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Abstract

Conventional chemotherapy used against cancer is mostly limited due to their non-targeted
nature, affecting normal tissue and causing undesirable toxic effects to the affected tissue.
With the aim of improving these treatments both therapeutically and in terms of their safety,
numerous studies are currently being carried out using nanoparticles as a vector combining
tumour targeting and carrying therapeutic tools. In this context, it appears that nucleolin, a
molecule over-expressed on the surface of tumour cells, is an interesting therapeutic target.
Several ligands of various origins, such as AS1411, the F3 peptide and the multivalent
pseudopeptide N6L have been developed and studied as therapeutic tools against cancer.
Over the last ten years or so, numerous studies have been published demonstrating that these
antagonists can be used as tumour targeting agents with nanoparticles from various origins.
Focusing on nucleolin ligands, the aim of this article is to review the literature recently
published or under experimentation in our research team to evaluate the efficacy and future

development of these tools as anti-tumour agents.
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Introduction

A growing body of evidence has reported that nanomedicine could be one of the tools that can
revolutionize the future of medicine with great potential in drug delivery 1. This observation is
especially true in cancer treatment where used drugs are often toxic for non tumor cells with
many side effects 2°. One of the main concept of the use of nanotechnology-based therapies
is to enhance the accumulation of drugs in tumours without affecting the normal tissues. The
ultimate challenge is to design nanometric structures that display anti-tumour effect and/or
loaded with cytotoxic molecules targeting tumour cells and to deliver the therapeutic molecules
without reaching normal cells. In addition, this nanometric structure must be not cytotoxic, able
to delivery cytotoxic molecules specifically to the tumour cells and biodegradable or not but
eliminated from the body.

Several studies have reported that the used of nanopatrticles functionalized with tumour target
molecules could surmont this challenge. The targets tested generically referred to as "tumour-
associated antigens" °, are mostly derived from over-expressed or genetically altered
molecules and are essential for the survival and proliferation of tumour cells. Several types of
molecules can be considered, those derived directly from tumour cells such as HER2 1t 12,
FLT3 %3, EGFR %, mTOR *° or from the tumour stroma such as VEGF/VEGFR 2, mTOR € or
those related to immunocheck points ® 718 For several years our research team has focused
on the use of nucleolin as an agent that can be used as a tumour cell targeting molecules.
Indeed, it is now well demonstrated that contrary to normal cells, tumour cells overexpress this
molecule on the surface of their plasma membrane, thus allowing specific targeting of these
cells. Thus, within the framework of these studies, we have developed a nucleolin ligand of
peptide origin which can be used to target tumour tissue. This pseudopeptide, called N6L, does
not present toxicity at the therapeutic dose and has been the subject of a phase I/lla clinical
study.

This review gives an update on studies related to nanomedicine in cancer therapy focusing on

the use of nucleolin as a therapeutic target.

1. Nanomedicine as therapeutic and diagnostic strategy for cancer

Cancer is the second leading cause of mortality worldwide, with 9.6 million deaths in 2018.
Globally, the prevalence of cancer has constantly increased. About 70% of deaths due to
cancer occur in low- and middle-income countries 2. Men display the prevalence of cancer in
the prostate, lung, colon and rectum and also bladder, while women are mostly affected by
cancer of breast, lung, colon and rectum, uterus and thyroid *°. In almost all cases, cancer
derives from an accumulation of successive mutations in genes implicated in the control of cell
proliferation, survival and death ?°. Several carcinogenic chemical compounds and physical

factors, such as viruses, bacteria and radiation, lead to these mutations in proto-oncogenes
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and tumour suppressor genes 2. Most cancers are also developed because of behavioural
and dietary risks, such as obesity, lack of physical activity, use of tobacco and alcohol ?2. During
their progression, tumours become very heterogeneous and are characterized by a variety of
molecular and physical features conferring different response to therapeutic treatments 23,
Therefore, it is important to develop novel therapeutic strategies which could specifically target
each cancer type. After surgery, which is the first and most effective treatment for localized
primary tumours, chemotherapy is conventionally used for the systemic diseases 3. However,
the low specificity of chemotherapeutic drugs requires administering at high doses, leading to
severe side effects limiting their use in many patients. In the last years, a growing body of
scientific evidence gave life to the era of “targeted therapy” *°. Indeed, nowadays one of the
main objectives of cancer research is to identify the best way to target only the desired tumour
site.

In recent years, hanomedicine has acquired many interests since it gives a solution for the lack
of specific systems for cancer therapy 2* 2°. Nanoparticles (NPs) can specifically accumulate
in the tumour tissue due to the enhanced permeability and retention (EPR) effect 2% 27, Indeed,
the leaky vasculature and impaired lymphatic drainage of tumour tissues allow these nano-
sized systems (1-100 nm in size)?® to reach the neoplastic site 2°. NPs are able to incorporate
hydrophilic and lipophilic drugs providing a prolonged and controlled drug release into the
target cell. The biocompatible NPs allow the administration of conventional anticancer drugs
by overcoming some of their limits, such as low specificity, bioavailability and solubility .
Among the different types of NPs, inorganic NPs are mostly employed as contrast agents for
the diagnosis *°. Indeed, they can provide an encouraging solution as precursors for targeted
contrast agents in the methods of magnetic resonance imaging (MRI) and computed
tomography (CT). Inorganic NPs include gquantum dots, superparamagnetic iron oxide NPs
(SPIONs) and gold NPs which are very important for electrical properties and low toxicity.
Organic NPs, include liposomes, micelles, cyclodextrin-NPs, solid lipid NPs, and are mostly
used for the delivery of drugs. Polymeric NPs are constituted of biocompatible or natural
polymers, such as poly (lactide-co-glycolide), poly (e-caprolactone), chitosan, alginate and
albumin 31,

Since 1995, many nanoformulations have been approved by FDA and are commonly used in
the clinical practice. They reported a reduced toxicity and an increased efficacy when
compared to conventional formulations 32.

NPs can be functionalized with ligands that recognize cell surface components or subcellular
sites. These ligands are constituted by small molecules, polypeptides, protein domains,
antibodies and nucleic acid-based aptamers 2.

