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1. INTRODUCTION 

Cancer is the secondmost leading cause of mortality worldwide (Bray et al., 
2018). The advancement in therapeutic interventions in solid tumors, including 
surgery, radiotherapy, chemotherapy, and immunotherapy, has resulted in only 
the incremental improvement of patients’ overall survival with advanced disease 
(Araste et al., 2018). Extensive investigations are being undertaken to identify 
novel precision anti-cancer treatment strategies such as immunotherapies, per-
sonalized molecular therapies, nanomedicine, and affinity cancer targeting. The 
chemotherapy remains the first line of treatment for metastasized cancer. The 
majority of existing anti-cancer drugs show poor cancer selectivity and have 
dose-limiting side effects (Kuncic, 2015; Vrettos et al., 2018; Simón-Gracia et al., 
2018a). Tumor-specific markers can be targeted with affinity ligands to selectively 
deliver chemotherapeutics to the cancer site while limiting the damage to healthy 
tissues, thereby increasing the therapeutic efficacy (Gerber, 2008; Le Joncour & 
Laakkonen, 2018; Teesalu et al., 2013; Ruoslahti, 2017). The cancer-targeted 
precision delivery holds a remarkable potential to selectively transporting the 
chemotherapeutics to the tumor site, thereby improving the efficacy and reducing 
off-target cytotoxicity. 

An effective strategy for selecting tumor-targeting ligands is to utilize hetero-
geneity of unique receptors overexpressed in the malignant cells, neovessels, 
tumor-associated cells, immune cells, and tumor extracellular matrix (ECM) 
(Valkenburg et al., 2018). Precision-guided delivery of anti-cancer drugs with 
affinity ligands such as peptides and antibodies showed a great promise in 
accumulating increased concentration of the drug at the tumor site and reduced 
systemic exposure in the non-targeted organs (Kennedy et al., 2017; Ruoslahti, 
2017; Yoo et al., 2019). The peptides are widely used targeting ligands due to 
their specificity, small size, relative non-immunogenicity, simple, scalable and 
cost-effective synthesis, and superior tissue and cell penetration ability (Ruos-
lahti, 2017; Teesalu et al., 2013). The development of multitargeted peptide may 
further improve manifold specific targetability, delivery, accumulation and 
decreases toxicity. Currently development of multitargeted drug delivery ligands 
such as bi and tri specifics are very challenging, labor intensive, and cumbersome 
process. Phage display technology is an unbiased tool used for identifying 
targeting peptide and mapping molecular heterogeneity of the systemically 
accessible compartment in tumors and other diseases (Pasqualini & Ruoslahti, 
1996; Teesalu et al., 2012). Further, the tumor-targeting peptide can be readily 
armed with cytotoxic drugs, cytokines, toxins, radionuclides, nanoparticles (NPs) 
loaded with drugs and imaging agents for enhanced avidity, drug stability, 
improved half-life, and controlled release at the intended target tissue (Jeong 
et al., 2018; Hua et al., 2018). 

The thesis deals with the identification of novel multitargeted tumor homing 
peptides and their preclinical development for targeted delivery and imaging of 
solid tumors. Our starting hypothesis was that tumor antigen expression is 
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heterogeneous within the tumor, and multitargeting may result in a more 
homogeneous biodistribution of payloads. The multitargeting may also alleviate 
issues related to a limited number of available receptors for affinity ligands – a 
widely recognized bottleneck in affinity targeting (Hussain et al., 2014). We used 
a peptide phage display library to discover dual targeting peptides against 
selected tumor-specific receptors. To test newly identified peptides as an active 
targeting ligand, we used different model carrier NP platforms such as iron oxide 
nanoworms (NWs) and metallic silver NPs (AgNPs). Next, we systemically 
assessed peptides conjugated NPs in vivo for their targeting ability and 
biodistribution in different xenograft tumor models in mice and rats. The peptide 
NPs were used for preclinical proof-of-concept studies to investigate the 
applications of a peptide targeted precision drug delivery and imaging application 
in different solid tumors.  
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2. LITERATURE REVIEW 

2.1. Cancer drug delivery 

2.1.1. Anti-cancer drugs in cancer therapy 

Cancer is a complex and heterogeneous pathological condition that originates 
from virtually any part of the human body due to aberrant and uncontrolled cell 
proliferation (Hanahan & Weinberg, 2011). Cancer is the secondmost common 
cause of death globally, and new incidence and mortality rates are rapidly growing 
worldwide (Bray et al., 2018). Therefore, the development of novel improved 
therapeutic approaches urgently needed to cure the cancer epidemic. The most 
widely used anti-cancer therapeutic approaches are surgery, radiotherapy, chemo-
therapy, and immunotherapy. There are currently >250 the United States Food 
and Drug Administration (FDA) approved anti-cancer drugs; most of them 
chemotherapeutics (Vrettos et al., 2018). Chemotherapy, first applied in 1946 using 
nitrogen mustard in the treatment of non-Hodgkin’s lymphoma (DeVita & Chu, 
2008), is currently the only treatment option for patients with metastatic cancers.  

Typical chemotherapeutic drugs are low molecular weight agents that directly 
or indirectly kill cancer cells by disrupting the DNA/RNA synthesis of the cells 
and/or interfering with cell cycle machinery. Chemotherapeutic drugs are classified 
into several categories based on their mechanism of action. (1) Alkylating agents 
that directly damage and modify DNA, such as chlorambucil, temozolomide, 
dacarbazine, carboplatin, mechlorethamine, and melphalan (Fu et al., 2012). 
(2) Anti-metabolites imitate the natural building blocks of biomolecules: RNA, 
DNA, and, less frequently, proteins. The most commonly used drugs of this class 
are methotrexate, 6-mercaptopurine, fluorouracil, gemcitabine, nelarabine, and 
trifluridine/tipiracil (Tsesmetzis et al., 2018). (3) Topoisomerase inhibitors that 
prevent the replication of DNA and transcription by inhibiting topoisomerase I or 
II, such as camptothecin, irinotecan, etoposide, and topotecan (Rothenberg, 1997). 
(4) Mitotic inhibitors that arrest cell division by inhibiting microtubules, such as 
paclitaxel, docetaxel, vinblastine, vincristine, and cabazitaxel (Dumontet & 
Jordan, 2010). (5) Anti-tumor cytotoxic antibiotics interfere with DNA and RNA 
syntheses, such as bleomycin, daunorubicin, doxorubicin (DOX), and mito-
mycin-C (Bailly et al., 2020). (6) Steroid hormones that modulate cellular meta-
bolism are typically used to relieve the side effects of other medications; examples 
are prednisone, methylprednisolone, and dexamethasone (Pufall, 2015; Huang et 
al., 2017a; Link, 2015). The chemotherapeutic drug uses are limited due to their 
poor aqueous solubility, metabolic instability, and poor penetration in solid tumors 
that result in low drug availability and limited therapeutic efficacy (Chabner & 
Roberts, 2005; Kuncic, 2015; Vrettos et al., 2018). 

The second-generation therapies use a disease-specific target to mediate their 
therapeutic effects. They are categorized into small molecules, antibodies, and 
vaccines. The small molecules (< 900 Da) that target intracellular effectors and 
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cell surface receptors are able to diffuse rapidly across tissue barriers and the cell 
membrane. Examples of the small molecule drugs in clinical use are bortezomib 
(Velcade®), erlotinib (Tarceva®), imatinib (Gleevec®), and sorafenib (Nexavar®) 
(Crisci et al., 2019; Link, 2015). On the other hand, antibody-based therapies target 
specific cell surface receptors to precision-deliver bioactive cargoes, such as radio-
isotopes, toxins, and immune effectors. Antibody-based therapies can also modu-
late signaling cascades and immune response. Currently, there are >30 clinically 
approved antibody drugs, including the anti-CD30 antibody (Bevacizumab), anti-
HER2 antibody (Trastuzumab), and anti-CTLA-4 antibody (Ipilimumab) 
(Alibakhshi et al., 2017; Beck et al., 2017). Vaccines usually target tumor-
associated antigens (TAAs) aberrantly expressed self-antigens on cancer cells 
triggering an anti-tumor immune response. Numerous types of vaccines are 
developed from either cell, protein, peptide, viral, bacterial, gene-based system, 
RNA, and DNA. The most widely used immune-based drugs in clinical use include 
Sipuleucel T and immune checkpoint inhibitors such as anti-CTLA-4, anti-PD-1, 
and anti-PD-L1 antibodies (Lopes et al., 2019; Hollingsworth & Jansen, 2019). 
Although immunotherapeutics can lead to a cure, they are ineffective in a 
majority of patients. The current approved anti-cancer therapies offer only limited 
cures, a modest extension of life, and novel strategies are needed to deal with their 
toxicity, intrinsic or acquired resistance, clinical relapse, and limited efficacy. 

 
 

2.1.2. Drug delivery: Passive and active targeting 

The precision tumor delivery of chemotherapeutics and cytotoxic drugs could 
enhance their therapeutic index – the difference between efficacious and toxic 
doses. The ideal drug delivery system should result in increased drug accumu-
lation at the tumor site and reduced exposure of healthy tissues, improved solubility 
and stability, higher internalization and tissue penetration capacity, biocom-
patibility, and biodegradability. The passive targeting relies on the enhanced 
permeability and retention (EPR) effect first described by Maeda (Matsumura & 
Maeda, 1986). The basis of the EPR phenomenon is that solid tumors have 
angiogenic blood neovessels that are morphologically and functionally different 
from resting normal vessels; they are tortuous, leaky, and with irregular blood 
flow. In addition, tumors have poor lymphatic drainage and secrete vascular 
permeability factors to allow nutrient and oxygen supply to the growing tumor 
tissue (Zanotelli & Reinhart-King, 2018). The enhanced vascular permeability 
allows (> 40 kDa) molecules leak out from tumor vessels and accumulate in the 
tumor tissue. The passive tumor-targeting chemotherapy utilizes this specific 
property of the EPR effect for delivery. All clinically approved NPs drugs rely on 
passive targeting for their tumor delivery (Rosenblum et al., 2018). The passively 
targeted nanocarriers demonstrated reduced toxicity with similar efficacy of 
conventional chemotherapeutics drugs. However, it is increasingly recognized 
that the EPR, in particular in clinical tumors, is highly variable and limited, and 
is influenced by heterogeneity between tumor types and within the individual 
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tumor (Blanco et al., 2015; Navya et al., 2019; Lingasamy et al., 2019; Säälik et al., 
2019). 

The tumor drug delivery using nanotechnology gained immense attention over 
the past two decades due to the multifunctionality and potential theranostic 
applications. However, current passively targeted monotherapies result in only a 
small percentage of dosed particles accumulating at the tumor site (Wilhelm et al., 
2016). This low efficiency of tumor delivery is likely an outcome of a combina-
tion of factors, such as the presence of physical and physiological tissue barriers, 
clearance of NPs by the mononuclear phagocytic system (MPS), and elevated 
interstitial fluid pressure (IFP) in tumor extravascular space (Heldin et al., 2004; 
Ng et al., 2020; Hoshyar et al., 2016; Scodeller & Asciutto, 2020). The combina-
tion of inter and intratumoral heterogeneity in hypoxia, the ability of endosomal 
escape, and penetration of tumor blood vessels and -parenchyma are significant 
challenges in actively targeted drug delivery. From the translational perspective, 
nanodrug delivery is further complicated by issues related to the reproducible 
scale-up of manufacturing and complex regulatory landscape (Rosenblum et al., 
2018).  

In contrast to EPR-based passive targeting, active targeting, also referred to as 
affinity (or synaphic or pathotropic) targeting, relies on affinity ligands such as 
peptides, aptamers, and antibodies (Abs) (Ruoslahti et al., 2010). The targeting 
ligands bind to specific systemically accessible molecular markers expressed in 
a target tissue. Affinity targeting allows quantitatively more drugs to be delivered 
to the tumor site for better efficacy and lower off-target toxicity (Bertrand et al., 
2014). The identification of disease-specific markers and developing suitable 
targeting ligands for clinical application is very challenging. The realization of 
improved drug delivery with affinity ligands allowed many targeting ligands are 
undergoing clinical trials with some successes. Three precision antibody-drug 
conjugates (ADCs) CD30 targeting brentuximab vedotin, HER2 targeting 
trastuzumab emtansine (T-DM1), and CD22 targeting inotuzumab ozogamicin 
(CMC‐544) are currently approved for cancer therapy (Abdollahpour-Alitappeh 
et al., 2019). Besides, many active targeting nano-encapsulated chemothera-
peutics are undergoing preclinical and clinical testing. Examples of targets of 
affinity ligands are anti-angiogenic alpha-v integrins, p32, tumor-associated ECM 
isoforms, aminopeptidase N (CD13), transferrin receptor (TfR), B-lymphocyte 
antigen (CD19), human epidermal growth factor receptor 2 (HER2), and PSMA 
(prostate-specific membrane antigen), EGFR (epidermal growth factor receptor), 
nucleolin, stromal cell-derived factor 1/ C-X-C motif chemokine 12 (CXCL12/ 
SDF-1)(Shi et al., 2017; Rosenblum et al., 2018; Kaur et al., 2018; Wang et al., 
2019; Scodeller & Asciutto, 2020; Simón-Gracia et al., 2018b; Hunt et al., 2017; 
Venning et al., 2015; Lingasamy et al., 2020b; Lu et al., 2017). The peptides offer 
advantages such as small size, low immunogenicity, cost-effective and scalable 
synthesis, and ease of multivalent presentation on NPs. Peptide-targeted NPs 
have been used for tumor-targeted delivery in numerous preclinical models (Le 
Joncour & Laakkonen, 2018; Pemmari et al., 2020b; Mishra & Panda, 2019; Zhao 
et al., 2020; Lingasamy & Teesalu, 2020). 
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2.2. Tumor homing peptides: discovery and 
applications for precision tumor delivery of drugs and 

imaging agents 

2.2.1. Vascular heterogeneity of tumors 

Recognition that tumor growth requires a supply of oxygen and nutrients inspired 
Judah Folkman in 1971 to postulate the requirement for inducing the growth of 
tumor neovessels for solid tumors to grow beyond 1–2 mm3 (Sherwood et al., 
1971). This new vessel formation, angiogenesis, is a hallmark of tumor growth 
and progression (Ruoslahti, 2002; Hanahan & Folkman, 1996). Unfortunately, 
the pharmacological modulation of angiogenesis cascades and vascular status to 
“starve tumors to death” has not proven as successful as initially hoped for (Kremer 
et al., 2017; Jain et al., 2006; Kim et al., 1993; Maj et al., 2016). Angiogenic blood 
vessels are morphologically and functionally different from resting mature blood 
vessels: they are branched, shaped irregularly, exhibit variable intravascular 
distances, and are hyperpermeable to plasma components (Tonini et al., 2003; 
Carmeliet & Jain, 2000). The tumor blood vessels have interconnected endothelial 
cells (ECs) with no regular mural cell association and prominent vesiculo-
vacuolar organelles that contribute to increased leakiness and hyper-permeability 
phenotype (Jain, 2005; Goel et al., 2011). In addition to the generic, angiogenesis-
associated, molecular signature tumor neovessels display molecular markers that 
depend on tumor type, location, and stage (Joyce et al., 2003; Hoffman et al., 
2003). Similarly, the lymphatic vessels express markers that are not present in the 
healthy lymphatic tissue and tumor blood vessels (Laakkonen et al., 2002; 
Tammela & Alitalo, 2010). This heterogeneity in tumor vasculature can be 
targeted with specific affinity ligands for the delivery of drugs, imaging agents, 
and NPs with reduced off-target side effects (Ruoslahti, 2012). 

Tumor vascular signature is due to a combination of generic malignancy-
associated and type-specific mechanisms. The tumor ECs are derived from pre-
existing local vasculature and circulating marrow-derived endothelial progenitor 
cells (Rafii et al., 2002). Compared to normal ECs, the tumor ECs are highly 
dependent on glucose metabolism to support significantly higher proliferation 
and have cytogenetic abnormalities (Cantelmo et al., 2016; Hida et al., 2004). 
Vascular supporting cells, pericytes, are less abundant and loosely connected in 
tumor vessels than in healthy blood vessels (Dudley, 2012), and express lower 
levels of surface markers such as platelet-derived growth factor receptors (PDGF-R) 
and NG2 proteoglycan (Song et al., 2005; Stallcup & Huang, 2008). Hypoxia in 
rapidly growing tumor tissue induces the expression of proangiogenic factors 
such as vascular endothelial growth factor (VEGF), downregulates the activity of 
oxygen sensors such as prolyl hydroxylase domain proteins (PHD1–3). 
Furthermore, hypoxia increases the deposition and remodeling of some types of 
ECM molecules (Goel et al., 2011; Mazzone et al., 2009; Gilkes et al., 2014). 
Hypoxia in tumors also induces tumor aggressiveness by promoting malignant 
progression, angiogenesis, metastasis, and resistance to therapies.  
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The tumor vessels express a signature of angiogenesis-associated markers 
such as members of VEGF family, basic fibroblast growth factor (bFGF), 
angiogenin (Ang), transforming growth factors (TGF) α and β, tumor necrosis 
factor α (TNF-α), platelet-derived endothelial growth factor (PDGF), granulocyte 
colony-stimulating factor (G-CSF), placental growth factor (PGF), interleukin-8 
(IL-8), hepatocyte growth factor (HGF), delta-like ligand 4 (DII4), matrix 
metalloproteinases (MMP), integrins (αvβ3 and αvβ5), semaphorins (Semas), 
epidermal growth factor (EGF), and ECM components including splice variants 
of fibronectin EDB (Fn-EDB), tenascin C FnIII C (TNC-C) and hyaluronan (HA) 
(Rajabi & Mousa, 2017; Chung et al., 2010; Tonini et al., 2003). Also, the expres-
sion of proteins that are expressed in resting cells in intracellular space, such as 
nucleolin, annexin1, plectin-1, and P32 are induced on the cell surface of 
malignant and tumor-associated cells (Christian et al., 2003; Fogal et al., 2008; 
Kelly et al., 2008; Oh et al., 2004). Many pathological conditions that involve 
angiogenesis, including cancer, inflammation, atherosclerosis, thrombosis, sepsis, 
vascular leak syndromes, and tissue regeneration, share vascular signatures. 
Importantly for translational relevance, the tumor neovessels are genetically stable 
compared to malignant cells that are prone to undergo mutations (Quail & Joyce, 
2013; Rak et al., 2002). 

