAM-PL2 peptide immobilized on an ELISA plate with 
recombinant His-tagged Fn-EDB was probed and detected using a rabbit anti-His-tag primary antibody and 
secondary goat anti-rabbit HRP antibody, followed by chromogenic peroxidase reaction. Values are expressed 
as mean ± standard deviation (SD) from 3 independent experiments; statistical analysis was performed using 
Student unpaired t-test; all statistical tests were two-sided; *p < 0.05; **p < 0.01.
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of glioma and prostate xenograft tumor-bearing mice and, following phage circulation and removal of blood 
background by perfusion, representation of peptide-phages in tumors was estimated using high-throughput 
DNA sequencing. We observed that the phage clone displaying the heptameric TSKQNSR peptide, designated 
PL2, was overrepresented in tested solid tumor models (Table 1). Interestingly, the C-terminal arginine of the 
PL2 peptide may engage with the “C-wall” binding pocket on the b1 domain of neuropilin-1 (NRP1)29.

Next, the binding of the PL2 peptide-displaying phage to recombinant Fn-EDB, NRP1, and control proteins 
(Tenascin-C C-domain, TNC-C; Nucelolin, NCL) was studied. The PL2 phages demonstrated robust binding to 
Fn-EDB and b1b2 fragment of NRP1 and no binding to TNC-C, a protein with size and negative surface charge 
similar to Fn-EDB (Fig. 1B). Interestingly, the PL2 phage exhibited ~ 700-fold higher binding to the recombinant 
NRP-1 b1b2 domain compared to the heptaglycine control phage, demonstrating a binding capacity comparable 
to the prototypic NRP-1 binding peptide, RPAPRPAR29. The binding of the PL2 displaying phage to Fn-EDB 
surpassed that of the previously reported Fn-EDB-binding peptide, ZD222 (Supplementary Fig. S4).

Alanine scanning of PL2 (TSKQNSR) was performed to characterize residue contributions to Fn-EDB 
and NRP-1 binding, using T7 phage display assays (Materials and Methods, Sect. 2.3). Alanine substitutions 
were introduced at each position (T1A, S2A, K3A, Q4A, N5A, S6A, R7A) relative to the parental PL2 peptide 
(TSKQNSR), and changes in binding to immobilized Fn-EDB and NRP-1 were quantified by ELISA (Fig. 1C, 
Supplementary Table S1). Substitution of the C-terminal arginine (R7A) reduced Fn-EDB binding by ~ 80% 
and NRP-1 binding by > 90%, confirming its role in the CendR motif for NRP-1 and partial contribution to 
Fn-EDB affinity. Serine at position 6 (S6A) decreased Fn-EDB binding by ~ 60%, suggesting involvement in 
hydrogen bonding or structural stabilization. Substitutions at threonine (T1A), lysine (K3A), and asparagine 
(N5A) enhanced Fn-EDB binding by 20–30%, indicating these residues may modulate affinity when replaced 
with alanine. NRP-1 binding was minimally affected by T1A, S2A, K3A, Q4A, and N5A (~ 0–10% reduction), 
but S6A reduced it by ~ 30% (Fig. 1C, Supplementary Table S1). These findings are consistent with the in vitro 
binding data for candidate peptides (Supplementary Fig. S3).

We then evaluated the interaction of synthetic 5(6)-carboxyfluorescein (FAM)-labeled PL2 peptide with Fn-
EDB immobilized on polystyrene ELISA plates. The synthetic PL2 peptide retained its ability to bind Fn-EDB 
(Fig. 1D).

PL2 AgNPs bind to and are internalized by tumor cells in vitro
We next studied cellular internalization of the PL2-functionalized AgNPs45. Extracellular membrane-bound 
AgNPs were selectively removed by treatment with a mild, biocompatible redox-based hexacyanoferrate/
thiosulfate etching solution, ensuring that only the signal from internalized AgNPs remained detectable40,45. 
CF555-labeled PL2-AgNPs were incubated with the Fn-EDB and NRP-1-expressing U87-MG glioma cells, 
NRP-1-positive PPC1 prostate carcinoma cells, and Fn-EDB- and NRP-1-negative M21 melanoma cells4,23,26,28. 
PL2-AgNPs exhibited robust endocytosis in U87-MG and PPC1 cells following 1-hour incubation, whereas 
non-functionalized control AgNPs exhibited negligible slight uptake in U87-MG and PPC1 cells, but not in M21 
cells (Fig. 2A, B, Supplementary Fig. S5). This difference is likely due to higher baseline endocytic activity in 
U87-MG and PPC1 cells, which may engage non-specific uptake mechanisms such as macropinocytosis and cell 
surface properties (e.g., glycocalyx, membrane fluidity), compared to M21 cells, which lack Fn-EDB and NRP-
1 expression46,47. In contrast, receptor-negative M21 cells did not internalize PL2-AgNPs nor control AgNPs 
(Fig. 2A, Supplementary Fig. S5), possibly due to less permissive membrane characteristics. Post-etching, the 
PL2-AgNP signal showed only a modest decrease in intensity compared to non-etched controls (Fig. 2A, B), 
confirming that the majority of PL2-AgNPs were taken up by the cells.