Accumulating evidence validates cell surface nucleolin (NCL) as a potential target for the

treatment of cancer which could bind to several ligands 3. In this context, NPs functionalized
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with molecules against NCL have been developed and revealed promising results in terms of
efficacy and safety. This review has the aim to point out the results achieved with different

types of NPs targeting cancer cells by means of anti-NCL ligands and DNA or other systems

2. Nucleolin as atumour cell target

NCL is a 77kDa phosphoprotein ** which represents one of the major constituents of the
nucleolus in mammalians, accounting for 10% 3% 3¢ in the protein component. It is reported to
be present also in the nucleus, in the cytoplasm and on the plasma membrane. NCL is
constituted of 3 main structural domains 3': the N-terminal domain which is rich in acidic
glutamate/aspartate sequence repeats and represents the site of protein-protein interactions
87.38; the central domain which contains 4 RNA-binding domains that enable the interactions
with many nucleic acids *% the C-terminal region which is rich in glycine, arginine and
phenylalanine residues and is susceptible to post-translational methylation modifications “°. By
interacting with other proteins and nucleic acids, NCL takes part to several critical processes
such as the maturation of pre-rRNA, the transcription of rDNA and the assembly of the
ribosomal subunits during ribosome biosynthesis. By associating with the actin cytoskeleton
and various membrane-anchored proteins, NCL is also involved in the process of endocytosis
and in the shuttling of proteins back and forth between nucleus and cytoplasm “'. Moreover,
cell surface NCL plays an important role in several pathways related to the cell cycle, cell
proliferation and apoptosis 4% 43,

The biological functions of NCL are important for cell homoeostasis but also contribute to the
development of pathological conditions. In recent years, the association of NCL with cancer
has been largely investigated and this protein reported to be involved in tumorigenesis 4+ 45,
Indeed, the expression of NCL is significantly enhanced in several solid tumours such as
pancreatic cancer, thyroid cancer, breast cancer, colorectal cancer, prostate cancer, gastric
cancer, melanoma, glioma, hepatocellular carcinoma, but also in leukaemia %%, The
overexpression of NCL and its accumulation of NCL at the cell surface are related with a poor
prognosis in the majority of cancers %8 %%, An aberrant up-regulation of NCL is responsible for
the increased rRNA synthesis and ribosome assembly which must be implemented in highly
dividing cells ®°. Moreover, NCL can interact with different mRNAs which can be implicated in
the regulation of apoptosis and cell survival . Indeed, it can increase the levels of BCL-2,
which acts as an inhibitor of apoptosis, in the tumour cells by binding to the BCL-2 AU-rich
elements (ARESs) 2. This region is responsible for the stability of the BCL-2 mRNA; therefore
NCL can enhance the resistance to apoptosis in cancer cells 2. By binding to the 5 UTR of
TP53 mRNA, NCL can also induce the translation of AKT1 and cyclin |, which promote cell

survival 2.



NCL is also overexpressed in angiogenic and endothelial cells and can regulate the process
of angiogenesis which is crucial for cancer progression by enhancing the expression of
vascular endothelial growth factor (VEGF) %2 64,

On cell surface NCL can interact with several ligands such as CXCL12/CXCR4, activating its
signalling which influences growth, migration and invasiveness of cancer cells, and hepatocyte
growth factor (HGF) involved in the mechanisms of metastasis and cell adhesion -7,
Another factor is EGFR, which is implicated in tumour proliferation, regulation of apoptosis,
angiogenesis and metastasis. NCL can link to EGFR mRNA inducing its pathway thus
increasing cell viability, colony forming ability and migration ®. Moreover, NCL exerts a
synergic effect with activated H-Ras and EGFR in promoting the cell transformation ©°.

By interacting with TGF-beta receptor |, on the cell surface, NCL can promote and regulate the
pathway of TGF-B which is one of the most important factors involved in inflammatory
response, angiogenesis and remodelling of the extracellular matrix (ECM) 58 8,

NCL is abundantly present in haematopoietic stem/progenitor cells (HSPCs) where it promotes
the responsiveness to Wnt-3a 7. It also induces the signalling of Wnt/GSK3 and BMP, which
contribute to the regulation of HSPCs and is associated with leukaemic stem cells in some
leukaemias 73,

Since NCL is highly expressed in the cell surface of various cancer cells and in angiogenic
endothelial cells, it could represent an important biomarker for the diagnosis or a target for
potential therapy directed against both these cell types 46 61 7475 |ndeed, its position on the
cell surface can be exploited for the binding of anticancer drugs which enter the tumour cell
affecting its function ® 7. NPs loaded with anticancer drugs can constitute a ligand for NCL
which allows their transfer through the cell and to the nucleus.

Besides, since NCL is up-regulated in different cancer types, therapeutic strategies will not be
limited to a specific group of patients. Various types of formulations have been proposed for
the delivery of drugs targeting NCL %°. This work presents a variety of therapeutic tools
developed in recent years by investigating new molecules for the target therapy of NCL and
implementing new strategies of drug delivery.

NCL holds the attention as a target for cancer therapies accounting to its implication in
tumorigenesis but also and mainly for its increase expression in cancer cells *°. This research
topic has been getting more and more attention in recent years. As shown in figure 1,
publications and citations based on keywords “nucleolin, nanoparticles and cancer’ have

increased for the past of the decade.

3. AS1411 aptamer as a NCL-ligand
The aptamers can bind a wide range of molecular targets due to their three-dimensional

folding. AS1411 aptamer is capable of binding NCL, and preferentially its external domain on
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the cell surface, with high affinity and specificity ’® 7°. AS1411 is a 26-base DNA aptamer with
a G-quadruplex structure which gives stability against the serum nucleases and the pH
fluctuations leading to increase of the cellular uptake efficacy 88!, This aptamer is heat stable,
non-immunogenic and resistant to DNase/RNase degradation in serum-containing medium.
AS1411 aptamer is the most advanced and the first tested aptamer in cancer therapy 8!8 and
it can potentially be used in clinics since it presents a good safety profile and the ability to
produce responses in patients with intractable tumours, as reported by phases 1 and 2 clinical
trials. Therefore, different drug delivery systems have been investigated to develop more
specific therapies through the binding of AS1411 aptamer to NCL 8 8, There is scientific
evidence reporting the ability of AS1411-conjugated NPs to circumvent drug-resistance
pumps, to pass the blood-brain barrier and to reduce the toxicity towards normal tissues 857,
Moreover, AS1411 revealed a potential use as a targeting agent for imaging applications also
being incorporated into particles designed for theranostic use or multimodal imaging 5% 8.

