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1. INTRODUCTION

Given the diverse nature of cancer types and stages, a multifaceted approach to
treatment is essential to treat the disease effectively. Local therapies such as sur-
gery, radiation, and bone marrow transplantation effectively remove localized and
accessible tumors; however, the management of distant diseases that have spread
throughout the body, as well as unresectable tumors, relies on systemic treatments
such as chemotherapy.

Anthracyclines have emerged as promising anticancer drugs with broad-spect-
rum efficacy against diverse malignancies (Edwardson et al., 2015; Martins-
Teixeira & Carvalho, 2020). Renowned members of this drug class, such as doxo-
rubicin (DOX) and daunorubicin (DAU), exhibit potent mechanisms of action by
disrupting deoxyribonucleic acid (DNA) replication and inducing apoptosis in
rapidly dividing cancer cells. Despite their effectiveness, anthracyclines' clinical
utility is restricted by cardiotoxicity, multidrug resistance (MDR), and off-target
toxicity (Martins-Teixeira & Carvalho, 2020). Therefore, there is a need for inno-
vative strategies for drug delivery and prodrug design to improve the therapeutic
efficacy and safety of anthracyclines. This can be achieved by enhancing their
anticancer properties by developing novel anthracyclines with improved pro-
perties, such as Utorubicin (UTO).

Introducing drug delivery vehicles is essential for enhancing therapeutic effi-
cacy and reducing the harmful side effects associated with systemic cancer treat-
ments. Traditional systemic drug administration often lacks the precision to selec-
tively target and kill cancer cells, leading to unintended side effects in healthy
tissues. Drug delivery vehicles, including lipid and polymeric nanovesicles, pro-
vide a strategic solution for controlled and targeted drug transport, resulting in
safer options (Wicki et al., 2015). These vehicles not only enhance the pharma-
cokinetics of therapeutic agents but also facilitate their specific delivery to the
tumor site, minimizing off-target effects. Encapsulating drugs within these car-
riers can shield the therapeutic payload until the intended destination is reached,
thereby enhancing the treatment efficacy and reducing systemic toxicity. Further-
more, hydrophobic membranes in nanovesicles enable the encapsulation of drugs
in the hydrophilic aqueous core and hydrophobic bilayer, thereby improving the
solubility of poorly water-soluble drugs. Consequently, these nanovesicles pro-
vide a robust platform suitable for encapsulating and transporting anthracyclines,
particularly hydrophobic ones such as UTO.

Targeted drug delivery, particularly using tumor-penetrating peptides (TPPs),
can potentially improve the accuracy and effectiveness of cancer treatment
(Ruoslahti, 2017). Tumor cells frequently pose challenges to the effective deli-
very of therapeutic agents, requiring innovative strategies to overcome these
obstacles. TPPs, owing to their unique ability to navigate biological barriers with-
in tumor tissues, have emerged as promising tools. These peptides can selectively
bind to receptors overexpressed on the surface of tumor-associated endothelial
cells and cancer cells, facilitating their internalization and allowing for specific
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delivery of drugs or contrast agents to the tumor microenvironment (TME). This
targeted approach not only maximizes the concentration of therapeutic agents at
the intended site but also minimizes exposure to healthy tissues, thereby miti-
gating systemic side effects. The versatility of polymersomes (PS) and niosomes
(NSVs) as efficient platforms for anthracycline delivery allows for easy functio-
nalization with TPPs, further augmenting their ability to accumulate anthra-
cyclines in tumors. Therefore, integrating TPPs into drug delivery systems (DDS)
represents a transformative option for precision medicine, offering promising
solutions for developing more effective and tailored cancer therapies.

This thesis focuses on the preclinical development and evaluation of an inno-
vative precision cancer therapeutic, primarily focusing on the novel anthracycline
prodrug, UTO, designed to address the limitations associated with traditional
anthracyclines. We used 2 types of nanovesicles, namely NSVs and PS, which
were optimized and validated in our laboratory (d’Avanzo et al., 2024; Grossen
et al., 2017; Lepland et al., 2020; Scodeller et al., 2017; Simén-Gracia et al.,
2018). The synthesis of TPP-targeted and anthracycline-loaded nanoparticles
(NPs) was first optimized to enhance drug accumulation in cancer cells expres-
sing specific receptors. Our methodology involved comprehensive in vitro and in
vivo binding assays to evaluate the cytotoxicity of DOX- or UTO-loaded TPP-
targeted NPs. Furthermore, we investigated the treatment efficacy and synergistic
effects of combining the vascular disrupting agent (VDA) combretastatin A4
phosphate (CA4P) and clinical grade TPP iRGD with UTO-loaded PS (UTO-PS)
to treat mice bearing peritoneal carcinomatosis, highlighting the potential for
significantly improved therapeutic and safety outcomes.

13



2. LITERATURE OVERVIEW

2.1. Anthracyclines in cancer treatment

Chemotherapy is a critical modality in cancer treatment that utilizes cytotoxic
drugs to target and damage cancer cells as well as prevent tumor growth. Several
classes of chemotherapeutic agents have been developed for the treatment of
cancer. One such class, known as anthracyclines, is considered to be by far the
most used and most effective anticancer drugs (Minotti et al., 2004; Weiss, 1992)
that most cancer patients receive at some point during their treatment (Mross,
1991). These compounds are derived from Streptomyces bacterium, along with
most being studied DOX and DAU (Fig. 2). Both anthracyclines have been used
in clinical practice for over 30 years for the treatment of various solid and hema-
tological cancers, including lymphomas and breast, leukemia, gastric, uterine,
ovarian, bladder, and lung cancers (McGowan et al., 2017; Venkatesh & Kasi,
2023).

2.1.1. Mechanisms of action

Anthracyclines, or anthracycline antibiotics, are chemotherapeutic agents charac-
terized by a tetracyclic ring system (rings A, B, C, and D) with a sugar moiety
called daunosamine attached to the aglycone moiety at ring A through a glyco-
sidic linkage (Fig. 1) (Martins-Teixeira & Carvalho, 2020; Minotti et al., 2004).
Daunosamine functions as a topoisomerase 2 interacting domain, while the rings
B, C, and D form a DNA intercalating domain. These structural features enable
anthracyclines to intercalate between DNA base pairs (Gewirtz, 1999), causing
DNA deformation (Reinert, 1983) and stabilization of the normally reversible
topoisomerase 2-DNA complex (Marinello et al., 2018; Tewey et al., 1984). This,
in turn, introduces lethal DNA strand breaks and damages proliferating cancer
cells (Capranico et al., 1990; Pommier, 1993; Tewey et al., 1984; Zunino &
Capranico, 1990). The resulting DNA-drug interactions disrupt the DNA synthe-
sis, repair, and transcription processes, ultimately inhibiting cell replication and,
eventually, leading to cell death (Hortobagyi, 1997; Pommier et al., 2010). Addi-
tionally, the quinone moiety can directly damage DNA, proteins, and lipids by
forming reactive oxygen species (ROS), causing cytotoxic cellular damage
(Gewirtz, 1999; Marinello et al., 2018). Because of their broad anti-tumor acti-
vity, anthracyclines have the widest range of clinical use compared to other anti-
tumor drugs used in oncology. For that reason, they are listed by the World Health
Organization (WHO) as essential medicines for cancer treatment (World Health
Organization, 2023).
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Aglycone moiety

Anthraquinone moiety
(DNA intercalating
domain; ROS
formation)

Topoisomerase II
T interacting domain

Sugar moiety

(daunosamine)

Figure 1. Chemical structure of anthracyclines, highlighting key functional groups. The
aglycone moiety is shown as the tetracyclic ring structure (in red), with the anthraquinone
moiety (in blue) responsible for DNA intercalation and reactive oxygen species (ROS)
generation. The sugar moiety (in green), daunosamine, is shown attached to the aglycone,
serving as the topoisomerase II interacting domain. These structural features collectively
contribute to the cytotoxic mechanisms of anthracyclines, including DNA deformation,
strand break induction, and oxidative damage. Adapted from (Martins-Teixeira & Car-
valho, 2020).

2.1.2. Anthracycline limitations

Despite its potent anticancer activity, anthracycline chemotherapy has several
limitations (Tacar et al., 2012). Systemically administered drugs do not diffe-
rentiate between healthy and cancerous cells, causing substantial damage to
healthy tissues and contributing to severe side effects. In addition, mechanical
and physiological barriers, such as poor and heterogeneous tumor perfusion, den-
se extracellular matrix (ECM), and high interstitial fluid pressure (IFP), signi-
ficantly limit the penetration of drugs into solid tumors (Grantab & Tannock,
2012; Jain, 1999; Minchinton & Tannock, 2006). Higher systemic doses of medi-
cines may compensate for poor drug delivery, contributing to the unwanted toxi-
city and development of multifactorial anthracycline resistance (MDR) in speci-
fic cancer cells, which can be both acquired and initial cellular adaptations to the
treatment (Chien & Moasser, 2008; Nielsen et al., 1996; Zahreddine & Borden,
2013). The overrepresentation of drug efflux mechanisms, such as MDR trans-
porters, is one of the primary reasons for the reduced intracellular accumulation
of anthracyclines (Gottesman, 2002; Nielsen et al., 1996).

In addition, cancer cells have been shown to have increased antioxidant defen-
ses, resulting in resistance to anthracycline-produced ROS in the cell (Chien &
Moasser, 2008; Nielsen et al., 1996). Furthermore, modifications in the function
of topoisomerase I, such as a decrease in enzyme quantity or alterations in its
regular activity due to mutations or other causes, can lead to cellular resistance to
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additional doses of anthracyclines (Burgess et al., 2008). Such complex MDR
factors contribute significantly to treatment failures in approximately 90 % of
patients with metastatic cancer (Solmaz et al., 2015), resulting in tumor relapses
(Licht et al., 1991).

Another significant disadvantage associated with non-targeted anthracycline
therapies is their dose-dependent toxicity towards cardiomyocytes, resulting in
cumulative dose-dependent and irreversible cardiotoxicity (McGowan et al.,
2017; Rinehart et al., 1974), accounting for high mortality rates (Minotti et al.,
2004; Tacar et al., 2012). However, the mechanisms underlying anthracycline-
induced cardiac toxicity are not fully understood. The cardiotoxicity is believed
to result from the creation and accumulation of ROS and reactive nitrogen species
(RNS) in mitochondria-rich myocardial cells, which can harm DNA and trigger
lipid peroxidation in cardiac muscle cells (Farias et al., 2017). In addition, these
cells are deficient in primary antioxidant enzymes (such as catalase, superoxide
dismutase, and glutathione peroxidase), making them vulnerable to free radical
damage (Cappetta et al., 2017).

Despite cardiotoxicity, systemically administered and non-targeted anthracyc-
lines are responsible for liver (Y. Zhang et al., 2020), kidney (Okuda et al., 1986),
and gastrointestinal (GI) (Kwon, 2016) toxicities. In addition, they are the cause
of side effects such as nausea and vomiting, abdominal pain, hair loss, bone mar-
row suppression, GI bleeding, and severe seizures (Venkatesh & Kasi, 2023).

Therefore, overcoming challenges such as drug resistance, side effects, and
limited drug accumulation in tumors necessitates the development of innovative
therapeutic strategies to selectively eliminate cancer cells while sparing healthy
ones in cancer treatment.

2.1.3. Novel anthracyclines

The development of novel anthracyclines aims to overcome, or at least limit, the
drawbacks associated with conventional formulations of parental drugs (Hulst et
al., 2022). For instance, several new anthracyclines have been developed, in-
cluding epirubicin (EPI) (Plosker & Faulds, 1993), an approximately 30 % less
cardiotoxic DOX analog with activity in gastric and breast cancer, and idarubicin
(IDA) (Hollingshead & Faulds, 1991), a DAU analog with improved lipophilicity
and activity, as induction therapy for acute myelogenous leukemia (AML) (Fig.
2).

This can be achieved by modifying anthracyclines, which considerably
influences their antitumor effectiveness and adverse effects. The chemical and
genetic production of anthracyclines, including alterations to tetracyclic rings,
side chains, and aminosugars, has led to the synthesis of over 2,000 compounds
(Minotti et al., 2004). Despite this large number, only a few anthracyclines have
been approved for clinical use (Arcamone et al., 1997; Hulst et al., 2022; Mor-
dente et al., 2009; Weiss, 1992). Therefore, there is still a need for novel and more
advanced anthracyclines with enhanced antitumor potency and efficacy, which
could ultimately lead to the development of improved drug analogs.
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Daunorubicin (DAU) Idarubicin (IDA)
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Amrubicin (AMR) Amrubicinol (AMR-OH)

Figure 2. The chemical structures of doxorubicin (DOX), epirubicin (EPI), daunorubicin
(DAU), idarubicin (IDA), amrubicin (AMR), and its active metabolite amrubicinol
(AMR-OH) are illustrated. In the design and synthesis of UTO (Fig. 3), Amrubicinone
(aglycone moiety of AMR) was utilized as the foundational compound. This choice was
driven by the favorable attributes of AMR-OH, including lower cardiotoxicity compared
to DOX and EPI. Additionally, AMR-OH is exceptionally potent, inhibiting the growth
of DOX-resistant cancer cells up to 80 times more effectively than its parent compound,
AMR (Yamaoka et al., 1999). Adapted from (Edwardson et al., 2015; Hira et al., 2008).
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2.1.4. Utorubicin (UTO)

In this thesis, we developed a novel prodrug called UTO, which was designed to
be a more potent and less cardiotoxic anthracycline analog suitable for cancer
therapy. UTO, like its precursor amrubicin (AMR), belongs to the category of 9-
amino anthracyclines and is known for its reduced cardiotoxicity compared to
other anthracyclines, such as DOX and EPI (Morisada et al., 1989; Suzuki et al.,
1997). AMR, a synthetic anthracycline approved for treating lung cancer (Kurata
et al., 2007), is activated by enzymatic reduction of the carbonyl group into a
hydroxyl group (13-OH). In the case of AMR, the resulting metabolite, amrubici-
nol (AMR-OH), demonstrates potency up to 80 times greater than AMR itself
(Yamaoka et al., 1998, 1999). This contrasts with other anthracycline-based anti-
cancer drugs, such as DOX, where metabolites generally have a less potent anti-
tumor effect than the parent compound (Kurata et al., 2007). Despite its anthra-
cycline nature, AMR-OH exhibits limited DNA-binding capability, forming
drug-DNA adducts only at the tenth rate of DOX (Hanada et al., 1998).

As UTO shares a quinone moiety structure with anthracyclines (Fig. 1), its
reduction to a semiquinone radical generates ROS, impacting cellular processes
and inducing cell death (Salvatorelli et al., 2012). The inhibitory effects of AMR
and AMR-OH on cell growth appear to be mainly linked to the suppression of
topoisomerase 11 (Hanada et al., 1998).

Further enhancement of cytotoxicity can be achieved by strategically at-
taching a methylene group to specific sites on the amino and hydroxyl groups,
precisely between the respective nitrogen and oxygen atoms of the 1,2-amino
alcohol moiety of DAU (Post et al., 2005). This structural modification results in
the formation of an oxazolidine cycle, which facilitates the creation of an
anthracycline-DNA adduct by binding to the guanine base and intercalating DNA
with 4-ring anthraquinone, thus effectively inhibiting cell replication (S. Cutts et
al.,2015; S. M. Cutts et al., 2005). As the oxazolidine cycle is unstable in aqueous
solutions, a biocleavable protecting group, acetyloxymethyl carbamate, was
introduced to protect the reactive oxazolidine cycle (Alexander et al., 1988). This
protective measure, also employed in a range of antibiotic, antiviral, and anti-
cancer prodrugs, is cleaved by carboxylesterases in the cytosol upon entry into
the cell, a group of enzymes found to be overexpressed in various tumor types
(D. Wang et al., 2018; G. Xu et al., 2002). This selective metabolism within
tumors minimizes toxicity in healthy tissues, making it a potential advancement
in cancer therapy with improved efficacy and reduced side effects (the UTO
mechanism of action is depicted in Fig. 3).

Therefore, we aimed to develop a less cardiotoxic 9-aminoanthracycline with
enhanced potency and tumor-selective cytotoxic activity.

18



(120T “Te 1 eroeIn-uowls) woly pAdepy 1onppe Y NJ—UI[IAJRIYIUE UR
SWLIOJ U9} 9[0AD QUIPI[OZEXO Y], [e1ederway ay) jJo uonisoduwoosap snosuejuods a3 £q pamo[[o} ‘OLN Jo dnoi3 Sunoejoid syewreqies (Ao
-Ax0[£199e o3 woxy dnoi3 [£190e o) ZATOIPAY SISEIASH UMOUS ST 9FeALI[D JO JWAYDS S} pue Fnrpord QI JO 9IMINI)S [EITWAYD Y], °€ 3.INSI]

NO UI
-
snoauguodg

OHDH-
-

snoauejuodg ISBIDISH




2.2. Improving chemotherapy with nanomedicine

Another approach for improving chemotherapeutic safety and potency is their
incorporation into nanoparticles (NPs). The use of nanoscale particles ranging in
size up to a few hundred nanometers (nm) can enhance the therapeutic effective-
ness, bioavailability, biodistribution, and targeting specificity of various anti-
cancer drugs (Duncan & Gaspar, 2011), especially anthracyclines, while mini-
mizing their side effects. Different materials are used in the synthesis of NPs,
including polymers (e.g., nanovesicles, micelles, dendrimers), inorganic mate-
rials (e.g., metal and silica), lipids (e.g., liposomes and lipid micelles), and
biological materials (albumin NPs, viral NPs) (Wicki et al., 2015). Such a wide
variety of nanomaterials allows the engineering of NPs with the required charac-
teristics and functionalities to increase their therapeutic index. For example, en-
capsulation in vesicle- or micelle-like NP can alleviate the problems of solubility
and chemical stability of toxic drugs. This is particularly important as poor water
solubility limits the bioavailability and development of novel anthracyclines
identified during early drug screening (Williams et al., 2013). In patients, hydro-
phobic drugs such as paclitaxel (PTX) are typically administered with the toxic
solvent Cremophor EL, which restricts the amount of taxol that can be admi-
nistered (Gelderblom et al., 2001; Shimomura et al., 1998; Weiss et al., 1990).

As chemotherapy is most commonly administered intravenously (IV), drug
encapsulation in NP can shield it from premature enzymatic degradation in the
bloodstream or other biological fluids, often leading to suboptimal drug concent-
rations. With the drug being protected, its circulation time is prolonged, allowing
more time for the drug to reach its site of action before premature degradation.
Therefore, lower drug concentrations can be used to achieve the same anticancer
effects, thereby reducing the off-target toxicity and potential development of
MDR (Hu & Zhang, 2009). Moreover, NPs can be composed of external or inter-
nal microenvironment-sensitive materials that allow selective NP degradation in
response to internal or external stimuli like pH, temperature, magnetic field,
irradiation, or enzymatic activity, allowing controlled drug release specifically at
the tumor site (McCoy et al., 2010).

NPs, beyond drug delivery, can be tailored to carry both drugs and imaging
agents, either on the surface or encapsulated within the same NP. These customiz-
able NPs, equipped with affinity ligands, enable targeted treatment and real-time
monitoring of tumor progression, thus acquiring theranostic properties (Lammers
etal., 2011; Zavaleta et al., 2018).

Therefore, NPs act as powerful and versatile tools, offering customization
based on the delivered drug and its site of action, thereby enhancing specificity
and therapeutic potential.
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2.2.1. Nanocarriers for anthracycline delivery

Anthracyclines have been effectively encapsulated in various NPs, including lipi-
dic, polymeric, and inorganic NPs, to enhance their therapeutic index (Ma &
Mumper, 2013). 4 of the 15 clinically approved cancer nanomedicines incorpo-
rate anthracyclines, as indicated in Table 1 (L. Sun et al., 2023). Notably, all 4
nanoformulations are based on liposomal drug carriers. 2 of these formulations
involve liposomal DOX: either polyethylene glycol (PEG)-coated (Doxil®/
Caelyx®) (Barenholz, 2012) or non-PEGylated (Myocet®) (Swenson et al.,
2001). The other 2 formulations contain DAU alone (DaunoXome®) (Fassas &
Anagnostopoulos, 2005) or in combination with other drugs (Vyxeos®) (Krauss
et al., 2019). These liposomal anthracyclines have a variety of indications,
spanning from the treatment of solid malignancies to various leukemias (L. Sun
et al., 2023).