 
 

2.2.2. Exploration of vascular heterogeneity 
by in vivo peptide phage display 

The phage display is a powerful high-throughput method that has been widely 
used as an unbiased tool to map the molecular landscape of the target and to 
develop systemic homing peptides for diseases or organ of interest (Pasqualini & 
Ruoslahti, 1996; Bábíčková et al., 2013). Bacteriophages or phages are bacterial 
viruses composed of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) 
genome encapsulated by nucleocapsid proteins that infect and replicate within 
bacteria. Phage display is a generally used method for peptide and Abs discovery 
based on different bacteriophage vectors, including M13, T7, T4, and f1. Peptide 
phage libraries were first developed by George Smith in 1985, followed by Greg 
Winter, developing the first antibody phage libraries in 1991(Smith, 1985; 
Clackson et al., 1991).  

The commonly used filamentous M13 phage is a lysogenic phage that contains 
a single‑stranded DNA. In contrast, the T7 lytic phage display consists of the 
double‑stranded DNA exhibits increased stability, increased diversity, and is less 
prone to mutations during replication. The T7 phage DNA is ~40 kb packed into 
~55–60 nm diameter icosahedral head formed by capsid proteins (Fig. 1). For 
display of exogenous peptides at 1–415 peptides/phage particle, the major coat 
protein 10A or 10B gene is fused at the C-terminal region with foreign DNA 
encoding a displayed peptide (Teesalu et al., 2012; Deng et al., 2018; Ruoslahti, 
2017). Insertion of randomized DNA fragments allows to have ~108 of short 
peptide sequences displayed on phage particles for biopanning for the discovery 
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of peptidic affinity ligands (Smith & Petrenko, 1997). The peptide density and 
particle size of T7 virions are similar to typical clinical NPs, allowing the use of 
discovered peptides on NPs in preclinical settings. 

 

 
Figure 1. The structure of T7 phage. The genetic material of T7 phage is linear double-
stranded DNA protected by capsid head (outer shell) assembled from gp10A and gp10B 
proteins. The internal core proteins gp14, gp15, gp16 are involved in binding and 
transformation of phage genomic DNA into E. coli. 
 
The tumor-targeting peptides are discovered by phage biopanning using different 
strategies such as in vitro, ex vivo, and in vivo selections (Liu et al., 2017). The 
tumor vascular heterogeneity can be explored by agnostic in vivo phage display 
to identify peptides that target systemically accessible receptors, whereas in vitro 
phage display is used to identify peptides targeting known tumor vascular 
receptors. The in vivo phage display considers the heterogeneity and complexity 
of living animals and allows unbiased identification of targeting peptides 
(Pasqualini & Ruoslahti, 1996). For in vivo biopanning for tumor homing peptides, 
the peptide phage libraries (108–1010 pfu) are injected systemically in tumor-
bearing mice; after 10–60 min circulation, the unspecific and unbound phage 
particles are removed by perfusion (Fig. 2). Finally, the target and control organs 
are collected for phage quantification and rescue by amplifying phages in E. coli 
for the next biopanning round. The biopanning steps are repeated until enrichment 
at the target site, and the collapse of diversity of the library are observed. 

The candidate peptides can be identified by next-generation sequencing 
(NGS) to comprehensively assess the representation of individual peptide-phages 
in different organs and tumors through the screen. The candidate peptides are then 
synthesized and evaluated for homing as fluorescent peptides and, after 
successful validation, used as a targeting ligands on the surface of NPs, drugs, 
and imaging agents for targeted delivery (Matochko & Derda, 2015; Teesalu et 
al., 2012). Besides the search for malignant disease-targeting peptides, in vivo 
peptide phage display has been applied for the identification of systemic homing 
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peptides for other diseases and healthy organs (Yang et al., 2011; Mann et al., 
2016, 2017; King et al., 2016; Bábíčková et al., 2013; Cureton et al., 2017; 
Pemmari et al., 2020a; Acharya et al., 2020). 
 

 
Figure 2. In vivo phage peptide biopanning. (1) Peptide phage library is injected 
through the tail vein of tumor-bearing mice. (2–3) After 10 to 60 min circulation, 
unspecific peptide phages are removed from circulation by perfusion through the heart, 
and organs are collected for analysis. (4, 6) The bound peptide phage from the tumors is 
titered, amplified in E. coli, and used as input for the next biopanning round. (5) After 
biopanning, the peptide-encoding phage genome is subjected to next-generation 
sequencing, and enriched candidate peptides are individually validated for target specificity. 
The newly identified synthetic peptides are used for affinity targeting and delivery. 
 
 

2.2.3. Classes of tumor homing peptides 

Over the past years, numerous tumor homing peptides have been discovered that 
target tumor cell surface receptors, angiogenic tumor vessels, blood vessels, 
tumor ECMs, tumor-associated macrophages and pericytes, tumor-associated cell 
such as fibroblast, murine and endothelial cells to achieve tumor-specific payload 
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delivery in preclinical and clinical settings (Fig. 3)(Saw & Song, 2019; Simón-
Gracia et al., 2018a; Zhao et al., 2020; Andrieu et al., 2019; Le Joncour & 
Laakkonen, 2018).  
 

 

Figure 3. Overview of tumor homing peptides and their receptors. Tumor targeting 
peptides and their receptors are shown within and around the tumor and associated cells. 
The image was adopted from book chapter (Lingasamy & Teesalu, 2020). 
 
Tumor homing peptides can be classified into two subcategories. First, docking-
based tumor homing peptides that use systemically accessible molecular markers 
in the tumor tissue that are specifically expressed at the surface of the endothelial 
cells or target extravascular structures at the sites of vascular leakiness. Second, 
tumor penetrating peptides (TPPs) that trigger a multistep mechanism to allow 
extravasation and penetration deep into the tumor parenchyma (Teesalu et al., 
2013; Ruoslahti, 2017). The TPPs work by the multistep process, described below 
for prototypic TPP, iRGD (CRGDKGPDC). First, the vascular homing RGD motif 
binds to tumor-associated systemically accessible receptor molecules (alpha-v 
integrins); second, the tumor recruited iRGD peptide is proteolytically processed 
to activate its cryptic C-end Rule (CendR) motif (CRGDK/R). The cleaved peptide 
loses its affinity for integrins and acquires the ability to bind to neuropilin (NRP-1 
and 2)- transmembrane receptors with critical roles in regulating vascular per-
meability and cellular uptake (Roth et al., 2012). This secondary NRP-1/2 binding 
activates the CendR pathway for enhanced extravascular transport of drugs into 
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tumors. Detailed understanding of the iRGD pathway has enabled the develop-
ment of other TPPs with different primary receptors and activating protease 
susceptibilities (Braun et al., 2016; Alberici et al., 2013; Paasonen et al., 2016). 
 
 

2.3. Tumor extracellular matrix as a target 
for affinity ligands 

2.3.1. Extra Domain B of Fibronectin 

Fibronectin (FN) is an abundant, multifunctional, and multidomain ECM 
glycoprotein that has been demonstrated to play roles in survival, proliferation, 
and invasion of malignant cells (Wierzbicka-Patynowski & Schwarzbauer, 2003). 
FN is a disulfide-bridged dimer of ∼250–280 kD subunits (Ruoslahti, 1988; 
McDonald, 1988). FN is a modular protein: it consists of three repeated motifs, 
referred to as type I, II, and III repeats. These contain binding sites for other ECM 
proteins and cell surface receptors (Kaspar et al., 2006) (Fig. 4). The fibronectin 
pre-mRNA undergoes alternative splicing during embryogenesis and tumori-
genesis to give rise to 20 different variants. “Oncofetal fibronectins” – fibronectin 
type III extra-domain A (EDA) and extra-domain B (EDB) are overexpressed in 
most solid tumors and during wound healing but undetectable in normal adult 
tissues (Tamkun et al., 1984; Schwarzbauer et al., 1983; Pagani et al., 1991; 
Colombi et al., 1986; Castellani et al., 1994). The FN-EDB and EDA domains 
have been considered one of the most specific markers of angiogenic blood 
vessels (van Obberghen-Schilling et al., 2011). Single FN-EDB or EDA null mice 
show healthy development, but mice lacking both domains of FN show vascular 
defects that result in embryonic death (Fukuda et al., 2002). 

 
Figure 4. The modular structure of fibronectin. Fibronectin is a large modular protein 
composed of type I, II and III domains. The three extra-domain type III repeats shown in 
orange can be either inserted or omitted in the molecule by the mechanism of alternative 
RNA splicing: EDB, EDA, and IIICS. 
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The EDB domain was discovered during the experiment of proteolytic cleavage 
of FN molecules obtained from different tumor sources (Borsi et al., 1985).  
FN-EDB consists of 91 amino acids encoded by a single exon that is identical in 
mouse, rat, rabbit, dog, monkey, and human (Neri & Bicknell, 2005). The EDB 
domain-containing fibronectin is abundantly expressed in many aggressive solid 
tumors such as breast (D’Ovidio et al., 1998), hepatic (Rybak et al., 2007), 
pulmonary (Oyama et al., 1990), colorectal (Pujuguet et al., 1996), head and neck 
carcinoma (Birchler et al., 2003), lymphoma (Schliemann et al., 2009b), glioma 
(Ohnishi et al., 1998; Teesalu & Lingasamy, 2020; Lingasamy et al., 2019) and 
melanoma (Frey et al., 2011), but is undetectable in healthy adult tissues (Kumra 
& Reinhardt, 2016).  

The FN-EDB is expressed prominently in the perivascular space, and expres-
sion is activated during angiogenesis in the tumors and during wound healing and 
embryogenesis (Castellani et al., 1994; Kaspar et al., 2006; Schliemann et al., 
2009a; Rybak et al., 2007; Villa et al., 2008). The transforming growth factor-beta 
(TGF-β), glucose levels, and reduced intracellular pH were shown to regulate the 
alternative splicing to yield the deposition of EDB (Borsi et al., 1990; Khan et al., 
2005). Fn-EDB has gained significant interest in the development of ligand-based 
targeted imaging and for therapeutic applications. During the last decades, 
various EDB ligands have been identified, including Abs BC-1 and ScFV L19 
(Carnemolla et al., 1989; Pini et al., 1998), peptides ZD2 and aptides (APTEDB) 
(Han et al., 2015; Kim et al., 2012b). These ligands are investigated for their 
potential applications as targeting vehicles of therapeutic payloads in preclinical 
and clinical settings. Notably, Neri and his colleagues in Philogen S.p.A. showed 
Fn-EDB targeting antibody fragment (L19)-mediated delivery of immune 
cytokines (interleukin 2 (IL 2), IL12, TNF) have anti-tumor activity in various 
advanced solid tumors with mild reversible toxicities. A combination therapy 
with drugs or radiotherapy in the clinical trial showed a positive outcome in solid 
tumor patients (Kumra & Reinhardt, 2016; List & Neri, 2013; Johannsen et al., 
2010; Weide et al., 2019). 

 
 

2.3.2. Tenascin C extra domain C 

Tenascin-C (TNC) is a large hexameric multidomain ECM glycoprotein enriched 
in the stroma of gliomas and mammary tumors (Chiquet-Ehrismann et al., 1986; 
Bourdon et al., 1983). Whereas TNC is expressed during embryogenesis, most 
healthy adult tissues are negative for its expression. TNC is expressed abundantly 
in the stroma of most solid tumors and inflammation (Brösicke & Faissner, 2015). 
TNC comprises different domains: EGF-like repeats, fibronectin type III domains 
(FNIII), and fibrinogen globular domain (FBG) domain (Fig. 5). The nine 
different FNIII domains (A1-A4, B, AD2, AD1, C, D) are differentially included 
or excluded by RNA alternative splicing between the fifth and sixth constant FN3 
domains. The TNC monomer has a molecular weight between 190 and 330 kDa 
due to differential glycosylation and alternative splicing (Tucker & Chiquet-
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Ehrismann, 2015; Midwood & Orend, 2009; Giblin & Midwood, 2015). The 
large isoforms of TNC are expressed during tissue remodeling, angiogenesis, 
wound healing, and tumorigenesis of various cancers (Jones & Jones, 2000; 
Ishiwata et al., 2005). The TNC knockout mice are born alive but exhibit abnormal 
behavior like impaired mobilization, hyperactivity, and structural aberrations 
such as compromised lung branching and downregulation of fibronectin 
(Fukamauchi et al., 1996; Mackie & Tucker, 1999; Roth-Kleiner et al., 2004; 
Orend & Chiquet-Ehrismann, 2006). 

 
Figure 5. The domain structure of human tenascin-C. The organization of tenascin-C 
domains illustrated with amino terminus starting with TA domain, 14.5 epidermal growth 
factor-like domains (EGF)-like repeats, the universal eight constant FNIII domains (FNIII 
repeats 1–5 and FNIII repeats 6–8), where nine additional domains included in a depending 
on alternative RNA splicing, and single fibrinogen-like domain at carboxyl end. 
 
The FNIII C domain of TNC-C, a 91 amino acid domain inserted by alternative 
splicing, is 95% conserved between mice and humans (Joester & Faissner, 1999; 
Lingasamy et al., 2020b, 2019; Teesalu & Lingasamy, 2020; Lingasamy et al., 
2020a). The oncofetal TNC-C domain is highly expressed during embryogenesis, 
in the stroma of most solid tumors, and in angiogenic vasculature. In contrast, the 
expression of TNC-C is undetectable in healthy adult tissues by immuno-
histochemistry and northern-blot analysis (Carnemolla et al., 1999; Tucker et al., 
1994; Dörries & Schachner, 1994). The TNC-C strongly expressed in aggressive 
brain tumors and various carcinomas such as high-grade astrocytoma (grade III), 
glioblastoma, most of the lung cancers, renal cell carcinoma, malignant melanoma, 
and urothelial carcinoma. TNC-C domain shows the restricted pattern of expres-
sion around angiogenic vasculature, proliferating cells, and tumor stroma with a 
predominantly perivascular staining pattern (Carnemolla et al., 1999; Silacci et 
al., 2006; Schliemann & Neri, 2007; Tanaka et al., 2006; Talmadge, 2011).  

The upregulation of TNC-C correlates with tumor grade and is associated with 
poor prognosis in most solid tumors (Talmadge, 2011). The presence of the TNC-
C domain is a marker of vascular proliferation in cerebral cavernomas (Viale et 
al., 2002). Radiolabeled monoclonal antibody targeting the A1-D domain of 
tenascin C has been used for imaging and radiotherapy in patients with cancer for 
years (Paganelli et al., 1999; Riva et al., 1999). Various TNC affinity targeting 
ligands, including single-chain antibody (ScFV) G11, aptamers, and FH peptide, 
have been identified for targeted tumor payload delivery (cytokines, radio-
nuclides, drugs) (Spenlé et al., 2015; Lingasamy et al., 2020b, 2019).  
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2.3.3. Hyaluronan 

Hyaluronic acid (HA) is a ubiquitously expressed non-sulfated glycosa-
minoglycan (GAG) discovered in 1934 that consists of an alternatively repeating 
disaccharide of D-glucuronic acid and N-acetyl-D-glucosamine units (Meyer & 
Palmer, 1934; Schanté et al., 2011). HA is a ~106 kDa molecule that is syn-
thesized by an integral plasma membrane glycosyltransferase, hyaluronan syn-
thase, and degraded by hyaluronidases (Necas et al., 2008). HA plays an essential 
role in maintaining the mechanical integrity of the ECM network and in modu-
lating cell growth. HA is critically involved in a wide range physiological, bio-
logical functions ranging from control of hydration of tissues and water transport, 
ECM organization, cell adhesion, migration, mitosis, angiogenesis, morpho-
genesis, and in disease and tissue repair (wound healing, inflammation, tumori-
genesis, and dissemination of tumors) (Simón-Gracia et al., 2018a; Zhang et al., 
2018; Necas et al., 2008). HA is a hydrophilic, biocompatible, and non-immuno-
genic molecule with clinical applications in tissue engineering, arthritis treatment, 
ocular surgery, drug delivery, and molecular imaging. Importantly, HA and its 
derivatives have been used to develop drug carriers for the specific and sustained 
delivery of different classes of therapeutic payloads (Lee et al., 2020; Ikemoto et 
al., 2017). The overexpression of HA at metastatic sites in ovarian cancer con-
tributes to the peritoneal dissemination, and the HA level correlates with high 
tumor grade and poor disease outcome (Ween et al., 2011; Zhong et al., 2020). 
HA is found in the tumor-associated ECM in many types of tumors, and affinity 
targeting of HA may allow the delivery of drugs and imaging payloads to tumors. 
 