3.1 AS1411 aptamer-conjugated liposomes

Among the different nanocarriers developed to specifically target NCL through the binding of
AS1411, liposomes have been largely investigated since they constitute an ideal vehicle for
many molecules and drugs. Liposomes are vesicles of spherical shape composed of a lipid
bilayer surrounding an internal aqueous cavity 8. The structural components of liposomes
include phospholipids or synthetic amphiphiles incorporated with sterols for modifying the
membrane permeability. Different types of liposomes can be developed by altering their size,
composition and charge °°. Drugs which display a different solubility can be delivered by
liposomes thus providing a stable and more efficient therapeutic system 9. Several liposomal
formulations have been accepted for the clinical use, such as Doxil®, approved in 1995 by FDA
for the delivery of doxorubicin in ovarian cancer, or DaunoXome®, approved in 1996 for
carrying daunorubicin in HIV-associated Kaposi’'s sarcoma (Barenholz 2012). Since they
improve the pharmacodynamics and pharmacokinetics of conventional drugs, many other
liposomal formulations are now in different phases of clinical investigation 2. Liposomes can
be associated with ligands to improve their specificity.

Among all the liposomal systems linked to AS1411 and used for carrying anticancer drugs
directly to the tumour site, several nano-formulations presenting different peculiarities are

herein pointed out in the present work.

PEGylated cationic liposomes conjugated to AS1411 were proposed for delivering anti-BRAF
siRNA in melanoma 5. Indeed, the silencing of BRAF gene, which is implicated in the
melanocytic neoplasia formation, may provide a promising therapy for this cancer. Liposomes

were chosen for carrying the siRNA since they constitute a successful system for drug delivery



and many of them were approved by FDA for their application in the clinical practice .
Moreover, the aptamer AS1411 was conjugated to the liposomal formulation to reach a specific
effect against NCL expressed on the surface of A375 melanoma cells. The results obtained in
vitro indicate a strong efficacy of this nano-formulation on A375 cell line, where a significant
silencing of BRAF gene was demonstrated with real-time PCR and a high inhibitory activity
was assessed by cell viability assay. The in vivo study confirmed these findings reporting a
high and constant distribution of liposomes at the tumour site and a reduction in the expression

of BRAF mRNA, after iv injections in a xenograft model of A375 5%,

AS1411-linked liposomes were also proposed for the delivery of miRNA-29b in ovarian cancer.
The miR-29b binds to DNA methyltransferases controlling the demethylation of DNA and thus
leading to the inhibition of cancer cell growth. The cationic liposomes allow loading the miRNA
on the surface due to physical forces . In order to achieve a selective target to the tumour
site, miR-29b loaded liposomes (LP-miR) were conjugated with aptamer AS1411. Flow
cytometry and confocal laser scanning microscopy (CLSM) evidenced a successful targeting
of the A2780 ovarian cancer cells through the binding of the aptamer to NCL. An
antiproliferative effect of the LP-miR formulation was assessed in vitro by MTT assay on A2780
cell line revealing a concentration-dependent cytotoxicity. To confirm this result, the live/dead
assay showed a significant decreased in green fluorescence which is representative of
decreased cell viability in cells treated with LP-miR, while the apoptotic assays indicated a high
presence of apoptotic cells. Therefore, this novel formulation may potentially constitute a new

pharmaceutical tool for the therapy of ovarian cancer °*.

This system of delivery is highly successful even when used to incorporate chemotherapeutic
drugs °°. Doxorubicin (DOX) is known to be an effective anticancer drug, but its efficacy is
limited by the resistance displayed by cancer cells due to efflux pumps and by its high
cardiotoxicity °®. A nano-system to overcome these problems was developed by using
thermoresponsive liposomes which can control and rapidly trigger the drug release. In order
to efficiently encapsulating DOX, ammonium bicarbonate (ABC) was incorporated in the
liposomal system 9. Local hyperthermia, induced by ultrasound energy, microwave,
radiofrequency or magnetically, allows ABC to convert the liposome membranes into
permeable defects which can easily accumulate at the tumour interstitium. In addition,
liposomes containing DOX hydrochloride and ABC were functionalized with the
aptamer AS1411 for targeting MCF-7 breast cancer cells. The formulation was characterized
using dynamic light scattering (DLS) and ultrasonography. The in vitro release evaluation
showed that AS1411-functionalized liposomes were stable at body temperature, while they

released immediately DOX when the temperature increased. DOX-loaded AS1411-liposomes
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treated cells revealed a high fluorescent intensity by fluorescence microscopy, reporting a
substantial cellular uptake, confirmed by CLSM and flow cytometry which revealed a significant
accumulation of DOX in the cell nuclei. Finally, in vivo results obtained on tumour bearing nude
mice demonstrated that DOX-loaded AS1411-liposomes with mild local heating could inhibit
the tumour growth reducing cardiotoxicity and other side effects. This finding represents a
promising therapeutic strategy for the treatment of breast cancer .

In the context of breast cancer, Yu S et al. developed a system based on the combination of
paclitaxel (PTX) and a siRNA directed against polo-like kinase 1 (PLK1), a highly conserved
serine/threonine protein kinase overexpressed in breast cancer causing an abnormal cell
proliferation. The idea was to simultaneously administer one of the main chemotherapeutic
drugs used in breast cancer but which its use is limited by very poor water solubility, and a
silencer of a single target expressed on breast cancer cells to provide a complete and selective
treatment. Moreover, liposomes were chosen to carry PTX and the siRNA for improving their
stability and they were conjugated with AS1411 aptamer. After incorporating the lipid DOPE
for enhancing the membrane fusion and transfection effectiveness and adding the
sphingomyelin containing an amide-related fatty chain for reducing biodegradation, the stability
of the nano-formulation was verified by TEM and serum stability assay. MCF-7 cells
overexpress NCL and were then chosen as model for detecting the specificity of AS1411/Lipo-
PTX-siPLK1. It is reported to specifically bind to the MCF-7 cell surface transporting both PTX
and siPLK1 inside the cell. Frozen tumour tissue sections from MCF-7 xenograft mice treated
with AS1411/Lipo-PTX-siPLK1 indicated a high accumulation of liposomes at the tumour site.
The tumour growth of treated mice was reduced and their survival was increased. Besides, an
increase of apoptosis and an inhibition of angiogenesis were revealed with TUNEL assay and
CD3L1 staining, respectively. Altogether, the results of this study assert that the combination of
PTX and PLK1 siRNA delivered by AS1411-functionalized liposomes exert a synergistic effect

in breast cancer %.

3.2 AS1411 aptamer-conjugated PLGA-NPs

In the challenge of developing nano-vehicles for targeted drug delivery to cancer cells
overexpressing NCL, various types of poly (lactic-co-glycolic acid) (PLGA)-based NPs linked
to AS1411 have been investigated.