The liposomal nanoplatform has successfully brought anthracyclines to the
market by enhancing their blood circulation time, facilitating drug delivery to the
tumor site through passive accumulation, and reducing cardiotoxicity (Allen &
Martin, 2004; Rodriguez et al., 2022). These liposomes are comprised of double-
chain phospholipids and cholesterol, forming a bilayer structure capable of en-
capsulating hydrophilic drugs in the aqueous lumen and hydrophobic drugs in the
hydrophobic bilayer (Barenholz, 2001) (Fig. 4), making them a suitable platform
for anthracycline encapsulation and delivery.

Despite their numerous advantages, liposomes face limitations such as bio-
logical instability, drug leakage, uncontrolled release, and insufficient drug-
loading capacity (Barenholz, 2001). As a result, no marketed liposomal therapy
has shown an overall survival benefit compared to conventional parent drugs
(Harris et al., 2002; Petersen et al., 2016). In addition, PEGylated Doxil®/
Caelyx®, due to its tendency to accumulate in the skin, still induces side effects,
such as mucositis and dermal toxicity. At the same time, non-PEGylated Myo-
cet® does not outperform Doxil®/Caelyx® in terms of half-life and tumor
targeting, as the absence of a PEG coating results in more rapid elimination by
the reticuloendothelial (RES) system (Aloss & Hamar, 2023; Gref et al., 2000;
Van Vlerken et al., 2007). This non-superiority underscores the need for novel
strategies to improve the therapeutic index of anthracyclines.

Preclinical data features the suitability of nanovesicles for anthracycline
delivery, classifying drug carriers into 3 groups based on the composition of their
hydrophobic membranes: liposomes with phospholipid membranes, polymer-
somes (PS) with synthetic block copolymer membranes, and niosomes (NSVs)
with nonionic surfactant membranes (Fig. 4).
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2.2.2. Niosomes (NSVs)

NSVs are a promising alternative to liposomes for drug delivery, distinctively
composed of nonionic surfactants (e.g., esters, ethers, and amides), cholesterol,
and charge-inducing agents (Masjedi & Montahaei, 2021) (Fig. 4). The formation
of bilayer vesicles rather than micelles depends on the hydrophilic-lipophilic ba-
lance (HLB) of the surfactant, the chemical structure of the involved components,
and the critical packing parameter (CPP) (Uchegbu & Vyas, 1998). CPP is
calculated by considering the volume of the hydrophobic group, the area of the
hydrophilic head group, and the length of the lipophilic alkyl chain of the
surfactant. If the CPP value is <0.5, micelles will form; if it is 0.5-1, spherical
vesicles will form; and if it is >1, inverted micelles will form (Uchegbu & Vyas,
1998). Moreover, nonionic surfactants’ size and chain length significantly
influence drug encapsulation efficiency (EE), with larger and longer head groups
exhibiting higher loading efficiency for hydrophilic drugs (Kumar & Rajesh-
warrao, 2011).

The nonionic nature of surfactants offers benefits, including reduced toxicity
and inhibition of P-glycoproteins, addressing drug efflux challenges from cancer
cells, especially in the case of anthracycline treatment (Nielsen et al., 1996; Shtil
et al., 2000). Incorporating cholesterol in NSVs delays the release and enhances
the loading of hydrophilic drugs (Abd-Elbary et al., 2008; Yeo et al., 2017), while
reducing cholesterol increases the EE for hydrophobic drugs, as it disrupts the
membrane structure (S. Chen et al., 2019). These components enable NSVs to
self-assemble and form a bilayer structure with a diameter ranging from 10 to 100
nm (Uchegbu & Vyas, 1998). Similar to liposomes, NSVs can effectively deliver
a diverse range of drugs by encapsulating hydrophilic drugs in the aqueous lumen
and hydrophobic drugs in the hydrophobic bilayer. The structural similarities
between NSVs and liposomes result in comparable membrane thicknesses of
approximately 3—5 nm for both nanovesicle structures (Ge et al., 2019).

In addition, NSVs offer several advantages over liposomes, including lower
cost and more straightforward utilization (Ge et al., 2019; Witika et al., 2022).
They are also more stable than liposomes, which are prone to oxidative degra-
dation due to their phospholipid composition (Sankar et al., 2010). As liposomes,
NSVs can be modified with PEG to achieve stealth properties, which enhance
their stability in the bloodstream, prolong their circulation time, and protect en-
capsulated drugs from enzymatic degradation (Gref et al., 2000). They can be
customized by surface functionalization, which involves the incorporation of
specific affinity ligands, such as proteins, antibodies (ABs), and peptides
(d’Avanzo et al., 2021; Witika et al., 2022). This allows targeting of the tumor
microenvironment (TME) and specific cells. NSVs that respond to various sti-
muli can be created by incorporating particular structural components (such as
functional groups) into vesicles, resulting in targeted drug-release properties
(Momekova et al., 2021). However, as with every nanovesicle, some limitations
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are associated with NSVs, such as aggregation, fusion, drug leakage, and shelf-
life reduction due to drug hydrolysis (Bhardwaj et al., 2020).

NSVs have been explored as a potential DDS for multiple routes of administ-
ration, including the oral, parenteral, dermal/transdermal, ocular, and pulmonary
(Masjedi & Montahaei, 2021). They have been studied for the delivery of DOX
(Bragagni et al., 2012; Rogerson et al., 1988; Tavano et al., 2013) and DAU (Bala-
subramaniam et al., 2002).

As a result, NSVs are a promising platform for enhancing the therapeutic
efficacy of anthracyclines and other drugs while minimizing their associated toxi-
cities, making them a cost-effective and efficient alternative to liposomes.

2.2.3. Polymersomes (PS)

In addition to NSVs, polymeric NPs, also known as PS (D. E. Discher & Ahmed,
2006), show promise for enhanced cancer nanotherapeutics (Fig. 4) (Kamaly et
al., 2012). PS can be prepared from natural polymers such as dextran, heparin,
gelatin, and collagen, as well as synthetic polymers like PEG, polycaprolactone
(PCL), polylactic acid (PLA), and poly(lactic-co-glycolic acid) (PLGA). Among
these materials, PEG, PCL, and PLGA are Food and Drug Administration (FDA)-
approved polymers for use in medicinal devices (Grossen et al., 2017; Health,
2023).

Amphiphilic diblock copolymers, similar to the nonionic surfactants used in
NSVs or phospholipids in liposomes, comprise one hydrophobic and one hydro-
philic block. This enables them to form bilayers in an aqueous solution, similar
to NSVs and liposomes, but with greater versatility owing to the customizable
chemistry of the block copolymers (D. E. Discher & Ahmed, 2006). The
morphology of PS depends on the ratio of the water-soluble part to the total mass
of the copolymer, which is represented by the “f” value determining the shape
and size of the PS, with spherical micelles forming when f > 50 %, cylindrical
micelles when 40 % > f > 50 %, and spherical vesicles when 25 % > > 40 %
(Blanazs et al., 2009; D. E. Discher & Ahmed, 2006; Du & O’Reilly, 2009). In
addition, the molecular weight and structure of copolymers also affect the
thickness of the membrane. The thicker hydrophobic membrane of diblock
copolymers, ranging from 5-30 nm, compared to lipid bilayers (3—5 nm), not only
enhances stability and permeability but also augments the loading capacity for
hydrophobic drugs (Bermudez et al., 2002; Meng & Zhong, 2011). For instance,
the EE of the hydrophobic drug PTX within the PS membrane is approximately
10-fold greater than that of liposomes (Ahmed, Pakunlu, Srinivas, et al., 2006).
It is advantageous to encapsulate hydrophobic anthracyclines such as UTO in PS
to achieve maximum drug loading into one nanocarrier to maximize the
anticancer effect.

In addition to their improved stability and high loading capacity, there is
another distinct advantage of PEG-PCL PS over liposomes (Grossen et al., 2017).
Resilient polymeric bilayers containing high molecular weight components uni-
quely allow for incorporating a higher concentration of functionalized moieties
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without compromising bilayer stability (L. Guan et al., 2015; Pawar et al., 2013;
Thevenot et al., 2013). In contrast to liposomes limited to 4-6 % PEG-lipid incor-
poration for stability (Bradley et al., 1998), PEG-PCL PS are 100 % PEGylated,
providing an effective barrier against opsonization and clearance (Alexis et al.,
2008). This feature ensures prolonged circulation times compared with PEGylated
liposomes (J. S. Lee & Feijen, 2012) and enhanced stability in aqueous solutions
for several months (J. C. Lee et al., 2001; Sidorenko et al., 2024; Simén-Gracia,
Hunt, Scodeller, Gaitzsch, Braun, et al., 2016).

Moreover, the considerable molecular weight of block copolymers results in
the formation of highly entangled membranes that exhibit a high degree of resi-
lience with mechanical properties similar to those of elastomers. This gives PS
greater flexibility (Bermudez et al., 2002; B. M. Discher et al., 1999) and a
superior ability for tissue penetration compared to vesicles self-assembled from
lower molecular weight entities such as liposomes (Pegoraro et al., 2013).

To ensure bioavailability and controlled release of encapsulated drugs, PS
have been made stimulus-responsive, thus enhancing their versatility (Li et al.,
2010). They undergo physical or chemical alterations in response to external or
internal signals, causing changes in their molecular structure, surface properties,
solubility, and dissociation. Various stimuli, including ultrasound (Rapoport,
2004), magnetic fields (Oliveira et al., 2013), pH (Du et al., 2005; Jung et al.,
2007; Simén-Gracia, Hunt, Scodeller, Gaitzsch, Braun, et al., 2016; Simoén-
Gracia, Hunt, Scodeller, Gaitzsch, Kotamraju, et al., 2016), temperature (H. Xu
et al., 2009), and redox potential (Nahire et al., 2014), activate degradation and
subsequent drug release from PS. In addition, PS have been used to deliver ABs
(Canton et al., 2013; Massignani et al., 2010; Tian et al., 2015; L. Wang et al.,
2012), antibiotics (Wayakanon et al., 2013), DNA (Lomas et al., 2007), and
cytotoxic drugs (Nahire et al., 2014; Pegoraro et al., 2013; Simo6n-Gracia et al.,
2021; Simon-Gracia, Hunt, Scodeller, Gaitzsch, Braun, et al., 2016, 2016), parti-
cularly anthracyclines (Ahmed, Pakunlu, Brannan, et al., 2006; Z. Pang et al.,
2011).

As with liposomes and NSVs, PS can be further enhanced for early disease
diagnosis by incorporating imaging molecules. For instance, PS for magnetic
resonance imaging (MRI) (Pourtau et al., 2013) and radiolabeled PS for positron
emission tomography (PET) imaging (Simoén-Gracia et al., 2018) have already
been developed for the early detection and targeting of solid tumors. PS
functionalized with ligands are a more promising option for active delivery
because of their ability to carry a high density of ligands without destabilizing the
polymeric membrane (L. Guan et al., 2015).

Therefore, both NSVs and PS can improve the effectiveness of anthracycline
delivery, offering an alternative to liposomes for drug delivery.
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Figure 4. Schematic representation of multifunctional polymersomes (PS), niosomes
(NSVs), and liposomes as nanovesicles. PS comprises amphiphilic block copolymers;
NSV consists of nonionic surfactants with or without the addition of cholesterol; and
liposomes composed of phospholipids are shown. The hydrophobic bilayer or membrane
separates and protects the aqueous lumen of the nanovesicles from their surrounding en-
vironment. The chemical versatility of vesicles enables their functionalization with anti-
bodies (ABs) or their fragments, imaging agents, aptamers, and tumor-oenetrating
peptides (TPPs), as highlighted by polygons (Yoo et al., 2019). Hydrophilic molecules
can be encapsulated in the aqueous lumen, whereas hydrophobic molecules can be
simultaneously encapsulated in the hydrophobic membrane of nanovesicles. Cartoon
adapted from (J. S. Lee & Feijen, 2012; Sanchez-Cerviilo et al., 2023) and created using
BioRender.com.
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2.3. Passive drug delivery

Most of the clinically available nanodrugs rely on passive accumulation in tumors.
The extended circulation time allows the drug-NPs to flow through the body,
eventually reaching the abnormal and fenestrated tumor vasculature. Tumor
blood vessels have a very poor lining of endothelial cells, leaving them with
fenestrae of up to several hundred nm (Hobbs et al., 1998; Jain, 1994) through
which the NPs can enter the tumor. In contrast, normal blood vessels have fene-
strae not larger than 10 nm (Hobbs et al., 1998; Sarin, 2010). Due to the impaired
lymphatic system of tumors, NPs can be retained longer in the tumor interstitium,
giving them more time to reach the site of action in cancer cells. This pheno-
menon is known as the enhanced permeability and retention (EPR) effect (Maeda
& Matsumura, 1986). However, a compromised lymphatic system limits the
elimination of excess fluids entering from the leaky tumor blood vessels, thus
creating high IFP in the tumor (Heldin et al., 2004; Jain & Stylianopoulos, 2010)
and limiting the entrance of the NPs (Prabhakar et al., 2013). The dense tumor
stroma and the ECM also restrict the diffusion of drug NPs into the tumor tissue
(Miao et al., 2015). Moreover, not all tumor blood vessels are fenestrated (Hansen
et al., 2015; Prabhakar et al., 2013; Wilhelm et al., 2016). Because of the signi-
ficant inter- and intra-individual differences in tumor biology, the EPR effect is
very heterogeneous (Danhier, 2016) and is primarily associated with animal
tumor models, thus making EPR an unreliable drug delivery approach. In addi-
tion, passive targeting poses problems with the control of drug toxicity and side
effects, as NP can end up in healthy organs with fenestrated endothelium linings,
such as the spleen or liver (Gaumet et al., 2008).

Therefore, active targeting is required to overcome the limitations of passive
tumor-homing mechanisms.

2.4. Enhancing drug delivery to tumors
with tumor-homing peptides

Drug delivery can be enhanced through active or synaphic targeting (Ruoslahti et
al., 2010) based on the differences between healthy and diseased tissues and the
further development of tumor-targeting ligands. For instance, the vascular cells
of each healthy tissue/organ have a specific set of cell surface molecules on the
luminal side of the endothelial lining, also known as vascular or molecular ZIP
codes (Ruoslahti, 2022). In cancer, this molecular signature differs from that of
normal tissue, and molecules that are overexpressed in cancer can be targeted
with various affinity ligands (Ruoslahti, 2002, 2004; Uhlen et al., 2017). The
overexpression of such cell surface and ECM proteins is often involved in pro-
cesses fundamental for cancer development and metastasis, such as angio-
(Hanahan & Folkman, 1996) and lymphangiogenesis (Alitalo & Carmeliet,
2002). Targeting these tumor-specific markers provides opportunities for early
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cancer detection, increased drug accumulation, and diminished drug resistance
(Andrieu et al., 2019), ultimately leading to improved treatment outcomes.

Various molecules, such as ABs and their fragments, carbohydrates, aptamers,
and peptides, have been used as affinity-targeting ligands (Yoo et al., 2019). ABs
and their fragments have been widely used for precision targeting (Bregoli et al.,
2016; Sivaram et al., 2018). Monoclonal ABs linked with cytotoxic drugs, known
as antibody-drug conjugates (ADCs), hold promise for treating both solid and
hematological cancers, as evidenced by the FDA approval of 11 ADCs
(Tsuchikama et al., 2024). However, the use of ABs as targeting agents has certain
limitations. Unlike smaller ligands, such as peptides and aptamers, these large
proteins can trigger immune responses (Beck et al., 2017) and face challenges in
crossing blood vessels to reach target cells within tumors (Z. Liu & Wu, 2008;
Molema et al., 1997; Shockley et al., 1991; Thurber et al., 2008). Additionally,
their high binding affinity may create an affinity site barrier that limits their
penetration into tumors (Adams et al., 2001). In addition, on average, 1 AB can
transport only 3-8 drug payloads, while a 100 nm liposome can encapsulate at
least 10,000 small-molecule drugs (Hock et al., 2015; Huwyler et al., 1996;
Lambert & Morris, 2017). Moreover, the development of monoclonal ABs is
marked by complexity, high costs, and time-consuming procedures, making them
a less favorable option (Knutson et al., 2016; Vadevoo et al., 2023; Yu et al.,
2012).

Tumor-homing peptides are an appealing class of tumor-specific affinity li-
gands. Compared with ABs, the smaller size of peptides allows for better penetra-
tion into tissues and cells and decreased immunogenicity (McGregor, 2008;
Ruoslahti, 2017; Teesalu et al., 2013). They often engage with conserved and
functionally significant binding pockets on the surface of target molecules,
resulting in frequent biological activity (Lingasamy & Teesalu, 2021). Recent
developments in peptide synthesis technology have made it possible to automate
and reduce costs during the manufacturing process. This is particularly important
for clinical development and translation because large-scale AB manufacturing
can be expensive. In addition, homing peptides can be engineered with various
modifications to enhance target binding and stability, as well as to introduce func-
tional groups for site-specific attachment to proteins, nanocarriers, cytotoxic
drugs, radionuclides, and toxins (Araste et al., 2018; Fosgerau & Hoffmann,
2015; Scodeller & Asciutto, 2020; X. Sun et al., 2017). To avoid the affinity
barrier phenomenon, NP decoration with peptides offers the advantage of both
modulating and increasing the avidity of the target because of the multivalent
representation of the low-affinity peptide on the NP surface (Montet et al., 2006),
thus enhancing tumor penetration (Simén-Gracia et al., 2021).

Owing to these characteristics, peptides are considered promising candidates
for the development of cancer diagnostics and treatments.
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2.4.1. CendR peptides

Tumor-targeting peptides can be discovered through an in vivo phage display
(Pasqualini & Ruoslahti, 1996; Teesalu et al., 2012, 2013). This peptide screening
technology allows for unbiased and agnostic discovery of homing peptides spe-
cific to various pathologies such as tumors, wounds, inflammation, atherosclero-
tic plaques, and brain injuries (Augustin & Koh, 2017; Jarvinen & Ruoslahti,
2010; Joyce et al., 2003; Mann et al., 2016; Ruoslahti, 2012; She et al., 2016). /n
vivo phage display has yielded peptides with targeting and homing capabilities
and those with the ability to penetrate the tissue, which are classified as tumor-
homing and-penetrating peptides (TPPs).

Fifteen years ago, a family of TPPs, known as C-end Rule or CendR peptides,
was distinguished by a recognition motif R/KXXR/K (R — arginine, K — lysine,
X — any amino acid), which requires C-terminal exposure for activity (Sugahara
et al., 2009; Teesalu et al., 2009). The CendR receptor, neuropilin-1 (NRP-1),
functions as a co-receptor for vascular endothelial growth factor (VEGF) family
members, semaphorins, and various growth factors crucial in vascular biology
and the progression of solid tumors (Djordjevic & Driscoll, 2013; Prud’homme
& Glinka, 2012; Staton et al., 2007; Yaqoob et al., 2012). NRP-1, which is
generally present on the surface of endothelial cells (Soker et al., 1998), is
overexpressed in many types of cancers, such as melanoma (Straume & Akslen,
2003), breast (Stephenson et al., 2002), prostate cancer (Latil et al., 2000), leu-
kemia (Karjalainen et al., 2011), glioblastoma (Nasarre et al., 2010), and gastric
tumors (Sidorenko et al., 2024; Simon-Gracia, Hunt, Scodeller, Gaitzsch, Kotam-
raju, et al.,, 2016; Sugahara et al., 2015). These TPPs activate an endocytic
transport pathway that is related to, but distinct from, macropinocytosis, and is
only partially characterized (H. B. Pang et al., 2014). This process involves a
sophisticated sequence of events, including binding to a primary tumor-specific
receptor, proteolytic cleavage, and subsequent binding to a second receptor (Fig.
5). Interaction with NRP-1 triggers activation of the transport pathway (H. B.
Pang et al., 2014; X. Sun et al., 2017), allowing deeper penetration into the tumor
tissue. CendR motifs play versatile roles in biological and pathological processes,
from modulating growth factor signaling to facilitating cellular entry of patho-
genic viruses (Balistreri et al., 2021). Notably, the CendR peptide within VEGF-
A165 has significant activity in cellular internalization and vascular leakage
(Becker et al., 2005), and short peptides with CendR motifs show similar activity
(Roth et al., 2016).
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2.4.2. iRGD peptide

Integrins, consisting of 24 structurally related cell surface heterodimers, are es-
sential for mediating cellular interactions with the ECM and facilitating cell-cell
adhesion (Avraamides et al., 2008). These functions are necessary for tumor
initiation, progression, and metastasis (M. Li et al., 2021). RGD-motif-containing
peptides or peptidomimetics show a strong affinity for integrins, particularly
avPB3 (Ludwig et al., 2021; Vhora et al., 2015). iRGD (internalizing RGD; se-
quence CRGDKGPDC) is a prototypic TPP that is used to precisely guide anti-
cancer drugs, imaging agents, and NPs to the tumor vasculature and then deep
into the tumor parenchyma (Ruoslahti, 2017; Sidorenko et al., 2024; Simdn-
Gracia, Hunt, Scodeller, Gaitzsch, Kotamraju, et al., 2016; Sugahara et al., 2015;
Teesalu et al., 2013). The targeted payload does not necessarily require a direct
connection to the peptide. The peptide initiates a bulk transport system through
its action, leading to a “bystander effect”, which carries along any nearby com-
pound present in the bloodstream (Sugahara et al., 2010). Initially, the peptide
targets integrin avfs/Ps overexpressed in many tumor cells and tumor-associated
endothelial cells via its RGD sequence (Ruoslahti, 2002; Sugahara et al., 2009).
Subsequent proteolytic cleavage by proteases (Teesalu et al., 2013) displays the
CRGDK/R sequence, an activated C-terminal CendR motif. The truncated
peptide subsequently loses its affinity for integrin, while the CendR motif permits
binding to NRP-1/2, which is a cell- and tissue-penetrating receptor over-
expressed on malignant cells, such as those found in peritoneal and other solid
tumors (Prud’homme & Glinka, 2012; Simén-Gracia, Hunt, Scodeller, Gaitzsch,
Kotamraju, et al., 2016; Sugahara et al., 2015). Interaction between the CendR
motif and NRP-1/2 activates the nutrient-dependent CendR pathway (H. B. Pang
et al., 2014), which triggers the penetration of iRGD, conjugated, and coad-
ministered cargo through the tumor vasculature into the tumor tissue (Sugahara
et al., 2009, 2010).