 

2.4. Peptide targeting of cell surface receptors 

2.4.1. Neuropilin-1 

Neuropilins (NRPs) are conserved cell surface proteins, first described in neurons, 
expressed in all vertebrates (Takagi et al., 1987). NRP family consists of two 
homologous transmembrane glycoproteins, NRP1 (120 kDa) and NRP2 (112 kDa). 
NRP1 acts primarily as a co-receptor for various secreted ligands such as Sema-
phorins (SEMAs) (Nakamura & Goshima, 2002), VEGF family, heparin (Mamluk 
et al., 2002), transforming growth factor-β, hepatocyte growth factor (HGF) 
(Vivekanandhan & Mukhopadhyay, 2019) and integrins (Goel et al., 2013). The 
NRP1 knockout results in embryonic lethality due to defects in vascular patterning 
and development (Takashima et al., 2002; Kawasaki et al., 1999). NRP1 plays an 
essential role in physiological and pathological processes, including angiogenesis, 
cardiovascular development, neuronal guidance, immunity, inflammation, and 
cancer (Staton et al., 2007; Chaudhary et al., 2014). NRP1 is widely expressed in 
endothelial cells and other cells, and its expression is robustly upregulated in a 
most of cancers, including prostate cancer (Tse et al., 2017; Teesalu et al., 2009), 
oral squamous cell carcinoma (Stasikowska-Kanicka et al., 2018), glioblastoma 
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(Nasarre et al., 2010), breast cancer (Stephenson et al., 2002), gastric cancer (Ding 
et al., 2018), leukemia (Karjalainen et al., 2011), and melanoma (Huang et al., 
2017b). NRP1 plays a functional role in tumor progression by promoting lymphatic 
metastasis by increased tumor lymphangiogenesis and modulating invasiveness, 
and thus correlates with tumor stage, progression, and a poor prognosis (Ellis, 2006; 
Chaudhary et al., 2014; Prud’homme & Glinka, 2012; Niland & Eble, 2019).  

A tumor-penetrating peptide motif, containing R/KXXR/K consensus C-end 
Rule (CendR) motif, binds to the b1b2 domain of NRP-1 and potentiates vascular 
permeability and trans-tissue transportation (Teesalu et al., 2009; Sugahara et al., 
2009). The CendR motif is present in several growth factors, including VEGF-
A165, HGF/SF, and semaphorins that bind to the b1 domain of NRP-1 (Acevedo 
et al., 2008; Becker et al., 2005; Lambert et al., 2009). Targeting NRP1 through the 
CendR pathway allows enhanced transporting payloads from small molecules, 
drugs, imaging agents, and NPs deep into a target tissue.  

 
 

2.4.2. P32 protein 

The p32 (also called gC1qR /HABP1/P33/C1qBP) is a trimeric 32 kDa acidic 
mitochondrial chaperone (Saha & Datta, 2018; Van Leeuwen & O’Hare, 2001; 
Ghebrehiwet & Peerschke, 1998). In mitochondria, p32 shifts metabolism from 
oxidative phosphorylation (OXPHOS) to glycolysis (Fogal et al., 2010) and 
regulates kinase activity (Storz et al., 2000). Interestingly and relevant for affinity 
targeting, P32 is a multicompartmental protein: it is expressed in mitochondria in 
quiescent cells and upregulated at the surface of malignancies in endothelial cells 
(blood and lymphatic), malignant cells, and tumor-associated macrophages (Saha 
& Datta, 2018). High cell surface P32 expression has been observed in many 
cancers, including ovarian (Yu et al., 2013) and breast (Chen et al., 2009) car-
cinoma, and cultured cells of breast cancer (MCF7, 4T1, MDA-MB-231, MCF10-
CA1a) (Fogal et al., 2008), endometrial cancer (Zhao et al., 2015), melanoma 
(MDA-MB-435), prostate cancer (PC3) (Amamoto et al., 2011), and glio-
blastoma (Agemy et al., 2013; Säälik et al., 2019) origin. In patients, over-
expression of p32 in cancer correlated with stage and prognosis in patients (Saha 
& Datta, 2018). The distinct expression pattern of P32 in cancer and its role in 
metabolism makes p32 a promising target for therapy and diagnostic application. 

Several peptide ligands have been developed to target P32 protein. Lyp-1 
(CGNKRTRGC) peptide was the first P32 targeting peptide identified using the 
in vivo phage display (Laakkonen et al., 2002). Another peptide, CGKRK, has 
shown to use cell surface p32 protein as its receptor (Agemy et al., 2013). Recently, 
improved P32-targeting TT1 peptide (active both as a disulfide-bridged cyclic 
CKRGARSTC and as linear linTT1 peptide, AKRGARSTA) was developed by 
cell-free biopanning on recombinant p32 (Sharma et al., 2017; Paasonen et al., 
2016). TT1 peptide belongs to the class of TPPs and thus has additional properties 
for tumor penetration apart from P32 binding. TT1 peptide first binds in P32 on 
the cell surface, followed by processing by tumor-associated protease urokinase-
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type plasminogen activator (uPA) to expose the CendR motif (AKRGAR to 
enable NRP-1 binding to trigger vascular exit, parenchymal spreading, and cellular 
internalization of the peptide (Sharma et al., 2017; Paasonen et al., 2016). The 
TT1 peptide has been evaluated in preclinical studies for targeting breast, gastric 
cancers (Hunt et al., 2017; Simón-Gracia et al., 2018b) and glioblastoma (Säälik 
et al., 2019). Interestingly, linTT1 peptide has also been used for the development 
of precision nanosystems for targeting macrophages during myocardial infarction 
(Torrieri et al., 2020). 

 
 

2.4.3. Integrins 

Integrins are a family of structurally related heterodimeric transmembrane proteins 
built in humans from 18 α and 8 β subunits (Hynes, 2002). Integrins are best-
understood cell adhesion receptors with critical roles in embryonic development, 
innate and antigen-specific immunity, leukocyte trafficking, regulation of cell 
growth and differentiation, wound healing, hemostasis, signaling, and patho-
genesis of many disease states (Shimaoka & Springer, 2003). Integrins interact 
with many components of the ECM, such as laminin (LAM), paxillin, POSTN, 
vitronectin, fibronectin, fibrinogen, and collagen, as well as growth factors (e.g., 
TGF-β) and cell surface receptors (e.g., uPAR). Integrins are expressed in a cell-
type-specific manner (Desgrosellier & Cheresh, 2010; Takada et al., 2007). The 
expression of αvβ3, αvβ5, a5β1, a6β4, a4β1, and αvβ6 integrins regulates migra-
tion, proliferation, and survival in many solid tumors, and expression is correlated 
with disease progression in various tumor types such as colon, non-small-cell 
lung carcinoma, glioblastoma, pancreatic, prostate, breast, melanoma (Hamidi & 
Ivaska, 2018).  

In the early 80s, Arg-Gly-Asp (RGD) sequence in fibronectin was identified 
integrin (α5β1, αVβ1, αVβ3, αVβ5, αVβ6, αVβ8, and αIIbβ3) binding motif 
(Pytela et al., 1985; Pierschbacher & Ruoslahti, 1984). Since then, many different 
RGD-based peptides and peptidomimetics have been developed to target integrins 
for tumor-targeted delivery of therapeutics, imaging agents, and NPs. 

Among the integrin-binding peptides, the cyclic 9–amino acid iRGD tumor 
penetrating peptide (clinically developed as CEND-1) is a landmark discovery in 
precision cancer delivery (Sugahara et al., 2009). Different from monospecific 
integrin-targeting peptides, iRGD (CRGDRGPDC or CRGEKGPDC) is a modular 
peptide with both tumor homing and CendR-dependent tumor penetrating pro-
perties. The iRGD peptide binding and internalization is a multistep process 
(involving vascular homing, protease processing, and engagement of tissue 
penetration receptor NRP-1). The unique feature of iRGD-triggered CendR 
pathway (endocytic transcytosis and trans-tissue transport pathway) is that it 
potentiates tumor accumulation and penetration of both chemically conjugated 
payloads and payloads that have been co-injected with the peptide (Ruoslahti, 
2017; Teesalu et al., 2013; Sugahara et al., 2010; Teesalu et al., 2009).  
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2.5. Nanoparticles in therapeutic and diagnostic use 

2.5.1. Clinically approved nanoparticles 

NPs possess unique physicochemical properties that can be used to achieve multi-
modal theranostics applications in cancer. NPs are widely investigated for different 
applications, such as biosensors, microfluidics, drug delivery, and disease dia-
gnosis, detection, and imaging (Patra et al., 2018). There are over 15 FDA and 
EMA (European Medicines Agency)-approved NP-based therapeutics and imaging 
agents for the treatment of malignant diseases (Rosenblum et al., 2018). Inorganic 
iron oxide-based NP systems such as Nanotherm® (MagForce), Feridex®/ 
Endorem® (AMAG pharmaceuticals) were approved for superparamagnetic MR 
imaging of glioblastoma. In 2009, their use was discontinued for cancer treatment 
but continued to be used for iron deficiency in chronic kidney disease (Anselmo & 
Mitragotri, 2015; Bashir et al., 2015). NBTXR3/Hensify (NBTXR3) crystalline 
hafnium oxide (HfO2) metal NPs are used to enhance external radiotherapy of 
locally advanced soft tissue sarcoma, prostate and lung cancer (Maggiorella et al., 
2012; Bonvalot et al., 2019). 

Liposomal approved NPs include DaunoXome® (Galen) used for the treatment 
of Kaposi’s sarcoma, Onivyde® (Merrimack) for pancreatic cancer, Doxil®/ 
Caelyx™ (Janssen) for Kaposi's sarcoma, ovarian cancer, and multiple myeloma 
(Shi et al., 2017). Vyxeos is a new liposomal system encapsulated with cytarabine 
and daunorubicin, used to treat adults with newly diagnosed acute myeloid 
leukemia (Chen et al., 2018). Eligard® (Tolmar) is a leuprolide acetate and 
polymer-based system for controlled delivery of payload for prostate cancer 
(Bobo et al., 2016). Abraxane /ABI-007 (Celgene) is an albumin-bound paclitaxel 
nanoformulation used for breast, NSCLC, and pancreatic cancer (Anselmo & 
Mitragotri, 2019, 2016; Patra et al., 2018).  

 
 

2.5.2. Current trends in nanoparticle development 

The first generation of approved nanomedicines were simple monofunctional 
systems, essentially formulation aids, with the key advantage of improving 
tolerability and reducing the toxicity of the parental chemotherapeutic drugs. All 
currently approved nanoformulations are nontargeted – for tumor delivery, they 
rely on the enhanced permeability and retention (EPR) effect. The heterogeneity in 
the tumor EPR and its extent limits the uses of these nontargeted nanoformu-
lations effects contributing to reduced efficacy (Rosenblum et al., 2018). Coad-
ministration with iRGD peptide and other TPPs described above may overcome 
this problem and improve the tissue distribution profile of nontargeted NPs for 
more tumor selectivity. iRGD peptide is undergoing clinical trials as an adjuvant 
to potentiate paclitaxel and gemcitabine in combination therapy of pancreatic 
cancer (ClinicalTrials.gov Identifier: NCT03517176, “CEND-1 in combination 
with Nab-paclitaxel and Gemcitabine in Metastatic Pancreatic Cancer”). Actively 



31 

targeted NPs decorated with affinity ligands for tumor-specific target molecules 
may offer increased efficacy and reduced toxicity, as has been clinically demon-
strated with DOX-loaded anti-HER2 immunoliposomes (Park et al., 2002; 
Kirpotin et al., 2006). Compared to other classes of drug candidates, more NP 
compounds have entered clinical trials in recent years (Rosenblum et al., 2018; 
Ventola, 2017).  
 
 

2.6. Summary of the literature 

Clinical utility of most approved anti-cancer drugs and nanocarriers is limited by 
their low efficacy, off-target dose-limiting toxicities, intrinsic or acquired drug 
resistance, and tumor relapse. A solid tumor is a complex ecosystem composed 
of malignant cells, endothelial cells, immune cells, fibroblasts, and noncellular 
factors. The tumor stroma and ECM are critical components of the tumor micro-
environment (TME) that interact with circulatory and lymphatic systems to 
influence tumor progression, metastatic dissemination, and response to anti-
cancer therapies. In vivo peptide phage display has been instrumental for the 
development of tumor-specific affinity ligands and for deciphering the molecular 
signature on malignant and tumor-associated cells and tumor EC (composed of 
molecules such as TNC-C, FN-EDB, HA, NRP1, P32, and integrins). The recent 
availability of tumor homing peptides with tissue penetration properties allows 
targeting extravascular tumor-associated markers and high capacity cargo delivery 
to tumor parenchyma otherwise limited to the receptors.  
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3. AIM OF THE STUDY 

Precision targeting of cancer suffers from spatiotemporal heterogeneity, low 
capacity, and reduced availability of receptors of affinity ligands. We hypothesized 
that multitargeted peptide ligands could improve affinity tumor targeting for more 
efficacious cancer therapy. The aim of this thesis was focused on the development 
of novel multitargeted tumor penetrating peptides against a stable and abundant 
component in solid tumors, ECM. We have used a panel of strategies and advanced 
techniques to identify ECM-specific peptidic ligands and to study tumor homing, 
biodistribution, and therapeutic efficacy of peptide guided NPs on purified re-
combinant proteins, cultured cells, and in vivo animal models. 
 
Specific aims: 
 
1) To identify bispecific peptides that recognize both FN-EDB and TNC-C and 

carry out preclinical proof-of-concept preclinical studies using newly 
identified peptides for the development of peptide-targeted anti-cancer nano-
drugs and imaging agents (I). 

2) To identify bispecific peptides that recognize both TNC-C and NRP-1 and 
carry out preclinical proof-of-concept preclinical studies using newly 
identified peptides for the development of peptide-targeted anti-cancer 
nanodrugs and imaging agents (II). 

3) To study the effect of genetic fusion of iRGD TPP to C-terminus of TNC 
targeting single-chain antibody on its systemic glioblastoma homing and 
penetration (III). 

4) To develop of TT1 peptide-functionalized NPs for glioblastoma targeting 
(IV). 

5) To develop peritoneal carcinomatosis targeting peptides for locoregional IP 
delivery (V). 
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4. MATERIALS AND METHODS 

The detailed description of the materials and methods presented in this thesis are 
found in the original publications. This section provides a summary of the methods 
used in the studies. 

The Estonian Ministry of Agriculture, Committee of Animal Experimentation, 
approved all the experimental procedures that required animal usage under 
project #42 and #48. The animal experiments performed at the Tel Aviv Uni-
versity were approved by the Institutional Animal Care and Use Committee of 
the Tel Aviv University. 

The Ethics Committee of the University of Tartu approved protocols for 
obtaining and using fresh surgical human tumor samples from Tartu University 
Clinics, Tartu, Estonia (permit #243/T27). 

 
 
4.1. Recombinant proteins and antibody preparation 

4.1.1. Recombinant protein preparation 

The TNC-C and Fn-EDB domain coding DNA sequences were PCR amplified 
from human TNC (pF1K, Promega, # FXC00319) and pASK75-Fn7B8/pASK75-
Fn789 plasmids. PCR fragments were cloned in pET28a+ plasmid for expression 
as an N-terminal His-tagged protein and expressed in E. coli BL21 Rosetta™ 2 
(DE3) pLysS (Novagen, #70956). HiTrap IMAC HP columns (GE Healthcare 
# 17-0920-05) on the ÄKTA purification system (GE healthcare) or a manual 
pump were used for protein purification. His-tagged NRP-1 b1b2 domain and 
P32 proteins were expressed and purified as described previously. 
 
 

4.1.2. Single-chain antibody preparation 

The cDNA sequences encoding FN-EDB-L19-ScFv and TNC-C-G11- scFV 
were retrieved from US patent applications (US8455625 B2 and EP2157102 A1) 
and cloned into pET28a+ plasmid for expression in E. coli (BL21(DE3) Rosetta 
pLysS strain). The ScFV proteins were purified by A GraviTrap Sepharose (GE 
Healthcare # 28-9852-54) column, followed by affinity purification on im-
mobilized proteins. The purified ScFV was analyzed by SDS-PAGE, pull-down 
assays, and ELISA. 
 
 

4.1.3. Polyclonal and monoclonal antibody preparation 

Rabbits were immunized with recombinant TNC-C, FN-EDB, NRP1 b1b2, and 
P32 proteins at LabAs LLC (Tartu, Estonia). Rabbit polyclonal antibodies (RPAbs) 
were purified on protein G columns, followed by affinity purification on respective 
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immobilized proteins. ELISA and Western blot were used to confirm the 
specificity of RPAbs. The mice were immunized with recombinant TNC-C, FN-
EDB, NRP1 b1b2, and P32 for monoclonal antibody (mAb) production, and 
hybridoma clones were selected based on ELISA. The purified mAbs were 
validated using ELISA with respective proteins. 
 
 

4.2. T7 peptide phage library biopanning 

To identify bispecific peptides that interact with TNC-C, FN-EDB, and NRP1, 
we performed T7 phage binding studies. We used NNK-encoded cyclic CX7C and 
linear X7 peptide libraries with diversity ~5 × 108 displayed on the T7 415-1b 
phage scaffold (Novagen, EMD Biosciences, MA, USA). We performed bio-
panning cross-screens on TNC-C and FN-EDB. The first and fourth rounds of 
biopanning were performed on 20 μg/ml TNC-C, and Fn-EDB immobilized on 
the costar 96-Well ELISA plate (#3590, Corning Life Sciences, Tewksbury, MA, 
USA). To block unspecific binding, 1% BSA in PBS was added to the wells at 
4 °C overnight. The peptide phage library (5 × 108 pfu in 100 µl of PBS-BSA) was 
incubated overnight, followed by 6 washes with PBS containing 1% BSA and 
0.1% Tween-20 (washing buffer) to remove background phages. The bound 
phages were rescued and amplified in the BLT5403 strain of E. coli (Novagen, 
EMD Biosciences, MA, USA).  

The subsequent selection rounds were performed on Ni-NTA magnetic 
agarose beads (QIAGEN, Hilden, Germany) coated with 400 µl His-6X tagged 
TNC-C or Fn-EDB (30 µg/10 µl beads) in PBS at room temperature for 1 h. The 
beads were washed and blocked with washing buffer and incubated with 
5 × 108 pfu T7 phages in 100 µl in washing buffer at RT for 1 h. The background 
phages were removed by rinsing 6 times with washing buffer, and bound phages 
were eluted with 1 ml PBS containing 500 mM imidazole. The eluted phages 
were titered and amplified for the next round of selection. The random set of 
clones were selected for Sanger sequencing of peptide-encoding phage DNA. The 
cell-free binding studies with individual phage clones were performed using  
Ni-NTA magnetic agarose beads coated with His-6X tagged proteins TNC-C, 
FN-EDB, and NRP1. The G7 heptaglycine peptide (GGGGGGG) phage (or insert-
less phage) were used as negative controls.  