PLGA is a biocompatible polymer which has been largely investigated for its application as a
drug delivery system. It allows a sustained and prolonged drug release and a long-term stability
of loaded molecules 1°%-1%2, Furthermore, PEG is a FDA-approved polymer used for the surface
coating of a large number of NPs, in a process called PEGylation which protects NPs from the
immune system. The PEGylated NPs show higher biocompatibility and improved cytoplasmic
transport than the non-PEGylated NPs 103105,



In the work of Alibolandi M et al. %, a formulation based on polyethylene glycol (PEG)-PLGA
functionalized with AS144 aptamer was proposed for transporting gemcitabine (GEM) to NCL-
overexpressing non-small cell lung cancer (NSCLC) cells. GEM is a powerful anticancer drug
used for the treatment of NSCLC, which constitutes one of the main and aggressive types of
lung cancer 1%, The delivery of GEM by nano-vehicles improves its half-life and efficacy. TEM
images and DLS measurements allowed characterizing GEM-loaded PEG-PLGA
nanopolymers. Gel electrophoresis and UV spectroscopy revealed the efficacy of conjugation
with DNA AS1411 aptamer. The aptamer functionalization on the NP surface enables the
cellular uptake which was proven to selectively occur in NCL-overexpressing A549 cells, as
demonstrated by fluorescent microscopy. This last technique showed that Apt-GEM-NPs
mostly distributed inside the cells at 37 °C. Flow cytometry analysis reported that AS1411
aptamer can increase the uptake of Apt-NPs inside A549 cells, but not in the pretreated cells
with the free aptamer. Consistently, in vitro obtained results on cell viability revealed an ICso
value for Apt-GEM-NPs much lower than GEM-NPs, while these values for Apt-GEM-NPs and
GEM-NPs in free aptamer-treated A549 was similar. In conclusion, the incorporation of GEM
in AS1411 aptamer-functionalized NPs selectively increase the effectiveness of GEM in A549
NSCLC.

PEGylated PLGA-NPs decorated with AS1411 aptamer were also proposed for delivering
cisplatin (CIS) to ovarian cancer (OC) cells 1. Indeed, CIS is one of the first-line therapies
against OC but it needs to be administered in combination with other anti-cancer molecules
for prolonging the patients’ survival due to the development of chemoresistance in OC cells
109 Since the role played by miR-21 in chemoresistance and tumour progression has been
largely investigated %0, the permanent inhibition of this miRNA with an anti-miR-21 agent in
combination with the conventional chemotherapy may be a successful strategy for improving
OC treatment. In the work presented by Vandghanooni et al 1%, AS1411 aptamer-conjugated
PEG-PLGA containing anti-miR-21 (Ap-anti-miR-21-NPs) and containing CIS (Ap-CIS-NPs)
were designed. Since antisense miRs easily undergo enzymatic degradation, Ap-anti-miR-21-
NPs were formulated for protecting from nuclease degradation . The prepared nano-
suspensions were characterized by nano-ranged size, spherical shape and narrow distribution
profile. They displayed a fast release within the cells in the first 8 h becoming sustained for
72h. The binding of AS1411 Ap to A2780 and A2780-res cells which overexpress NCL resulted
higher than the one of CHO cells (which do not express NCL) thereby allowing assessing that
the NCL-mediated endocytosis is involved in the cellular uptake of AS1411 Ap-NPs. MTT
assay revealed that miR-21-inhibited A2780-res cells displayed a significant inhibition of cell

viability upon treatment with Ap-CIS-NPs, demonstrating the synergistic effect of the two drugs.
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The results obtained in the reported study support previous works showing the strong anti-
apoptotic effect of anti-miR-21 loaded PLGA-NPs in combination with chemotherapeutic drugs
100 Moreover, DAPI staining and DNA fragmentation assay assessed significant nuclear
morphological changes induced by apoptosis in A2780 cells treated with Ap-CIS-NPs and
A2780-res cells treated with Ap-anti-miR-21-NPs. Mir-21-inhibited A2780-res cells displayed
an enhanced cell growth arrest and a high frequency of apoptotic cells compared to the
uninfected cells upon treatment with Ap-CIS-NPs. In conclusion, the pretreatment of OC cells
with Ap-anti-miR-21-NPs together with nano-systems delivering chemotherapeutic drugs may

be promising for the treatment of this cancer.

In the work of Mosafer et al *2, PLGA-based NPs targeted with AS1411 aptamer and loaded
with superparamagnetic iron oxide nanoparticles (SPIONs) and DOX were successfully
developed against murine C26 colon carcinoma cells in order to propose a novel theranostic
system. A co-precipitation method was used to synthesize the SPIONs as diagnostic agents
and their incorporation in the nano-system, as well as the one of DOX, was based on a multiple
emulsion solvent evaporation method '3, The physico-chemical characteristics of the prepared
nano-formulations, such as particle size distribution, saturation magnetization and drug loading
capacity were investigated and reported an efficient co-incorporation of DOX and SPIONs and
a constant drug release profile. A narrow patrticle size distribution and mono-modal population
of the NPs were pointed out by DLS results, and the morphology of NPs by AFM revealed a
spherical shape and smooth surface (NPs size around 130 nm). The best in vitro release of
DOX was observed in PBS at pH 7.4, where an initial low burst release was followed by a
slower DOX release for 20 days. Flow cytometry images revealed that the cellular uptake of
Apt-NPs is dependent on the interaction Apt-NCL on C26 cells surface and the binding of Apt
to NPs increased the cellular uptake of DOX. Apt-NPs loading DOX displayed a higher anti-
proliferative effect in vitro on C26 cells in a dose-dependent manner. Moreover, in vivo
experiments were carried out on xenograft colon carcinoma mice subcutaneously injected with
C26 cells. The survival rate was higher in the animals treated with DOX-loaded Apt-NPs with
respect to mice receiving free DOX, while the tumour size was significantly reduced in the first
group of mice. These results may be important for developing tumour-targeted NPs for
therapeutic applications. Finally, magnetic resonance imaging (MRI) of C26 colon carcinoma
after 1-6 h post-injection showed a strong accumulation and penetration of Apt-NPs in the

tumour site revealing the importance of the Apt-NPs as potential theranostic agents.