The distinctive ability of iRGD to enhance the accumulation and distribution
of both conjugated and coadministered cargoes within solid tumors makes it a
promising candidate for the treatment of pancreatic ductal adenocarcinoma in
clinical studies of iRGD-enhanced gemcitabine/Abraxane therapy (Buck et al.,
2023; Dean et al., 2022). Its remarkable penetration into solid tumors is achieved
not only through the vasculature but also locally and independently of circulation,
expanding its applications to locoregional cancer therapy (Simén-Gracia, Hunt,
Scodeller, Gaitzsch, Kotamraju, et al., 2016; Sugahara et al., 2015).

Preclinical animal studies have shown that iRGD can effectively improve the
effectiveness of cytokines, kinase inhibitors, ABs, nucleic acid-based therapies,
such as siRNA, and even cancer-fighting immune cells (Zuo et al., 2019). In
addition, NPs decorated or coadministered with iRGD, like PTX-PS (Diaz Bes-
sone et al., 2019; Sim6n-Gracia, Hunt, Scodeller, Gaitzsch, Kotamraju, et al.,
2016), nanoworms (Kotamraju et al., 2016), and DOX-liposomes (Dai et al.,
2015; Deng et al., 2017; Yan et al., 2017), have demonstrated the specific homing
and penetrating activity of targeted NPs.
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2.4.3. LinTT1 peptide

Due to hypoxic and nutrient-depleted stress conditions in tumors, some intra-
cellular targets become displayed extracellularly. p32 (also known as gC1q recep-
tor, p33, or hyaluronan binding protein 1 [HABP1]), primarily a mitochondrial
protein, is extracellularly expressed in highly activated cells, such as tumor cells,
tumor-associated endothelial cells, and tumor-associated macrophages (TAMs)
(Fogal et al., 2008; Simo6n-Gracia et al., 2018). Many solid tumors originating
from the breast (Y. B. Chen et al., 2009), lymphatics (Fogal et al., 2008), GI tract
(Hunt et al., 2017), and brain (Agemy et al., 2013; Yenugonda et al., 2017) show
a higher representation of p32 on the cell surface, making it a tumor-specific
marker and highlighting its potential as a target for cancer diagnosis and thera-
peutic interventions (Fogal et al., 2008; Laakkonen et al., 2002; Paasonen et al.,
2016).

TTPs like cyclic TT1 [sequence CKRGARSTC (Paasonen et al., 2016)] and
its linear derivative, LinTT1 [sequence AKRGARSTA (S. Sharma, Kotamraju, et
al., 2017)], are one of few p32-targeting peptides identified through in vivo phage
display (Ruoslahti, 2017). After attaching to its primary target p32, it is further
processed by cell surface-associated proteases, such as the tumor-associated pro-
tease urokinase-type plasminogen activator (uPA) (Braun et al., 2016), parti-
cularly at the second arginine residue (C/AKRGARSTC/A). This enzymatic
cleavage exposes the CendR motif at the C-terminus of the peptide (KRGAR) (S.
Sharma, Kotamraju, et al., 2017). Consequently, the cleaved peptide can engage
with NRP-1/2, triggering the trans-tumor CendR transport pathway (Fig. 5) (H.
B. Pang et al., 2014; Teesalu et al., 2009).

Another potential therapeutic target is p32-positive M2-type TAMs, which
promote tumor growth (Lewis et al., 2016; G. Sharma et al., 2010). These cells
play a crucial role in the progression of solid tumors and can also act as a slow-
release reservoir for drugs encapsulated in polymeric NPs (Miller et al., 2015)
and could be targeted with the TT1 peptide.

The targeting efficacy of LinTT1 and its therapeutic effectiveness have been
assessed in preclinical studies, serving as ligands for iron oxide nanoworms
carrying a pro-apoptotic effector peptide (Hunt et al., 2017; Sailik et al., 2019; S.
Sharma, Kotamraju, et al., 2017), PTX-albumin NPs (Sailik et al., 2019), DOX-
loaded liposomes (d’Avanzo et al., 2021), and PS for PET imaging of 4T1 breast
tumors (Simoén-Gracia et al., 2018).

Therefore, integrating potent anthracyclines into versatile and compatible
nanocarriers such as NSVs and PS can significantly enhance drug efficacy. More-
over, functionalization or coadministration of these nanocarriers with CendR
peptides is a strategic approach to advance their effectiveness further. This com-
bined strategy promotes increased accumulation and facilitates the improved
penetration of anthracycline-loaded NPs into tumors, offering promising possibi-
lities for improved therapeutic outcomes.
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Figure 5. A tumor-penetrating peptide reveals a hidden CendR motif that facilitates tumor
tissue penetration through a 3-step mechanism: (1) The peptide initially binds to a primary
receptor overexpressed on the surface of tumor cells or tumor-associated endothelial cells,
where iRGD recognizes avp3/B5 integrins and the TT1 family of peptides targets
p32/gC1gR. (2) Protease cleavage then exposes the cryptic CendR element, R/KXXR/K,
at the C-terminus (purple part of the peptide). (3) The exposed CendR element interacts
with neuropilin-1 (NRP-1) to induce vascular and tissue permeability. The CendR path-
way enhances tissue penetration of coadministered molecules (Sugahara et al., 2010) and
cargo coupled to the peptide (Sugahara et al., 2009). Adapted from (Ruoslahti, 2017).
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2.5. Modulation of tumor microenvironment
for enhanced tumor targeting

Although TPPs help accumulate more anticancer drugs and imaging agents in the
tumor tissue, the amount of potentially delivered drugs is proportional to the
quantity and availability of ligands present in the TME (Hussain et al., 2014;
Ruoslahti et al., 2010). TME plays a vital role in tumorigenesis, progression, and
metastasis (Singh et al., 2016). Stress conditions, such as hypoxia, oxidative
stress, nutrient deprivation, and inflammation, can activate adaptive compen-
satory mechanisms that result in the remodeling of the TME (Cortesi et al., 2023;
Seebacher et al., 2021). Such remodeling can be utilized for therapeutic benefit.
This concept involves using a second drug to target the molecular change or
vulnerability induced by the initial therapeutic agent. Strategies employed to
sensitize tumors for the second therapeutic include modulating the immune status
of the tumor (e.g., use of cancer vaccines to render “cold,” poorly infiltrated
tumors into “hot” tumors receptive to cellular immunotherapies) (Kandalaft &
Harari, 2021) and modulating the TME to amplify drug levels and distribution
(Bookbinder et al., 2006; Zinger et al., 2019).

2.6. Targeting tumor blood vessels
with vascular disrupting agent CA4P

Tumor blood vessels significantly affect the TME. They grow at an accelerated
rate to satisfy the high nutrient demand required for the uncontrolled growth of
tumor cells (Carmeliet & Jain, 2000). Due to fluctuating oxygen levels in tumors,
the TME regulates angiogenesis, driven by processes activated by hypoxic stress
conditions. Therefore, targeting established tumor-supplying blood vessels to
disrupt tumor development and metastatic spread is an attractive strategy for
anticancer therapy (Chaplin & Dougherty, 1999).

Vascular disrupting agents (VDAs) have demonstrated therapeutic potential
and ability to modulate the TME by selectively and rapidly shutting down tumor
blood vessels, resulting in secondary tumor cell death (Siemann, 2011; Siemann
& Horsman, 2008). Among the most studied VDAs, combretastatin A-4 phos-
phate (CA4P, Fosbretabulin) (Pettit & Rhodes, 1998), a phosphorylated form of
CA4 (Dark et al., 1997), has been clinically evaluated for the treatment of
advanced solid tumors (Grisham et al., 2018; Mateon Therapeutics, 2018). The
mechanism proposed for CA4P involves binding to the B-subunit of tubulin in
endothelial cells, specifically at the colchicine-binding site. This binding causes
the inhibition of tubulin polymerization, which results in G2/M cell cycle arrest
with subsequent activation of apoptotic pathways (McLoughlin & O’Boyle,
2020), as well as the RhoA-GTPase and Rho kinase (ROCK)-dependent signaling
cascade (Vincent et al., 2005). These events destroy endothelial cells, leading to
blood vessel leakage and disruption, culminating in tumor necrosis in poorly
perfused core regions (Galbraith et al., 2001; Kanthou & Tozer, 2002; Vincent et

34



al., 2005). In contrast, mature endothelial cells in normal blood vessels have a
well-developed actin cytoskeleton that allows them to maintain their shape
despite VDA binding (Siemann & Horsman, 2008).

Despite its impressive therapeutic activity, CA4P treatment leaves a layer of
viable tumor cells in the periphery, contributing to tumor resistance to VDA
treatment and regrowth (Liang et al., 2016; Salmon & Siemann, 2007; Tozer et
al., 2005). Several clinical trials have demonstrated the limited antitumor activity
of CA4P monotherapy in the treatment of solid tumors (Cooney et al., 2006;
Dowlati et al., 2002; Rustin et al., 2003; Stevenson et al., 2003) driving its eva-
luation in combination with other anticancer drugs such as PTX, carboplatin, and
antiangiogenic agents (Gill et al., 2019). Solid tumors are also resistant to non-
traditional or synthetic VDAs, such as vascular-disrupting nanosystems (S.
Sharma, Mann, et al., 2017). The use of iron oxide NPs coated with a tumor-
homing peptide (CGKRK) fused to a pro-apoptotic peptide [p(KLAKLAK),] in
the treatment of breast tumors in mice has been found to increase the expression
of angiogenesis-related genes and integrin B3 in treatment-resistant tumor blood
vessels (S. Sharma, Mann, et al., 2017). Therefore, the iRGD peptide may be
especially effective in targeting tumors following VDA treatment.

By employing secondary affinity ligand-guided therapies, it may be possible
to target the molecular signatures that arise from VDA treatment and overcome
drug resistance, leading to lasting therapeutic effects.

2.7. Summary of the literature

Cancer remains a global health challenge that demands continuous advancements
in therapeutic strategies. Anthracyclines are vital components of cancer treatment
because of their robust mechanisms of action. However, their efficacy is ham-
pered by inherent limitations such as severe cardiotoxicity and MDR (Martins-
Teixeira & Carvalho, 2020), underscoring the continuing demand for innovative
and sophisticated anthracyclines that possess improved antitumor potency and
efficacy, ultimately resulting in the development of improved analogs. This thesis
aimed to develop and investigate the therapeutic potential of the novel anthra-
cycline prodrug UTO, which exhibits reduced cardiotoxicity, enhanced potency,
and increased tumor-selective cytotoxic activity (Simon-Gracia et al., 2021).

Developing drug-delivering NPs that specifically accumulate in tumors and
reduce systemic toxicity is a promising solution (S.-D. Li & Huang, 2010; Maeda
& Matsumura, 1986)to address these dose-limiting issues. These drug nano-
carriers, particularly NPs composed of hydrophobic bilayers, such as NSVs and
PS, offer opportunities to overcome challenges such as poor bioavailability, low
tissue penetration, off-target toxicity (Wicki et al., 2015), and the possibility of
delivering anthracyclines in a targeted and optimized manner. These nanocarriers
possess a higher level of synthetic freedom that allows the customization of NPs
to meet specific requirements, making them a promising solution for enhancing
anthracycline delivery.
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To enhance the selectivity and accumulation of NPs in the target tissue, they
can be functionalized with ligands that have an affinity for the tumor tissue, such
as ABs and tumor-homing peptides (Ruoslahti, 2017; Yoo et al., 2019). In
addition, NPs can be engineered to contain drugs, targeting ligands, and agents
that enable their tracking for early and accurate cancer diagnosis (Lammers et al.,
2011).

Furthermore, manipulating the TME can serve as a strategy to sensitize and
enhance tumor targeting. The emphasis on the VDA CA4P highlights its potential
to disrupt tumor blood vessels and modulate the TME by upregulating angio-
genesis-related molecular patterns, favoring further tumor targeting with TPPs to
eliminate the VDA-resistant viable tumor rim. This presents an innovative
approach to enhance therapeutic outcomes.

36



3. AIMS OF THE STUDY

This doctoral study aimed to develop novel TPP-targeted and anthracycline-
loaded nanovesicles that selectively target, penetrate, and deliver antitumor and
imaging agents to cancer cells while exhibiting specific penetration and tumor
accumulation in vivo. The specific objectives are as follows:

1.

Characterization of the targeting efficiency and cytotoxic impact of TPP
peptide-functionalized NSVs loaded with DOX (TPP-DOX-NSVs) on receptor-
positive prostate cancer cells, focusing on physicochemical properties and
cellular studies.

Evaluation of the preclinical potential of UTO as a more potent anthracycline
than DOX in a panel of cultured cancer cells. Further develop UTO-loaded
polymersomes (UTO-PS), with and without TPP functionalization, empha-
sizing viability reduction in malignant cells and in vivo tumor homing capa-
bility.

Investigation of the tumor-sensitizing effects of the VDA CA4P and assess-
ment of the therapeutic efficacy of UTO-PS combined with TPP iRGD in
peritoneal carcinomatosis (PC) and breast cancer models.

This study focuses on NP functionalization, anthracycline encapsulation, and the
synergistic effects of combining targeting peptides with therapeutic agents to
enhance cancer treatment outcomes.
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4.. MATERIALS AND METHODS

The methods used in this thesis have been thoroughly explained in the corres-
ponding publications. This section summarizes the methodologies used in these
studies.

4.1. Peptides (1, 11, 111)

The peptides used in these studies are listed in Table 2, including:

¢ FAM-Cys-Ahx-RPARPAR-OH (FAM-Cys-RPAR);

e FAM-Cys-Ahx-RRAAPRP-OH (scrambled RPAR peptide or FAM-Cys-
scrRPAR);

e Ac-Cys-Ahx-RPARPAR-OH (Cys-RPAR);

e Ac-Cys-Ahx-AKRGARSTA-NH; (Cys-LinTT1);

e FAM-Cys-Ahx-AKRGARSTA-NH, (FAM-Cys-LinTT1);

where Cys is cysteine, FAM is 5-carboxyfluorescein, and Ahx is an aminohe-

xanoic acid linker, were purchased from TAG Copenhagen, Denmark.

CRGDKGPDC (with N-terminal acetylation and C-terminal amidation, featuring

a C-C disulfide bond, iRGD) peptide was provided by Lisata Therapeutics, USA.

Table 2. Peptides used in this study.

e GEES oy Sepd) S
RPAR RPARPAR NRP-1 NSVs, PS LI
scrRPAR RRAAPRP Control RPAR NSVs 1
LinTTI  AKRGARSTA p32, NRP-1 PS 1
iRGD CRGDKGPDC avglt{e};g_rlins’ Coadvrv’ﬁﬁi;tgaﬁon 1

4.2. Polymers and lipids (1, 11, 111I)

Cholesterol and Tween 20 (Tw20) were acquired from Acros Organics, Belgium.
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene
glycol)-2000] (ammonium salt) (DSPE-PEGzo0-Mal) was sourced from Avanti
Polar, Suffolk, UK. The copolymers polyethylene glycol-polycaprolactone
(PEGs000-PCL10000; MW 5,000 and 10,000, respectively; referred to as PEG-PCL)
and maleimide-PEGs00-PCL 10000 (Mal-PEG-PCL) were obtained from Advanced
Polymer Materials Inc., Montreal, Canada.
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For FAM-PEG-PCL synthesis, the copolymer Mal-PEG-PCL (20 mg) was
dissolved in 300 pL of nitrogen-purged dimethylformamide (DMF), and 2 equi-
valents (eqs) of FAM-Cys were added. The mixture was stirred at room tempe-
rature (RT) for 2 hours, followed by stirring overnight at 4 °C. After dilution in 2
mL of deionized water, the solution underwent dialysis for 2 hours at RT and
overnight at 4 °C against water, using a 10 kilodalton (kDa) dialysis cassette. The
resulting suspension was freeze-dried to obtain a yellow powder.

4.3. Anthracyclines (I, 11, 11I)

UTO synthesis is fully described in Publication II, and the synthesized prodrug
was provided by ToxInvent LLC, Estonia. DOX hydrochloride (HCl) was
purchased from Sigma-Aldrich, Germany.

4.4. Synthesis of NSVs (1)

NSVs were prepared using the thin-layer evaporation method, with modifications
based on a previously established protocol (Di Francesco et al., 2021). Following
hydration and extrusion, the surface of the resulting NSVs was functionalized
with either FAM-Cys-RPAR or FAM-Cys-scrRPAR. This conjugation was
achieved through the reaction between the thiol group in the peptide backbone
and the Mal residues present on the nanovesicle surface (J. Guan et al., 2021). In
cases where DOX incorporation was necessary, it was achieved through a remote
loading procedure (Di Francesco et al., 2021). To ensure the purity of the nano-
vesicles and eliminate non-encapsulated DOX and nonreacted peptides, the
particles were centrifuged in Amicon® Ultra centrifugal filters (molecular weight
cut-off [MWCO] 100 kDa, 13,000 rpm, 5 min) and washed 5 times with fresh
Hepes buffer (pH 7.4) before further investigations.

4.4.1. Characterization of NSVs (I)

The hydrodynamic size, polydispersity index (PDI), and zeta potential of the
NSVs were measured using a Zetasizer Ultra (Malvern Instruments Ltd, Malvern,
UK). Samples diluted in HEPES buffer solution or water were analyzed at 25 °C.
Nanoparticle tracking analysis (NTA) was conducted with a ZetaView PMX 120
V4.1 instrument (Particle Metrix GmbH, Ammersee, Bavaria, Germany) and
compared to dynamic light scattering (DLS). Transmission electron microscopy
(TEM) was used to study the average diameter and shape of the nanocarriers.

The quantity of RPAR conjugated to NSVs was determined by measuring the
fluorescence of the FAM group within the peptide backbone. The successful
conjugation of RPAR peptide to DSPE-PEG2g00-Mal was further confirmed by
1H NMR analysis. The physical stability of RPAR-DOX-NSVs and DOX-NSVs
(control) over time was assessed using Turbiscan Lab analysis and DLS for up to
4 weeks after appropriate storage at 4 °C.
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4.4.2. Cell-free binding studies (I)

In a cell-free binding study, Ni-NTA magnetic agarose beads (Qiagen GmbH,
Hilden, Germany) were coated with either the histidine-tagged recombinant b1b2
domain of NRP-1 or mutant NRP-1 b1b2 (containing an inactive CendR-binding
pocket) (10 pg of protein/reaction) (Tobi et al., 2021). Coating was performed in
binding buffer (tris buffer 50 mM, imidazole 5 mM, NaCl 150 mM, pH 7.0) for
1 hour at RT, followed by washing with buffer containing 0.1 % w/v serum albu-
min. Protein-coated beads were then incubated with FAM-RPAR-NSVs or FAM-
scrRPAR-NSVs (lipid concentration 1.1 x 10”7 M) for 1 hour. After 3 washing
cycles, bound NSVs were detached using elution buffer (tris buffer 50 mM,
imidazole 400 mM, NaCl 150 mM, pH 7.0), and fluorescence was quantified
using a Nanodrop 2000c¢ spectrophotometer (Thermo Scientific Inc.).