To address the specificity of the peptide phage binding to the FN-EDB and 
TNC-C, we pre-incubated protein-coated NiNTA beads with 20 μg/ml rabbit 
polyclonal antibodies against FN-EDB and/or TNC-C. For structure-function 
studies, we performed an alanine scanning mutagenesis by genetically sub-
stituting the amino acids in the peptide one-by-one with an alanine residue and 
tested the effect of the mutations on the binding of peptide-phages to the target 
proteins.  
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4.3. Cell lines and cell culture experiments 

In this research work, we have used 11 different cell lines that originate from 
human or mouse tumors (Table 1). The U87-MG (human glioblastoma, HTB-14) 
cells and PC3 (prostate carcinoma, CRL1435) cells were obtained from ATCC. 
NCH421K cells from CLS Cell Lines Service GmbH (Eppelheim, Germany). P3, 
P13 stem cell-like cells were a gift from Rolf Bjerkvig (Bergen, Norway). 005 
cells were established from murine GBM, as previously described (Marumoto et 
al., 2009). M21 cells were a gift from David Cheresh at the University of Cali-
fornia San Diego (UCSD). PPC-1 cells were obtained from the Ruoslahti 
laboratory at Sanford-Burnham-Prebys Medical Discovery Institute (SBPMDI). 
Human MKN-45P gastric cancer cells were isolated from parental MKN-45 
(Koga et al., 2011). Cells were cultured as described in the publications 
(Lingasamy et al., 2020b; Säälik et al., 2019; Lingasamy et al., 2019; Ikemoto et 
al., 2017; Bougnaud et al., 2016; Talasila et al., 2013; Keunen et al., 2011). 
 
Table 1. Cell-lines used in the in vitro and in vivo studies 

Cell line name Application 
Publication 
in thesis 

U87-MG Human glioblastoma In vitro /In vivo I, II, III, IV 
NCH421k Human glioblastoma In vitro /In vivo I, II, IV 
P3 Human glioblastoma In vivo II 
P13 Human glioblastoma In vivo II 
WT-GBM Mouse glioblastoma In vitro /In vivo I, II, IV 
VEGF-KO-GBM Mouse glioblastoma In vitro /In vivo IV 
005 Mouse glioblastoma In vitro /In vivo IV 
PC3 Human prostate carcinoma In vivo I, II 
M21 Human melanoma In vitro  I, II, IV 

PPC-1 Human primary prostate 
carcinoma-1 In vitro I, II, IV 

MKN-45P Human gastric carcinoma In vitro /In vivo V 
 
 

4.4. Peptides 

Peptides used in this research work (Table 2) were ordered from TAG Copenhagen 
(Frederiksberg, Denmark) or synthesized using Fmoc/t-Bu chemistry on a micro-
wave-assisted automated peptide synthesizer (Liberty, CEM Corporation, NC, 
USA). The peptides were purified to 90%–95% purity by high-performance liquid 
chromatography (HPLC) using 0.1% trifluoroacetic acid (TFA) in acetonitrile-
water. The quadrupole time-of-flight (Q-TOF) mass spectral analysis was used 
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for quality control of the peptides. All peptides were synthesized with free 
carboxyl termini; 5(6)-carboxyfluorescein (FAM) or biotin was attached via the 
6-aminohexanoic acid spacer to the N-terminus of the peptide. 
 
Table 2. Peptides used in in vitro and in vivo studies in this thesis 

Peptide name 
Amino acid 
sequence Receptor 

Publication 
in thesis References 

PL1 PPRRGLIKLKTS Fn-EDB, TNC-C I,  (Lingasamy 
et al., 2019) PL5 PPRRGLIKLKTSS 

NTKENSVVASLRP
Fn-EDB, TNC-C

PL3 AGRGRLVR TNC-C, NRP-1 II (Lingasamy 
et al., 2020b) 

LinTT1 AKRGARSTA p32 IV (Paasonen  
et al., 2016) 

IP3 CKRDLSRRC HA V (Ikemoto  
et al., 2017) 

iRGD CRGDKGPDC αvβ3 and αvβ5 
integrins, NRP-1

III (Sugahara  
et al., 2010, 
2009) 

RPAR GRPARPAR NRP-1, NRP-2 I, II (Teesalu  
et al., 2009) 

D[KLAKLAK]2 D[KLAKLAKKLAK
LAK] 

Mitochondrial 
membrane 

I, II, IV (Ellerby  
et al., 1999) 

 
 

4.5. Targeted nanoparticles 

Two classes of synthetic NPs (NWs and AgNPs) were used in the studies 
described in the thesis (Fig. 6). All the nanoplatforms were previously reported 
to facilitate delivery and imaging applications in tumors (Braun et al., 2014; 
Willmore et al., 2016; Toome et al., 2017; Hunt et al., 2017; Sharma et al., 2017). 
We have used IONW for tumor homing, targeted payload delivery, and MRI T2 
contrast imaging in publications I, II, and IV. The AgNPs system was used for 
homing, cellular internalization, quantification, and imaging in laser ablation-
ICP-MS in publications I, II, IV, and V. 
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Figure 6. Nanoparticle platforms used in this thesis. 
 
 

4.5.1. Iron oxide nanoworms 

The iron oxide nanoworms (NWs) were prepared as previously described (Park 
et al., 2008; Hunt et al., 2017) with minor modifications. Briefly, the aminated 
NWs were PEGylated using maleimide-5K-PEG-NHS (JenKem Technology, 
TX, USA). Peptides with the thiol group of extra cysteine residue were coupled 
to the NWs through a maleimide PEG (5000)-NHS linkers (Jenkem, TX, USA). 
The concentration of the NWs was determined at 400 nm with a NanoDrop 2000c 
spectrophotometer (Thermo Scientific, Washington, USA) and confirmed by 
ICP-MS. The size, zeta potential, and polydispersity of NWs were measured 
using Dynamic Light Scattering (DLS; Zetasizer Nano ZS, Malvern Instruments, 
UK). The NWs were imaged using Transmission electron microscopy (TEM; 
Tecnai 10, Philips, Netherlands).  
 
 

4.5.2. Silver nanoparticles 

Silver nanoparticles (AgNPs), including isotopic (Ag107 and Ag109) AgNPs, were 
synthesized and functionalized as previously described (Willmore et al., 2016; 
Toome et al., 2017; Braun et al., 2014). The CF555-N-hydroxysuccinimide-dye 
(NHS-dye) or CF647-N-hydroxysuccinimide-dye (NHS-dye) was conjugated to 
the terminal amine group of PEG. The biotinylated peptides were coated on the 
NeutrAvidin (NA) on the surface of the AgNPs. The control AgNPs were pre-
pared by blocking a biotin-binding pocket with free D-biotin. The concentration 
of AgNPs was measured at the 405-nm Ag plasmon peak with a NanoDrop 2000c 
spectrophotometer. The AgNP image was acquired with transmission electron 
microscopy (TEM, Tecnai 10, Philips, Netherlands). The zeta potential, poly-
dispersity, and size of AgNPs measured using DLS (Zetasizer Nano ZS, Malvern 
Instruments, UK). 
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4.6. In vitro experiments 

4.6.1. Cell-free peptide-binding assay 

The binding of FAM-labeled peptides to target proteins was performed in an 
enzyme-linked immunosorbent assay (ELISA). The FAM-labeled peptides were 
immobilized on ELISA plates (Nunc Maxisorp, Thermo Fisher Scientific Inc., MA, 
USA), blocked with blocking buffer (1% BSA in PBS buffer, 0.1% Tween®-20), 
and incubated with recombinant proteins at 2 μg/ well in PBS for 6 h. The bound 
proteins were detected using a primary anti-His-tag antibody and horseradish 
peroxidase-conjugated secondary antibody. The peroxidase chromogenic reaction 
was done by adding 100 µL/well of freshly prepared solution from TMB Per-
oxidase EIA Substrate Kit (Bio-Rad, Hercules, CA, USA). The absorbance was 
measured at 450 nm with a microplate reader (Tecan Austria GmbH, Grödig, 
Austria). 

FAM IP3 peptide binding to HA was evaluated using ELISA assay. 
200 µg/mL HA (cat. no. 53747; Sigma-Aldrich) in 100 µL PBS was coated on 96 
well plates (Corning Life Sciences, Tewksbury, MA, USA) at 4 °C overnight, 
blocked with 300 µL of blocking solution for 1 h at 37 °C, and washed 3X with 
PBS. To evaluate the specificity of IP3, the immobilized HA was treated with 
20 µg untreated hyaluronidase (HAase) or heat-inactivated HAase (100 °C for 
10 min) at 37 °C for 2 h. The wells were incubated with 10 µg peptide/well at RT 
for 4–6 h, washed, and incubated with a blocking buffer. Rabbit anti-FAM 
primary antibody and rabbit-HRP secondary were added sequentially at 37 °C for 
1 h to detect the peptide binding. The peroxidase reaction was performed with the 
substrate, and absorbance was measured at 450 nm with a microplate reader. 

 
 

4.6.2. Cellular binding and internalization of nanoparticles 

The peptide binding and cell internalization of AgNPs was studied in 3 different 
cell lines: U87-MG, PPC1, and M21. The cells were cultured on glass coverslips 
until 80% confluency. The cells were incubated with peptide conjugated CF555-
labeled AgNPs (PL1-AgNPs, PL3-AgNPs, and Biotin-AgNPs) at 37 °C for 1 h. 
The background AgNPs were removed by washing with culture medium. To 
remove surface-bound AgNPs, an etching solution containing 10 mM of Na2S2O3 
and K3Fe (CN)6, freshly diluted in PBS, was applied to cells for 3 min.  

Confocal microscopy imaging was performed to visualize the AgNPs. The 
cells on the coverslips were fixed using –20 °C methanol for 1 min. The cells were 
stained with Alexa Fluor 488-labeled wheat germ agglutinin (WGA) at 1:1000 at 
RT for 1 h to visualize the cell membrane, and target receptors were stained with 
respective primary and secondary antibodies.  

Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 
Molecular Probes) at 1 µg/mL. Fluoromount-G (Electron Microscopy Sciences, 
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PA, USA) medium was used to mount the coverslips on microscope slides for 
confocal imaging (Zeiss LSM 510; Olympus FV1200MPE, Germany).  

Flow cytometry was performed to assess the binding and uptake of AgNPs. 
Briefly, the U87-MG, PPC1, and M21 cells in suspension were incubated with 
targeted and control AgNPs in the culture medium for 1 h at 37 °C. The cells were 
washed, and etching was performed with controls. The cells were analyzed using 
the BD Accuri flow cytometer by monitoring the 555 on channel FL2. 

 
 

4.6.3. Fluorescence anisotropy assay 

To study PL3 peptide-binding saturation and dissociation constant (Kd) for its 
receptor, we used solution-based fluorescence anisotropy (FA) assay. The FA 
saturation binding experiments were carried out as described previously 
(Veiksina et al., 2015, 2014). 100 μl of PBS and 0.1% Pluronic F-127 were added 
to 96‐well flat-bottom polystyrene NBS multi-well plates (Corning, Cat# 3686). 
The different concentrations of NRP1 b1b2 (0–112 µM) and TNC-C (0–275 µM) 
proteins were combined with 0.66 µM FMA-PL3 peptide. The total binding and 
non-specific was measured with or without 500 µM Biotin-PL3 after 24 h incu-
bation at 25 °C in the dark; during incubation, wells were sealed with the moisture 
barrier (4Titude, Cat#4ti-0516/96). The FAM-PL3 and protein concentration 
measured by absorbance at 25 °C on a Synergy NEO (BioTek) microplate reader. 
The plate reader optical module was set 485 nm (slit 20 nm) excitation filter, 528 
nm (slit 20 nm) emission filter, and polarizing beam splitting for dual-channel 
detection. The polarized light and emission intensities from the sample were 
collected from channels that were parallel (I||) and perpendicular (I⊥) to the plan 
of excitation light. Due to the sensitivity of measurements, the grating factor  
(G-factor) was calibrated with gain adjustment of the photomultiplier tubes using 
1 µM fluorescein standard. The total and non‐specific binding ligand depletion 
data were measured for both binding studies. The FA values were analyzed with 
the widely used equation FA = (I||−G·I⊥)/(I|| + 2·I⊥) and estimated the binding 
affinity by the global fitting (Veiksina et al., 2014). 
 
 

4.7. Animal experiments 

Athymic nude mice (Hsd/Athymic Fox1 nu Harlan) were purchased from Envigo 
(Netherlands) and maintained under pathogen-free standard housing conditions 
of the Animal Facility of the Institute of Biomedicine and Translational Medicine, 
University of Tartu (Tartu, Estonia).  
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4.7.1. Experimental tumor mice 

We used orthotopic or subcutaneous human and mouse xenograft tumor models. 
For orthotropic GBM tumor models induction, the cell lines have grown and 
maintained as adherent or non-adherent spheroids. The dissociated individual 
cells (700,000 for U87-MG, WT-GBM, VEGF-KO-GBM, 300,000 for NCH421K, 
P3 stem cell-like, P13, and 005) in 3 μL PBS were intracranially implanted into 
mice right striatum (coordinates: 2 mm right and 1 mm anterior to the bregma at 
2.5 mm depth). The intracranial tumors were allowed to develop for 10–15 days 
(U87-MG), 6–7 days (WT-GBM), 12–14 days (VEGF-KO-GBM), 30–45 days 
(NCH421K), 30–45 days (P3), 35 days (P13), and 10 days (005) before con-
ducting experiments.  

For the subcutaneous GBM and prostate carcinoma model, cells were grown 
in 2D until 80% confluence. 2–9 × 106 (U87-MG, PC3) cells in 100 µl PBS were 
subcutaneously injected into the right flank of 11 to 15-week old male and female 
nude mice. The subcutaneous U87-MG GBM and PC3 prostate carcinoma tumors 
were allowed to grow until 100mm3 before starting the experiment. 

 
 

4.7.2. In vivo playoff phage auditioning 

The in vivo playoff auditioning of phage was performed for competitive systemic 
peptide phage homing study with internally controlled in mice bearing tumor 
xenografts models. The selected candidate phage displaying TNC-C binding 
peptide and control peptides were individually amplified and purified with PEG-
8000 (Sigma-Aldrich, St. Louis, MO, USA) precipitation, followed by CsCl2 
gradient ultracentrifugation and dialysis. The peptide phage was pooled at 
equimolar representation as a cocktail mix and intravenously (IV) injected at 1 × 
1010 pfu (in 200 µl PBS) in tumor-bearing mice. The cocktail mix was circulated 
for 2 h, followed by anesthesia and cardiac perfusion with 20 ml DMEM. The 
tumor and control organs were collected in lysogeny broth (LB) medium con-
taining 1% NP40, and tissues were homogenized using a hand-held homogenizer. 
The bound peptide phage in the tissue lysates was amplified in E. coli and purified 
with PEG-8000 precipitation. The phage genomic DNA was extracted using a 
DNA extraction kit (High Pure PCR Template Preparation Kit; Roche, Basel, 
Switzerland). The phage genomic DNA was subjected to high throughput 
sequencing (HTS) using next-generation sequencing (NGS) with the Ion Torrent 
system (Thermo Fisher Scientific, Waltham, MA, USA). The NGS was used to 
evaluate the representation of different peptides in the input mixture, tumors, and 
control organs using a custom python script. The script identifies the length of 
the read, barcodes, and constant flanking residues of the peptide for identification 
and analysis.  
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4.7.3. Tumor-targeted delivery and biodistribution studies 

We used different mouse models to investigate the tumor homing specificity and 
targeted delivery of peptide-NWs. FAM-peptide (PL1, PL3, and LinTT1 ) 
conjugated NWs or control FAM-NWs (7.5 mg /kg Fe) in PBS were injected IV 
into the tail vein of mice bearing orthotropic WT-GBM, VEGF-KO-GBM, 
NCH421K, 005 tumors, or subcutaneous U87-MG and PC3 tumors. After 5 h 
circulation, intraventricular perfusion was performed with 20 ml PBS/DMEM 
under deep anesthesia, and the tumors and control organs were collected for 
further analysis. The Illuminatool Bright Light System LT-9900 (Lightools 
Research, Encinitas, CA, USA) with a 520 nm band-pass filter was used for ex 
vivo imaging of tissues. The organs were snap-frozen in liquid nitrogen and stored 
at −80 °C for further analysis.  

To study the receptor-dependent homing and specificity in vivo, we performed 
in vivo receptor blocking experiment. The tumor mice were preinjected with rabbit 
polyclonal blocking antibody against FN-EDB and/or TNC-C (30 μg/mouse) 
15 min before injection of the peptide targeted NWs. The mice were perfused 
after 5 h circulation through the heart with PBS/DMEM, and organs were 
collected and snap-frozen for further analysis. 

 
 

4.7.4. Immunofluorescence and confocal microscopy 

We performed immunofluorescence and confocal fluorescence microscopic 
imaging to visualize the targeted homing, delivery, analysis biodistribution, and 
validating targeting receptors. The snap-frozen tumor and control organs were 
cryosectioned at 8–10 µm and mounted on a Superfrost+ slides. The sections 
were equilibrated at RT, fixed in 4% paraformaldehyde for 20 min, or in cold 
methanol (−20 °C) for 1 min, wash in PBST (PBS+ 0.05% Tween 20), blocked 
with PBST, 5% BSA, 5% fetal bovine serum (FBS), and 5% goat serum for 1 h 
at RT.  