3.3 Other types of AS1411 aptamer-conjugated NPs
In the work of Sun XY et al 14, a hybridized DNA structure was designed and conjugated with

superparamagnetic iron oxide NPs (SPION) to generate a multifunctional nanoformulation
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carrying a chemotherapeutic drug and a photosensitizer molecule *** !¢, SPION has important
magnetic property but it presents a lack of active targeting effect which limits its application.
Nucleic acids function as attractive tools being largely employed in precise medicine in recent
years 17118 |n this study, AS1411 aptamer was chosen and linked to the surface of SPION
for the targeting surface NCL and the photosensitizer 5-10-15-20-tetrakis (1-methylpyridinium-
4-yl) pophyrin (TMPyP) was loaded to the system 1% 120, Moreover, also a cytosine-rich hairpin
DNA loading daunorubicin (DNM) was added at the SPION surface for controlling the drug
release in the tumour microenvironment. The characterization of the nanoformulation revealed
the stability of the designed drug delivery system called TMPyP DNM Apt-gc34@SPION NPs
and its biosafety for circulating in the blood. The pH-sensitive release property of TMPyP
DNM Apt-gc34@SPION NPs reported minimizing premature release of DNM and facilitates
the active drug release at the acid target tissues. The drug binding and release demonstrated
to be continuously cycled when the pH varies between 7.4 and 5.6. The molecular docking
showed the binding of the drug molecules to Apt-gc34 DNA and indicated a stable drug delivery
by Apt-gc34. However, the interactive conformations of the drugs and DNA structure reported
being intense 4. Regarding in vitro tests, the wound healing assay was carried out on A549
lung cancer cell line to assess that TMPyP DNM Apt-gc34@SPION NPs can influence and
reduce cell migration and invasion. In vitro magnetic targeted experiment was performed to
evaluate the magnetic targeted property of SPION and, after cell incubation with TMPyP
DNM Apt-gc34@SPION NPs, most of the cells in the magnetic region were died, underlying
the fact that magnetic NPs can successfully distribute in the targeted area under magnetic
guidance. CLSM reported the intracellular release of the nano-formulation showing that DNM
was released in acid microenvironment of cancer cells. Further, NCL-blocked cells displayed
much lower ROS production after treatment with TMPyP DNM Apt-gc34@SPION NPs with
respect to blocked cells. Results of MTT assay demonstrated that cell viability was highly
reduced in NCL-non-blocked cells indicating that AS1411 structure plays an important role for
the cellular internalization of the designed drug delivery system resulting in a higher cell
inhibition 82 121, A significant reduction in cell growth under the visible light was observed and
was due to the synergistic effect of DNM and TMPyP. Further, the level of apoptosis-related
protein bcl-2 and c-myc rapidly decreased after the treatment with TMPyP DNM Apt-
gc34@SPION NPs. In conclusion, the results presented herein suggest the important role of
this designed new delivery system as a successful tool for a targeted anticancer drug-delivery-
based therapy.

Taghavi S et al %2 proposed a delivery system based on AS1411-functionalized carbon
nanotubes (CNTSs) for the treatment of gastric cancer cells. In their study, single-walled CNTs
were conjugated to the branched polyethylenimine (PEI) and polyethylene glycol (PEG) and
the resulting formulation, SWCNT-PEG-10-10%PEI, was loaded with a shRNA for Bcl-xL

12



which exerts a strong anti-apoptotic effect being crucial for tumour development '3, CNTs
present useful physicochemical properties, a hano-needle structure and can easily enter cells
through endocytosis 124125, Some limitations of CNTs include a negligible solubility and toxicity,
but chemical modifications can improve their pharmacokinetics 26, SWCNT-PEG-10-10%PEI
NPs modified with AS1411 were used herein for delivering Bcl-xL shRNA and DOX to AGS
cancer cells and L929 normal cells. The covalent conjugation of AS1411 aptamer to NPs was
confirmed by agarose gel electrophoresis and the transfection assays revealed that Apt-
SWCNT-PEG-PEI was highly specific for the tumour cells, validating the significant role of
AS144 aptamer in the enhanced gene delivery to cancer cells. Western blot analysis reported
that the levels of Bcl-xL protein decreased after 72h post transfection with Bcl-xL shRNA. The
expression levels of pBcl-xL were investigated and the obtained results revealed that Bcl-xL
shRNA is able to down-regulate the expression of Bcl-xL protein in AGS and L929 cells treated
with SWCNT-PEG-PEI/pBcl-xL shRNA complex, while Bcl-xL expression did not change in
L929 treated with SWCNT-PEG-PEI-Apt/pBcl-xL shRNA assessing that the addition of
AS1411 aptamer to NPs could not enhance the Bcl-xL expression, and thus the transfection
efficiency which is due to the absence of NCL on the surface of L929 cells. The potential
cytotoxic synergy of DOX and Bcl-xL shRNA towards AGS cells was evaluated by MTT assay
and showed that the combination of pBcl-xL shRNA/SWCNT-PEG-10-10%PEI-Apt/DOX
decreased cell viability (which was 77% with only DOX) to 45%. Moreover, this combination
indicated significant additional cytotoxicity compared to treatments using only shRNA,
DOX/SWCNT-PEG-10-10%PEI-Apt and pshRNA scrambled/SWCNT-PEG-10-10%PElI-
Apt/DOX. In conclusion, a targeted co-delivery system for gastric cancer cells was developed
and displayed a precise targeting effect with great potential of entering cells through both
aptamer-mediated binding to NCL and nano-needle structure of SWCNT.

Since NPs functionalized with bioactive ligands constitute a promising tool to mediate the
transportation of drugs across the blood-brain barrier (BBB) by receptor-mediated transcytosis,
a novel nano-formulation based on lipid NPs functionalized with the angiopep-2 (ANG-2) and
AS1411 aptamer was investigated by Wang S et al 2018 for delivering DOX in glioma '?’. The
cascade dual-targeting strategy has been demonstrated to be a viable approach for glioma
therapy, where the first ligand overcomes the BBB barrier and the second one specifically
targets brain cancer cells %8 12, ANG-2 is a peptide which binds LRP expressed on the
membrane of BBB and it has been largely investigated for allowing the transportation of NPs
through the BBB 3% 131, The aptamer AS1411 was utilized for achieving an accurate glioma
cells targeting. The dual targeting delivery system was constructed using lipid capped polymer
NPs with PLGA as the core, which can enhance hydrophobic drugs encapsulation **!, and
lipids (lecithin and DSPE-PEG2000-COOH) as the shell. The PEG chain protects the internal
PLGA from hydrolysis and the carboxyl group PEG constitutes an anchor for conjugating Apt
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and ANG-2. Concerning the preparation method, PLGA and DOX were dissolved in the organic
phase of methanol/chloroform and then added dropwise to the aqueous phase of lipid
solution®*°, The ligands were conjugated to the free lipid first prior to the NPs preparation. TEM
indicated the NPs spherical shape with homogeneous size. After encapsulation into NPs, a
remarkable sustained DOX release was observed; an initial drug release from NPs occurred
in the first 24 hours, followed by a slower rate. Cell uptake experiments showed that after
incubating with unmodified NPs, only moderate DOX red fluorescence was observed inside
BCEC glioma cells and a similar uptake was seen for Apt modified NPs. After incubating with
ANG-2, a stronger red signal was observed inside cells suggesting a role of ANG-2 in allowing
cell uptake. Flow cytometry results revealed that ANG-2 decorated NPs and also Apt and ANG-
2 dual decorated NPs displayed fluorescence significantly stronger than those treated with
unmodified NPs. Compared to ANG-2, AS1411 reported a better-binding affinity to C6 NCL-
overexpressing glioma cells 2, The dual modification of NPs enhanced cell fluorescence,
suggesting a synergistic effect of the two ligands. For studying the BBB penetration ability in
vitro, transepithelial electrical resistance (TEER) was measured as a function of time after
BCECs seeding and adding of the different NPs to the transwell chamber. For all groups the
DOX amount was time-dependent, with a higher accumulation of DOX loaded in NPs.
Moreover, with ANG-2 decoration of NPs, the transportation was remarkably higher. Finally,
the in vitro cytotoxicity on C6 cells reported to progressively increase with higher DOX
concentration after 48 h incubation and after Apt modification the cytostatic activity of NPs was
strongly enhanced.