4.4.3. DOX encapsulation efficiency in NSVs and drug release (1)

Following purification, the RPAR-DOX-NSVs and DOX-NSVs were lyophilized
and disassembled with cooled absolute methanol (MeOH). The EE % of DOX
inside the NSVs was quantified using an LS55 fluorometric spectrometer
(PerkinElmer, USA) at 470 nm and 590 nm for absorption and emission
wavelengths, respectively. EE % was determined by comparing the amount of
encapsulated drug to the total amount added during NSV formation.

The amount of DOX entrapped inside the NSVs was calculated using an
external DOX calibration curve in MeOH. The kinetic release of DOX was
assessed using the dialysis bag method with Slize-A-Lyzed dialysis cassettes (10
kDa, Thermo Scientific Inc., USA) and HEPES buffer solution (pH 7.4) as the
receiver medium. The release experiment spanned 72 hours, and samples were
collected at various time points. The amount of DOX released from the RPAR-
DOX-NSVs was calculated based on the external calibration curve prepared in
the HEPES buffer.

4.4.4. Stability studies (1)

The physical stability of RPAR-DOX-NSVs in fetal bovine serum (FBS) and
human plasma was assessed following a previously reported protocol with slight
modifications (Di Francesco et al., 2021). Briefly, 200 uL of RPAR-DOX-NSVs
were incubated with 1 mL of FBS (10 % v/v), human plasma (50 % v/v), or
HEPES buffer (used as a negative control) at 37 °C under slow magnetic stirring
for up to 72 hours. Samples were withdrawn at specified time points (15 min, 30
min, 45 min, and 1, 2, 4, 6, 8, 24, 48, and 72 hours) and analyzed using a Zetasizer
Ultra (Malvern Panalytical, UK).
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4.5. Synthesis of PS (lI, 11I)

4.5.1. Synthesis of FAM-PS (li, 111)

The FAM-PS were produced using the film hydration method, adapting a protocol
optimized in previous studies (Simoén-Gracia et al., 2018). First, 1 eq of FAM-
PEG-PCL and 9 eq of PEG-PCL were dissolved in acetone. The resulting thin
polymeric film on the inner surface of a glass vial (Sigma-Aldrich, Germany) was
formed by evaporating acetone with nitrogen flow. The film-coated vial was
hydrated with sterile phosphate-buffered saline (PBS) at pH 7.4, followed by a
30 s heating step in a 65 °C water bath and a 30 s sonication. This cycle was
repeated until PS formation was confirmed, ensuring the absence of polymer
aggregates in the suspension. The final polymer concentration in each sample was
10 mg/mL.

4.5.2. Synthesis of peptide-targeted PS (TPP-PS) (Il)

TPP-PS were prepared using the film hydration method described in section
4.5.1. FAM-PEG-PCL, Mal-PEG-PCL, and PEG-PCL were mixed with acetone
(5 mg total polymer) to optimize the RPARPAR peptide density on the PS
surfaces. Different Mal-PEG-PCL percentages (0, 2, 5, 10, and 20 %) were used,
with all PS samples containing 5 % FAM-PEG-PCL. Acetone was evaporated to
form a thin polymeric film, which was hydrated with PBS (pH 7.4), sonicated,
and heated until a PS were formed. The Cys-RPARPAR peptide was added, and
the sample was sonicated, shaken, and incubated overnight at 4 °C. The final
volume of the PS samples was 0.5 mL, with a total polymer concentration of 10
mg/mL.

For the FAM-labeled LinTT1-targeted PS (FAM-LinTT1-PS), 1 mg Mal-
PEG-PCL and 4 mg PEG-PCL were used to form the polymeric film. PS were
formed, and the FAM-Cys-LinTT]1 peptide (4 eq to Mal-PEG-PCL) was used for
conjugation. Similarly, FAM-Cys-RPAR (4 eq of Mal-PEG-PCL) was used for
conjugation to obtain RPAR-PS. Non-targeted or empty PS were synthesized
using only the PEG-PCL copolymer (total polymer concentration of 10 mg/mL).

The prepared PS were labeled with FAM either by using the FAM-linked
peptide or by incorporating the FAM-PEG-PCL polymer into the PS structure.

4.5.3. Synthesis of DiR-labeled PS (DiR-PS)
for biodistribution studies (II)

To label the PS with DiR dye for biodistribution assays, 25 pug of DiR (5 uL of a
5 mg/mL solution in acetone) was added to the polymers dissolved in acetone
(total polymer amount of 5 mg). Acetone was evaporated to form a polymer/dye
film, and PS were formed as described above. The final DiR content in the PS
sample was 0.5 % w/w.
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4.5.4. Anthracycline encapsulation in PS (I, 111)

For UTO encapsulation in PS (UTO-PS), 50 nmol of UTO in 100 pL of acetone
was added to the polymers dissolved in acetone (5 mg total). Acetone was eva-
porated to form a polymer/drug film, and PS was formed as described previously.
For DOX encapsulation in PS, the polymeric film was hydrated with | mM DOX
solution in PBS at pH 7.4, and PS were formed accordingly.

For combination treatment studies, UTO was dissolved in acetone and added
to the PEG-PCL-containing acetone solution to achieve a final concentration of
100 uM UTO. The resulting UTO/polymer solution in acetone was evenly distri-
buted among the glass vials, each containing 50 mg of PEG-CPL and 500 nmol
of UTO. Acetone was evaporated to form a thin film of the polymer and drug
within each vial, following the same procedure described above for UTO-PS for-
mation. The vials were tightly sealed, shielded from light, and stored at -20 °C.
Immediately before injecting UTO-PS, 5 mL of sterile PBS was added to each
vial to ensure freshness. The dry form reduces issues related to the physical stabi-
lity of the nanovesicles, including aggregation, fusion, and leakage. In addition,
it provides advantages in terms of transportation, distribution, storage, and
dosing.

4.5.5. Purification (Il)

TPP-PS samples were purified by size-exclusion chromatography using a Sepha-
dex 4 B gel with agarose beads. Elution was performed using PBS (pH 7.4). DiR-
labeled PS were concentrated to 20 mg polymer/mL using Amicon Ultra centri-
fugal filters (MWCO 100 kDa).

4.5.6. Characterization of PS samples (ll, 111)

For the TEM, PS samples (0.5 mg/mL) were applied to copper grids for 1 min,
stained with 0.75 % phosphotungstic acid (pH 7) for 20 s, air-dried, and examined
using Tecnai 10 TEM (Philips, Netherlands). The average hydrodynamic dia-
meter of the PS samples was determined by DLS using a Zetasizer Nano ZSP
instrument (Malvern, USA). Measurements were performed at 1 mg/mL in PBS
(pH 7.4), and the samples were scanned for 10 s at 22 °C with 10 runs per mea-
surement. Zeta potential was determined with Zetasizer Nano ZSP (Malvern,
USA) at 0.2 mg polymer/mL in 10 mM NaCl, conducting 50 runs per sample.

The encapsulated UTO and DOX were quantified using a Nanodrop 2000c
UV-VIS spectrophotometer (Thermo Scientific, USA). UTO quantification in-
volved preparing serial dilutions in MeOH: water (1:1), with absorbance mea-
sured at 490 nm. For DOX, serial dilutions in PBS were prepared by measuring
absorbance at 490 nm. A linear trend line from the data gathered in MS Excel was
used to evaluate UTO and DOX concentrations inside the PS, measured at 490
nm absorbance.

To ensure uniform DiR encapsulation, the absorbance of DiR was measured
at 756 nm using a Nanodrop spectrophotometer.
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4.5.7. Efficiency of the peptide conjugation to PS (ll)

The percentage of FAM-PEG-PCL in the PS samples was determined by fluoro-
metry. A calibration curve of FAM-Cys was prepared in dimethyl sulfoxide
(DMSO) : PBS (1:1), and fluorescence at 480 nm/535 nm was measured using a
Victor X5 Multilabel Microplate Reader (Perkin Elmer, USA). PS samples (25
puL) were mixed with 25 pL of MeOH, and fluorescence was measured to
calculate the percentage of FAM-PEG-PCL in the PS composition.

To estimate the amount of peptide on the PS with the optimum peptide density,
PS were formed using 20 % Mal-PEG-PCL and 80 % PEG-PCL. The FAM-Cys-
RPAR peptide was conjugated to PS, as previously described. A standard curve
of FAM-Cys-RPAR was prepared in PBS and fluorescence was measured at
480 nm/535 nm. PS functionalized with FAM-Cys-RPAR peptide (25 uL) were
mixed with 25 puL of DMSO, and fluorescence was measured to calculate the
percentage of FAM-RPAR-PEG-PCL in the PS composition. The FAM-PEG-
PCL percentage in the PS composition was 4.9 + 0.3, and the percentage of FAM-
peptide-PEG-PCL relative to the total polymer was 6 %.

4.5.8. Drug release study from PS (ll)

To investigate the cumulative release of UTO, UTO-PS in PBS (0.25 mL) were
incubated for various durations (0, 1, 3, 24, and 48 hours) at 37 °C. Subsequently,
the samples were centrifuged using Amicon Ultra centrifugal filters (MWCO 100
kDa) for 20 min at 6,000 g at RT. The fluorescence of the filtrates was measured
at 485 nm/535 nm using a Victor X5 Multilabel Microplate Reader (Perkin Elmer,
USA) to quantify the amount of UTO released.

Similar to the UTO release, DOX-PS were incubated for different durations
(0, 1, 3, 24, and 48 hours) at 37 °C. Subsequently, the samples were centrifuged
using Amicon Ultra centrifugal filters (MWCO 100 kDa, 0.5 mL) for 10 min at
14,000 g at RT, and the absorbance of the filtrate was measured at 490 nm using
a Nanodrop spectrophotometer for the quantification of released DOX.

4.6. Cell culture (1, 1, 1)

The cell lines used in the present study are listed in Table 3. PPC-1 human primary
prostate cancer, M21 human melanoma, MKN45P human gastric carcinoma cells
(Koga et al., 2011), and MCF10CA1a human triple-negative breast cancer cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 100 IU/mL streptomycin, penicillin, and 10 % FBS. The 22Rv1 prostate
carcinoma epithelial cells were cultured in RPMI-1640 medium supplemented
with the same supplements.

The cell culture conditions were maintained at 37 °C in a 5 % CO; incubator.
Cells were detached using trypsin solution (TrypLE Express, Gibco, USA) or
enzyme-free dissociation buffer (CellStripper, Fisher Scientific, USA) for
binding studies. When seeding a certain number of cells, the cells were mixed
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with 0.4 % Trypan Blue and counted using a Bio-Rad TC 10 automated cell
counter (Bio-Rad, USA).

Table 3. Cell lines used in this thesis.

Cell sruface receptor

Cell line Application Pl.lbhcat}on
- in thesis
] ] p32 NRP-1
integrins
PPC-1 Human prostate + T + In vitro LI
adenocarcinoma
M21 Human + + - In vitro L1l
melanoma
Human prostate
22Rvl carcinoma + + + In vitro I
epithelial cells
Human
U937 monoblast-like + + + In vitro i
histiocytic
lymphoma
Human T-
Jurkat E6.1 tymphocyte from + + - In vitro 1I
acute T-cell
leukemia
A549 Hume_ln lung + + + In vitro 1I
carcinoma
Human
HT-29 colorectal + + + In vitro 1I
adenocarcinoma
Human triple- In vivo
MCF10CAla  negative breast + + + (nude mice) IL 11T
cancer (TNBC)
MKN45P Humar_l gastric n n n In vivo I
carcinoma (nude mice)

4.6.1. Cellular uptake studies using fluorescence confocal
microscopy (I, 1l)

PPC-1 cells and M21 cells (50,000 cells/well; 0.5 mL/well) were seeded in 24-
well plates (Croning, Sigma-Aldrich) with coverslips (12 mm diameter, Marien-
feld-Superior) and allowed to grow for 1 day in a 37 °C incubator with 5 % CO,.
Subsequently, the cells were exposed to FAM-RPAR-PS samples with varying
quantities of peptide (1 mg/mL) or FAM-RPAR-NSVs and FAM-scrRPAR-NSVs
at different lipid concentrations (0.25, 0.5, and 1 mg/mL) for 1 hour, followed by
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3 washes with 1 mL of PBS. Afterward, the cells were fixed with 4 % para-
formaldehyde (PFA) in PBS for 10 min at RT, stained with 1 pg/mL of 46-
diamidino-2-phenylindole fluorescent dye (DAPI) for 5 min at RT, and mounted
on coverslips using 20 pL of mounting medium (Fluoromount-G; Electron
Microscopy Sciences), which was then sealed with nail polish. A confocal micro-
scope FV1200MPE (Olympus, Japan) equipped with UPlanSApo 60x/1.35na or
10x/0.4na objectives (Olympus, Japan) was employed for cell imaging, and the
resulting images were analyzed using the Olympus FluoView Ver.4.2a Viewer
program.

4.6.2. Cellular binding assessment by flow cytometry (I, 11)

PPC-1 and M21 cells were seeded in 24-well plates at a density of 100,000
cells/well (0.5 mL/well) and allowed to grow for 24 hours. Subsequently, the cells
were incubated with FAM-labelled PS samples (1 mg/mL) or FAM-RPAR-NSVs
and FAM-scrRPAR-NSVs at lipid concentrations of 0.125, 0.25, and 0.5 mg/mL
for 1 hour, followed by washing with PBS. The cells were then detached, trans-
ferred to 1.5 mL tubes, and subjected to 3 washes with medium before being
resuspended in 0.3 mL of PBS. Flow cytometry (FC) analysis was performed
using a BD Accuri C6 Plus flow cytometer (BD Biosciences), and the data were
analyzed using the corresponding software.

The uptake rate of FAM-RPAR-NSVs was assessed in the presence of
blocking and non-binding pocket NRP-1 ABs, mAb7E8 and mAb3E7, respec-
tively. PPC-1 and M21 cells, prepared as previously described, were treated with
mAb7E8 or mAb3E7 ABs at final concentrations of 0.01 and 0.02 mg/mL and
incubated for 2 hours at 37 °C. The cells were then exposed to FAM-RPAR-NSVs
or FAM-scrRPAR-NSVs for 1 hour. After the incubation period, the cells were
washed, detached, and analyzed using FC, as described earlier.

4.6.3. In vitro cytotoxicity assay (I, Il)

PPC-1, M21, and 22Rv1 cells (10,000 cells/well for PPC-1 and M21; 5000 cells/
well for 22Rv1) were plated in 96-well plates and allowed to grow for 1 day. The
diluted PS, NSV, and free DOX were prepared in PBS. Free UTO, dissolved in
DMSO, was further diluted in PBS to maintain a final DMSO concentration
below 0.1 % in the well. The samples were added to the cells and incubated for
30 min (for PS) or 1 hour (for NSVs), washed with 0.2 mL PBS, and a fresh
medium was added. The cells were then cultured for an additional 24 (for PS) or
48 hours (for NSVs). Subsequently, cells were introduced to 0.1 mL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (5 mg/
mL in PBS). After a 2 hour incubation in a 37 °C incubator with 5 % CO», the
MTT reagent was aspirated, and the formazan crystals were dissolved in 0.1 mL
of isopropanol. The absorbance was measured at 570 nm using a Tecan Sunrise
microplate reader (Tecan, Switzerland).

Determining the half-maximal inhibitory concentration (IC50) values for
UTO and DOX was outsourced to Selvita (Poland). Various cultured tumor cell
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lines, including U937 (30,000 cells/well), Jurkat E6.1 (80,000 cells/well), A549
(2,000 cells/well), and HT-29 (6,000 cells/well), were seeded in 96-well plates
and treated with UTO at 8 different concentrations in culture medium with FBS,
for both 30 min and 90 min (3 wells per condition). Following treatment, cell
cultures were maintained for an additional 24 and 72 hours for cells growing in
suspension and adherent cells, respectively, at 37 °C in a humidified atmosphere
containing 5 % CO,. The solvent controls (H,O or DMSO, 1 %) were included in
the test. After incubation, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium/phenazine methosulfate (MTS/ PMS)
reagent was added (1-2 hours, depending on the cell line), and the absorbance at
490 nm was recorded. A blank experiment to detect cell-free background absor-
bance was conducted in parallel.

4.7. In vivo experiments (11, 1lI)

Animal experiments were conducted following protocols approved by the Esto-
nian Ministry of Agriculture Committee of Animal Experimentation (projects
#159 and #160). All mouse experiments were performed following the relevant
guidelines and regulations, and the study is reported in compliance with the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

4.7.1. Tumor models (11, 111)

For the TPP-DiR-PS biodistribution study, athymic nude female mice (Hsd/Athy-
mic Fox1 nu Harlan; 7-8 weeks old) received injections of 2M MCF10CA1a cells
in 50 pL PBS into the mammary gland. Tumors developed over approximately
24 days until they reached a volume of 350 mm?®. Tumor volume was calculated
using the formula V = (W2 x L)/2, where V is the tumor volume, W is the tumor
width, and L is the tumor length (Faustino-Rocha et al., 2013).

To induce orthotopic MKN45P tumors, athymic nude female mice (Hsd/
Athymic Fox1 nu Harlan; 7-8 weeks old) received intraperitoneal (IP) injections
of 1M MKN45P cells in 200 uL PBS, with tumors developing over 4—7 days. For
MCF10CAla tumor induction, the same nude mice were injected with 2M
MCF10CA1la TNBC cells in 50 uL. PBS into the mammary gland, and tumors
developed over 14 days until they reached a volume of 40 mm®.

4.7.2. Biodistribution of TPP-DiR-PS (ll)

Mice with orthotopic MCF10CA 1a tumors were 1V injected with DiR-labeled PS
(80 mg/kg), both targeted (LinTT1 or RPAR) and non-targeted. Anesthesia was
induced using 3 % isoflurane blended with O, (1 mL/min). /n vivo imaging was
conducted at various time points (0, 1, 3, 6, 24, and 48 hours post-injection) using
the IVIS Spectrum /n Vivo Imaging System (PerkinElmer, US) with specified
parameters. After imaging, animals were sacrificed by cardiac perfusion with
10 mL PBS, and tumors and organs were preserved in 4 % PFA in PBS at 4 °C.
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DiR-PS signal in tumors was quantified using Living Image 4.5.2, and the tumor's
area under the curve (AUC) was determined from in vivo quantification data.

For ex vivo analysis, MCF10CA 1a tumor-bearing mice were IV injected with
LinTT1-UTO-PS, UTO-PS, and free DOX at 5 mg of drug/kg. After 24 hours,
mice were terminated, tumors were extracted, and immunofluorescence micro-
scopy was performed as described in Section 4.7.5.

4.7.3. Receptor-modulating effects in TNBC breast tumors (1l1)

When MCF10CA 1a tumors reached around 40 mm? in volume, immunodeficient
mice were evenly divided into 2 groups. One group received daily IP injections
of PBS, while the other received IP injections of CA4P every other day (100 mg/
kg). On day 33 post-tumor induction, mice were sacrificed by perfusion with
10 mL of PBS. Organs and tumors were excised, fixed in a 4 % PFA solution, and
processed into 10 pm-thick sections after embedding in optimal cutting tempe-
rature compound (OCT). An immunostaining protocol without heat-induced anti-
gen retrieval (HIAR) was employed, as described in Section 4.7.5. The tumor
sections were immunostained with anti-integrin 3, anti-NRP-1, and anti-CD31/
mCD105 primary ABs. Following incubation with secondary ABs (goat anti-
rabbit Alexa Fluor 647 and goat anti-rat Alexa Fluor 546) and DAPI staining, the
samples were imaged using a fluorescence confocal microscope (LSM 710,
Zeiss). Image analysis, including fluorescence signal quantification, was per-
formed as described below.