The immunostaining was performed with primary antibodies rabbit anti-
fluorescein IgG fragment (cat. no. A889, Thermo Fisher Scientific, MA, USA), 
rat anti-mouse CD31 (BD Biosciences, CA, USA), mouse anti-human nestin 
(#MA1-110, Thermo Fisher Scientific Inc.), rat anti-mouse CD31, rat anti-mouse 
CD11b (cat. no. 553370; 557395, BD Biosciences, CA, USA), rat anti-mouse 
LYVE-1 (cat. no. 14044382, eBioscience, CA, USA), rat anti-mouse CD68 
(#MCA1957A488, Bio-Rad, CA, USA), rabbit polyclonal anti-Ki67 (cat. no. 
NB500-170, Novusbio, UK), rabbit anti-cleaved caspase-3 (cat. no. 966, Cell 
Signaling Technology, MA, USA), in-house prepared CF647 (or CF546)-labeled 
single-chain antibodies ScFV L19 (against FN-EDB) and ScFV G11 (against 
TNC-C), rabbit anti-p32, rabbit anti-NRP1 b1b2, rabbit anti-TNC-C, rabbit anti-
Fn-EDB. The following secondary antibodies were used, Alexa 488 goat anti-
rabbit IgG, Alexa 488-goat anti-rat IgG, Alexa 546 goat anti-mouse IgG, Alexa 
546-goat anti-rabbit IgG, Alexa 647-goat anti-rat IgG, and Alexa 647-goat anti-
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rabbit IgG (all from Invitrogen, CA, USA). Cell nuclei were counterstained with 
DAPI at 1 μg/ml, mounted on glass slides using anti-fade mounting media 
Fluoromount-G (Electron Microscopy Sciences, PA, USA). The stained sections 
were imaged using confocal microscopy (Olympus FV1200MPE, Hamburg, 
Germany) and analyzed using the FV10 –ASW4.2 viewer, Imaris, and Fiji ImageJ 
software tools. 
 
 

4.7.5. Intravital fluorescence imaging 

The peptide homing in mice bearing U87-MG xenografts was assessed by in vivo 
fluorescence imaging using the IVIS Spectrum imaging system (PerkinElmer, 
Waltham, MA). The CF647 AgNPs were intravenously injected via the tail vein 
to s.c U87-MG tumor mice. The mice were placed in a dark IVIS system imaging 
chamber under isoflurane anesthesia (2–3% isoflurane and oxygen flow rate of 
2 L/min) for imaging. The images were acquired at pre-injection (0 h) and 5 h 
post-injection with the following parameters: specific excitation filter, 650 nm; 
emission filter, 665 nm; auto exposure time; binning, medium; the field of view, 
12; f/stop, 2). The regions of interest (ROIs) of the whole tumor after tissue 
background correction were quantitated, expressed as total radiant efficiency 
[p/s] / [µW/cm²], and an automated spectral unmixing algorithm was used for 
background tissue autofluorescence correction. The images from 3 animals/ 
experimental groups were analyzed using Living Image 4.4 software (Caliper 
Life Sciences, Hopkinton, MA). For in vivo the receptor blocking studies, 
systemic pre-injection of blocking TNC-C and/or NRP1 antibodies (30 µg/mouse) 
15 min before injection of the AgNPs was performed. After imaging, the mice 
were perfused through the heart with PBS/DMEM, and organs were collected for 
cryosectioning and confocal microscopy. 
 
 

4.7.6. Magnetic resonance imaging (MRI) 

To investigate the potential use of PL1 targeted NWs as tumor detection and as a 
contrast agent for MRI imaging, the nude mice bearing orthotopic NCH421k 
GBM were IV injected with NWs (PL1-NWs or control NWs) at 5 mg/kg Fe per 
injection. The mice were subjected to MRI imaging before NWs injection for pre-
scan. Five h after NW injection, the mice were anesthetized with isoflurane and 
subjected to MRI using a 9.4 Tesla BioSpec 94/21 (Bruker BioSpin MRI GmbH, 
Ettlingen, Germany) equipped with ParaVision Acquisition 6.0.1 software (Bruker, 
Ettlingen, Germany). Mice received isoflurane in an oxygen mix (1.5%, flow rate 
of 200 ml/min) for anesthesia; the body temperature and breathing rate were 
monitored throughout the experiments. T2* map MGE (Multiple Gradient Echo) 
sequences were acquired in sagittal and coronal orientations. The following 
parameters were used during the data acquisition: slice thickness, 0.375 mm 
(3 slices averaged offline for improved signal/noise ratio); inter-slice gap: 
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0.375 mm; repetition time: 800; Echo time: 3.5–38.5 ms; flip angle: 50°; the 
number of axial slices: 128; pixel bandwidth: 292.9; imaging frequency: 400.3; 
matrix: 256 × 256; magnetic field strength: 9.4. The regions of interest (ROIs) 
were drawn manually on the images by using image sequence analysis (ISA) tool 
package (Paravision 5, Bruker), T2 relaxation times calculated using T2vtr fit 
function y= A+C*exp (–t/T2) (A: absolute bias; C: signal intensity; T2: spin-spin 
relaxation time) for T2 evaluation. To calculate mean signal intensity in the tumor 
to a reference region, ROIs were drawn manually on the images at a given echo 
time (TE). Following intravital MRI, the animals were perfused with PBS to 
remove blood and background circulating NWs and subjected to postmortem 
MRI. After imaging, tumors and control tissues were harvested and sectioned for 
immunofluorescence staining and confocal microscopy. 
 
 

4.7.7. Multiphoton intravital imaging 

To investigate the ability of PL1-NWs to target angiogenic vessels in vivo, we 
induced angiogenesis by intradermal injection of adenoviral vector driving 
expression of mouse VEGF164 (Ad-VEGF164). Briefly, 2.5×108 PFU were 
intradermally injected into the left ear of 7–8-week-old female nude mice, and 
the right ear served as an internal control. The PL1-NW or NW (7.5mg/kg Fe) 
were IV injected 4 days after induction of angiogenesis and intravital imaging 
performed after circulated for 24 h. To visualize blood vessels, Texas Red/Evans 
Blue was IV injected at 30mg/kg. The ear was fixed on the coverslip using a 
veterinary-grade glue tape, and agarose mold was prepared around the ear for 
imaging. The body temperature of mice was maintained during the experiment 
with a heat mat. Intravital imaging was performed with a multi-photon laser 
scanning fluorescence microscope (Olympus FV1200MPE-BX61WI) equipped 
with MaiTai DeepSee IR laser (Spectra-Physics) and with XLPLN25x/1.05 NA 
water-immersion objective (Olympus). The images and videos were acquired at 
an excitation wavelength of 920 nm, optical sections were taken under identical 
conditions, and experiments were repeated in triplicates. For immunofluores-
cence staining and confocal microscopy, the angiogenic ear and control ear was 
collected, fixed with 4% PFA overnight, followed by overnight incubation with 
30% sucrose before freezing with OCT. The 8–10 μm sections were immuno-
staining with antibodies against ScFvG11 anti-TNC-C or ScFvL19 anti-FN-EDB, 
endothelial cells (CD31, red), and the nuclei were stained with DAPI (blue). 
 
 

4.7.8. Laser ablation ICP-MS-based bioimaging and 
biodistribution studies 

To analyze and quantify in vivo biodistribution of systemic peptide-AgNPs in 
tumor mice, we used laser ablation inductively coupled plasma mass spectro-
metry (LA-ICP-MS) to measure Ag. The isotopically pure Ag107NPs and 
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Ag109NPs were functionalized with biotinylated peptide (peptide-Ag109NPs) or 
biotin (biotin-Ag107NPs). The peptide-Ag109NPs and biotin-Ag107NPs were mixed 
at a 1:1 ratio. The mice bearing orthotopic U87-MG GBM tumor were IV injected 
and allowed to circulate for 5 h, perfused via the left ventricle of the heart with 
20 mL PBS, and Organs were snap-frozen for cryosectioning and ICP-MS analysis. 
The snap-frozen organs were cryosectioned at 30 µm thickness on Superfrost+ 
slides and stored at –20ºC.  

The sections were thawed and air-dried in a desiccator before ICP-MS. The 
tissue sections isotopes (109Ag and 107Ag) were mapped with 2-D mapping, and 
line scans using a Cetac LSX-213 G2+ laser ablation (LA) system equipped with 
HelEx 2-volume ablation cell, coupled to Agilent 8800 QQQ ICP-MS. The LA-
ICP-MS settings were optimized using NIST 612 glass. The 13C, 107Ag, and 109Ag 
isotopes were monitored with dwell times (9.5 and 14 ms) or (47.5 ms, 95 ms, 
and 95 ms) corresponding to a duty cycle of 0.05 s. 13C was used as an internal 
standard to account for differences in the volume (carbon content) of ablated 
tissue. Multiple parallel line raster scans were performed to generate distribution 
maps. The raster lines were directly adjacent to each other (with 65 μm offset), 
and the whole mapping area was ablated. The sample area was around 14 × 8 mm, 
and the run time for a single sample was ~ 4 h. For ratiometric biodistribution 
studies, frozen tissue samples were thawed, digested, and analyzed using Agilent 
8800 ICP-MS. The Chromium 2.2 and Iolite v3.62 software were used for data 
reduction, and elemental and isotope ratio maps. 
 
 

4.8. Experimental tumor therapy 

To test the in vivo efficacy of peptide (PL1, PL3, and LinTT1) targeted NWs in 
tumor mice, U87MG 4 × 106 cells in 100 µl PBS were implanted subcutaneously 
into under the skin of the right dorsal flank of 11–15 week old male nude mice. 
The tumor volume [calculated with the formula: length × (width x width)/2] and 
animal weight were recorded every other day until tumor volume reached 
~100 mm3. Animals were randomized into 4 groups (PBS, FAM-D[KLAKLAK]2-
NWs, FAM-peptide-NWs, and FAM-peptide-D[KLAKLAK]2-NWs). For the 
PL1 peptide study, we used 8 animals per group, and for PL3 and LinTT1 studies, 
6 mice per group. 100 μl of NWs (at 5 mg/kg body weight of iron) or PBS was 
IV-injected into mouse tail vein every other day, with 10 injections for PL1 and 
8 injections for PL3 and linTT1. Tumor size, body weight, survival, and animal 
well-being (behavior, appearance, grooming) were recorded during treatment and 
post-therapy. The digital caliper was used for tumor volume measurement. When 
the tumor volume reached 1.5 cm3 (or >10% body weight), the mice were sacri-
ficed, and organs and tumors were excised and snap-frozen for further analysis.  
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4.9. Overlay assay on clinical tumor samples 

We performed the overlay assay to access the binding of the targeted peptide NPs 
to the human tumor sections. Freshly excised human GBM samples were obtained 
during surgeries at the Department of Neurosurgery, Tartu University Hospital, 
Estonia. The tumor tissue samples were snap-frozen in liquid nitrogen and 
cryosectioned at 8–10 µm. The sections were fixed with methanol, permeabilized 
with PBST buffer, followed by blocking unspecific sites with blocking buffer 
(5% BSA, 5% goat serum, 5% FBS in PBST). For the overlay assay, the blocked 
tissue sections were incubated with 20 µg/slide PL1-NW, PL3-NW, and NW at 
4 °C overnight. The tumor sections were washed and blocked with a blocking 
buffer, followed by immunostaining with rabbit anti-fluorescein, and detection 
with anti-rabbit Alexa-488. The peptide receptors were stained with mouse anti-
TNC-C or ScFV G11 TNC-C-CF555, and ScFV L19 FN-EDB-CF647.  
 
 

4.10. Statistical analysis 

All the statistical analyses performed using GraphPad Prism 6 software (GraphPad 
Software Inc., CA, USA). The results were shown as mean with error bars 
indicating either ±SEM or ± SD and otherwise indicated. Student unpaired / 
paired t-test was used comparing two groups, and the ANOVA test was used for 
multiple groups comparison. All the statistical analysis P < 0.05 was considered 
significant. The P-values were shown as ns – not significant, * – P ≤0.05, 
** – P ≤0.01, *** – P ≤0.001 and **** – P ≤0.0001. The details of the statistical 
methods used can be found in the experimental section of each publication. 
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5. RESULTS 

5.1. Identification of bispecific TNC-C and  
FN-EDB binding peptide  

(Publication I) 
To identify TNC-C and FN-EDB binding bispecific peptides, we employed cross-
screening of T7 phage X7 peptide libraries on recombinant human FN-EDB and 
TNC-C proteins. The first round of selection was performed on TNC-C im-
mobilized on a high protein binding multiwall plate. The subsequent rounds of 
biopanning were carried out on FN-EDB coated magnetic Ni-NTA beads. 

 
Figure 7. Identification of PL1 bispecific peptide targeting FN-EDB and TNC-C. 
(A) Biopanning using T7 phage-displayed X7 peptide library on immobilized TNC-C and 
FN-EDB resulted in ~3000-fold enrichment in binding to FN-EDB in round 5 of 
selection. (B) Genomic DNA and amino acid sequence of the C-terminal portion of the 
T7 major coat protein 10 and the adjacent exogenous PL5 peptide (underlined); Arrow 
indicates single nucleotide deletion in the peptide-encoding DNA. PL5 and its shorter 
derivative PL1 peptide retain the ability to bind both target proteins. (C) PL1 phage binds 
to immobilized FN-EDB and TNC-C. The specificity of PL1-phage binding to EDB and 
TNC-C was evaluated by preincubation of protein-beads with 50µg/ml of anti-FN-EDB 
or anti-TNC-C blocking antibody. PL1 phage binding is expressed as fold over control 
phage displaying heptaglycine. (D) Synthetic PL1 peptide interacts with FN-EDB and 
TNC-C. Immobilized FAM-PL1 was probed with recombinant His-tagged EDB and 
TNC-C (or control BSA), followed by sequential incubation with rabbit anti–His-tag 
primary antibody, secondary goat anti-rabbit HRP antibody, and a chromogenic per-
oxidase reaction. Values represent mean ± SD from 3 independent experiments; P-values 
were determined by Student unpaired t-test; all statistical tests were two-sided; * P < 0.05; 
** p ˂ 0.01; **** p < 0.0001. 
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At the biopanning round 5, significant enrichment of >1000 fold in phage binding 
was obtained (Fig. 7A). The randomly selected 48 peptide phage clones from 
round 5 conferred phage binding to either target alone. Interestingly, a 27-amino 
acid (aa) peptide PPRRGLIKLKTSSNTKENSVVASLRP (PL5) possessed the 
desired dual binding ability. The PL5 phage genome harbored a single nucleotide 
deletion in the peptide-encoding region, resulting in a frameshift and conversion 
of 7-aa peptide displayed at the C-terminus of the phage major capsid protein to 
a 27-aa peptide (Fig. 7B). The several shorter derivatives of the PL5 peptide phage 
were then created, among them a 12-aa peptide that we designated PL1 
(PPRRGLIKLKTS). PL1 peptide retained the ability of PL5 to bind to both target 
proteins when displayed on phage and as a FAM-labeled synthetic peptide 
(Fig. 7C–D). Function-blocking polyclonal Abs against FN-EDB and TNC-C 
inhibited the PL1 binding, and PL1 peptide did not interact with other control 
proteins NRP1 and BSA, demonstrate that PL1 peptide binding is selective for 
FN-EDB and TNC-C (Fig. 7C). 
 

5.1.1. Systemic PL1-NWs home to solid tumors in mice 

We next studied PL1 peptide homing and biodistribution in a panel of GBM and 
prostate xenograft tumor models. FAM-PL1 or FAM was conjugated to dextran-
coated PEGylated paramagnetic NWs and systemically administered into mice 
bearing orthotopic (NCH421K, WT-GBM) and s.c. (U87MG) GBM, as well as 
prostate carcinoma (PC3) xenografts. PL1-guided NWs accumulated in the tumor 
perivascular matrix in all models tested (Fig. 8A–D). After 5 h circulation PL1 
targeted NWs showed increased uptake (NCH421K tumors 8.8-fold, U87MG  
5-fold, in WT-GBM 3.3-fold, and PC3 4.7-fold over nontargeted particles). In 
contrast, the control organs (liver, kidney, spleen, and lung) showed similar levels 
of peptide-guided and non-targeted NW. Uptake of PL1-targeted NWs was 
specific as coadministration of PL1-NWs with blocking rabbit polyclonal Abs 
against either FN-EDB or TNC-C, or a combination of both inhibited the uptake 
(Fig. 8E).  

As target ECM components of PL1 peptide are upregulated in angiogenic 
neovessels, we next studied the contribution of PL1-NW homing on induced 
nonmalignant angiogenic vessels in mice. To induce angiogenesis, the ears of 
mice were intradermally injected with an adenoviral vector driving the expression 
of Ad-VEGF-A164. Four days post-injection, both FN-EDB and TNC-C expres-
sion was upregulated in angiogenic sites (Fig. 10B). In vivo multiphoton imaging 
showed >3-fold increase in accumulation of PL1-NWs (relative to non-targeted 
NWs) in the angiogenic vessels, whereas the normal contralateral ear shows no 
PL1-NW signal. These results show that PL1 acts as an affinity ligand for angio-
genic neovessels. 
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Figure 8. Systemic PL1-NWs home to solid tumor lesions. (A, B, C, D) NWs coated 
with FAM-labeled PL1 peptide, or FAM only were IV injected at 7.5 mg/kg into mice 
bearing s.c. U87-MG (A), orthotopic NCH421K (B), orthotopic WT GBM (C) glioblastoma 
xenografts, and s.c. PC3 human prostate tumors (D). After 5 h circulation, the mice were 
perfused, and organs were collected. Cryosections were immunostained with antibodies 
against fluorescein to amplify the NW signal (green), CD31 to visualize the endothelial 
cells (red), and nestin to label stem cell-like cells (magenta) and examined using confocal 
microscopy. Images were acquired under the same conditions. Tumor sections from mice 
injected with control non-targeted FAM-NWs are shown in the boxes. The arrows point 
to PL1-NWs (green) along the tumor blood vessels, and the arrowheads point to extra-
vasated PL1-NWs. (E) The specificity of in vivo homing of PL1 NPs probed with anti-
body blockade. PL1-NWs (7.5 mg iron/kg body weight) alone or in different combi-
nations with anti-EDB and anti-TNC-C Abs were IV injected into mice bearing U87 
xenograft tumors. Five h after the injection, perfused, organs were collected for cryo-
sectioning and examination by confocal microscopy. Arrows point to PL1-NWs (green) 
in tumor tissue. Nuclei were stained with DAPI (blue). Scale bars, 100 µm. 
 