Systemic PL2-functionalized nanoparticles accumulate in tumor lesions
Next, we investigated the potential of the PL2 peptide as a systemic tumor-targeting probe. The dextran-coated 
PEGylated paramagnetic iron oxide nanoworms (NWs) have been used as a theranostic nanosystem suitable 
for systemic affinity targeting, functioning both as a drug carrier and as a magnetic resonance imaging agent 
with T2 contrast properties23,39. FAM-labeled PL2 peptide or FAM-Cys control was conjugated to NWs with an 
average size of 88.9 ± 0.9 nm and zeta potential of 9.5 ± 0.4 mV (Supplementary Fig. S6).  Conjugation of PL2 
peptides did not significantly alter particle size or surface charge, indicating successful functionalization without 
aggregation (Supplementary Fig. S6C–D). NWs remained stable in PBS during preparation and imaging, 
consistent with prior reports on NW stability under physiological conditions23,41,48,49. Based on our prior studies 
using identical maleimide-thiol coupling chemistry, we estimate a PL2 peptide density of ~ 20–22 nmol/mg of 
iron (~ 50–80 peptides per NW), with conjugation efficiencies of ~ 80–90%, as reported for similar peptide-
NW systems. Functionalization efficiency was assessed indirectly via fluorescence intensity of FAM-labeled PL2 
peptides, consistent with these prior calibrations23,26,50.

In vivo homing studies were conducted in mice bearing orthotopic WT-GBM glioma, s.c. U87-MG glioma 
and s.c. PC3 prostate carcinoma xenograft tumor models, all of which express abundant Fn-EDB and NRP-14,23,26. 
Mice were intravenously injected with 7.5 mg/kg of NWs. After circulation, mice were perfused to remove free 
NWs, and tumors along with control organs were collected, sectioned, and imaged with confocal microscopy. 
PL2-functionalization significantly increased NW accumulation in CD31-positive vascular structures across 
all tumor models (Fig.  3A−C). In some regions, PL2-NWs extravasated and accumulated within the tumor 
parenchyma (Fig. 3A−C, arrowheads).

Following 5 h of circulation, PL2-NWs demonstrated enhanced tumor accumulation compared to control 
NWs, with a ~ 7-fold increase in PC3 tumors, ~ 7.5-fold increase in U87-MG tumors, and a ~ 2-fold increase 
in WT-GBM tumors (Fig.  3A−C, Supplementary Fig. S7). In contrast, the signal for PL2-functionalized 
and non-targeted NWs was comparable in control organs, including the liver, kidney, and lung (Fig. 3A−C, 
Supplementary Fig. S7). PL2-NWs showed minimal accumulation in healthy organs (Supplementary Fig. S7), 
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suggesting low off-target effects, consistent with prior studies on peptide-functionalized NWs23,26. Future 
studies will assess acute and chronic toxicity, including immune responses, to support further translational 
applications. Furthermore, PL2-NWs exhibited selective accumulation in glioblastoma lesions, with minimal 
accumulation in nonmalignant brain in the orthotopic WT-GBM model and in the healthy brain of control mice 
(Supplementary Fig. S8).

Macroscopic fluorescence imaging showed accumulation of the PL2-NWs, but not control NWs, in U87-
MG tumors collected from mice (Fig. 4A), while no signal was detected in the control organs (liver, lung, heart, 
brain, kidney, and spleen) (Fig. 4A and D). The tumor homing pattern of the PL2-NWs was also studied by 
confocal imaging of U87-MG tumor tissue sections after staining with Fn-EDB- (ScFV L19) and NRP-1-specific 
antibodies. Fn-EDB and NRP-1 were upregulated in the tumors (Fig. 4B, C, E and F), and the PL2-NW signal 
showed extensive overlap with the receptors (Fig. 4B and C, arrows).