4.7.4. FAM-PS homing to MKN45P tumors in combination with
CA4P and iRGD (llI)

The experimental design is shown in Fig. 6. Mice with orthotopic MKN45P
tumors were randomly assigned into 2 groups for 7 alternate IP injections of
CAA4P and PBS as a control. CA4P was administered at 100 mg/kg and dissolved
in a saline solution at a concentration of 5 mg/mL every other day. The control
group received 500 pL of PBS daily. After a 14-day interval, tumor-bearing mice
were administered [P injections of FAM-PS at a dose of approximately 160 mg/kg
of polymer. This injection was performed with or without coadministration of
iRGD, which was administered IP at a dose of 14 pmol/kg 15 min before FAM-
PS injection. FAM-PS were allowed to circulate for 6 hours, after which the mice
were sacrificed by perfusion with 10 mL of PBS. Tumors and organs were excised
and preserved in a 4 % PFA solution in PBS at 4 °C. Immunofluorescence was
chosen to quantify receptor expression and examine the spatial distribution of
both receptors and FAM-PS, primarily due to FAM-PS’s solubility in MeOH. As
aresult, PFA fixation was used to enable the staining and quantification of FAM-
PS targeting in tumors. However, this fixation method imposed certain limitations
on the subsequent evaluation of receptor expression. For FAM-PS homing quan-
tification, immunofluorescence staining was performed on dissected tumor sec-
tions (20 um) following the procedure described below, excluding the HIAR step.
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Primary AB included rabbit anti-FAM/Oregon Green, while secondary staining
was performed using goat anti-rabbit Alexa Fluor 647 AB for FAM signal ampli-
fication.

1P) + iRGD + FAM-PS
Treatment with CA4P; "
100 mg/kg; 7 injections

=\
every other day
< Mice perfusion with PBS
—_—
'P) + FAM-PS
4 -
Tumor induction 3
TM MKN45P cells IP 6h Tumor extraction
. S circulation
—< —
\ L iRGD + FAM-PS A
Y PBS injection . Immunostainings and
every other day; slide scanning
500 pL
¢
A,
Fluorescence signal
quantification

.
2
*

} O
1]

Pretreatment with CA4F
or PBS (D7-D20)

Figure 6. Schematic representation of the FAM-PS tumor-homing experiment (Fig. 18
and 19). Mice with peritoneal carcinomatosis (PC) were treated intraperitoneally (IP) with
CAA4P (100 mg/kg) or PBS every alternate day for 14 days. Subsequently, FAM-PS was
coadministered with iRGD or PBS. After 6 hours of circulation, tumors were collected
and subjected to immunostaining for further signal analyses. The fluorescence signals of
integrin av, NRP-1, and p32 were quantified in groups that received either CA4P (CA4P
+iRGD + FAM-PS; CA4P + FAM-PS; n=6) or PBS (iRGD + FAM-PS; FAM-PS; n=6).
For FAM-PS fluorescence signal quantification n=3. Created using BioRender.com.

4.7.5. Tissue immunofluorescence stainings (ll, 1ll)

The tissue processing for breast and peritoneal carcinomatosis (PC) tumors dif-
fered but shared key steps. For breast tumor tissues, PFA-fixed tissues were
soaked in PBS for 1 hour, stored overnight at 4 °C in 15 % sucrose solution in
PBS, and replaced with 30 % sucrose solution the next day. Cryosectioning into
10 pm sections was performed, followed by a 1 hour drying period at RT. The
sections were then permeabilized with 0.2 % Triton X in PBS for 10 min, washed
with PBST, and blocked with 5 % bovine serum albumin (BSA), 5 % FBS, and
5 % goat serum (GS) in PBST for 1 hour. Overnight incubation at 4 °C with
primary ABs (rabbit anti-FAM, rat anti-mouse CD31, rat anti-mouse CD206,
rabbit polyclonal anti-NRP-1, and rabbit anti-p32) in diluted blocking buffer
(1/100 AB dilution) followed, with secondary AB (Alexa 647-conjugated goat
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anti-rabbit IgG and Alexa 546-conjugated goat anti-rat IgG) applied at a 1/200
dilution. After washing with PBST and PBS, nuclei were stained with 1 pg/mL
DAPI in PBS for 10 min. Stained slides were mounted and sealed, tissues were
imaged using a fluorescence confocal microscope, and image analysis was con-
ducted as previously described.

For PC tumors, PFA-fixed tissues were embedded in OCT, and 20 pm-thick
sections were stored at -20 °C before staining. After 2 hours of air-drying at RT,
the slides were washed 3 times with PBS (5 min each) and subjected to HIAR in
a boiling solution. After cooling, the slides were washed thrice with PBST (5 min
each). Tissue sections were permeabilized with PBS + 0.2 % Triton X-100 for 20
min at RT and blocked with 5 % BSA + 5 % GS + 50 nM glycine in PBST for 1
hour. Primary ABs (anti-integrin alpha V/CD51 and anti-NRP-1; dilution 1:200)
were applied overnight at 4 °C. The next day, the slides were washed thrice with
PBST (5 min each) and incubated with a secondary AB solution (goat anti-rabbit
Alexa Fluor 546; dilution 1:500) for 1 hour at RT in the dark. After incubation,
the slides were washed thrice with PBST (5 min each), counterstained with DAPI
solution (1 mg/mL in PBS; dilution 1:500) for 5 min at RT, washed with PBS (5
min), and mounted. The stained tumors were scanned using an Aperio VERSA
slide scanner (20x objective). Fluorescence signals from scans and confocal
microscopy were analyzed using Fiji software (Imagel 1.54f), normalizing the
mean signal intensity to the DAPI signal. For quantification of FAM-positive area
in tumor sections, images were processed to generate masks for DAPI and FAM
signals. The areas of these masks were measured and converted into percentages
to represent FAM-positive areas in the tumors. For FAM signal and distribution
quantification n=3 mice per group, and for integrin and NRP-1 quantification
n=6.

4.7.6. Drug combination treatment studies (l11)

For the survival study, on day 6 after tumor induction, PC-bearing mice were
divided into 6 groups (n=7 per group; PBS group n=10) and received different
combinations of CA4P, iRGD, and UTO-PS for 20 consecutive days. From days
7-25 (only uneven days), CA4P (100 mg/kg) or PBS (500 puL) was administered
every other day, and on days 8-26 (on even days), UTO-PS (1.4 mg/kg) with or
without iRGD (14 umol/kg) or PBS (500 puL) was injected every other day. The
injections were terminated on the 27th day, and survival was monitored. Mice
were euthanized if they had severe ascites, >20 % weight reduction, or severe
behavioral changes (shivers, shaking, impaired movement, or severe cachexia).

A similar treatment study was conducted to evaluate tumor progression in
terms of tumor weight and total tumor count. On day 4 after tumor induction, PC-
bearing mice were divided into 6 groups (n=6). From days 4-21, CA4P (100
mg/kg) or PBS (500 uL) was administered every other day, and on days 5- 21,
UTO-PS (1.4 mg/kg) with or without iRGD (4 pmol/kg) or PBS (500 pL) was
injected every other day. On the 23rd day, all mice were euthanized by CO,
inhalation, and tumors were extracted, weighed, and counted.
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4.7.7. Toxicological studies (llI)

Healthy 8-week-old female Balb/c mice were divided into 3 groups (n=3). Mice
received IP injections of CA4P (100 mg/kg, 5 mg/mL solution in saline, 5 IP
injections) or PBS (500 pL) every other day. On alternate days, the mice received
IP injections of UTO-PS (1.4 mg/kg, 5 IP injections) with iRGD (14 pmol/kg; 5
IP injections) administered 15 min before UTO-PS injection. After 10 days of
treatment, 2-3 mL of blood was collected from deeply anesthetized mice through
retro-orbital bleeding into Lithium Heparin tubes (BD Vacutainer, no. 368494).
The blood samples were centrifuged for 10 min at 1800 g at 4 °C, and plasma
was analyzed for glucose (GLUC), creatinine (CREAT), and alanine aminotrans-
ferase (ALT) concentrations using a Cobas 6000 IT-MW machine (Roche Diag-
nostics Gmbh) and corresponding reagents (CREP2, REF 03263991 for CREAT;
ALTLP, REF 04467388 for ALT). Tartu University Hospital conducted these
measurements. After blood collection, heart tissues were removed from the
treated mice, frozen at -80 °C, and used for subsequent histological analyses, as
described below.

4.7.8. H&E stainings (l1)

Paraffin-embedded tissue sections (2 um) were stained using an ST 5020 device
with the "Ready-to-Use hematoxylin and eosin (H&E) Staining System Leica ST
Infinity" kit. The protocol included xylene treatment (3 times for 2 min, once for
1 min), dehydration with absolute and 80 % ethanol (1 min each), and sequential
staining steps with specific durations. After staining, the sections were de-
hydrated (30 s, 30 s, 2 min), and xylene was cleared (2 times for 2 min). Stained
heart sections were scanned using a Leica SCN400 slide scanner (20x objective
lens), and the ImageScope x64 program was used for analysis. The Pathology
Department of Tartu University Hospital conducted the H&E staining.

4.7.9. Statistical analyses (I, 11, 111)

GraphPad Prism (version 10) was used for all other statistical analyses, including
Student’s t-test, one-way analysis of variance (ANOVA), Fisher’s LSD (Least
Significant Difference), Kaplan—Meier survival curve plotting, and Gehan-
Breslow-Wilcoxon test. A significance threshold of 0.05 was applied. The IC50
was determined using the log(inhibitor) versus response-variable slope (4 para-
meters) model in the same program.
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5. RESULTS

5.1. Development of TPP-NSVs for effective internalization
and DOX delivery to cancer cells

5.1.1. Functionalization of NSVs with RPAR and their
characterization

Publication |

The aim of this research was to study the suitability and targeting effects of TPP
in NSVs nanoplatforms to enhance the delivery and cytotoxicity of encapsulated
DOX in receptor-positive cancer cells in vitro.

For that, we first synthesized NSVs targeted or not targeted with the RPAR
peptide (RPAR-NSVs and NSVs) (Fig. 7). RPAR, with the sequence RPARPAR,
is a prototypic CendR peptide capable of binding to and being internalized by
cells that overexpress NRP-1 (Kadonosono et al., 2015; H. B. Pang et al., 2014;
Teesalu et al., 2009). DLS showed that the average hydrodynamic diameters of
RPAR-NSVs and non-targeted NSVs were approximately 155 and 121 nm,
respectively (Fig. 7A). This size difference is likely due to RPAR peptide con-
jugation, which introduces an additional aqueous layer on the surface of the NPs
(d’Avanzo et al., 2021). In addition, a positively charged RPAR peptide slightly
increased the surface charge of NSVs from -47 to -37 mV. The low PDI values of
<2 for both NSV samples indicate their homogenous and narrow size distribution,
essential for the consistent and reproducible release of payloads over time
(Danaei et al., 2018). TEM images confirmed the presence of homogenous
spherical NPs (Fig. 7B), indicating that peptide conjugation did not alter the
structures of the prepared NSVs.
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Sample name RPAR-NSVs NSVs RP ‘?\IRS"',):)X' DOX-NSVs
Size (nm) 155+ 8 12145 164+ 4 12847
Zeta potential 3742 47435 387£1.7 4534211
(mV)
PDI 0.163£0.01  0.145+0.007  0.184=0.009  0.158+0.011
DOX EE (%) - - 42417 405426
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Figure 7. Physicochemical characterization and stability of niosomes (NSVs). (A) Physi-
cochemical parameters, including average size (nm), zeta potential (mV), polydispersity
index (PDI), and DOX encapsulation efficiency (EE %) with + standard error of the mean
(SEM) are presented for the prepared NSVs. (B) Transmission electron microscopy
(TEM) images of NSVs, scale bar = 200 nm. (C) Cumulative DOX release profile from
RPAR-DOX-NSVs and DOX-NSVs incubated in HEPES buffer (pH 7.4). (D) The
stability of RPAR-DOX-NSVs was evaluated by assessing the change in average size
(nm) in HEPES buffer, fetal bovine serum (FBS) (10 % v/v), and human plasma (50 %
v/v) over 72 hours. n=3; error bars indicate + SEM.
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5.1.2. RPAR-NSVs selectively bind to their target protein NRP-1

Next, we tested the binding capabilities of the RPAR-targeted NSVs in different
settings. First, we assessed the interaction between RPAR-NSVs and their respec-
tive receptor NRP-1 or mutant NRP-1 with an inactive CendR-binding pocket
(mutNRP-1) in a cell-free system. In addition, we used NSVs targeted with
scrambled RPAR peptide (scrRPAR-NSVs) as it lacks the required CendR motif
for NRP-1 binding to serve as a negative control. As shown in Fig. 8A, RPAR-
NSVs showed significantly higher binding to NRP-1-coated beads with an active
CendR-binding pocket, whereas minor binding was observed with mutNRP-1-
coated beads. Similarly, scrRPAR-NSVs showed negligible binding to both NRP-
1 and mutNRP-1-coated beads, confirming the necessity of interaction between
the CendR motifin the peptide and an active CendR-binding pocket in NRP-1 for
binding. Additionally, the results demonstrate that RPAR on NSVs interacts with
the CendR-binding pocket of the bl domain of NRP-1, indicating that the peptide
coated on NSVs is accessible for receptor interactions.

5.1.3. RPAR-NSVs selectively bind to cultured NRP-1* cells in
a receptor-dependent manner

To test the cellular uptake of RPAR-NSVs, we used NRP-1 positive prostate
(PPC-1) and NRP-1 negative human melanoma cancer cells (M21). PPC-1,
known for NRP-1 overexpression (d’Avanzo et al., 2024; Simén-Gracia et al.,
2021), showed significant RPAR-NSV uptake (approximately 100 % FAM-
positive cells), whereas uptake of scrRPAR-NSVs was minimal (< 10 % FAM-
positive cells) after 1 hour of incubation (Fig. 8C). Conversely, M21 cells ex-
hibited similar uptake of both RPAR-NSVs and scrRPAR-NSVs, but much lower
than that of PPC-1 cells (Fig. 8D), thus confirming that the peptide delivered and
promoted receptor-specific uptake of RPAR-NSVs in PPC-1 cells.

In agreement with the FC data, confocal microscopy showed increasing intra-
cellular fluorescence with increasing RPAR-NSV concentrations, indicating
successful internalization at the lowest RPAR-NSV concentration of 0.25 mg/mL
of lipid. Similarly, no uptake was observed in NRP-1-negative M21 cells treated
with RPAR-NSVs or scrRPAR-NSVs (Fig. 8E), again emphasizing the critical
role of the CendR motif in targeting NRP-1. To further verify that RPAR-NSV
uptake was NRP-1-dependent, PPC-1 cells were first pretreated with monoclonal
ABs specific to the NRP-1 bl domain, either CendR-binding pocket blocking
(mADb7ES) or non-blocking (mAB3E7) (Daly et al., 2020). Pre-incubation with
CendR-blocking mAb7ES at concentrations of 0.01 and 0.02 mg/mL resulted in
less than 10 % intracellular uptake of RPAR-NSVs in NRP-1 positive PPC-1 cells
(Fig. 8B). In contrast, pre-incubation with the same concentrations of non-
blocking mAB3E7 AB resulted in approximately 80 % of treated cells inter-
nalization of RPAR-NSVs (Fig. 8B). These findings were consistent with those
of FC (Fig. 8C), and confocal imaging (Fig. 8E) data, confirming the selectivity
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of RPAR-NSVs for NRP-1 and their targeted uptake by cancer cells over-
expressing the NRP-1 receptor on their surface.

These findings highlight the potential of RPAR-NSVs as a targeted drug deli-
very platform that offers selective binding and internalization in NRP-1 over-
expressing cancer cells.
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Figure 8. Evaluation of RPAR-NSV selectivity towards NRP-1 in cell-free and cell
binding assays. (A) The cell-free binding assay showed significantly higher binding of



FAM-RPAR-NSVs to magnetic beads coated with NRP-1 than mutNRP-1. Quantification
of RPAR-NSVs or scrRPAR-NSVs binding to NRP-1 was performed by flow cytometry
(FC) after 1 hour of incubation. n=3; statistical analyses were performed using ANOVA;
error bars indicate + SEM; ****p<0.0001. (B) Uptake of RPAR-NSVs by NRP-1 positive
PPC-1 cells. Cells were pretreated with an anti-NRP-1 AB blocking the CendR-binding
pocket (mAb7ES) or non-blocking AB (mAb7E7) and incubated with RPAR-NSVs for 1
hour. Results, as the percentage of FAM-positive cells show significantly reduced
intracellular RPAR-NSVs uptake in the presence of blocking mAb7E8 (0.01 and 0.02
mg/mL) compared to non-blocking mAb7E7. RPAR-specific internalization of RPAR-
NSVs in PPC-1 (C) and M21 (D) cells treated with different lipid concentrations after 1
hour of incubation. Uptake was quantified by FC, and the results are represented as FAM-
positive cells. n=3, Statistical analyses were performed using Student’s t-test, error bars
indicate £ SEM, **p<0.01, ****p<0.0001. (E) Representative confocal microscopy
images of RPAR-NSV intracellular uptake by PPC-1 cells, but not by NRP-1-negative
M21 cells, at 3 different NSV concentrations (0.25, 0.5, and 1 mg/mL). The cells were
incubated with RPAR-NSVs or scrRPAR-NSVs for 1 hour. FAM (green), DAPI (blue).
Scale bar = 50 um.

5.1.4. Characterization and stability of RPAR-DOX-NSVs

To evaluate the potential of the RPAR-NSV platform for effective DOX loading
and targeted delivery to cancer cells, we synthesized RPAR-DOX-NSVs and non-
targeted DOX-NSVs. The physicochemical features of these formulations closely
resembled those of their drug-free counterparts (RPAR-NSVs and NSVs), sug-
gesting that DOX encapsulation did not disrupt the NSV structure (Fig. 7).
Furthermore, DOX loading had negligible effects on the PDI, indicating a stable
and narrowly distributed nanocarrier size during drug loading. This characteristic
is essential for consistent and reliable payload release over time, addressing the
storage challenges associated with liposomal DOX (Barenholz, 2012).

The DOX loading process was similar to that used for the synthesis of
Doxil®/Caelyx® using the remote loading and pH gradient method. The EE %
of DOX in RPAR-NSVs was approximately 41 %, and non-targeted DOX-NSVss
showed a comparable loading of approximately 44 %. In neutral pH conditions,
the cumulative release of DOX from the RPAR-NSVs and NSVs reached
approximately 40 % after 72 hours (Fig. 7C). Importantly, the presence of the
RPAR peptide on the NSV surfaces did not affect DOX release, as evidenced by
the almost identical kinetic release profiles (Fig. 7C).

A protein corona can form when nanocarriers encounter biological fluids,
altering their in vivo behavior and stability (Bashiri et al., n.d.; Gref et al., 2000).
To assess this phenomenon, RPAR-DOX-NSVs were incubated with FBS and
human plasma to simulate in vitro and in vivo conditions. During the first incu-
bation hours, FBS induced minimal changes in particle size, while human plasma
led to a slight increase (Fig. 7D). As incubation progressed (up to 72 hours), both
FBS and human plasma substantially enlarged the particles, reaching approxi-
mately 420 nm.
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These observations underscore the dynamic nature of the protein corona and
its impact on nanocarrier stability in biological environments.

5.1.5. Cytotoxicity of RPAR-DOX-NSVs

Next, we tested the impact of RPAR-DOX-NSVs, non-targeted DOX-NSVs, and
free DOX on NRP-1 positive PPC-1, 22Rv1, and NRP-1 negative M21 cell viabi-
lity. The cells were treated for 1 hour with DOX-NSVs or free DOX at concentra-
tions of 0.1, 0.5, 1, 5, and 10 uM, washed, and further incubated for 24 hours. In
cytotoxicity assessments, RPAR-DOX-NSVs showed enhanced efficacy in NRP-
1 positive PPC-1 cells, with a dose-dependent reduction in cell viability reaching
approximately 55 % at 5 uM DOX (Fig 9A). This effect plateaued at higher
concentrations, indicating possible CendR-binding site saturation. In addition, at
a 10 uM concentration, RPAR-DOX-NSVs showed significantly higher potency
than non-targeted DOX-NSVs in another NRP-1 positive cell line, 22Rv1 (Fig.
9C), thus broadening the applicability of tumor-specific peptide-mediated drug
delivery. These results demonstrated that this potent anticancer effect was
possible because of the specific targeting facilitated by the RPAR peptide. The
greater cytotoxicity of free DOX in 22Rv1 cells compared to both RPAR-DOX-
NSVs and DOX-NSVs (Fig. 9C) could be attributed to the higher sensitivity of
cells to DOX relative to PPC-1 cells. Notably, the selectivity of RPAR-DOX-
NSVs was further highlighted by their minimal impact on NRP-1 negative M21
cells viability (Fig. 9B). The observed cytotoxicity trends were consistent with
those of the binding studies (Fig. 8), demonstrating the potential of RPAR-NSVs
for specific and effective anthracycline delivery.