 

5.1.2. PL1-NWs as a MR imaging agent 

The elongated shape of dextran-coated PEGylated paramagnetic NWs is known 
to produce a hypointense signal and enhance magnetic relaxivity in T2-weighted 
MRI (Park et al., 2008). To explore the potential of PL1-NWs as a targeted MRI 
contrast agent, MRI was carried out on NCH421K GBM mice at the following 
time points: at pre-injection, at 5 h post-administration, and terminal imaging. In 
T2-weighted and T2* images of PL1-NW-injected tumor mice, we observed a 
hypointense signal and a 27–36% increase in T2* relaxation time (from about 
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23±2 ms at preinjection to 17±1 ms at 5 h, and 14±4 ms at termination) within 
the tumor lesions. The non-targeted NWs showed no time-dependent changes in 
signal intensity (relaxation time remained the same (21±5 ms, 22±3 ms, and 
20±6, respectively) (Fig. 9A). These results suggest potential applications for 
PL1-guided contrast agents for tumor detection and imaging.  
 

 
Figure 9. PL1-NWs act as an MRI contrast agent and target angiogenic vessels. 
(A) PL1-NWs or control NWs (5mg/kg iron) were IV injected into NCH421K glio-
blastoma mice and subjected to MRI. The top panel images are axial slice views of T2-
weighted images before NW injection, the middle images are 5 h after NW circulation 
(post-scan), and the bottom images are terminal after perfused with PBS (perfused; T, 
tumor). Arrows indicate increased dark signal in a tumor of a mouse injected with PL1-
NWs, but not with control NWs. Insets: coronal T2-weighted views of the same tumor. 
The images were taken from 3 independent experiments. (B) The left ear of nude athymic 
mice was intradermally injected with Ad-VEGF-A164; 4 days later, the angiogenic 
response was apparent, and the animal was injected with PL1-NWs for homing studies 
and multiphoton imaging after 24 h. PL1-NWs accumulate in the angiogenic blood 
vessels indicated by arrows, whereas PL1-NWs shows no signal. Green: PL1-NWs or 
NWs; red: blood vessels stained by Texas Red/Evans Blue, the dashed white lines 
delineate the vascular tree, and arrows point to PL1-NWs angiogenic vessels. Scale bars: 
20 µm. The angiogenic ears were immunostained with antibodies against ScFvG11, 
recognizing TNC-C (left panel, green), ScFvL19 recognizing FN-EDB (right panels, 
green), endothelial cells (CD31, red) and the nuclei were stained with DAPI (blue). The 
control ear shows no expression of TNC-C and FN-EDB (inbox). The representative 
tissue sections of angiogenic and control ears are shown (N=3), Scale bars: 20 µm.  
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5.1.3. LA-ICP-MS-based profiling of PL1-AgNPs  

To study whether PL1 affinity targeting is independent of the nanocarrier system, 
we studied the effect of PL1 functionalization on tumor homing of silver nano-
particles (AgNPs) – a model nanoscale platform that we have developed for 
quantitative biodistribution studies in vitro and in vivo. To overcome issues related 
to interanimal differences in the dosing and physiological status of tumors, we 
injected tumor-bearing orthotopic U87-MG GBM mice with a cocktail of 
isotopically barcoded PL1-targeted and nontargeted AgNPs. The tissues were 
subjected to the line- and rasterized laser ablation mapping of the isotopic content 
by ICP-MS (LA-ICP-MS). The distribution mapping of targeted PL1-Ag109NPs 
and Ag107NPs showed higher accumulation in the GBM tumor but not in the 
 

Figure 10. Quantitative distribution analysis of PL1-functionalized and control 
AgNPs by LA-ICP-MS. An equimolar mixture of targeted PL1-Ag109NPs and control 
Ag107NPs were IV injected in mice bearing orthotopic U87MG xenografts. After 5 h 
circulation and perfusion, the organs were collected, snap-frozen, and cryosectioned at 
30 μm for LA-ICP-MS. (A) The selected tumor regions were subjected to LA-ICP-MS 
analysis. The distribution of targeted PL1-Ag109NPs and control Ag107NPs in the tumor, 
and surrounding brain parenchyma were color scaled according to isotope counts per 
second. The pixel size was 6.5 × 65 µm. (B) ICP-MS-based quantification of PL1-
functionalized and control AgNPs in tissue extracts. The bar chart is showing PL1-Ag109 
and Ag107 in different organs in µg/kg. (C) Laser ablation line scans for Ag109/ Ag107 
profile using 40 μm spot diameter. The ablation path is indicated by an arrow in H&E-
stained glioma brain (left) and control (liver) tissue (right). The blue-dot graphs show the 
Ag109/ Ag107 ratio on the laser ablation path across the tissue. (D) PL1-Ag109NPs tissue 
distribution based on analysis of Ag109/ Ag107 ratio from line scans. PL1-AgNP concen-
tration in glioma is 2.6–30-fold higher than in the control tissues. Data are representative 
of 3 independent animals. P-value was determined by one-way ANOVA Bonferroni’s 
multiple comparisons test with brain, lung, and liver. Error bars: mean ± SD (n = 3 mice 
per group, each 5 data points per organ), ** p ˂  0.01; **** p < 0.0001. Scale bars: 200 μm. 
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healthy brain area (Fig. 10A). ICP-MS quantification of tissue extracts demon-
strated preferential tumor accumulation of PL1-Ag109NPs (~190 μg/kg of Ag109) 
over control Ag107NPs (71 μg/kg of Ag107), and similar levels of the two Ag isotopes 
in the control organs (Fig. 10B). The comparative spatial tissue analysis of Ag109/ 
Ag107 showed intratumoral heterogeneity with some areas showing the Ag109/ Ag107 
ratio ~30 and above (Fig. 10C). The homing of the PL1-Ag109NPs was tumor-
specific, as the Ag109/ Ag107 ratio in control organs was close to the input 1:1 ratio 
(liver), or <1 (in the lung and normal brain) (Fig. 10C). Analysis of the Ag109/ Ag107 
ratio showed that PL1 functionalization increased AgNP homing to the GBMs on 
average ~2.7 fold (Fig. 10D). 

 

5.1.4. Proapoptotic PL1-NWs have anti-tumor activity  

To evaluate the therapeutic efficacy of PL1 functionalization of anti-cancer NPs, 
we used as a model nano-drug payload D[KLAKLAK]2 proapoptotic peptide 
(known to destabilize mitochondrial membranes to trigger apoptosis) in two 
GBM models (s.c. U87-MG and orthotopic NCH421K). Mice bearing s.c. U87-
MG tumor growth was significantly inhibited in the PL1- D[KLAKLAK]2-NW-
treated group compared to the negative control group (PBS treated), whereas only 
a slight reduction in tumor growth was seen in animals treated with PL1-NWs, or 
D[KLAKLAK]2-NWs (Fig. 11A). In the NCH421k mice treated with PL1-
D[KLAKLAK]2-NWs, the median survival was significantly longer than in control 
mice treated with PBS, FAM- D[KLAKLAK]2-NWs, or PL1-NWs (Fig. 11B). 

 
Figure 11. Anti-tumor activity of PL1-targeted NWs in U87-MG and NCH421K 
GBM models. Mice bearing (A) subcutaneous U87-MG and (B) orthotopic NCH421K 
xenografts were IV injected with different NWs formulations (D[KLAKLAK] 2-NWs, 
PL1-NWs or PL1-D[KLAKLAK] 2-NWs; all at 5mg iron/kg), or PBS. In total, 10 injec-
tions were performed every other day (n=8 mice/group). (A) Dynamics of tumor volume 
in response to treatment with different NWs formulations. Statistical analyses were 
performed with two-way ANOVA Bonferroni's multiple comparisons test and log-rank 
test (n = 8 mice/group), error bars: mean ± SEM; ns – P > 0.05; *** – p<0.0001; (B) 
Kaplan-Meier survival analysis. Mice bearing intracranial NCH421K tumors showed a 
statistically significant extension of survival when treated with PL1-D[KLAKLAK] 2-
NWs compared to other treatment groups.
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5.1.5. PL1-NWs bind to clinical GBM lesions 

To explore the translational relevance of PL1-NWs, we studied the binding of 
PL1-NWs to clinical GBM samples. The human GBM tissue sections were 
overlaid with FAM-PL1-NWs or FAM-labeled control NWs and subjected to 
confocal imaging. PL1-NWs showed binding to all human GBM samples tested, 
with binding primarily at perivascular structures as well as deep in the tumor 
parenchyma (Fig.12). Further, PL1-NWs colocalized with tumor FN-EDB and 
TNC-C receptors that are highly overexpressed in clinical GBM samples. Control 
non-targeted NWs exhibited no binding to the tumor sections (Fig.12). 
 

Figure 12. PL1-NWs bind to cryosections of clinical GBM. The cryosections of clinical 
GBM samples were incubated with PL1-NWs or nontargeted NWs, immunostained, and 
examined by confocal microscopy. Tissues were stained for FAM (anti-FITC, green), 
EDB (ScFv L19, red), TNC-C (ScFv G11, magenta), and nuclei (DAPI, blue). Scale bar: 
100 μm for all panels. 
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5.2. Identification of tumor-penetrating peptide 
targeting TNC-C and NRP1  

(Publication II) 
The biopanning of CX7C peptide phage libraries against TNC-C resulted in round 
5 ~1000-fold enrichment. A random set of 38 peptide phage clones from TNC-C-
selected phage pool contained the following predominant motifs: RGRLXR 
(7 repeats), RGRLR (18 repeats), and RLXR (12 repeats) (Fig. 13A). We created a 
panel of phages displaying permutations of the RGRLXR motif and audited it 
using in vivo phage playoff in 4 glioma models and 1 prostate cancer model. 
 

 
 
Figure 13. Identification and cell-free binding of PL3 peptide. (A) The CX7C T7 
phage library biopanning on TNC-C resulted in ~1000-fold enrichment by the round 5 of 
selection. Binding is shown fold over control G7 (heptaglycine)-displaying phage. 
(B) The effect of alanine scanning mutagenesis (alanine substitutions indicated by under-
lined bold) on interaction of PL3 phage with its receptors TNC-C and NRP-1. The PL3 
phage binding to TNC-C and NRP-1 was expressed as a percentage relative to parental 
PL3 phage. (C–D) The fluorescence anisotropy (FA) saturation curve assay showing 
FAM-Cys-PL3 binding to TNC-C and NRP1. The 0.66 µM FAM-Cys-PL3 incubated 
with different protein concentrations in the absence (total binding, open circles) of 
0.5 mM Biotin-Ahx-PL3. The FA values were calculated according to FA= (I|| ‐ G·I⊥)/ 
(I|| + 2·I⊥) and fitted globally after 24 h incubation at 25 °C. The values are shown mean 
± SD from 3 independent experiments. 
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The AGRGRLVR octapeptide (codenamed PL3) was overrepresented in tumors 
across the models tested. Interestingly, the PL3 peptide contains a  
C-terminal RXXR motif known to bind to NRP-1. We studied the binding of PL3-
displaying phage to NRP-1 and found that the peptide phage binds to NRP-1 >200 
fold more than the control phage displaying heptaglycine peptide. Next, we 
studied the binding of alanine substituted PL3 phage to TNC-C and NRP-1. The 
alanine substitution of arginine or leucine residues resulted in decreased binding 
to recombinant TNC-C. The NRP-1 binding was abolished when the C-terminal 
arginine residue was substituted with alanine (Fig. 13B).  

We next used fluorescence anisotropy (FA) assay to determine Kd of PL3 for 
its receptor proteins. The FAM-Cys-PL3 (1.46 kDa) binding to TNC-C (12.3 kDa) 
and NRP1 b1b2 domain (37.8 kD) were saturable at different levels due to 
different rotational mobility of the receptors. The Kd values were calculated by 
assuming a single binding site with ligand depletion in the global fitting. The Kd 
of PL3 binding to TNC-C was 51 ± 19 μM (Fig. 13C). Dequenching of the FAM 
signal after tryptic digestion of the PL3/TNC-C complex suggested the involve-
ment of more than one binding site and lower Kd value. The Kd of PL3-NRP-1 
interaction was 1.1 ± 0.2 μM (Fig. 13D), similar to previously published Kd for 
CendR peptide-NRP-1(Wang et al., 2011) 
 

5.2.1. NRP-1-dependent internalization  
of PL3-functionalized AgNPs 

To explore the binding and internalization of PL3 peptide-functionalized AgNPs, 
we used 3 cell lines of known PL3 receptor expression status. The U87-MG 
glioma cells are positive for TNC-C and NRP-1, PPC1 prostate carcinoma cells 
are positive for NRP-1, and M21 melanoma cells negative for NRP-1. To enable 
the fluorescence microscopy detection, PL3-AgNPs were labeled with CF555. 
PL3-AgNPs were strongly bound and endocytosed in U87-MG and PPC1 cells 
with perinuclear accumulation. The control AgNPs showed only weak back-
ground signal in both cell lines (Fig. 14A–B). The M21 cells displayed only a 
weak background signal that was similar for both PL3-functionalized and control 
AgNPs (Fig. 14C). The treatment of biocompatible and non-toxic etching solution 
removes extracellular AgNPs and allows distinguishing extracellular and intern-
alized AgNPs. Removing extracellular AgNPs from U87-MG and PPC1 cells 
showed only a slight reduction in cell-bound PL3-AgNP signal, suggesting that 
most of PL3-AgNP were internalized and protected from etching by the cellular 
membrane. The blocking of the NRP1 receptor by anti-NRP-1 antibody in U87-
MG cells abolished PL3-AgNP internalization (Fig. 14D), suggesting that the 
uptake of PL3-AgNPs in U87-MG cells was NRP-1-dependent. 
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Figure 14. PL3-functionalized AgNPs are taken up in NRP-1-positive PPC1 and U87-
MG cells. The U87-MG glioma (A), PPC1 prostate carcinoma(B), and M21 melanoma 
(C) cells incubated with CF555 labeled PL3-AgNPs, or control AgNP particles for 1h. 
The cells were washed and treated with an optional hexacyanoferrate/thiosulfate redox-
based etching solution to dissolve extracellular particles before confocal imaging. PL3-
AgNPs (red) bound to and were internalized in NRP-1-positive PPC1 and U87-MG cells 
but not in NRP-1-negative M21 cells. The high-magnification images on the right of PL1-
AgNP images show binding and internalization. The control particles in the box show 
negative binding in all cell lines studied. Scale bars: 20 µm in main images, 2 µm in 
insets. (D) The U87-MG cells were preincubated with NRP1 blocking antibody 
(30 μg/ml) for 1 h, followed by incubation with PL3 AgNPs (red). The plasma membrane 
was stained with wheat germ agglutinin (green) and nuclei with DAPI (blue). Scale bars, 
20 μm. Quantitation of binding and internalization of CF555-labeled AgNPs using 
ImageJ. >3 independent experiments were carried out. The error bars show mean ± SD 
(N=6), and P-values were determined using unpaired Student’s t-test (** P ≤ 0.01). 
 
 

5.2.2. PL3-nanoparticles accumulate in malignant lesions 

The systemic in vivo phage playoff experiment showed robust homing of PL3 
peptide phages to different solid tumor models. Next, we studied the effect of 
functionalization with synthetic PL3 peptide on the in vivo biodistribution of 
synthetic NPs. First, we tested the homing of PL3 and control NWs in mice bearing 
glioma lesions (s.c. U87-MG and orthotopic WT-GBM) and prostate cancer xeno-
grafts (PC3 s.c. tumors). Confocal imaging demonstrated that in all the models, 
PL3-NWs showed tumor tropism, mainly colocalizing or associated with CD31-
positive vascular structures (Fig. 15A–C). In some regions, PL3-NWs extravasated 
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from blood vessels and accumulated in the tumor parenchyma (Fig. 15A–C, 
arrowheads). Macroscopic imaging showed preferential tumor accumulation of 
the PL3-NWs in U87-MG tumor mice (Fig. 15D). In the U87-MG tumors, PL3-
NWs were found primarily overlapping with immunoreactivities of cognate 
receptors of PL3 peptide – TNC-C and NRP-1 (Fig. 15E-F, arrowheads).  
 

 
Figure 15. Systemic PL3-NWs accumulate in solid tumors. PL3-NWs or control FAM-
NWs were IV injected (7.5 mg/kg) into mice bearing s.c. U87-MG glioblastoma (A), 
orthotopic WT-GBM glioblastoma (B), and s.c. PC3 prostate carcinoma (C). The animals 
perfused after 5 h, organs were immunostained with rabbit anti-FAM (green), rat anti-
CD31 (red) Abs, and nuclei counterstained with DAPI (blue). In the confocal microscopy 
image, arrows point to PL3-NWs localization in CD31-positive vessels, and arrowheads 
showing to extravasated PL3-NWs in the tumor parenchyma. Insets show the image 
without the DAPI channel. (D) Ex vivo macroscopic Illumatool imaging of PL3-NWs IV 
injected U87-MG tumor and control tissues (green channel, tumor: Tu, brain: Br, Kidney: 
Ki, spleen: Spl, liver: Li, lung: Lu and heart: He). (E–F) The confocal images of PL3-NWs 
tumor tissue stained with rabbit anti-FAM (green), anti-TNC-C (red), and rabbit anti-
NRP1 (red) Abs. Arrow points to the colocalization of PL3-NW with TNC-C and NRP1 
and Scale bar: 100 µm. The representative images shown from 3 independent experiments. 
 