In the work of Li Y et al., ¥, the authors presented a simple method to produce aptamer-
targeting organic fluorescence NPs. Indeed, fluorescence imaging systems are important for
early cancer detection, assessing tumour margins and monitoring response to therapy 2% 134,
However, many fluorescent NPs are composed of inorganic species and even some toxic
heavy metal cations and it limited their clinical use % 13¢, Aptamer-functionalized organic NPs
were proposed and rubrene, a highly emissive organic semiconductor, was chosen for their
fabrication. The hydrophobic lipid segments were embedded in hydrophobic rubrene
aggregates, while the hydrophilic PEG chains extend into the aqueous phase to provide water
dispensability and colloidal stability. Incorporating AS1411 aptamer allowed achieving
targeting functionality for facilitating the translation of organic light-emitting materials to clinical
practice. Cholesterol was covalently linked to aptamer as an anchor to be inserted into the lipid
membrane. The Apt-Rub NPs were prepared by mixing the hydrophobic rubrene and lipid with
the cholesterol-tagged aptamer. The maximum emission of rubrene NPs appeared at 560 nm,
with an intense emission tail extended to 650 nm, which held advantages of low optical
absorption and autofluorescence from biomolecules. NPs were fabricated using 75 ug as the

optimal rubrene amount and the TEM images revealed that the as-prepared Apt-Rub NPs
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exhibited a spherical shape with an average size of -40 nm and a surface negative charge.
The fluorescence and hydrodynamic diameter stability of NPs were evaluated and showed that
all NPs were stable without aggregation. MCF-7 (human breast cancer cell line), C6 (rat glial
tumour cell line) and A549 (human lung cancer cell line) were highly fluorescent after treatment
with Apt-Rub NPs, as reported by fluorescence microscopy and flow cytometry, while 293T
normal cells (human embryonic kidney cell line) did not display fluorescence intensity. The flow
cytometric analysis revealed that the Apt-Rub NPs were specifically internalized by cells
overexpressing NCL. The results on cell viability showed that Apt-Rub NPs displayed no
cytotoxicity toward all the cell lines. For evaluating long-term toxicity of NPs, the weight
fluctuation and behaviours of the mouse after administration did not display abnormalities.
Altogether, these NPs resulted suitable for long-term tracking and imaging, being promising in
biomedical applications.

4. F3 peptide as a NCL-ligand

F3 is a 30-34-amino acid fragment of a high mobility group protein, HMG2N and was
discovered by using phage-displayed cDNA libraries ¥7. Many peptides exert anticancer
functions and F3 is known for mediating the delivery to specific tumour cells and tumour
angiogenesis by binding to NCL expressed on the surface of tumour cells and endothelial cells
as angiogenesis precursors 8, Indeed, NCL facilitates the internalization of F3 peptide into
tumour cells and transport into the cell nucleus. Therefore, macromolecular drugs conjugated
with F3 peptides might be efficiently internalized into tumour cells via NCL-mediated transport,
resulting in enhanced anti-cancer effects. Moreover, F3 contains a CendR sequence that
enables deep penetration of the tumour parenchyma and promotes local drug aggregation and

absorption 3.

4.1 F3 peptide-conjugated nanoparticles

The F3-peptide has been investigated in recent years as it represents an important ligand for
NCL to be used for a targeted therapy against NCL-overexpressing cancer cells %°. Among
the developed nano-formulations, F3-functionalized PEG-PLGA nanopatrticles were proposed
for the delivery of anticancer drugs, such as paclitaxel (PTX) in the treatment of glioma (Hu Q
et al 2013). The aim was to increase the efficacy of chemotherapeutic drugs and to improve
the ability of nanocarriers to pass the blood-brain barrier in order to reach the tumour site 4
142 Moreover, the effectiveness of nanoparticles systems in the treatment of glioma is limited
by the difficulty to extravasate from the blood vessels and invade the tumour parenchyma
because of the small size of pores for penetration in glioma 4% 144 C-end Rule (CendR)
peptides were demonstrated to be able to promote extravasation and tissue penetration

through cell internalization after binding to their receptor neuropilin-1 (NRP1) on endothelial
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cells 14146 tLyp-1 is a peptide containing a CendR motif and reported the ability to mediate
tissue penetration through NRP1 1%, Therefore, the co-administration of tLyp-1 and F3-
functionalized nanoparticles was investigated as it may constitute an efficient system to
mediate a specific target therapy for glioma and to improve cellular internalization and
extravasation. F3 was linked to NPs through a maleimide-thiol coupling reaction and the size
of the formulation were around 150 nm. In vitro release results showed a faster initial release
of PTX followed by a mild and controlled release 10 hours after the administration. A high
accumulation of F3-NPs was found in C6 glioma cell lines, confirming the ability of F3 to
promote the binding of the NPs to the surface of C6 cells. PTX loaded F3-NPs revealed an
enhanced anti-proliferative effect on C6 cells compared to F3-free NPs. 3D multicellular tumour
spheroids were used as a model for evaluating the infiltration ability of F3-NPs, which showed
to penetrate deeper than unmodified NPs. In vivo glioma distribution experiment was
performed on Balb/c nude mice xenografted with C6 cells using a non-invasive fluorescence
imaging system which revealed a maximum fluorescent intensity of NPs at 12 h followed by a
decrease 24 h post-injection. NPs co-administered with tLyp-1 displayed a higher fluorescence
at the glioma site. Furthermore, the co-administration of F3-NPs and tLyp-1 allowed a higher
accumulation at the tumour site. Mice treated with F3-Nps and tLyp-1 prolonged survival
presented a significant prolonged survival (median survival of 42 days) and this improved anti-
glioma effect can be explained by the enhanced accumulation of PTX at the glioma region

resulting from the F-3 decoration and tLyp-1 peptide co-administration.