PL2-NWs bind to surgical explants of human clinical cancers
To evaluate the potential translational relevance of the PL2 peptide, we examined the binding and penetration 
capabilities of PL2-targeted NWs in fresh surgical explants of human ovarian carcinoma tissue. We first 
established that in these tumors, Fn-EDB were highly overexpressed (Supplementary Fig. S9). Previous studies 
have consistently demonstrated the overexpression of NRP-1in ovarian cancers, linking it to malignancy and poor 
prognosis51,52. Next, we performed an ex vivo tumor binding/penetration assay (“tumor dipping assay”)37,53 and 
observed that PL2-NWs demonstrated a 9-fold increase of binding and penetration in tumor tissue compared 
to the control NWs (Fig.  5A and B). To quantify PL2-NW tissue penetration, we performed 3D confocal 
analysis of ovarian carcinoma explants from three patients. PL2-NW signal (FAM channel) was segmented into 
discrete surfaces (n = 974) using Imaris. Across all samples, nanoworms penetrated to a maximum depth of 
33.37  μm, with a mean depth of 17.43 ± 0.17  μm. The average surface area was 537.53 ± 13.40  μm2, and the 
volume was 278.32 ± 6.78 μm3, confirming penetration beyond the sub-surface regions of clinical tumor tissue 
(Fig. 5A, Supplementary Table S4). In contrast, control NWs exhibited only a background fluorescence signal. 
These findings suggest that the PL2-NW platform holds promise as a targeted drug delivery system for ovarian 
carcinoma and, potentially, other solid clinical tumors.

Fig. 2.  Cellular internalization of PL2 peptide-functionalized AgNPs. The PL2 AgNPs and control AgNPs 
labeled with CF555 fluorophore dye were incubated with PPC1 prostate carcinoma, U87-MG glioma, and M21 
melanoma cells for 1 h. After washing and optional etching, the cells were processed for confocal imaging. (A) 
Confocal images show strong uptake of PL2-AgNPs (red) in NRP-1-positive PPC1 and U87-MG cells but not 
in NRP-1-negative M21 cells. Cells incubated with control particles are shown in boxes. Scale bar: 20 μm. (B) 
Quantification of binding and internalization of CF555-labeled particles was done using Fiji ImageJ software. 
Data represents 3 independent experiments. Error bars indicate mean ± SD (N = 3). Statistical significance was 
determined using unpaired Student’s t-test (ns, p > 0.05; **p ˂ 0.01; ***p ≤ 0.001; ****p < 0.0001).
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Discussion
We report the development of a homing peptide named PL2, which targets the tumor-associated ECM protein 
Fn-EDB, a stable and abundant antigen overexpressed in many solid tumors. In addition to binding Fn-EDB, 
PL2 engages the cell and tissue penetration receptor NRP-1, enabling nanoparticles to internalize into cultured 
cells, home to solid tumors in vivo, and penetrate clinical tumor samples ex vivo. These findings support the 
potential applications of PL2 in targeting solid tumors enriched for Fn-EDB and NRP-1. In addition, PL2 may 
hold relevance for other Fn-EDB–positive pathological conditions, such as endometriosis, based on previous 
evidence of Fn-EDB expression and successful targeting of human endometriotic lesions using the PL1 peptide 
and the radiolabeled scFv probe [^111In]In-FnBPA554,55. However, dedicated experimental validation in 
endometriosis models is required54.

PL2 represents a novel linear heptapeptide that uniquely combines Fn-EDB targeting with NRP-1-mediated 
tissue penetration in a single, unmodified sequence. Unlike iRGD, which requires proteolytic activation53 or 
PL3, which bind alternative ECM components (TNC-C)26. Whereas PL1 binds to both FnEDB and TNC-C23. 
PL2 inherently engages both targets through a minimal CendR motif. This dual-binding capability emerged 
directly from phage biopanning without structural optimization. Compared to previously reported peptides, 
PL2 offers simplified synthesis and robust tumor accumulation, as demonstrated in multiple xenograft models 
and ex vivo human tissue. A comparative summary of PL2 versus related peptides is provided in Supplementary 
Table S2.