Next, we studied the effect of PL3 peptide functionalization on in vivo tumor 
tropism of near-infrared CF647 dye-labeled AgNPs. The PL3-AgNP or non-
targeted AgNPs were systemically injected into s.c. U87-MG mice. Whole-body 
intravital imaging was performed by the IVIS spectrum at pre-injection and at 5 h 
post-injection time points. After 5 h circulation, fluorescent surface radiance 
imaging of PL3-CF647-AgNPs showed ~10-fold accumulation in U87-MG lesions 
compared to control CF647-AgNPs (Fig. 16A–B). The PL3-AgNP blocking by a 
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coadministered cocktail of anti-TNC-C and NRP-1 polyclonal function-blocking 
Abs revealed in near-complete inhibition of the PL3 tumor homing, whereas PL3-
AgNP coadministration with single blocking Abs resulted in decreased tumor 
accumulation (Fig. 16C, D). These results demonstrate the ability of PL3 peptide 
in precision-targeted delivery and specific tumor homing in different NP systems. 
 

 
Figure 16. Specific homing of systemic PL3-AgNPs to U87-MG tumors. (A) Alexa-
647-labeled PL3-AgNPs and control AgNPs were IV injected into s.c. U87-MG mice 
(3 mice per group) for in vivo imaging. The fluorescence images were taken at pre-
injection and 5 h post-injection time points using IVIS Lumina Imaging System. The 
images are shown after spectral un-mixing. (B) The Alexa-647 signal was quantified from 
PL3-AgNPs and control AgNPs groups. Y-axis shows Average Radiant Efficiency 
[p/s]/[µW/cm²], and error bars show mean ± SEM (N=3). P-values were determined using 
two-way ANOVA, ns, P > 0.05; **** P ≤ 0.0001. (C) The specificity of in vivo homing 
of PL3-AgNPs to s.c. U87-MG tumors were studied by blockade with anti-TNC-C or 
anti-NRP1 Abs, or both. The confocal imaging of PL3-AgNPs (green), CD31-positive 
blood vessels (red), and DAPI (blue). (D) The green signal from images was quantified 
using Fiji ImageJ. The error bars indicate mean ± SEM (N=3 mice per group). The scale 
bar corresponds to 20 μm and p-values were determined using Student unpaired t-test 
*** p ≤ 0.001; **** p < 0.0001. 
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5.2.3. PL3-guided proapoptotic nanoparticles have  
anti-glioma activity 

Having demonstrated specific tumor homing of PL3-displaying biological and 
synthetic NPs, we next evaluated the therapeutic efficacy of PL3 peptide on 
proapoptotic D(KLAKLAK)2 peptide-loaded NW in the U87-MG GBM model. 
The use of s.c. U87-MG allowed monitoring tumor size, rather than survival, as 
the endpoint (Fig. 17A). The treatment was initiated at 36 days after tumor 
induction when the tumor volume reached 100 mm3. During therapy, tumor volume 
increased rapidly in control (PBS, PL3-NW, and D(KLAKLAK)2–NW) treatment 
groups. In contrast, tumor growth was significantly delayed in mice treated with 
PL3-D(KLAKLAK)2-NWs (Fig. 17B). The PL3- D(KLAKLAK)2-NW-treated 
mice had 50% extension in survival compared to the animals in the other 
treatment groups (Fig. 17C). These data show that PL3 functionalization improves 
the therapeutic index of anti-cancer NPs. 

 
Figure 17. Treatment with PL3-D(KLAKLAK)2-NWs inhibits GBM progression. 
(A) The flow of tumor treatment study. The treatment of s.c. U87-MG bearing mice with 
PL3-D(KLAKLAK)2-NW and controls (PL3-NW, D(KLAKLAK)2-NW, and PBS) began 
when the tumor volume reached 100 mm3 (on day 36 after tumor induction). The mice 
were randomized in 6 groups and treated with 10 IV injections (5 mg/kg Fe in 100µl PBS) 
every other day. (B) The tumor size was recorded daily, and data were analyzed with  
2-way ANOVA and log-rank test. Error bars: mean ± SEM; *P< 0.05. (C) Kaplan-Meier 
survival analysis and body weight were calculated for each group using GraphPad Prism 
6 software with p values < 0.05 considered significant. 
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5.2.4. PL3-NWs bind to surgical explants of human GBM 

To address translational relevance of PL3-guided nanosystems, we studied the 
binding of PL3-NW to clinical GBM lesions. The PL3-NWs or control NWs were 
overlaid on the GBM cryosections and subjected to confocal imaging. The PL3-
NWs bind to TNC-C positive regions in all the tested clinical glioblastoma, diffuse 
astrocytoma, anaplastic oligodendroglioma, and oligodendroglioma tissue samples 
(Fig. 18). 

 
 
Figure 18. PL3-NWs bind to surgical explants of human glioma tissues. The snap-
frozen clinical human glioma tissues were sectioned and incubated with FAM-labeled 
PL3-NWs or non-targeted NWs, stained with anti-FAM (FITC, green), anti-TNC-C Abs 
(red) and nucleus (DAPI, blue). Scale bar, 100 μm for all panels. 
 
 

5.3. iRGD functionalization confers TNC-C-targeting 
G11 single-chain antibody the ability to bind 

to angiogenic integrins 
(Publication III) 
To test if the fusion of TPP to ECM targeting antibody improves its tumor homing 
and penetration, we fused genetically iRGD tumor penetrating peptide to the  
C-terminus of TNC-C-targeting ScFV G11 (G11) (Fig. 19A–B). The G11 and 
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G11-iRGD were labeled with FAM fluorophore for detection in subsequent 
studies. To evaluate the effects of iRGD fusion and FAM labeling on the G11 
binding profile, we performed binding studies using G11 and G11-iRGD on 
TNC-C and αvβ3 integrins (the primary receptor of iRGD peptide) under cell-
free conditions. The G11-iRGD showed an increase in TNC-C binding and ~8-fold 
higher binding to αvβ3 integrins over control proteins (Fig. 19C). The increased 
binding was likely due to electrostatic interactions since TNC-C has a net 
negative charge, and iRGD, after processing into a CRGDK CendR peptide, has 
a net positive charge. These data show that iRGD fusion and FAM labeling of 
G11 had no adverse effects on the binding ability to target modules of iRGD-G11 
to their cognate receptors. 

Figure 19. Cell-free binding of G11 and G11-iRGD to integrins and TNC-C. 
(A) Schematic representation of single-chain antibody constructs. (B) The purified 
recombinant scFv G11 and scFv G11-iRGD were analysed by SDS-PAGE. The size of 
molecular weight marker fragments (in kDa) shown on the left. (C) The binding of 
recombinant G11 and G11-iRGD to immobilized TNC-C and αvβ3 integrins in ELISA 
assay. The parental G11 binds to TNC-C but not to αvβ3 integrins or control BSA. The 
iRGD-G11 interacts with both TNC-C and αvβ3 integrins. The data are from 7 inde-
pendent experiments. The P-value determined using the unpaired student t-test. Error bars: 
mean ± SEM, **** – p < 0.0001; ns – not significant.  
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5.3.1. Systemic in vivo biodistribution and extravasation of G11 
and G11-iRGD antibodies 

We performed a comparative analysis of G11 and G11-iRGD Abs in s.c. U87-MG 
mice. The U87-MG tumor model expresses abundant TNC-C and exhibits the 
upregulation of angiogenic integrins. FAM-G11 or FAM-G11-iRGD were IV 
injected and circulated for 1–48 h for mapping biodistribution. Confocal imaging 
demonstrated that the parental G11 antibody is mostly associated with tumor 
blood vessels and their immediate vicinity (upper rows in Fig. 20A–B). At 24 and 
48 h time points, G11 also showed some extravascular FAM signal, likely due to 
baseline vascular leakiness. In contrast to G11, the FAM G11-iRGD showed 
extravasation from the tumor blood vessels already at 1 h after injection (bottom 
rows in Fig. 20A–B), suggesting that iRGD fusion facilitated antibody extra-
vasation and penetration in the malignant tissue. 

 
Figure 20. Biodistribution and tumor-specific extravasation of systemic G11-iRGD 
in U87-MG tumor lesions. (A) FAM-labeled G11 and G11-iRGD Abs were IV injected 
and organs collected after 1, 5, 24, and 48 h circulation. The tumor cryosections prepared 
from tissues collected at 5 and 24 h post-injection was stained with anti-FAM (green), 
vascular endothelial marker anti-CD31 (red), and nuclear counterstain DAPI (blue). 
Arrows point at tumor blood vessel G11 and G11-iRGD. Arrowheads point at G11-iRGD 
in the extravascular tumor parenchyma (20 µm in blow-up insets, scale bar: 100 µm, n=3). 
(B) The s.c U87-MG GBM tumor tissues from 1 and 5 h were stained with primary Abs 
reactive with fluorescein (green), vascular endothelial marker CD31 (red), and for 
endogenous mouse antibodies (mIgG) used (blue). Arrows point to scFv signals in blood 
vessels and arrowheads at sites of extravasation. Scale bars: 20 µm. 
 
 

5.4. Targeting glioma-associated P32 with linTT1 peptide 
(Publication IV) 
In resting cells in the adult organism, the p32 protein is expressed intracellularly. 
However, inactivated cells (e.g., in tumor vascular and lymphatic endothelial 
cells, tumor macrophages, and malignant cells, as well as immune cells in athero-
sclerotic lesions) p32 also appears in the plasma membrane (Laakkonen et al., 
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2002, 2004; Fogal et al., 2008). The cell surface expression of p32 in GBM lesions 
in the lentivirally-induced 005 mouse model has previously been documented 
(Agemy et al., 2013).  

However, the broader relevance of the expression of p32 across GBM models 
and applicability of peptide-based affinity targeting of p32 protein in GBM had not 
been established. Therefore, we first studied the intratumoral expression of p32 in 
a panel of orthotopic (WTGBM, VEGF-KO, NCH421k) and subcutaneous (U87-
MG) GBM models that represent different invasive/angiogenic GBM phenotypes. 
In orthotopic WT-GBM, VEGF-KO-GBM, and NCH421k models, we observed 
p32 expression at the core of the tumor and in the malignant foci (Fig. 21A). In the 
s.c. U87-MG model, p32 immunoreactivity was present primarily at the rim of the 
tumor (Fig. 21A). Importantly, p32 expression was upregulated in clinical glioma 
samples (glioblastoma, diffuse astrocytoma, and oligodendroglioma), with the 
expression was detected around the blood vessels occasionally, in the bulk of the 
tumor (Fig. 21B). The expression of p32 in GBM suggested potential applications 
for the LinTT1 peptide for targeted delivery into the GBM lesions.  

 

Figure 21. Expression of p32 in mouse GBM models and clinical GBM samples. 
(A) orthotopic (WT-GBM, VEGF-KO-GBM, NCH421k) and subcutaneous (U87-MG) 
tumors were cryosectioned and subjected to p32 staining with rabbit anti-p32 antibody 
(green) and the nuclei with DAPI (blue). (B) The snap-frozen surgical explants of human 
glioma were sectioned and stained with rabbit anti-p32 antibody (green), anti-CD31-
positive blood vessels (red), and nucleus with DAPI (blue). The arrows indicate p32-
positive areas in GBM lesions, and scale bars are 100 µm. 
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For targeting p32-positive GBM lesions, we used LinTT1 tumor penetrating 
peptide identified using in vitro phage display on immobilized p32 (Paasonen et 
al., 2016). The peptide had been used in the past for the systemic delivery of NPs 
to triple-negative breast cancer (Sharma et al., 2017; Simón-Gracia et al., 2018b) 
and for locoregional targeting of peritoneal carcinomatosis (Hunt et al., 2017). 
NWs functionalized with FAM-LinTT1 or FAM alone were systemically 
administered into GBM-bearing mice, and tissues were collected for imaging 
after 5 h circulation. The confocal imaging of LinTT1-NWs showed that ~3–8 
fold increased tumor accumulation in the malignant tissue compared to control 
FAM-NW particles (Fig. 22). In control tissues, both targeted and non-targeted 
particles were present at similar levels. The data suggested that LinTT1 targeting 
peptide improves specific homing and delivery across GBM models. 

 

Figure 22. Systemic LinTT1-NWs home to GBM lesions. Mice bearing GBM 
xenografts of the mouse (005, WT-GBM, VEGF-KO-GBM – intracranial) or human 
origin (NCH421k – intracranial, U87-MG – subcutaneous) were IV injected with 
7.5 mg/kg FAM-LinTT1-NW or FAM-NW. After 5 h of circulation, mice perfused, and 
organs were collected for cryosection. The sections were stained with anti-FAM (NWs), 
anti-CD31 (blood vessels), DAPI (cell nuclei), and subjected to confocal imaging. 
Tu – tumor, BP – brain parenchyma. FAM channel alone shown in insets. Arrowheads 
indicate the LinTT1-NW signal. Scale bars – 100μm. The middle row panel show 50 μm 
in high magnification of the LinTT1-NW signal. 
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We then evaluated the anti-glioma therapeutic potential of LinTT1-functionalized 
NWs loaded with proapoptotic D[KLAKLAK]2 peptide. The amphiphilic proapop-
totic peptide D[KLAKLAK]2, known to destabilize the mitochondrial membranes, 
has been used as an anti-cancer payload in numerous studies (Agemy et al., 2013, 
2011; Laakkonen et al., 2004). The experimental GBM therapy with LinTT1-
functionalized NWs was performed on s.c. U87-MG and orthotopic 005 GBM 
models. Compared to control groups, the s.c. U87-MG tumor mice treated with 
LinTT1- D[KLAKLAK]2-NWs showed inhibition of tumor progression and 
significantly reduced tumor growth (Fig. 23A). Similarly, orthotopic 005 GBM 
tumor mice treated with LinTT1- D[KLAKLAK]2-NWs showed much-improved 
survival and tumor growth inhibition compared to control-treated groups 
(Fig. 23B). 

 
Figure 23. Experimental therapy with LinTT1-D(KLAKLAK)2-NWs inhibits tumor 
progression in U87MG and 005 GBM models. Mice bearing (A) subcutaneous U87-MG 
and (B) orthotopic 005 xenografts were IV injected with PBS or of different NWs formu-
lations (NW, D[KLAKLAK]2-NWs, LinTT1-NWs or LinTT1- D[KLAKLAK]2-NWs; all 
at 5 mg/kg Fe in 100 µl) as illustrated in tumor treatment study design in the top panel. 
Injections were performed every other day, with a total of eight injections for U87-MG 
(n=8 mice/group) and seven injections for 005 GBM (n=6 mice/group). Tumor size, body 
weight, and motor functions were recorded daily, and animals were sacrificed when 
tumors reached the limits allowed by the animal ethics committee. The tumor volume 
data were analyzed with a 2-way ANOVA; error bars: mean ± SD; * – p < 0.01. The survival 
data are expressed as Kaplan-Meyer plots. The representative brain section of orthotopic 
GFP-005 GBM (shown in dotted line) images shown from day 36 and 82 of mice treated 
with FAM-NW and FAM-LinTT1- D[KLAKLAK]2-NWs. T: tumor, BP: brain paren-
chyma. 
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5.5. IP3 peptide interacts with HA  

(Publication V) 
For identification of peptides for locoregional targeting of peritoneal carcino-
matosis, we used ex vivo and intraperitoneal in vivo biopanning with a T7 peptide 
CX7C phage library on MKN-45P peritoneal gastric carcinoma. After biopanning, 
the peptide-encoding phage genome was subjected to High Throughput Sequen-
cing (HTS) with Ion Torrent System. The analysis of next-generation sequencing 
data with a custom bioinformatics script resulted in the identification of 
IP1(CDAPRSRRC) and IP3 (CKRDLSRRC) peptides. Upon i.p. administration 
in MKN-45P mice, the IP3-displaying phage showed better homing than IP1 and 
iRGD peptide phage (Fig. 24A). Interestingly, the IP3 peptide sequence contains 
hyaluronic acid (HA)-binding LSRPR motif (Amemiya et al., 2005). The HA is 
an ECM component prominently upregulated in many solid tumors, including in 
peritoneal MKN-45P carcinoma. The ELISA based binding assay showed that 
FAM-labelled IP3 peptide was able to bind to immobilized HA ~6.4-fold higher 
than the control G7 peptide (Fig. 24B).  
 

 
Figure 24. IP3 peptide homes to MKN-45P tumors and interacts with HA in a cell-
free system. (A) The candidate peptide phages (IP1 and IP3) and control phages (iRGD 
and insertless) were evaluated for i.p. in vivo homing to MKN-45P peritoneal tumors in 
mice. The phage titers are expressed fold-over insert less control phage. Error bars: SEM, 
n = 3. (B) IP3 peptide binds to immobilized HA. HA-coated ELISA plates were incubated 
with FAM-IP3 peptide for interaction and bound peptide detected with anti-FAM 
antibody as a primary antibody, rabbit-HRP conjugate as a secondary antibody, and a 
chromogenic reaction. Statistical analysis was performed by Student unpaired t-test. Error 
bars: SEM, n = 8, ***p < 0.001. 
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This interaction was inhibited in a concentration-dependent manner by pre-
treatment with 1 mg hyaluronidase (HAase) (Fig. 25A). The pretreatment with 
heat-inactivated HAase did not inhibit the IP3 binding to HA (Fig. 25B).  
 

 
Figure 25. Hyaluronidase activity inhibits the IP3 peptide binding to HA. (A) HA 
was pre-incubated with different concentrations of hyaluronidase at 37 °C for 2 h, 
immobilized to ELISA plate, and incubated with FAM-labelled IP3 peptide. The IP3 was 
detected with anti-FAM antibody, rabbit-HRP conjugate, and a chromogenic reaction. 
(B). The HA was incubated with either untreated or heat-inactivated hyaluronidase and 
was used as a target for IP3 binding. One-way ANOVA performed statistical analysis 
with GraphPad Software, n = 4, *** P ≤ 0.001, ns P > 0.05. 
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6. DISCUSSION 

6.1. Significance 

Various monospecific affinity targeting strategies for cancer delivery have been 
employed with limited success due to tumor heterogeneity and limited quantities 
of available receptors. The research work presented in this thesis describes the 
development of multi-targeted tumor penetrating peptides for simultaneous 
targeting of two or more markers in the tumor microenvironment to overcome the 
spatiotemporal heterogeneity in the expression of target molecules and to address 
the issues related to the limited number of systemically available target receptors. 
The peptides were identified using cell-free biopanning and validated in vivo 
using a panel of clinically relevant tumor models. Our studies established the 
preclinical proof of utility for the peptide-guided precision delivery for NPs 
loaded with anti-cancer payloads and imaging agents to solid tumors. The homing 
peptides identified in this work are translationally relevant as they are not species-
specific and bind to both mouse and human target proteins. These results warrant 
future efforts on the development of these novel multitargeted homing peptides 
towards clinical application. 
 