The comprehensive evaluation of RPAR-NSVs presented in this chapter
supports their potential as a targeted drug delivery platform for hydrophilic
anthracyclines, such as DOX, offering selective binding, efficient internalization,
and controlled release in NRP-1 overexpressing cancer cells.
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Figure 9. In vitro cytotoxic effects of NSVs on (A) PPC-1, (B) M21, and (C) 22Rv1 cells.
The cytotoxicity of RPAR-DOX-NSVs, DOX-NSVs, and free DOX treatment (1 hour)
was tested at different DOX concentrations (0.1, 0.5, 1, 5, and 10 pM). After incubation,
the cells were washed to remove non-bound particles and cultured in a fresh medium for
24 hours. The non-treated cells served as a negative control (100 % viability). n=3;
statistical analyses were performed using ANOVA; error bars indicate + SEM, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Each asterisk corresponds to a representative
sample, with the color of the asterisk matching the color of the sample it indicates. This
color representation highlights the significance and depicts the difference between the
RPAR-DOX-NSVs and their respective formulations.
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5.2. UTO preclinical development as a nanocarrier payload
for effective drug delivery in vitro and tumor homing in vivo

5.2.1. UTO is more potent than DOX in a panel
of cultured cancer cells

Publication II

The study aimed to assess whether UTO is a more effective anthracycline than
DOX across various cancer cell lines, thereby supporting the rationale for using
advanced anthracyclines. It also investigated the potential of functionalizing PS
with CendR peptides and further improving their targeting effects through peptide
valency modulation. The goal was to develop a targeted delivery system for UTO
to reduce cancer cell viability by optimizing its delivery and sequentially
enhancing its anticancer efficacy.

To test the potency of UTO, we conducted comparative studies on its impact
alongside DOX treatments on the viability of diverse cultured cell lines, including
U937 monoblast-like human histiocytic lymphoma cells, Jurkat E6.1 human T-
lymphocyte acute T-cell leukemia cells, A549 human lung carcinoma cells, and
HT-29 human colorectal adenocarcinoma cells. Cytotoxicity was examined after
30 and 90 min of drug incubation, followed by a 24 hours culture for U937 and
Jurkat E6.1 cells (in suspension) or a 72 hours culture for adherent A549 and HT-
29 cells. As depicted in Fig. 10, UTO consistently demonstrated a more potent
effect in reducing cell viability across all tested cell lines than DOX. Notably, the
most significant disparity in half-maximal inhibitory concentration (IC50) values
between UTO and DOX was observed for A549 cells, with UTO being approxi-
mately 16-fold more effective, whereas the most negligible difference was noted
for HT-29 cells, with UTO being approximately 2-fold more effective.

These findings underscore the superior cytotoxic potency of UTO compared
to DOX across a spectrum of cell lines.
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Figure 10. UTO cytotoxicity in cultured cancer cell lines. Viability of cancer cells in-
cubated with the indicated concentrations of UTO and DOX for 30 (A) or 90 (B) min,
followed by chase in a drug-free medium. IC50 (half-maximal inhibitory concentration
in pM) was determined using a log(inhibitor) versus response—variable slope (4 para-
meters) model (GraphPad software (version 10.1.0). The SEM of IC50 is shown. The
cells were incubated with anthracyclines, washed, and cultured for 24 hours (U937 and
Jurkat E6.1 cells in suspension) or 72 hours (adherent A549 and HT-29 cells), followed
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by the MTS viability assay. As controls, 1 % water or 1 % DMSO (solvents used to
dissolve DOX and UTO, respectively) v/v in a cell culture medium was used. The MTS
assay results were plotted as a curve of the percentage of viable cells (taking the viability
of the non-treated control cells as 100 %) versus the log concentration of the tested
sample. Error bars represent the = SEM, n=3.

5.2.2. Enhancing PS targeting through peptide density
optimization

To encapsulate the hydrophobic anthracycline prodrug UTO, we opted for PS be-
cause of their thicker hydrophobic membrane, allowing them to encapsulate
larger quantities of hydrophobic drugs than NSVs or liposomes (Bermudez et al.,
2002; Meng & Zhong, 2011). In addition, polymeric nanoplatforms offer higher
synthetic freedom, which allows particles to be tailored for specific needs, espe-
cially when modifying their surfaces.

Optimizing ligand density on NP surfaces enhances cell targeting, with appli-
cations ranging from cell tracking to improved drug delivery (Fakhari et al., 2011;
Kawano & Maitani, 2011). Despite limited data on the optimal ligand density,
certain studies have identified optimal densities for specific NPs and targeting
ligands, resulting in substantial enhancements in the target cell binding (Elias et
al., 2013). Therefore, we optimized the RPAR peptide density on the PS surfaces
for the best cellular uptake of our TPP-targeted DDS. Different RPAR peptide
densities were achieved using various concentrations of Mal-PEG-PCL (0, 2, 5,
10, and 20 %) relative to the total copolymer, where peptide conjugation relies on
thioether bond formation between the thiol group of the peptide cysteine and
maleimide group of the copolymer (Simon-Gracia et al., 2018). Therefore, the
number of surface maleimide groups determined the peptide density on the PS
surface.

As shown in Fig. 11A and D (upper row), all PS samples contained uniform
spherical polymeric vesicles of similar size. The hydrodynamic diameter and size
distribution remained consistent across various PS samples (Fig. 11A and B). The
average PS diameter was approximately 105 nm with a PDI of approximately
0.19 (Figure 11A and B). Similar to that observed with NSVs, the size of PS
observed by TEM in Fig. 11D appeared to be smaller than 100 nm, which could
be attributed to the measurement of dry PS, whereas DLS provided the diameter
of solvated particles influenced by water molecules.

The binding of PS bearing different densities of RPAR on their surface was
tested in an established in vitro system using PPC-1 and M21 cells. These cell
lines were exposed to different RPAR-FAM-PS samples for 1 hour and FC was
used to assess cell binding and internalization. As shown in Fig. 11C, specific
binding to PPC-1 cells increased with higher peptide density on PS, with 20 %
RPAR showing the highest uptake (approximately 100 % of cells were FAM-
positive). In M21 cells, binding remained consistently low, irrespective of peptide
density (Fig. 11C), confirming the significance of peptide-receptor interactions
in cell binding and internalization.
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Sample name 0 % Mal- 2 % Mal- 5 % Mal- 10 % Mal- 20 % Mal-
P PEG-PCL PEG-PCL PEG-PCL PEG-PCL PEG-PCL
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Figure 11. Optimization of peptide functionalization for peptide-guided delivery of PS.
(A) Characterization of PS over a range of maleimide-PEG-PCL (Mal-PEG-PCL)
percentages (0, 2, 5, 10, and 20 %) by assessing the average size, PDI, and Z-potential of
the prepared PS formulations with + SEM are presented. (B) The size distribution of
prepared PS formulations was assessed using dynamic light scattering (DLS). (C) Binding
of RPAR-FAM-PS to cultured PPC-1 and M21 cells. The attached cells were incubated
with PS samples for 1 hour, washed, and detached, and FC was used to quantify the
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binding of RPAR-FAM-PS to PPC-1 (NRP-1%) and M21 (NRP1") cells. PS were prepared
to incorporate the indicated percentages of Mal-PEG-PCL. The graph represents the
percentage of FAM-positive cells. Non-treated cells served as controls. Statistical ana-
lyses were performed using the Student’s t-test; n=3; error bars indicate + SEM. (D) TEM
images of the prepared PS formulations are shown in the upper panel; scale bar = 100 nm.
The lower panel presents fluorescence confocal microscopy images of attached PPC-1
and M21 cells incubated with RPAR-FAM-PS samples for 1 hour. The PS were labeled
with FAM (green signal), and the nuclei were stained with DAPI (blue signal). Scale
bar = 50 mm.

The uptake of RPAR-FAM-PS by PPC-1 and M21 cells was further evaluated
using fluorescence confocal microscopy. After 1 hour of incubation, the green
signal of RPAR-FAM-PS was exclusively detected in the PPC-1 cells, with no
observable uptake in the M21 cells (Fig. 11D). Consistent with the FC results, a
significantly higher RPAR-FAM-PS signal was observed in PPC-1 cells when PS
contained 20 % Mal-PEG-PCL. Moreover, RPAR-FAM-PS was predominantly
located in the vesicular structures within the cytoplasm of PPC-1 cells, indicating
effective cellular uptake.

Consequently, the PS were functionalized with 20 % peptide for further expe-
riments.

5.2.3. DOX and UTO encapsulation into TPP-PS

Simultaneously with UTO encapsulation into the PS, we explored the encapsu-
lation of DOX for comparative purposes within our PS. DLS measurements of
RPAR-targeted and non-targeted DOX-PS indicated a similar size for both
samples, with an average diameter of approximately 97 nm and a PDI of approx.
0.16 (Fig. 12 A and C). The DOX EE % was approximately 7 % (Fig. 12A).

For UTO-PS, the morphology observed by TEM (Fig. 12B) and the hydro-
dynamic diameter of UTO-loaded RPAR-functionalized PS (RPAR-UTO-PS),
UTO-loaded non-targeted PS (UTO-PS), and non-loaded “empty” PS (PS) were
similar (Fig. 12B). The zeta potential of PS was neutral, and the UTO EE % of
approximately 80 % was significantly higher than the approximately 7 % ob-
served for hydrophilic DOX (Fig. 12A).

We further investigated the drug release profiles of DOX-PS and UTO-PS
over 72 hours at 37 °C. Fig. 12D illustrates that the drugs were well retained in
the PS, considering the chemical properties of the encapsulated drug. UTO
release consistently remained lower than DOX release, with less than 2 % of UTO
released from the PS compared to a 10 % release from DOX-PS (Fig. 12D) at the
48 hour time point.

Considering the drug EE and release results, our findings demonstrated that
PS are more suitable for encapsulating hydrophobic drugs such as UTO, and
NSVs are more suitable for encapsulating hydrophilic drugs such as DOX.
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Figure 12. Physicochemical characterization and stability of different polymersome (PS)
formulations. (A) Physicochemical parameters, including average size (nm), zeta poten-
tial (mV), polydispersity index (PDI), and DOX or UTO encapsulation efficiency (%)
with = SEM, are presented for the prepared PS. (B) TEM images of RPAR-UTO-PS,
UTO-PS, and PS. Scale bar = 100 nm. (C) Size distribution of the prepared PS formu-
lations, as assessed by DLS. (D) Cumulative DOX and UTO release profiles from DOX-
PS and UTO-PS incubated in a PBS buffer (pH 7.4) over 48 hours.
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5.2.4. RPAR-UTO-PS are more toxic
in receptor-positive cancer cells

After optimizing the TPP-targeted PS nanoplatform for effective drug delivery to
receptor-positive cancer cells, we conducted a comparative assessment of the
effects of free UTO, free DOX, and RPAR-guided versus control UTO-PS on the
viability of PPC-1 and M21 cells. The cells were treated for 30 min, followed by
a 48 hours incubation in a fresh culture medium and an MTT viability assay. As
expected, free UTO exhibited higher toxicity than free DOX in both cell lines
(Fig. 13). The cytotoxic effect of UTO-PS on cultured cells depended on both
targeting peptide functionalization and expression of the peptide receptor NRP-
1. RPAR-UTO-PS (at 2 uM of UTO) demonstrated a significantly potentiated
antiproliferative effect compared to non-targeted UTO-PS at the same drug
loading (approximately 40 % vs. 70 % cell viability; Fig. 13A).

Therefore, our optimized TPP-PS platform efficiently delivers the more potent
prodrug UTO to cancer cells, exhibiting higher efficacy in receptor-positive
cancer cells compared to free DOX in a peptide-dependent manner.
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Figure 13. Effect of free and nano-encapsulated UTO (UTO-PS) on the viability of
cultured cancer cells with different NRP-1 expression status. Percentage of viable PPC-1
(A) and M21 (B) cells after 30 min incubation with PS formulations at 0.02, 0.2, 2, and
20 uM of UTO and 48 hour follow-up incubation. Statistical analyses were performed
using ANOVA; error bars indicate £ SEM; n=4, *p<0.05, **p<0.01, ***p<0.001,
**#%p<0.0001. Asterisks indicate significance when comparing RPAR-UTO-PS with the
other formulations. Each asterisk corresponds to a representative sample, with the color
of the asterisk matching the color of the sample it indicates.
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5.2.5. TPP-PS home to orthotopic breast tumors in vivo

To evaluate TPP-PS tumor-targeting capabilities in vivo, LinTT1- or RPAR-
targeted and non-targeted PS labeled with near-infrared DiR dye (LinTT1-DiR-
PS, RPAR-DiR-PS, and DiR-PS) were used in orthotopic TNBC breast tumor-
bearing mice. As shown in Fig. 14A-C, spherical nanovesicles with an average
size of 116 nm were obtained. The encapsulation of hydrophobic DiR dye mi-
micking UTO's hydrophobic nature did not affect the PS structure, as the physico-
chemical parameters were similar to those of the previously synthesized PS
samples (Fig. 11 and 12).

MCF10CA1la, a TNBC cancer cell line, overexpresses p32 protein on its sur-
face, making it a suitable target for the LinTT1 CendR peptide (Agemy et al.,
2013; Santner et al., 2001; S. Sharma, Kotamraju, et al., 2017; Simdon-Gracia et
al., 2018). LinTT1-DiR-PS, RPAR-DiR-PS, and DiR-PS were 1V injected into
mice with orthotopic MCF10CA 1a breast tumors, and in vivo imaging was con-
ducted at different time points. As shown in Fig. 14D, LinTT1 and RPAR
functionalization enhanced tumor homing at early and late time points, whereas
non-targeted DiR-PS became detectable only after 24 hours post-injection. The
AUC in the tumor at 24 hours was approximately 40 % higher for LinTT1-DiR-
PS than for non-targeted PS, and RPAR-DiR-PS also exhibited a higher AUC
(approximately 26 % higher) (Fig. 14E). The observed high accumulation of both
targeted and non-targeted PS in the liver, as indicated by arrowheads in Fig. 14D,
can be attributed to the crucial role of RES organs, such as the liver and spleen,
in the circulation of NPs (Longmire et al., 2008).

Tissue immunofluorescence microscopy analysis at 48 hours post-injection
showed LinTT1-DiR-PS accumulation in the tumor parenchyma and colocali-
zation with LinTT1's known receptors p32 and NRP-1 (Fig. 15A and C). LinTT1-
DiR-PS also accumulated in M2 protumoral TAMs within the tumor (Fig. 15A,
last column). Considering the known cardiotoxicity of free DOX, the presence of
PS in the heart was also assessed. Notably, the heart showed a significantly lower
LinTT1-DiR-PS signal than malignant tissue, indicating a potential reduction in
cardiotoxicity (Fig 15A and B).
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Figure 14. Systemic TPP-targeted PS home to orthotopic breast tumors. (A) Characte-
rization of LinTT1-DiR-PS, RPAR-DiR-PS, and DiR-PS. The average size (nm), zeta
potential (mV), and polydispersity index (PDI) were assessed for the prepared PS formu-
lations. (B) The size distribution of the prepared PS formulations, as assessed by DLS
with = SEM, is presented. (C) TEM images of the prepared PS. Scale bar = 100 nm. (D)
Live imaging of MCF10CAla tumor-bearing mice injected with LinTT1-DiR-PS
(LinTT1), RPAR-DiR-PS (RPAR), or non-targeted DiR-PS (PS) at the indicated time
points after administration. The DiR-PS signal in the tumor is indicated by arrows and in
the liver by arrowheads. (E) Area under the curve (AUC) in the tumors of LinTT1-DiR-
PS, RPAR-DIiR-PS, and DiR-PS up to 24 hours post-injection. n=3. Statistical analyses
were performed using ANOVA; error bars indicate + SEM. *p<0.05, **p<0.01.
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Figure 15. Tissue distribution of LinTT1-DiR-PS in MCF10CAla tumor-bearing mice.
(A) Confocal fluorescence imaging of the tumors and hearts of TNBC-bearing mice
injected with LinTT1-DiR-PS. Tissues were extracted 48 hours post-injection of PS,
sectioned, and immunostained for FAM, CD31, and CD206, and the nuclei were stained
with DAPI. The green signal represents LinTT1-DiR-PS (FAM), the red signal represents
blood vessels (CD31) or mannose receptor (CD206), and the blue signal represents nuclei
(DAPI). Scale bar=200 um. (B) LinTT1-DiR-PS signal quantification in the heart and
tumor 48 hours post-injection, n=6 (different areas of the same section, n=2 mice per
group). Statistical analyses were performed using the Student's t-test,*p<0.05. Error bars
indicate £ SEM. (C) Colocalization of LinTT1-DiR-PS with NRP-1 or p32 proteins in the
breast tumor tissues. The green signal represents LinTT1-DiR-PS (FAM), and the red
represents NRP-1 or p32.
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5.2.6. LinTT1-UTO-PS specifically deliver drug to breast tumors

After establishing the conditions for enhanced tumor accumulation of LinTT1-
targeted PS, we investigated the ability of LinTT1-PS to precisely deliver UTO
into breast tumors in vivo. LinTT1-targeted (LinTT1-UTO-PS) and non-targeted
UTO-PS, as well as free DOX (as a surrogate for free UTO owing to its poor
water solubility) (characteristics of prepared PS are shown in Fig. 16A and B)
were injected IV into mice with orthotopic MCF10CAla tumors. Figures 16C
and D demonstrate an almost 10-fold higher tumor accumulation of UTO in mice
injected with LinTT1-UTO-PS compared to other samples at 24 hour time point.
The UTO signal colocalized with CD31-positive blood vessels, and with LinTT1-
UTO-PS, some signal was observed in the perivascular space, suggesting drug
extravasation into the tumor tissue (Figure 16C, inset). Importantly, no UTO
signal was observed in the hearts of LinTT1-UTO-PS-treated mice (Figure 16C).

These observations suggest that encapsulating UTO in TPP-PS enhances the
specific tumor accumulation of the drug.
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Figure 16. LinTT1-functionalized UTO-PS accumulated more than non-functionalized
UTO-PS and free UTO in TNBC tumors but did not accumulate in the hearts of mice. (A)
Characterization of LinTT1-UTO-PS and UTO-PS. The average size (nm), zeta potential
(mV), and polydispersity index (PDI) with + SEM were assessed for the prepared PS
formulations. (B) Size distribution of the prepared PS formulations, as assessed by DLS.
(C) Representative confocal fluorescence images of MCF10CAla tumors and heart
sections of mice injected with LinTT1-UTO-PS, UTO-PS, and free DOX. Samples were
collected 24 hours post-injection, sectioned, immunostained for CD31, and stained with
DAPI. Green: UTO or DOX; red: blood vessels (CD31); blue: nuclei (DAPI). Scale bar
=200 um. (D) Quantification of the drug signal in tumors at 24 hours post-injection,
normalized to the non-injected tumor. **p<0.001. Statistical analyses were performed
using ANOVA. Error bars indicate = SEM, n=3.
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5.3. Evaluation of CA4P-induced molecular changes in TME
for iRGD-enhanced secondary UTO-nanotherapy of
peritoneal carcinomatosis

5.3.1. CA4P treatment enhances iRGD peptide receptor
expression in breast and PC tumors

Publication Il

This study aimed to test whether VDA-induced changes in the TME could sensi-
tize tumors to targeted nanotherapy. Specifically, it evaluated the effect of VDA
CAA4P on iRGD peptide receptors, integrins, and NRP-1 in breast and peritoneal
carcinomatosis (PC) xenografts. The primary goal was to determine if combining
CAA4P with UTO-PS and iRGD could enhance the efficacy and safety of PC
treatment.

PC, the IP spread of cancer, poses a significant threat to patients with advanced
abdominal neoplasms (Coccolini et al., 2013). IP administration of chemothera-
peutics, including VDAs, has emerged as an effective treatment for PC (Harada
et al., 2022; McCarty et al., 2004). Despite the pharmacokinetic advantages of
the IP administration route, obstacles, such as IFP and ECM deposition, hinder
drug penetration into peritoneal tumors (Carlier et al., 2017). Studies employing
the iRGD peptide in combination with free DOX and PTX-PS have demonstrated
enhanced intratumoral entry and therapeutic efficacy in PC lesions (Simdn-
Gracia, Hunt, Scodeller, Gaitzsch, Kotamraju, et al., 2016; Sugahara et al., 2015).
These findings suggest that iRGD-based precision delivery strategies can amplify
the therapeutic effect of IP cancer drugs and nanosystems. Moreover, investi-
gations into treatment-resistant breast tumors have shown an overrepresentation
of integrin-targeting RGD motifs when subjected to a vascular-disrupting nano-
system treatment (S. Sharma, Mann, et al., 2017). This discovery led us to explore
whether VDA CA4P has the same impact on breast cancer models.