ECM-reactive affinity ligands have been used to deliver anticancer payloads such as cytokines/growth factors, 
proapoptotic peptides, cell-permeable cytotoxic compounds, and imaging agents to tumors4,14,56,57. However, 
ECM-targeting compounds, including those targeting Fn-EDB, rely on passive delivery through the enhanced 
permeability and retention (EPR) effect, which is subject to significant inter- and intratumoral variability58,59. 
Additionally, within the tumor microenvironment, ECM-targeting ligands generally exhibit limited cellular 
uptake, necessitating the use of cleavable linkers (e.g., disulfides or hydrazones) to release drug payloads into 
the extracellular milieu57,60,61. In this study, we employed cell-free phage biopanning to identify peptides that 
bind Fn-EDB. Unlike other selected peptides, PL2 peptide possessed the C-terminal arginine residue forming 
a minimal C-end Rule (CendR) element known to mediate binding a cellular pleiotropic multiligand receptor 
NRP-129. Although the PL2 peptide-phage ranked fifth among 11 tested phages in the cell-free Fn-EDB binding 
assay, it outperformed all others in an in vivo playoff assay. The functionality of the CendR element in PL2 

Fig. 3.  Systemic PL2-NWs accumulate in solid tumors. (A, B, C) PL2-NWs and control FAM-NWs were 
intravenously injected at 7.5 mg/kg into mice bearing (A) subcutaneous PC3 prostate carcinoma, (B) 
subcutaneous U87-MG glioblastoma, and (C) orthotopic WT GBM glioblastoma xenografts. After 5 h of 
circulation, mice were perfused with PBS/DMEM, and organs (including tumors and control tissue) were snap-
frozen. Cryosections of tissues were immunostained with rabbit anti-FAM (green) and rat anti-CD31 (red) 
antibodies, counterstained with DAPI (blue), and analyzed using confocal microscopy. The boxes represent 
mice injected with control non-targeted FAM-NWs. The arrows indicate PL2-NWs (green) located along 
the CD31-positive tumor blood vessels, and the arrowheads indicate extravasated PL2-NWs in the tumor 
parenchyma. Bar charts show quantification of tissue homing of FAM signal using Fiji ImageJ software (A-C). 
Error bars indicate mean ± SEM (N = 3–6 mice per group). Scale bars: 100 μm. P-values were determined 
using Student unpaired t-test, two-tailed; ns, not significant (p > 0.05); *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001; 
****p < 0.0001.
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was demonstrated in in vitro studies, where AgNPs functionalized with the PL2 peptide exhibited strong NRP-
1-dependent cellular binding and internalization, consistent with our pervious finding for the PL3 peptide26. 
In vivo, functionalizing nanoparticles with the PL2 peptide significantly enhanced their tropism to prostate 
carcinoma and glioblastoma, with significant accumulation in the extravascular space and colocalization 
with both Fn-EDB and NRP-1 immunoreactivities. Finally, PL2-targeted nanoparticles effectively bound to 
and penetrated clinical surgical explants ex vivo, but its translational applications require further validation 

Fig. 5.  Confocal fluorescence imaging of PL2-NW binding to human ovarian carcinoma cancer explants. 
Fresh surgical explants of human ovarian carcinoma were incubated with PL2-NWs and control NWs at 37 °C 
for 4 h. The tissue sections were then stained with rabbit anti-FAM primary antibodies (green) and Alexa 
Fluor 488-conjugated anti-rabbit secondary antibodies. The nuclei were counterstained with DAPI (blue). 
The arrows indicate PL2-NW signals at the tumor rim and extravasation into the tissue. (B) Quantification of 
FAM fluorescence signal from the confocal images using Fiji ImageJ. Error bars represent mean ± SEM (N = 3). 
Statistical analysis was performed using Student’s t-test; ** p < 0.01.

 

Fig. 4.  PL2-NWs accumulate in glioblastoma lesions and colocalize with Fn-EDB and NRP-1. (A–C, upper 
row) PL2-functionalized NWs and (D–F, lower row) control NWs were injected i.v. at 7.5 mg/kg into mice 
bearing s.c. U87-MG glioblastoma xenografts. After 5 h of circulation, mice were perfused with PBS/DMEM, 
and tissues were harvested for ex vivo macroscopic imaging and fluorescence microscopy. (A, D) Ex vivo 
macroscopic Illumatool images of PL2- and control NWs in the green channel. The superimposed images of 
white light and green fluorescence channels are representative of three independent experiments. (B, C, E, 
F) Confocal microscopy images of NWs, Fn-EDB, and NRP-1 in tumor cryosections. PL2-NWs colocalized 
with Fn-EDB and NRP-1 (arrows), whereas (E, F) FAM-NWs showed only background accumulation. Tumor 
tissues were stained with rabbit anti-FAM (green), anti-Fn-EDB ScFv L19 (red), and rabbit anti-NRP-1 (red) 
antibodies. PL2-NWs (B, C) colocalize with Fn-EDB and NRP-1 (indicated by arrows), whereas control NWs 
(E, F) exhibit only background accumulation. Scale bar, 100 μm; the images are representative of 3 independent 
experiments.
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through efficacy and safety studies. This finding is not unexpected as small homing peptides typically target 
evolutionarily conserved binding pockets on their target molecules and the 91-amino acid alternatively spliced 
EDB domain is conserved across multiple species, including mice, rats, rabbits, dogs, monkeys, and humans11,23. 
Additionally, CendR peptides consistently bind to the b1 domain of NRP-1 across these species, from mouse to 
human. These studies, in the context of well-established knowledge of the upregulation of Fn-EDB and NRP-1 in 
various primary solid tumors and metastatic lesions, highlight the potential of PL2-based nanoparticle targeting 
strategy for application across a range of solid tumor types12,62. Although our studies show that the PL2 peptide 
appears a promising targeting agent for nanoparticles, there is still room for improvement and opportunities to 
broaden the range of applications.