A theranostic approach based on NPs was developed by Li Y et al (Li 2019) using
sonodynamic therapy (SDT) which has been investigated as a reactive oxygen species (ROS)-
mediated cancer therapy and high-intensity focused ultrasound (HIFU). HIFU ablation provides
a promising non-invasive strategy for the therapy of solid tumours 8. The advantages of SDT
include the high efficacy in penetrating the tumour tissue in a specific manner thus minimizing
the damage of normal tissues *°. However, SDT presents some limits such as a high cavitation
threshold, low quantum yield of the sonosensitizer and also nonthermal ablation effects which
lead to toxic free radicals and singlet oxygen generation during the HIFU process %0 151,
Methylene blue (MB) can work as sonosensitizer for SDT but presents some limitations 8% 152,
Therefore, NPs may represent a solution for reducing the oxidation of MB in the environment
and a functionalization of NPs may improve the absorption by tumour cells **3. In this work,
F3-targeted PLGA-NPs were prepared for combining dual-modal imaging and SDT.
Photoacoustic imaging together with molecular targeted contrast agents may improve cancer
imaging, while MRI provides cellular and molecular information in cancer **. A nanosystem
was designed to load both PA and MRI contrast agents and its activity was evaluated on MDA-
MB-231 breast cancer cells and HUVECs. F3-PLGA@MB/Gd NPs were successfully prepared
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and characterized reporting a smooth, uniform and spherical morphology. MDA-MB-231
displayed the highest fluorescence after incubation with F3-NPs with a quick release after
5 min incubation followed by a gradual enhancement of intensity indicating the efficient
targeting capacity of F3-NPs. 3D multicellular tumour spheroids were employed for
reproducing the solid tumour tissue. Laser confocal images showed high fluorescence intensity
in F3-targeted group compared to the non-targeted group, indicating that F3-functionalized
NPs can be recognized and then internalized in the inner region of solid tumours. To induce
the ROS generation by F3-PLGA@MB/Gd NPs, these NPs were incubated with RNO and
histidine and treated with US. After the exposure time, ROS were generated thus revealing the
capacity to kill tumour cells in SDT. The decoration of NPs with F3 allowed a higher
accumulation of NPs in tumour cells leading to an increased ROS yield after incubation with
US. Cell viability was investigated on MDA-MB-231 breast cancer cells and it remained high
at all time points and concentrations assessing the cyto-safety of F3-PLGA@MB/Gd NPs. Cell
death was not observed in the group of cells without US, while the F3-NPs displayed the lowest
cell survival rate. An in vivo imaging system was used to evaluate the biodistribution of the
formulation in BALB/c nude mice injected with MDA-MB-231 cells and reported an increased
fluorescence in the F3-targeted revealing a high accumulation of the NPs in the target tissue.
The tumour to background ration (TBR) allowed measuring the fluorescence intensity ratio and
was reported higher in the targeted group. PA/MRI of the F3-NPs were investigated, and the
PA signal intensity increased with different concentrations using 710 nm for excitation. High-
resolution PA and MRI imaging of the tumour tissue could be performed in the F3-
PLGA@MB/Gd NPs group and the tumour signals were concentrated at 6h post-injection.
Therefore, F3-PLGA@MB/Gd reported a potential use as PA and MRI contrast agent, thus
helping in image-guided therapies. Concerning HIFU, the quantitative coagulation necrosis
volume in PLGA@MB/Gd + HIFU group was 9 times larger than the HIFU group, indicating
that PLGA@MB/Gd NPs can be employed as synergistic ablative agent in HIFU therapy. The
effect of HIFU together with F3-PLGA@MB/Gd NPs was assessed with xenograft tumours in
nude mice and, after HIFU irritation, the mean gray scale difference in the F3-PLGA@MB/Gd
NPs group was higher than PBS group and non-targeted group. Moreover, the combination of
F3-PLGA@MB/Gd NPs and HIFU led to an increased efficiency of tumour ablation and the
induction of tumour cell apoptosis in surrounding areas. Even in further studies on ROS need
to be performed during the HIFU irradiation in vivo, the results of this work provide evidence
of the fact that the combination of HIFU ablation and SDT by using F3-PLGA@MB/Gd as a
sonosensitizer allowed to killing the residual live tumour cells.

Another study presented the F3-conjugated polyacrylamide (PAA) NPs for the treatment of
prostate cancer (PCa) assisted by photoacoustic imaging (PAI) 1. Polymer based hydrogel

NPs are biocompatible and chemically inert with a long circulation life and a reduced toxicity
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of the functional loadings ¢ 1%, PAl is a novel imaging modality important in prostate imaging
combining an excellent optical sensitivity for observing macroscopic, chemical contents and
US resolution for evaluating physical architectures in the tissues 1°¢ 59, Confocal microscopy
images revealed that the functionalization with F3 peptide improved the uptake of PEG-PAA
NPs into DU145 PCa cells. For the in vivo study, subcutaneous DU145 xenograft tumours
were induced in nude rats and, once the tumours formed, the rats were injected with F3-
conjugated PEG-PAA NPs and PAI was performed. The tumours could be identified also in
the PA imaging on a canine prostate. F3-conjugated NPs were able to stain the
microarchitectures in transgenic mice. They developed a tumour pathologically similar to the
human PCa and were treated with NPs. 4 hours after the treatment, H&E on the prostate
samples revealed representative microarchitecture patterns. Therefore, F3-functionalized
hydrogels NPs can improve the optical contrast of PCa tumours and allow observing the

tumour tissue architectures.

5. N6L as a ligand for NCL

For several years, our research team has developed ligands of peptide origin of NCL belonging
to a family of molecules called Nucant for NUCIeolin ANTagonist. These multivalent
pseudopeptides are composed of a polypeptide matrix rich in lysine residues on which are
covalently linked several Lys [CH2N] Pro-Arg pseudotripeptides and inducing apoptosis of
tumor cells [15]. In order to improve the specific activity of these molecules, several analogues
have been synthesized by varying the size and type of matrix as well as the number of
pseudotripeptides grafted onto it. Thus, the effects of these compounds on tumour growth were
tested and comparative studies indicated that the optimal inhibitory effect was obtained with a
molecule composed of 6 pseudotripeptides called N6L (ref). N6L interacts with the carboxy-
terminal RGG domain of NCL inhibiting the binding of several growth factors involved in cell
growth such as midkine [93], pleiotrophin [94] and also lactoferin [54]. Since NCL is
overexpressed on the surface of tumour cells, we have shown that N6L not only has the
property of inducing apoptosis in tumour cells but also of being able to target tumour tissues
46,160 leading us to use this pseudopeptide to functionalize nanoparticles for therapeutic

purposes against cancer.