IP treatment with CA4P induced a molecular signature in tumor blood vessels,
including significantly upregulated B3 integrins (2.4-fold increase) and NRP-1
(7.3-fold increase) in orthotopic MCF10CA1la tumors (Fig. 17). This upregu-
lation indicated the potential for systemic iRGD-mediated targeting.

We next investigated whether such a phenomenon occurred in mice bearing
the MKN45P PC model, known for its rapid abdominal dissemination (Miyagi et
al., 2007). Consistent with the observations in TNBC breast tumors, IP CA4P
treatment mildly upregulated the expression of av integrins and NRP-1, particu-
larly in the tumor periphery (Fig. 18). However, CA4P treatment did not affect
the expression of p32 protein, a receptor for LyP-1 peptide (Laakkonen et al.,
2002), and TT1/LinTT (Lin et al., 2014; Paasonen et al., 2016) TPPs.

These findings suggest that iRGD-based strategies can enhance the delivery
of secondary therapeutics post-CA4P treatment.
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Figure 17. CA4P treatment upregulated the expression of 3 integrins and NRP-1 in
MCF10CA 1a breast tumors. (A) Representative confocal fluorescence images of tumors
treated with CA4P or PBS. Tumors were collected on day 34 post-tumor induction,
sectioned, and immunostained for the integrin B3 subunit, CD31/ CD105 (blood vessels),
and NRP-1. The nuclei were counterstained with DAPI. Green, CD31 or CD105; red,
integrin B3 or NRP-1; blue, nuclei (DAPI). Scale bar =200 pm. Integrin 3 (B) and NRP-
1 (C) fluorescence signals were normalized to the DAPI signal from the corresponding
tumor sections and subsequently quantified. Statistical analysis was performed using the
Student's t-test, *p< 0.05; **p<0.001. Error bars: + SEM; n=4 for the CA4P group quanti-

fication of integrin B3, n=2 for the quantification of NRP-1, and n=3 for the PBS group
for both quantifications.
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Figure 18. CA4P treatment upregulates the expression of av integrins and NRP-1 in
peritoneal tumors. MKN45P tumor-bearing mice were IP treated with CA4P (100 mg/kg,
7 IP injections every other day) and PBS, starting on day 7 after tumor induction. After
treatment, the mice were perfused, and tumors were collected, sectioned, immunostained
for (A) integrin av subunit, (B) NRP-1, and (C) p32 (red), and counterstained with DAPI
for the nuclei (blue). Scale bar = 200 um, n=6. (D) Quantification of av integrin, NRP-1,
and p32 fluorescence signals normalized to the DAPI signal in CA4P treated and non-
treated (PBS) tumors. Statistical analysis was performed using the Student's t-test; error
bars indicate + SEM; *p< 0.05, **p<0.01.
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5.3.2. CA4P treatment sensitizes IP tumors to iRGD-potentiated
nanoparticle delivery

Ongoing clinical development has explored iRGD's bystander effect as an adjunct
to standard-of-care for pancreatic and other solid tumors (Buck et al., 2023; Dean
et al., 2022). Our previous study showed that iRGD, when administered IP,
enhances the accumulation and penetration of coinjected small-molecule drugs
like DOX in PC tumors (Sugahara et al., 2015). We extended this to examine
iRGD's impact on PS delivery to PC.

Using a mouse model of PC from MKN45P cells, we treated them with 1P
CAA4P followed by IP injections of iRGD and FAM-labeled PS (FAM-PS; charac-
terization is shown in Fig. 19A), alone or in combination. Biodistribution ana-
lyses after 6 hours demonstrated that after the coadministration of iRGD and
FAM-PS, there was an approximately 2-fold increase in FAM-PS accumulation
in PC lesions in mice pretreated with CA4P compared with other groups (Fig.
19B and C). In both CA4P-treated and control tumors, iRGD coadministration
seemed to enhance tumor spreading of PS, as indicated by a diffuse signal in the
tumor parenchyma (Fig. 19B). Notably, compared to the CA4P + FAM-PS group,
mice treated with CA4P + iRGD + FAM-PS exhibited an approximately 3-fold
increase in PS homing, emphasizing that iRGD enhances tumor accumulation and
penetration of I[P administered PS.

Quantification of the FAM-PS distribution in tumor tissue revealed that
tumors treated with CA4P and targeted with iRGD exhibited the largest area of
FAM-positive signal (Fig. 19D). This underscores the efficacy of sequential
targeting, not only in facilitating a higher accumulation of potentially drug-loaded
PS in the tumors but also in achieving a more even distribution of these particles
within the tumor tissue. While VDASs are known to increase vascular permeability
in tumors (Beauregard et al., 2001), the distribution of PS in CA4P-treated tumors
without iRGD (CA4P + FAM-PS) was significantly lower than that in tumors
injected with CA4P + iRGD + FAM-PS (30 % vs. 3 %, respectively). Thus, the
iRGD peptide enhanced FAM-PS distribution in CA4P-treated tumors by almost
10-fold, addressing the challenge of the low penetrability and distribution of
FAM-PS in tumors, which is a critical concern for effective drug delivery (El-
Kareh & Secomb, 2004; Jain, 1994; Witkamp et al., 2001).

These findings underscore the applicability of a receptor amplification stra-
tegy, particularly in the case of PC tumors, for achieving an improved pharmaco-
kinetic profile through sequential targeting.
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Figure 19. CA4P sensitizes PC to iRGD-facilitated delivery of FAM-PS. (A) Characteri-
zation of FAM-PS immediately after synthesis and after 190 days of storage at 4 °C,
showing PS stability. The size distribution, hydrodynamic diameter, and PDI values are
also presented. (B) Representative slidescanner images of immunostained peritoneal tu-
mors treated with CA4P or PBS. PC mice were treated with CA4P or PBS (CA4P, 100
mg/kg; 7 IP injections every alternate day) before administration of FAM-PS with iRGD
or PBS. After 6 hours of circulation, tumors were collected, cryosectioned, immuno-
stained for FAM-PS (FAM), and counterstained with DAPI. Green, FAM-PS (FAM);
blue, nuclei (DAPI). Scale bar =200 pm. (C) Quantification of the FAM-PS fluorescence

74



signal normalized to the DAPI signal in tumors. (D) Quantification of FAM-PS distri-
bution in tumors by representing the percentage of FAM-signal-positive areas in the
tumors. All tumors from the 3 different planes were used for analysis, with n=3 mice per
group. Statistical analyses were performed using ANOVA. Error bars indicate = SEM;
*p<0.05, **p<0.001.

5.3.3. iRGD-enhanced secondary nanotherapy reduces
peritoneal dissemination and improves the survival
of mice with PC

We next conducted a survival study combining I[P CA4P treatment with iRGD-
enhanced nanotherapy (Fig. 20A). Despite its rapid impact on the tumor vascu-
lature, CA4P monotherapy is ineffective in treating solid tumors (Chaplin et al.,
1999; Horsman & Siemann, 2006). In our study, monotherapies of CA4P, UTO-
PS, and their combination showed no significant survival extension compared
with the control (Fig. 20B-D), emphasizing the need for enhanced therapeutic
strategies. Both CA4P + iRGD + UTO-PS and iRGD + UTO-PS treatments
improved survival by almost 5 days (Fig. 20E and F).

Due to limitations in the survival study design, hindering the assessment of
tumor progression indicators, such as tumor weight and count, an additional treat-
ment study was conducted. All mice were sacrificed on the same day, and the
peritoneal tumors were extracted, weighed, and counted. While the survival
differences among mice receiving iRGD combination therapies did not reach
statistical significance, analysis of the tumor burden revealed that the CA4P +
iRGD + UTO-PS combination treatment significantly decreased the overall
tumor weight (Fig. 20H); this was the only treatment that resulted in a reduction
in the number of tumor nodules (Fig. 20I). CA4P and UTO-PS monotherapies
also reduced the total tumor weight. Still, they did not affect tumor dissemination
(Fig. 20H). Interestingly, UTO-PS alone showed a significant reduction in tumor
weight compared to CA4P + UTO-PS, hinting at the potential interference of
CA4P with UTO-PS penetration, supported by biodistribution studies showing
lower FAM-PS accumulation post-CA4P treatment (Fig. 19B and C). During
treatment, mouse body weight decreased by 10—15 % in all groups owing to the
progression of PC; however, the difference in body weight between the treated
and control groups was not significant, suggesting that all mice tolerated the
treatments without showing signs of systemic toxicity (Fig. 20G).
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Figure 20. Combined therapy increased the survival of mice with disseminated gastric
tumors without causing systemic toxicity. (A) Outline of treatment regimens. Immuno-
deficient mice with PC of gastric carcinoma origin were IP injected with combinations of
the vascular disrupting agent CA4P (100 mg/kg, 10 IP injections every other day), tumor-
penetrating peptide iRGD (14 umol/kg, 10 IP injections every other day), and nano-
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formulated UTO (UTO-PS) (1.4 mg/kg, 10 IP injections every other day). n=7 mice per
group; PBS n=10. Survival curves of mice treated with CA4P (B), UTO-PS (C), CA4P +
UTO-PS (D), CA4P + iRGD + UTO-PS (E), or iRGD + UTO-PS (F). Panels B-F show
the graphs of the same treatment. Black dashed line, control group mice treated with PBS
only; colored line, the group treated with the corresponding therapy. In an endpoint study,
mice bearing PC were treated following the same regimen and sacrificed on the 23rd day
after tumor induction. (G) The mice's body weight loss (%) was monitored throughout
the treatment period to assess the systemic toxicity of the therapies. CA4P + iRGD +
UTO-PS combination treatment significantly reduced tumor weight (H) and total tumor
burden (I) (Panels A-G and H-I represent different treatments). Statistical comparisons
were performed using the Gehan-Breslow-Wilcoxon test and ANOVA. Error bars indicate
+ SEM; *p< 0.05.

5.3.4. Combination therapy of CA4P, iRGD, and UTO-PS does not
induce overt toxicities

To confirm the safety of the therapies, we conducted toxicological studies in
healthy mice that received 5 IP injections of CA4P, iRGD peptide, and UTO-PS.
As shown in Fig. 21A, none of the treatments significantly affected the body
weight of the mice, indicating their safety. The post-treatment levels of the
hepatic and renal enzymes ALT, CREAT, and GLUC revealed no significant
alterations in the CA4P + iRGD + UTO-PS or iRGD + UTO-PS groups compared
to the control group (Fig. 21B-D). An approximately 40 % decrease in ALT after
iRGD + UTO-PS treatment does not necessarily suggest hepatotoxicity, con-
sidering the established threshold for such toxicity is a >3-fold increase in ALT
(Senior, 2012). These findings indicated no acute hepatic or renal toxicity or
glucose-related metabolic dysfunction induced by the combination treatment.

Additionally, considering the dose-limiting cardiotoxicity associated with
anthracycline-based chemotherapy (Levis et al., 2017; McGowan et al., 2017),
we examined its effect on myocardial tissue, revealing negligible differences
between the treatment and control groups (Fig. 21E).

In conclusion, toxicological assessments affirmed the safety of IP inter-
ventions, supporting the potential clinical applicability of CA4P, iRGD, and
UTO-PS combination therapy for PC.
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Figure 21. The combination therapy did not cause acute hepatic, renal, or cardiac toxicity.
Healthy Balb/c mice received PBS or CA4P (100 mg/kg; 5 IP injections every other day)
on one day, and iRGD (14 pmol/kg; 5 IP injections every other day) with UTO-PS (1.4
mg/kg UTO; 5 IP injections every other day) the other day for 10 days. (A) Body weight
was monitored during treatment to assess systemic toxicity, and the percentage loss from
initial body weight is shown. On the 11th day, blood was collected through retro-orbital
bleeding and serum was tested for alanine transaminase (ALT) (B), glucose (GLUC) (C),
and creatinine (CREAT) (D). n = 3. (E) Histological analysis of the extracted hearts
treated with the same therapies. Scale bars = 2 mm in the upper row and 100 um in the
lower row. Representative images of 3 mice are shown. Statistical comparisons were
performed using the ANOVA test. Error bars indicate + SEM; *p<0.05.
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6. DISCUSSION

6.1. Significance

Our study aimed to develop precise nanocarriers for anthracyclines, focusing on
a widely clinically used anthracycline DOX and newly developed anthracycline
prodrug UTO to enhance their antitumor activity. The introduction of the novel
prodrug UTO aimed to reduce cardiotoxic effects and improve potency, add-
ressing the challenges in traditional anthracycline chemotherapies. We inves-
tigated various nanovesicles, including NSVs and PS, to evaluate TPP-mediated
affinity targeting, tumor accumulation, and antitumor efficacy. Our results
demonstrate the efficient delivery of anthracyclines to cancer cells in a peptide-
dependent manner. Furthermore, the strategic use of specific VDASs to sensitize
solid tumors, such as breast and PC, for secondary precision nanotherapeutics
significantly improves FAM-PS accumulation and distribution, and subsequently
enhances antitumor efficacy while maintaining a safe toxicological profile.

6.2. Main findings

This research demonstrates improvement in precision nanotherapy with straight-
forward applications in cancer treatment. First, the developed RPAR-functio-
nalized NSVs (RPAR-NSVs) showed selective binding to the NRP-1 receptor,
leading to an increased uptake by NRP-1-positive prostate cancer cells. This
targeted approach directly increased DOX anticancer efficacy in PPC-1 cells,
demonstrating improved drug delivery and the suitability of this nanoplatform,
which has better characteristics for DOX delivery compared to liposomes. In
addition, we introduced UTO, a novel anthracycline with improved cell-killing
activity compared to DOX. The specific challenges associated with UTO's hydro-
phobic nature were addressed by the encapsulation of UTO in peptide-guided,
biocompatible, and biodegradable PS, which demonstrated selective interna-
lization and effective killing of peptide receptor-positive cells, providing poten-
tial for targeted cancer therapy.

Furthermore, this study explored the molecular signatures in peritoneal tumors
induced by VDA CAA4P treatment, emphasizing their compatibility with iRGD
tumor-homing peptide-potentiated nanotherapy. The improved outcomes ob-
served in the combination therapy involving CA4P, iRGD, and UTO-PS for
managing PC present a practical approach for more efficient and tolerable cancer
treatment. These findings underscore the clinical potential of VDA-enhanced
precision nanotherapy, laying a solid foundation for future advancements in
cancer therapy.
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6.2.1. Precision nanoplatform development
for anthracycline delivery

To deliver anthracyclines to their site of action, we first optimized and developed
potential drug delivery vehicles for precision therapy. NSVs and PS are parti-
cularly well-suited for encapsulating a sufficient amount of drugs (Yeo et al.,
2017; J. Zhang et al., 2011). As both types of nanovesicles have hydrophobic
membranes, it is possible to encapsulate both hydrophilic cargo inside the
vesicles and hydrophobic cargo in the hydrophobic membrane. The thicker
membrane in PS is advantageous for encapsulating hydrophobic drugs to carry
more drugs per vesicle (Bermudez et al., 2002; Meng & Zhong, 2011). These
nanovesicles, containing non-toxic, non-immunogenic, and biocompatible com-
ponents, hold great promise for improving drug pharmacokinetics and biodistri-
bution profiles.

Through careful optimization, we effectively developed a targeted delivery
system employing TPP-functionalized PS and NSVs. The binding efficacy of
these TPP-nanosystems was evaluated using PPC-1 and M21 cells based on pre-
vious studies and comparative literature focusing on these cell lines (d’ Avanzo et
al., 2024; Marchetti et al., 2023; Teesalu et al., 2009; Tobi et al., 2021; Willmore
et al., 2016). PPC-1, derived from human primary prostate cancer cells (Broth-
man et al., 1989), exhibits high NRP-1 receptor expression (Simon-Gracia et al.,
2021; Sugahara et al., 2009; Teesalu et al., 2009). Conversely, M21 cells derived
from human melanoma cells (Cheresh & Spiro, 1987) lack NRP-1 expression
(d’Avanzo et al., 2021; Simon-Gracia et al., 2021; Teesalu et al., 2009). These
cell lines are valuable in vitro tools for demonstrating the specific binding and
internalization of RPAR-targeted NPs to NRP-1-expressing cells.

The success of this targeted peptide-mediated delivery was evident, especially
in receptor-positive PPC-1 cells, as confirmed through in vitro binding experi-
ments. At the same time, cells lacking NRP-1 or those with a functionally blocked
binding domain showed minimal interactions with the CendR peptide, leading to
limited internalization.

Therefore, we developed TPP-targeted nanosystems, such as TPP-NSVs and
TPP-PS, which demonstrated enhanced selective peptide-mediated delivery and
internalization into receptor-positive cells in vitro, proving CendR-peptide-me-
diated binding and underlining the universality and suitability of these peptides
for functionalization of different NP platforms.

6.2.2. Anthracyclines’ anticancer activity is enhanced via
TPP-targeted nanovesicles

Following the development of TPP-targeted nanovesicles, we proceeded with
anthracycline encapsulation. NSVs were selected for DOX encapsulation because
of their structural similarities to the clinically approved liposomes utilized for
DOX delivery (Barenholz, 2012) and their improved physicochemical properties
(Ge et al., 2019; Witika et al., 2022). The results showed that, compared to PS,
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the NSVs platform was more appropriate for DOX encapsulation, exhibiting a
significantly higher DOX EE of 40 % (Fig. 7A) (d’Avanzo et al., 2021), as
opposed to the 7 % observed for PS (Fig. 12A) (Simdn-Gracia et al., 2021). On
the other hand, PS proved to be more suitable for encapsulating the novel hydro-
phobic prodrug UTO, which was designed to improve anticancer efficacy and
reduce side effects (Simon-Gracia et al., 2021). Owing to its hydrophobic nature,
PS achieved approximately 80-90 % (Fig. 12A) EE and favorable drug release
kinetics, establishing its suitability as a nanocarrier for UTO (Simo6n-Gracia et
al., 2021). However, the encapsulation and drug release kinetics of UTO within
the NSVs platform remain to be determined.

To test the anticancer effect of TPP-targeted DOX-loaded NSVs (TPP-DOX-
NSVs) and UTO-loaded PS (TPP-UTO-PS) in vitro, we performed cytotoxicity
assays on receptor-positive PPC-1 and receptor-negative M21 cancer cells. In
both scenarios, RPAR-targeted NPs carrying encapsulated anthracycline showed
enhanced anticancer activity exclusively in receptor-positive cells, whereas
receptor-negative cells were intact.

These findings confirm that TPP-targeted nanovesicles effectively amplify the
anticancer effects of DOX and UTO by selectively directing the therapeutic
payload to cancer cells. Notably, free UTO demonstrated superior anticancer acti-
vity compared with clinically used DOX at equivalent concentrations in a panel
of cultured cancer cells. This result underscores the rationale behind the UTO
synthesis.

Consequently, our focus shifted to evaluating the antitumor activity of UTO,
given its proven heightened toxicity to cancer cells in vitro. Therefore, we opted
to use PS for further in vivo studies.

6.2.3. In vivo tumor targeting with TPP-functionalized PS

In vivo imaging demonstrated the potential of CendR peptide-targeted PS for
sensitive and specific TNBC breast tumor detection, proving their suitability for
theranostic applications. LinTT1-guided nanocarriers, as shown in previous
studies (Hunt et al., 2017; S. Sharma, Kotamraju, et al., 2017; Simén-Gracia et
al., 2018), hold promise for the simultaneous detection and treatment of TNBC.
The hydrophobic DiR dye used for in vivo imaging with its near-infrared pro-
perties facilitates whole-body imaging, benefiting from the deep-tissue penet-
ration capabilities (Ntziachristos et al., 2003; Pansare et al., 2012) and minimal
background interference (T. M. Liu et al., 2016). Therefore, encapsulating other
hydrophobic near-infrared (NIR) dyes within peptide-targeted PEG-PCL PS
opens new avenues for theranostic NPs for early and sensitive tumor detection.
LinTT1- and RPAR-targeted PS demonstrated notable tumor accumulation,
highlighting the synergy between the tumor-homing peptides and PS properties.
LinTT1 is a tumor-homing peptide that targets vascular docking sites and the
tumor stroma, mainly through interaction with the p32 receptor overexpressed in
malignant cells and activated macrophages (Fogal et al., 2008; Paasonen et al.,
2016). The dual-targeting ability of LinTT1, which sequentially binds to both p32
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and NRP-1 receptors, contributes to enhanced tumor specificity, outperforming
RPAR, which targets only NRP-1. This dual targeting increases tumor tissue
permeability and cargo internalization, providing potential advantages for thera-
peutic applications (Kadonosono et al., 2015; H. B. Pang et al., 2014; Teesalu et
al., 2009). Functionalization with TPP further potentiated the accumulation of PS
in MCF10CA1a breast tumors, with LinTT1 and RPAR targeting being more
pronounced at earlier time points, potentially allowing early tumor detection (Fig.
14) (Sim6n-Gracia et al., 2018, 2021). In addition, the notably higher accumu-
lation of LinTT1-PS in the tumor than in the heart implies a potential decrease in
cardiotoxicity associated with anthracyclines (Fig. 15A and B) (Levis et al.,
2017). In addition, using PS conjugated or coadministered with TPPs demon-
strated increased breast and peritoneal tumor targeting via both IV and IP
administration, highlighting that different administration routes can be chosen
based on the specific tumor treatment strategy.