 

6.2. Main findings 

The studies in this thesis resulted in identification of novel multi-targeted peptides 
and their preclinical evaluation for detection and therapy of solid tumors. We 
have identified three different tumor-targeting peptides PL1 (PPRRGLIKLKTS), 
PL3 (AGRGRLVR), and IP3 (CKRDLSRRC) and characterized their receptor 
interactions. We found that surface functionalization of NPs with these affinity 
targeting peptides increased their systemic selectivity to solid tumors and 
improved the therapeutic efficacy of NPs loaded with the anti-tumor payload. 
Further, we established the utility of previously identified tumor penetrating 
peptide, LinTT1 (AKRGARSTA), for targeting brain tumors. Finally, we showed 
that the genetic fusion of iRGD tumor penetrating peptide facilitates extra-
vasation and stromal penetration of the complex. 
 
 

6.2.1. Development of bispecific tenascin-C and fibronectin 
targeted PL1 peptide for theranostic application in solid tumors 

The expression of ECM proteins isoforms TNC-C and FN-EDB are upregulated 
in most solid tumors but not detectable in non-malignant adult tissues (Khan et 
al., 2005; Trachsel et al., 2007; Silacci et al., 2006; Carnemolla et al., 1999; Park 
et al., 2012). Compared to receptors expressed on the surface of malignant cells, 
TNC-C and FN-EDB provide a more stable and high capacity target for affinity 
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ligands (Lingasamy et al., 2019; Järveläinen et al., 2009). Monospecific affinity 
ligands for FN-EDB ScFV L19 (Nilsson et al., 2001), ZD2(Han et al., 2015)) and 
TNC (ScFV G11 (Silacci et al., 2006), TNC aptamer (Daniels et al., 2003), and 
TNC-binding FHK peptide (Kim et al., 2012a) have been applied for precision 
delivery of solid preclinical tumors. Importantly, some of the ligands have 
reached clinical testing for tumor delivery of cytokines (e.g., IL2, TNF) and 
radionuclides (Kumra & Reinhardt, 2016; Spenlé et al., 2015). 

Using the T7 phage display, we have identified 12 amino acid peptide PL1 
(PPRRGLIKLKTS) that targets both FN-EDB and TNC-C. The systemic PL1 
NWs and AgNPs selectively accumulated in a receptor-dependent manner in 
GBM and prostate carcinoma lesions. Further, based on our previous studies 
(Toome et al., 2017; Willmore et al., 2016), we adopted LA-ICP-MS based 2D 
mapping for parallel visualization of isotopically barcoded peptide AgNPs and 
control AgNPs. This ratiometric analysis demonstrated that PL1 targeted AgNPs 
show brain tumor-specific accumulation with very low baseline uptake in the 
healthy brain. Interestingly, we observed the internalization of PL1 peptide-
guided AgNPs in cultured U87-MG cells. In follow-up studies, we aim to 
establish details of the PL1 peptide-mediated internalization pathway.  

The FN-EDB and TNC-C are known markers for angiogenesis. Using the 
angiogenesis model induced by intradermal injection of VEGF-driving adeno-
virus, we showed by intravital multiphoton microscopy that in live mice, PL-NWs 
home to angiogenic vessels suggesting applications for diseases that involve 
aberrant growth of neovessels, such as age-related macular degeneration (Brack 
et al., 2004; Santimaria et al., 2003; Folkman, 1995). We have also demonstrated 
potential applications for PL1-guided NPs as MR contrast agents for tumor 
detection and imaging. Finally, the experimental therapy of GBM tumor mice 
with PL1 targeted therapeutic NPs showed significantly reduced tumor volume 
and increased the lifespan of tumor mice compared to control groups. The FN-EDB 
domain is 100%, and the TNC-C domain is 96% conserved between mouse and 
human, and we observed in overlay studies on human glioma sample cryosections 
that PL1-NWs bind selectively to the FN-EDB and TNC-C positive areas. 
Collectively, these results warrant further preclinical development of PL1 guided 
drugs and imaging agents for the systemic targeting of solid tumors. 

 
 
6.2.2. Development of tenascin-C and neuropilin-1 dual targeting 

PL3 peptide for cancer drug delivery 

ECM targeting affinity ligands can reach extravascular tumor tissue passively 
through the EPR effect (Raavé et al., 2018), and adding tumor penetrating proper-
ties to the peptides may result in improved delivery. In our second study, we 
identified a novel peptide, PL3 (AGRGRLVR), that is able to bind to TNC-C and 
cell and tissue penetration receptor NRP-1. The NRP-1 binding is mediated by 
the CendR consensus motif RLVR of PL3 peptide; this interaction activates 
internalization and trans-tissue transport pathway (Teesalu et al., 2013, 2009). In 
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in vitro binding studies, we observed that PL3 peptide-binds specifically to the 
TNC-C and NRP1 b1b2 domain but not to Fn-EDB and NRP1 b1b2 with mutated 
CendR binding pocket. PL3 guided NPs showed NRP-1 dependent internalization 
in NRP-1-positive U87-MG and PPC1 cells but not in NRP-1-negative M21 
melanoma cells. The internalization properties of PL3 peptide are similar to  
tLyP-1 tumor penetrating peptide that targets cell surface p32 and NRP-1 (Roth 
et al., 2012).  

The systemic administration of two types of synthetic PL3-functionalized 
nanocarriers, NWs and AgNPs, resulted in their tumor homing and accumulation. 
This improved delivery appeared specific, as blocking TNC-C and NRP-1 
binding sites with inhibitory Abs resulted in decreased tumor homing. In a proof-
of-concept experimental therapy study, treatment with PL3-D[KLAKLAK]2-
NWs significantly reduced tumor volume, and prolonged the survival rate of 
mice. The PL3 peptide targeted NWs, and not control nontargeted NWs, showed 
binding to TNC-C and NRP-1 positive regions of cryosections of human GBM, 
suggesting translational relevance. Overall, the studies indicate that PL3 targeting 
may have applications for delivering diagnostic and drug payloads in solid tumors. 

 
 

6.2.3. Engineering an iRGD peptide-antibody fusion allows 
bifunctional targeted tumor penetration 

Tumor targeting Abs are widely used and evaluated as drug carriers to improve 
therapeutic drug efficacy and decrease systemic toxicities. The TNC-C targeting 
single-chain antibody (ScFV G11) was developed for the delivery of cytotoxic or 
immunomodulatory payloads to solid tumors such as glioma, melanoma, pancreas, 
breast, and lung tumors (Silacci et al., 2006; Spenlé et al., 2015). However, bulky 
antibody-drug-conjugates (ADC), able to successfully target systemically 
accessible receptors, are less well suited for the delivery of payloads into extra-
vascular tumor parenchyma. This is due to the tissue extravasation of ADCs 
depending entirely on the EPR effect, resulting in the uneven distribution in the 
tumor tissue that limits their clinical benefits (Adler & Dimitrov, 2012; Chau et 
al., 2019; Kalim et al., 2017). The prototypic TPP iRGD is widely used for co-
administration and conjugated-based targeting of extravascular tumor parenchyma 
(Sugahara et al., 2009; Ruoslahti, 2017; Teesalu et al., 2013; Sugahara et al., 
2010). We hypothesized that iRGD peptide conjugation to the non-internalizing 
G11 antibody might alleviate this problem by increasing the accessibility of 
tumor ECM from systemic space and activating the extravascular transport 
pathway for deep tumor extravasation. 

We demonstrated the genetic fusion of iRGD to ECM targeting single-chain 
antibody G11 resulted in bispecific affinity ligand (iRGD-G11) with preserved 
ligand-binding specificities, able to bind both intended receptors (TNC-C and 
αvβ3 integrins). The modification of ScFV with iRGD and FAM labeling 
increased binding to TNC-C by 2-fold and vβ3 integrins 8-fold. In agreement with 
cell-free studies, systemic iRGD-G11 in s.c. U87-MG GBM models showed 
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significantly increased tumor accumulation compared to the parental G11 scFv 
antibody. Besides, 1 h after injection, iRGD-G11 was already detected in the 
extravascular tumor space, whereas the parental G11 signal in the same areas was 
absent. These data suggest that iRGD fusion improves tumor delivery and 
penetration of an ECM-targeting non-internalizing antibody – a broadly applic-
able strategy that could be used for other antibody-drug conjugates (ADC) to 
achieve improved delivery and better therapeutic efficiency. 

 
 

6.2.4. LinTT1 peptide targeted nanoparticles selectively 
homes to brain tumors 

The cryptic tumor penetrating peptide linTT1 (AKRGARSTA) was identified 
from the T7 phage library as a superior p32/gC1qR binding peptide (Paasonen et 
al., 2016; Sharma et al., 2017). In the past, homing of linTT1 guided NPs was 
studied extensively in mouse models of breast carcinoma and peritoneal carcino-
matosis (PC) (Sharma et al., 2017; Hunt et al., 2017). The relevance of the linTT1 
peptide/p32 axis for targeting gliomas had not been studied in the past. The p32 
protein expression was observed in all 5 phenotypically diverse GBM mouse 
models and human clinical GBM specimens, in agreement with a previous study 
(Agemy et al., 2013; Fogal et al., 2015). The linTT1 functionalized NPs were 
found to accumulate in P32-positive regions in tumor lesions in all the GBM 
models. The homing of linTT1 was mainly observed in tumor-associated macro-
phages (TAM), a cell population with upregulated expression of cell surface P32 
across solid tumors (Fogal et al., 2010; Chanmee et al., 2014; Mantovani et al., 
2002), and intriguingly, in transdifferentiated tumor-derived vascular endothelial 
cells. Experimental therapy of GBM mice with LinTT1-D(KLAKLAK)2-NWs 
resulted in a significant reduction in tumor growth and improved survival com-
pared to other control groups. This study demonstrated that LinTT1 TPP could 
be used to achieve tumor accumulation and delivery of different NPs to glioma 
lesions. 
 
 

6.2.5. Identification of hyaluronan targeting IP3 peptide 
for peritoneal tumor delivery 

HA is a large negatively charged ECM glycosaminoglycan carbohydrate polymer 
with biological functions ranging from the physiological role in ECM structural 
organization, cell adhesion, migration, angiogenesis, morphogenesis, to involve-
ment in disease pathogenesis, e.g., cancer progression and dissemination and 
inflammatory responses (Simón-Gracia et al., 2018a; Zhang et al., 2018). The HA 
is abundantly upregulated in many cancers, including bladder, breast, prostate, 
lung, colon, peritoneal, and ovarian cancers (Wu et al., 2020). We used a combi-
nation of ex vivo and I.P. in vivo phage display screens in the MKN-45P gastric 
tumor mice model to identify a 9-residue cyclic IP3 (CKRDLSRRC) peptide that 
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selectively homes to peritoneal tumors upon IP administration. The IP3 peptide 
contains a hyaluronan-binding LSRPR motif, and indeed, in vitro binding studies 
demonstrated that IP3 binds to HA, and the treatment with hyaluronidase has 
abolished the binding. The IP administered IP3 peptide-coated synthetic AgNPs 
showed tumor-specific accumulation in the mouse peritoneal tumors of gastric 
and colon origin. Our results suggest that IP3 peptide may be useful for loco-
regional IP delivery of drugs and imaging payloads to peritoneal tumors. 

The HA regulation demonstrated to increase vascular permeability, immune 
modulation, regulation of angiogenesis, and apoptosis (Caon et al., 2020; Nikitovic 
et al., 2015; Misra et al., 2015). Therefore, HA targeted interruption of its receptor 
(e.g., CD44) interaction, and regulating HA synthesis and metabolism could be a 
promising therapeutic strategy for many types of tumors, wound healing, inflam-
matory disease, tissue fibrosis, and contact hypersensitivity. 
 
 

6.3. Future directions 

In this thesis, we have developed and preclinically validated a panel of novel 
peptides for precision-guided delivery to solid tumors. In the follow-up studies, 
these peptides can be developed further towards diagnostic and therapeutic clinical 
applications. Taking advantage of specific targeting properties of peptides, we 
consider the development of noninvasive precision-guided radioactive probes 
such as technetium-99m (99mTc) and gallium-68 (68Ge) contrast agents for diag-
nostic imaging and patient stratification with PET imaging. 

Further, for therapeutic applications, we will focus on three aspects. Firstly, 
since our peptides target the tumor microenvironment, we will evaluate peptide 
targeted cytokines such as (IL-2, 7, and 12, TNF-α) for developing as immuno-
modulatory therapeutics for cancer treatment. The second possible direction is to 
focus on the development of peptide-guided chemotherapeutics such as mono-
methyl auristatin E (MMAE) as adjuvant therapy for cancer treatment. The 
currently marketed cancer nanomedicines are passively targeted. Therefore, to 
improve efficacy and toxicity profiles, the drug-loaded NPs will be evaluated for 
active targeting with our peptides. Finally, we consider the development of our 
peptides into a next-generation modular proteolytically actuated tumor penet-
rating peptides. 
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7. CONCLUSIONS 

1. Novel bispecific PL1 peptide targeting tumor extracellular matrix (ECM) 
proteins TNC-C and Fn-EDB allow specific targeting of Fn-EDB/TNC-C-
positive solid tumors for precision delivery of anti-cancer drugs and imaging 
agents. 

 
2. Tumor-penetrating peptide PL3 peptide is a bispecific peptide with an affinity 

towards ECM component TNC-C and cell- and tissue penetration receptor 
NRP-1. Systemic PL3 peptide targeted nanoparticles (NPs) show tumor-
specific homing and tissue penetration that can be used for improved tumor 
imaging and therapy. 

 
3. Genetic fusion of iRGD peptide to non-internalizing anti- TNC antibody G11 

results in improved tumor homing and penetration. 
 
4. LinTT1-targeted NPs accumulate in p32 positive areas in GBM lesions. The 

LinTT1 targeted proapoptotic NW shows therapeutic efficacy in GBM xeno-
graft models. 

 
5. Locoregional IP hyaluronan-specific IP3 peptide guided NPs home to the 

peritoneal carcinomatosis by targeting the HA in the tumor ECM. 
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8. SUMMARY IN ESTONIAN 

Kasvajaid penetreerivate polüspetsiifiliste 
kullerpeptiidide väljatöötamine 

Kasvajaliste haiguste ravivõimalused on piiratud, kuna süsteemne keemiaravi on 
madala efektiivsusega ning patsiendile manustatavat ravimidoosi piiravad kõrval-
nähud tervetes kudedes. Üheks võimaluseks ravimite ja kontrastainete efektiivse-
maks muutmiseks ja kõrvalnähtude vähendamiseks on nende laadimine nano-
osakestesse. Nanoosakeste abil on võimalik parandada ravimite lahustuvust, koe-
selektiivsust ja vabanemist sihtmärkkoes. Vähiravimite ja nanoosakeste koe-
selektiivsuse ja efektiivsuse parandamiseks saab neid suunata keemiliselt konju-
geeritud kullerpeptiididega. Kullerpeptiidide kasutamisel kasvajeliste haiguste 
täppisteraapiaks vajavad tähelepanu kaks probleemi: (1) vereringest ligipääse-
tavate rakupinna retseptorvalkude limiteeriv kogus, mis seab piirid kasvajakoesse 
sel viisil afiinsus-suunatavale ravimikogusele; ja (2) maliigsete rakkude geneeti-
line ebastabiilsus, mis võib põhjustada resistentsuse kujunemise afiinsus-suunatud 
ravimite suhtes. 

Käesolevas töös kirjeldatud prekliinilistes uuringutes töötati välja kuller-
peptiidid, mis seonduvad kahe või enama rakuvälise maatriksi vähispetsiifilise 
vormiga. PL1 (järjestus: PPRRGLIKLKTS) on kaksik-spetsiifiline peptiid, 
seondub selektiivselt Tenastsiin-C C-domääni ning Fibronektiini EDB domääniga. 
Need mõlemad molekulid on indutseeritud paljudes soliidtuumorites, ning sama-
aegselt kahele märklaudmolekulile suunatud kullerpeptiidi abil on võimalik 
saavutada nanoosakeste kõrgem ja ühtlasem akumulatsioon kasvajalistes kudedes. 
Teine peptiid, PL3 (järjestus: AGRGRLVR) seondub lisaks Tenastsiin-C C-do-
määnile neuropiliin-1ga – see interaktsioon käivitab vähispetsiifilise internalisat-
siooni ja koepenetratsiooni rajad. Töös näidati, et võrreldes tavapäraste ühe 
molekulaarse märklauaga seonduvate peptiididega tagavad käesolevas töös 
identifitseeritud multispetsiilised peptiidid terapeutiliste ja diagnostiliste nano-
osakeste parema akumuleerumise hiirtes modelleeritud soliidtuumorites. Töös 
näidati, et kullerpeptiididega suunamine parandab raudoksiidi nanoosakeste 
kontrasti kasvajakoe elupuhusel kuvamisel magnetresonantstomograafia abil. 
Eksperimentaalteraapia hiiremudelil näitas, et pro-apoptootiliste nanoosakeste 
suunamine meie poolt identifitseeritud vähiselektiivsete peptiididega võimendab 
osakeste terapeutilist efektiivsust.  

Töö tulemusi on võimalik rakendada kasvajaliste protsesside senisest tund-
likumaks detektsiooniks ja efektiivsemaks raviks.  
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