Short homing peptides with a high degree of conformational freedom and small number of contact residues 
have typically moderate affinity yet are capable of high avidity interactions with their targets due to cooperative 
multivalent binding when displayed on nanoparticles6,20,21. This is illustrated by complement factor C1q-IgG 
interactions, where the dissociation constant (Kd) improves dramatically with increasing valency—100 µM for 
monomers, 1 µM for dimers, and 3 nM for tetramers63. Interestingly, our alanine scan revealed that at certain 
positions, particularly the N > A substitution at position 5, alanine substitution enhanced peptide phage binding 
to recombinant receptor molecules. In follow-up studies to improve the affinity of the PL2 peptide, it will be 
valuable to conduct secondary screens using constrained peptide libraries, created by randomizing nonessential 
amino acids of the PL2 peptide and/or adding additional flanking amino acids to provide stabilizing interactions. 
Another potential avenue for improving the PL2 peptide involves enhancing its tumor specificity. While NRP-1 
is overexpressed in solid tumors, it is present at lower levels in the vascular beds of normal organs, particularly 
the lungs, which could result in off-target accumulation. To address this, further improvement of the PL2 peptide 
could include capping the C-terminal arginine with additional amino acids that are engineered or screened 
to be cleaved by tumor-expressed extracellular proteases. Using a similar approach, we recently reported the 
development of a urokinase-type plasminogen activator-dependent CendR peptide to mitigate background 
accumulation in nontarget tissues27. Such continuation studies could further facilitate the applications of PL2 as 
a cancer targeting agent.

Many homing peptides, by binding to functionally important binding pockets on target molecules, trigger 
biological responses through mechanisms such as eliciting conformational changes or competing with natural 
ligands for receptor binding. Examples include the antitumor effects of LyP-164, tumor penetration induction 
and immunomodulation of iRGD30,65wound healing promotion by CAR66and suppression of choroidal 
neovascularization by PL326,67. Similarly, in addition to its use in affinity targeting, the PL2 peptide may 
possess inherent biological activity by disrupting interactions between Fn-EDB and integrins or other matrix 
components involved in adhesion, migration, and survival of malignant or tumor-promoting cells, potentially 
suppressing tumor growth, metastasis, and angiogenesis. If the biological activity of PL2 is confirmed, its 
improved variants, developed using the strategies outlined above, and proteolysis-resistant PL2 derivatives 
incorporating nonproteinogenic amino acids, will be advantageous for further applications. This study establishes 
PL2’s targeting and penetration capabilities, laying the foundation for therapeutic applications. Future studies 
will evaluate PL2-NWs loaded with cytotoxic agents, such as doxorubicin/ paclitaxel, to assess tumor growth 
inhibition and survival benefits, building on prior work with peptide-functionalized NWs 68.

In conclusion, our study presents the development of the PL2 peptide, which holds potential for applications 
in targeted drug delivery and molecular imaging. The dual targeting of Fn-EDB and NRP-1 by the PL2 peptide 
offers a promising strategy for advancing targeted cancer therapies. The use of PL2 nanoparticles to tumor 
tissues shows promise for the development of novel cancer treatments. Further studies are needed to optimize 
the peptide and assess its clinical efficacy in targeting solid tumors as well as safety.

Data availability
The datasets generated and/or analysed during the current study are included in this article and its supplemen-
tary information files. No additional data are required to be deposited in public repositories. Any additional 
data supporting the findings of this study are available from the corresponding author upon reasonable request.
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