These findings highlight the efficacy of peptide-targeted PS for tumor
diagnosis and theranostic applications and validate the suitability of TPP-PS for
specific tumor delivery.

6.2.4. CA4P-induced receptor upregulation enables the
enhancement of nanotherapy

This thesis explored the potential of utilizing VDA-induced molecular changes
to prime tumors for homing peptide-guided nanotherapies to eliminate the VDA-
resistant tumor rim (Liang et al., 2016). Collectively, these findings support the
feasibility of the proposed approach.

First, the administration of CA4P increased the expression of integrins and
NRP-1 receptors, which are targets of the tumor-penetrating peptide iRGD
(Sugahara et al., 2009). Disruption of abnormal tumor blood vessels and sub-
sequent necrosis likely induces significant molecular shifts. CA4P triggers a
hypoxic response by activating more than 300 genes (Dachs et al., 2006; Se-
menza, 2014). This response plays a crucial role in angiogenesis, tumor develop-
ment, and metastatic dissemination observed across various solid tumors, in-
cluding breast (Bos et al., 2001) and gastric cancer (Miyake et al., 2013; Uca-
ryilmaz Metin & Ozcan, 2022). In solid tumors, av integrins and NRP-1 are
commonly expressed via hypoxia-inducible factor 1-alpha (HIF-1a)-dependent
mechanisms that induce avf3 integrins and upregulate NRP-1 (Cowden Dahl et
al., 2005; Fu et al., 2021).

Second, CA4P treatment in PC mice not only upregulated receptors but also
significantly enhanced the accumulation and distribution of IP administered
FAM-PS coadministered with the iRGD peptide (Fig. 19). This suggests a syner-
gistic effect between VDA treatment and iRGD-guided nanotherapy, enhancing
receptor accessibility and initiating a cascade for effective tumor penetration (H.
B. Pang et al., 2014).
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Finally, the therapeutic efficacy of CA4P in peritoneal dissemination was
significantly improved with the complementary treatment of iRGD and UTO- PS,
proving that it is well-tolerated and devoid of overt toxicities.

The study did not assess the effectiveness of DOX-PS in PC treatment for
several reasons. First, as demonstrated above, PS were found to be not ideal for
encapsulating DOX due to the low EE % of DOX in the PS (only 7 %). Second,
the total UTO concentration used for the treatment was approximately 14 mg/kg,
whereas free DOX has been previously used at a concentration of 28 mg/kg for
treating mice with peritoneal carcinomatosis without any treatment benefit
(Sugahara et al., 2015). Such low doses of free DOX, to be comparable with the
concentration of UTO, have been shown to promote tumor growth, aggressive-
ness, and resistance (Verma & Vinayak, 2012).

The results emphasize the potential of sequential combination cancer therapies
for enhanced disease control by targeting the molecular changes induced by the
initial therapeutic agent. IP administration for iRGD and UTO-PS aligns with the
clinical standard for PC, involving cytoreductive surgery (CRS) followed by IP
chemotherapy (Young et al., 2022). IP administration increases drug residence
time in the abdominal cavity, which is crucial for targeting PC lesions (Dakwar
et al., 2017). The integration of CA4P-potentiated delivery, especially in combi-
nation with CRS, shows promise in eliminating microscopic tumor nodules left
unresected after surgery, thereby reducing the risk of recurrence (Ceelen et al.,
2007; Coffey et al., 2003). The coadministration mode of iRGD, which is cur-
rently being evaluated in phase I and II clinical studies on pancreatic cancer and
other solid tumors (Buck et al., 2023; Dean et al., 2022), offers convenience and
the potential to enhance standard therapies without limitations in delivery capa-
city (Hussain et al., 2014).

6.2.5. Safety assessment and clinical potential

Safety assessment of the therapeutic approach combining VDAs with TPP-guided
nanotherapies provides a foundation for potential clinical applications. In our
study, the combined treatment with CA4P, followed by iRGD-guided nano-
therapy with UTO-PS, exhibited a well-tolerated pharmacodynamic profile with-
out inducing overt hepatic, renal, or cardiac toxicities. The absence of acute
cardiotoxicity, a significant concern associated with traditional anthracycline
treatments (Levis et al., 2017), underscores the safety profile of our novel UTO-
loaded nanocarrier. Notably, the controlled release of UTO from PS, remaining
below 2 % over 48 hours (Simdn-Gracia et al., 2021), further ensures the pre-
vention of premature drug release, contributing to the overall safety and efficacy
of the therapeutic strategy. In addition, the rationale for UTO synthesis has been
developed to reduce off-side toxicity and cardiotoxicity.

Our work demonstrates that if rationally planned, novel therapeutic candidates
can be developed to offer more efficacious treatment options.
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6.2.6. Future directions

In this thesis, we systematically developed precision drug delivery vehicles de-
signed for the targeted delivery of DOX and UTO in a preclinical setting. Our
investigations focused explicitly on assessing the encapsulation of each drug in
distinct types of nanovesicles, utilizing NSVs for DOX and PS for UTO encapsu-
lation.

Given the ability of the evaluated nanoplatforms to encapsulate both hydro-
phobic and hydrophilic drugs, the next step is to test the coencapsulation of the
more potent UTO anthracycline with another anticancer agents targeting a diffe-
rent therapeutic pathway, such as capecitabine (an oral prodrug of 5-fluorouracil;
5-FU) (G. Chen et al., 2017; Varshavsky-Yanovsky & Goldstein, 2020), irinote-
can (Ishiguro et al., 2017), DOX or its derivatives (Barthel et al., 2016; Miles et
al., 2018), antimicrobial peptides (Kelly et al., 2016), platinum-based agents
(Moehler et al., 2017), or other, within NSVs and PS. This approach will likely
provide a more robust synergistic cytotoxic effect, utilizing the diverse mecha-
nisms by which each drug induces cancer cell death, as well as mitigating the
possibility of MDR resistance development (Gilad et al., 2021; Keith et al., 2005;
Mokhtari et al., 2017). Further enhancement of these potential synergistic effects
is anticipated by incorporating the CendR peptides.

In this thesis, we opted for coadministration of iRGD together with UTO-PS
and CA4P, the administration route that is currently being clinically evaluated in
phase I and II trials (Buck et al., 2023; Dean et al., 2022). In follow-up studies,
the conjugation of iRGD to NPs would offer the advantage of multivalent peptide
presentation, potentially enhancing cellular transcytosis and tissue penetration by
promoting receptor clustering. Multivalent presentation of targeting ligands can
significantly increase ligand affinity through simultaneous engagement with
multiple receptor-binding sites on the cell surface (Josan et al., 2011; Munoz et
al., 2013). In addition, conjugating peptides onto NPs also allows for the incorpo-
ration of several types of different homing peptides, aiming to enhance the
affinity and selectivity for cells expressing multiple target receptors. In the con-
text of CA4P-potentiated delivery, additional peptides, such as PL1 (Lingasamy
etal., 2019) and PL3 (Lingasamy et al., 2020) targeting Tenascin-C, LinTT1, and
LyP-1 targeting cell surface p32 (Laakkonen et al., 2002; Paasonen et al., 2016),
and mUNO binding to TAMs (Henze & Mazzone, 2016; Lepland et al., 2020)
could be incorporated, further diversifying the targeting capabilities of the nano-
carrier system. This multivalent approach is promising for improving the speci-
ficity and effectiveness of targeted drug delivery.

Despite the anticancer efficacy of our combination treatment, further optimi-
zation of the treatment schedule and dosage of CA4P is necessary to achieve
optimal TME modulation and consequent anticancer effects. Preclinical data
suggest that the potentiation of coadministered chemotherapy depends on the
schedule of VDA used (Martinelli et al., 2007; Siemann et al., 2002). In addition,
it is essential to conduct further investigations into the modulation of the TME by
CAA4P and its derivatives in other cancer models. This will enable full exploitation
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of the ability of VDAs to modulate the TME and enhance the efficacy of combi-
nation cancer treatments.

Altogether, these findings highlight the promising therapeutic potential of
combination therapy with CA4P, iRGD, and UTO-PS to achieve more efficient
eradication of tumor lesions while minimizing cardiotoxic effects.
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7. CONCLUSIONS

In this study, we have achieved significant results in developing precision-
targeted nanoplatforms, specifically NSVs and PS, designed to effectively deliver
anthracyclines — hydrophilic DOX and novel hydrophobic prodrug UTO. By
incorporating the TPP, these nanocarriers were optimized to selectively target
receptor-positive cancer cells, demonstrating enhanced drug delivery efficacy in
vitro. Notably, our findings underscore the improved anticancer activity of UTO
compared with DOX, establishing its potential as a potent and less cardiotoxic
alternative. In vivo assessments showed that TPP-functionalized PS exhibited
enhanced tumor accumulation, surpassing their non-targeted counterparts. The
introduction of the vascular-disrupting agent CA4P-induced receptor upregula-
tion in breast and peritoneal tumors (PC) has prompted the exploration of combi-
nation therapies. The synergistic administration of iRGD with UTO-PS signi-
ficantly enhanced tumor homing and distribution post-CA4P treatment, reducing
PC dissemination and improving survival in a preclinical PC model. Importantly,
toxicological studies have affirmed the safety of these combination therapies,
highlighting their potential for future clinical development.

Overall, this thesis advances precision cancer therapeutics, offering valuable in-

sights into nanocarrier design, drug delivery strategies, and potential for im-
proved treatment outcomes.
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8. SUMMARY IN ESTONIAN

Uudse antratsukliiniga laetud nano-osakesed vahi
tappisteraapiaks

Kasvajalised haigused on jatkuvalt globaalne terviseprobleem, mis nduab uudsete
terapeutiliste strateegiate arendamist ja kompleksset ldhenemist ravile. Vahi
keemiaravi puhul kasutatakse tsiitotoksilisi ravimeid, et kahjustada maliigseid
rakke ja takistada kasvaja kasvu ja levikut. Uheks enim kasutatud ja tdhusaimaks
vahivastaste ravimite klassiks on antratsiikliinid. Doksorubitsiin (DOX) on antra-
tsiikliin, mis on juba 50 aastat olnud kliinilises kasutuses erinevate soliidtuumo-
rite ja hematoloogiliste véhkide, sealhulgas liimfoomi ja leukeemia ning rinna-,
mao-, emaka-, munasarja-, pdie- ja kopsuvihi raviks. Antratsiikliinide rakenda-
misele vdhiravis seavad piirangud korvalndhud nagu niiteks kardio-, hepato, ja
neurotoksilisus. Seetottu on akuutne vajadus innovatiivsete uue pdlvkonna antra-
tsiikliinide jirele, mis omaksid paremat kasvajavastast efektiivsust ja oleks
vahemate korvalmdjudega.

Kéesolevas to0s uuriti uudse antratsiikliini eelravimi Utorubitsiini (UTO) tera-
peutilist efektiivsust, kdrvalmdjusid ning nanoformulatsiooni mdju. Uheks vdi-
maluseks korvalndhtude vdhendamiseks on arendada ravimit tarnivaid nano-
kandjaid ehk nanopartikleid (NP-d), mis kogunevad selektiivselt kasvajatesse ja
seetdttu viahendavad siisteemset toksilisust. Ravimite pakkimise abil nanokandja-
tesse (nditeks hiidrofoobse kaksikkihilise membraaniga iimbritsetud nano-
vesiikulid — niosoomid ja poliimersoomid), on voimalik parandada ravimite bio-
saadavust, koepenetratsiooni ja kdrvaltoimed. NP-de selektiivsuse ja koedistri-
butsiooni parandamiseks saab neid tippis-suunata kasvajakude “dra tundvate”
afiinsusligandide, nagu niiteks antikehad voi kasvajaid penetreerivad kuller-
peptiidid (tumor-penetrating peptides, TPP), abil. Lisaks saab NP-sid disainida
multifunktsionaalseteks, niiteks laadides afiinsussuunatud, ravimitega laetud,
nanoosakesi tdiendavalt diagnostiliste iihenditega, et vdimaldada varajast ja tip-
set vihi diagnoosimist. Tdppis-suunatud nanoravimite selektiivsust saab mdju-
tada ldbi kasvaja mikrokeskkonna (tumor microenvironment, TMFE) manipulee-
rimise. Néiteks vihiveresooni destabiliseeriv tihend (VDA — vascular disrupting
agent) CA4P moduleerib TME-d, suurendades angiogeneesiga seotud moleku-
laarseid mustreid, nii avades vdimalusi edasiseks kasvajate sihtimiseks TPP-
dega, et kdrvaldada VDA-teraapia suhtes resistentne maliigne kude.
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Uurimistdo eesmargid

Kéesoleva doktoritod kdigus tootati vilja ja testiti prekliiniliselt uusi TPP-dega
sihitud ja antratsiikliiniga lactud nanovesiikuleid, et tagada nende parem akumu-
latsioon ja efektiivsus soliidtuumorite mudelites in vitro ja in vivo.

To606 eesmérgid olid:

1. TPP-dega funktsionaliseeritud ja DOX-iga lactud NSV-de (TPP-DOX-NSVs)
stintees, fliisikalis-keemiline iseloomustamine ja nanosakeste tdppis-suuna-
mise ja tsiitotoksilise mdju iseloomustamine peptiidiretseptoreid ekspressee-
rivatel eesnddrmevéhirakkudel in vitro.

2. Uudse antratsiikliini UTO prekliinilise potentsiaali hindamine in vifro ning
UTO-ga laetud poliimeersoomide (UTO-PS) arendamine in vivo.

3. CA4P, iRGD (kliinilises arenduses olev TPP) ja nanoformuleeritud UTO-PS
kombineeritud terapeutilise efektiivsuse hindamine peritoneaalse kartsinoma-
toosi (peritoneal carcinomatosis, PC) ja hormoonretseptor-negatiivse rinna-
vahi (triple-negative breast cancer, TNBC) loommudelites.

Materjal ja metoodika

Doktoritd6s kasutati iiheksat erinevat patsientidelt parinevat kasvajarakkude liini.
Loomkatseteks kasutati atiitimseid ja Balb/c-hiiri. K&ik loomkatsed kiideti heaks
Eesti Pollumajandusministeeriumi vastava komisjoni poolt ning neile véljastati
luba numbriga #159 ja #160. T66s kasutati erinevaid tuumorispetsiifilisi peptiide,
nagu RPAR ja LinTT1 (ning erinevaid kontrollpeptiide nagu scrRPAR), mille
konjugatsiooniks kasutati reaktsiooni peptiidide tioolriihma ja nanovesiikulite
pinnal olevate maleimiidjdékide vahel. iRGD peptiidi kasutati konjugeerimata
ehk vabal kujul. Nanoosakestena kasutati niosoome (NSV) ja poliimersoome
(PS). Nanoosakeste siinteesimiseks kasutati erinevaid meetodeid; mdlema nano-
platvormi puhul kasutati dhukese kihi aurustamismeetodit, kus niosoomide puhul
kasutati kihi formeerumiskes amfifiilseid mitteioonseid surfaktante nagu lipiide
ning poliimersoomide puhul amfifiilseid poliimeere. Mdlema nanosiisteemi
puhul moodustusid sarnased, kaksikkihilise membraaniga nanovesiikulid, mida
iseloomustati kasutades diinaamilist valgushajumist (DLS) ja transmissiooni-
elektronmikroskoopiat. Rakuvabas siisteemis selektiivsuse hindamiseks kasutati
Ni-NTA magnetilisi agaroosiosakesi, millele seondati rekombinantsed NRP-1 ja
mutNRP-1 valgud. Fluorestsentsmirgisega nanoosakeste seondumine valkudele
mairati fluorestsentsplaadilugejat kasutades. /n vitro seondumiskatsed véhirak-
kudele viidi 1dbi voolutsiitomeetria ja konfokaalmikroskoopia abil, kasutades
sobivaid primaarseid ja sekundaarseid antikehi. Tsiitotoksilisuse hindamiseks
kasutati tetrasooliumil pohinevaid kolorimeetrilisi meetodeid. DOX osteti
Sigma-Aldrich firmast ja UTO siinteesiti ToxInvent OU poolt. DOX laadimine
nanoosakestesse viidi 14bi kasutades Shukese filmi rehiidreerimise ravimit sisal-
dava fiisioloogise lahusega. UTO laadimine toimus 14dbi ravimi ja poliimeeri
lahustamise orgaanilises lahustis ja hiljem oOhukese ravimi-poliimeeri kihi
rehiidreerimise tavalise flisioloogilise lahusega. Ravimisisaldust nanoosakestes
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moddeti kasutades spektrofotomeetriat. /n vivo nanoosakeste biodistributsiooni
katseteks indutseeriti hiirtes ortotoopsed rinna ja kohudodne kasvajad, siistides
kasvajarakud kas piimanddrmesse voi kohudodnde. Hiljem siistiti huvipakkuvaid
nanosakesi kas intravenoosselt v3i intraperitoneaalselt ja seejérel teostati kasva-
jatest ja kontrollorganitest valmistatud koeldikudel immunohistokeemilised vér-
vingud ja kuvamine konfokaalmikroskoopia ja slaidiskanneri abil. iRGD retsep-
torite ekspressiooni uurimiseks toodeldi katseloomi kdigepealt CA4P-ga, seejérel
viidi 14bi retseptorite immunohistokeemilised vérvingud ja kuvamine. CA4P,
iRGD ja UTO-poliimersoomide kombinatsioonteraapia efektiivsuse hindamiseks
viidi 1dbi eksperimentaalteraapia peritoneaalse kartsinomatoosi hiiremudelitel.
Katse 10pus hinnati hiirte elulemust, kaalu, kasvajakoe kaalu ja kasvajanoodulite
arvu. Eksperimentaalteraapia ohutust uuriti Tartu Ulikooli Kliinikumi laboris,
viies labi toksikoloogilised uuringud paneeli vereplasma markeritega ja kardio-
toksilisuse hindamiseks kasutati hematoksiiliini ja eosini varvinguid.

Doktorit66 tulemused ja jareldused

1. Doktorito6 keskendus uudsete tdppis-suunatud nanoplatformide (niosoomid
ja poliimeersoomid) véljatodtamisele, mis vdimaldavad paremat antratsiik-
liinide (DOX ja UTO) kohaletoimetamist soliidtuumoritesse.

2. Nanoosakeste pinna katmine kasvajaid penetreeriva peptiididega (TPP) paran-
das oluliselt nende selektiivset akumulatsiooni kasvajarakkudes, eriti UTO-ga
laetud nanoosakeste puhul, mis néitasid vorreldes DOX-ga mérkimisvéarset
vahivastase aktiivsuse paranemist.

3. In vivo biodistributsiioni katsed niitasid, et TPP-funktsionaliseerimine paran-
das oluliselt poliimeersoomide kogunemist soliidtuumoritesse.

4. Kasvaja veresooni destabiliseeriva ithendi CA4P kasutamine suurendas iRGD
kullerpeptiidi retseptorite ekspressiooni rinnavihi ja peritoneaalse kartsino-
matoosi kasvajates.

5. Eksperimentaalne kombinatsiooniteraapia prekliinilistes soliidtuumori mude-
lites kasutades CA4P, iRGD ja UTO-ga laetud PS (UTO-PS) vidhendas perito-
neaalse kartsinomatoosi levikut ja parandas hiirte elulemust.

6. Toksikoloogilised uuringud kinnitasid, et kombinatsiooniteraapia ravireziim
on ohutu ja ei pohjusta tdsiseid kdrvalmdjusid nagu hepato- ja kardiotoksi-
lisus.

Kokkuvotvalt néitavad kédesoleva t60 tulemused, et véljatodtatud nanokandjaid ja

nende optimeeritud tdppis-suunamisstrateegiaid saab kasutada efektiivsete véhi-
ravimite disainimiseks ja arendamiseks.
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