5.1. N6L-functionalized nanocapsules

Among the different approaches for synthesizing nanovectors, the design of nanometre-sized
hollow polymeric particles, also called nanocapsules, has received increasing interest as it
allows accessing to a wide range of nanovector presenting tuneable diameters, wall thickness,
mechanical property and permeability. 6% 162 Different strategies have been reported to

prepare nanocapsules ® including emulsion —diffusion, emulsion-coacervation, double
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emulsification, nanoprecipitation, combining polymer-coating and layer-by-layer process. In
this review, we only focus on capsules obtained through the multilayer deposition of
polyelectrolytes via the layer-by-layer (LbL) process on a sacrificial template %4, i.e. "template
method" 16187 (figure 2). At this stage of preparation, the template can be removed to yield
nanocapsule in which other therapeutic molecules can be included. This method of preparation
allows not only creating capsules, but also allows to easily control the particle size and shape,
the surface functionality and the shell permeability and thickness.

Indeed, the LbL assembly driven by electrostatic interactions allows elaborating multilayer
polyelectrolyte films with well-controlled composition, thickness and chemical structure, and
those simply by alternating the deposition of oppositely charged polymers (i.e. polyelectrolyte)
onto a charged substrate (figure 3).1%8 This approach is achieved in aqueous solutions and is
well suited for the fabrication of homogeneous and ultrathin films leading to efficient solutions
for numerous applications as biomedical ones.

Several physicochemical parameters (e.g. adsorption time, charge density, pH, temperature,
ionic strength, average molar mass...) have been evidenced to strongly impact the final
characteristics of polyelectrolyte multilayer assemblies. One may cite the thickness,
permeability, roughness, wettability or even swelling behaviour. %14 For a more in-depth
discussion on the LbL process, the reader is kindly invited to have a look on an excellent recent
review by Borges and Mano. 17

Applied to fabricate multifunctional nanocapsules, the strategy consists of a successive
deposition of polyelectrolyte layers on a surface of a given template leading to a high structural
control. 165167176, 177 Then, the selective removal of the templates induces the obtention of the
capsule. Thus, this is a simple and a straightforward approach which could be applied to a
wide range of materials, including organic or inorganic templates as calcium carbonate
particles 178180 yesicle/liposome 8! liquid template 18218 metal oxide nanoparticles 7 or gold
nanoparticles as templates. 188193

Recently, we have investigated the elaboration of nanocapsules based on N6L % which exhibit
anticancer activity by using gold nanoparticles as templates (figure 4). We judiciously take
advantage of the electrostatic interactions of the pseudopeptide N6L which is a polycation (18
positive charges at physiological pH) to construct the multilayer films. We evidence the
possibility to control (i) the amount of loaded N6L through controlling the size of the gold
template (studied diameter: 20 nm and 60 nm) (ii) the resulting mechanical property of the
N6L-based particles and (iii) the chemical structure of the last layer constituting the particle
(N6L is known to allow a specific targeting of cancer cells, then we have selected the N6L as
last layer).

We have selected gold nanoparticles as template as it combines very interesting properties.

Indeed, these nanomaterials (i) are commercially available in a large range of size as of 5 nm,
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(if) are biocompatible and (iii) present an excellent contrast for electron microscopy study. The
deposition of successive polyelectrolyte multilayers onto gold nanoparticles 1% 1% have been
followed by zeta potential measurement and by exploiting the sensitivity of the gold
nanoparticle’s surface Plasmon band due to the adsorbed species. 1°7 With this last technique,
we also prove that there is no aggregation during the adsorption of the polyelectrolyte layer
including the N6L on the colloidal surface.
Dissolving the sacrificial gold core leads to the formation of N6L-based nanocapsules. For this,
we have used the potassium cyanide which is the most used chemical for the gold hydrolysis.
Indeed, the cyanide-assisted etching induces the formation of a water-soluble salt of potassium
gold cyanide complex (see equation 1).

4 Au + 8 KCN + 2 H,0 + Oz — 4 KOH + 4 KAu(CN), Eq. 1
The KAu(CN)2 complex is highly toxic but it can easily be eliminated through diffusion across
the polyelectrolyte membrane. 1819 This process of core dissolution has been followed by UV
spectrophotometric monitoring of the disappearance of the gold Plasmon absorbance band.
Transmission electron microscopy (TEM) has been used to evidence the formation of the
capsule.
Using this procedure, we obtained functionalized 20 nm and 60 nm nanocapsules with N6L.
As shown in figure 5, the 20 nm and 60 nm functionalized nanocapsules inhibited in dose-
dependent manner the survival of tumour cells derived from human. It is noteworthy that the
specific activity of the nanocapsules is dependent on their size. While an equivalent of 6
UM N6L linked to the 20 nm nanocapsules induced in 72 h, 87 + 0.58% of cell death, same
equivalent of N6L linked to the 60 nm size nanocapsules, induced 65 + 2.5% of cell death. The
reasons for this difference remain unclear but are currently investigated.
In addition, in recent study we demonstrated that these nanostructures target cancer cells
derived from pancreatic cancer suggesting that this material could be used as theranostic tool.
Studies are currently in progress to evaluate this possibility to use them for in vivo studies.
Compared to commercialized particles, these novel systems obtained by combining template
method and the LbL process (N6L is implied as polyelectrolyte during this process), present
the benefits to lead a well-defined carrier and also to specifically target tumour cells

(nanoparticle concentration, size, N6L loaded)

5.2. Hollow mesoporous silica microspheres as starting material for fabrication of N6L-
based hollow particles

The use of hollow mesoporous silica microspheres (HMSM) as starting material is an appealing
alternative because it can easily be synthesized in controlled manner and it is a non-toxic
material at low concentration. Mesoporous silica particles have a porous structure that can be

exploited to load chemicals of interest with a high loading capacity. Moreover, the surface can
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easily be chemically modified. In this context, we have recently reported on the possibility to
use hollow mesoporous silica microspheres as N6L carriers for pancreatic cancer treatment
and on the controlled N6L release according to the pH media (i.e. release in acidic condition).
199 The hollow mesoporous silica microspheres characteristic allow controlling the resulting
size and N6L loading capacity. The pH response has been targeted as it is an interesting
stimulus for pancreatic cancer treatment. Indeed, the pH value of the extracellular medium in
pancreatic tumours is lower than that of healthy tissue. We then propose to use the chitosan
which is a biopolymer as a pH-sensitive gatekeeper (chitosan’s pKa ~ 6.2-7.0). This
polysaccharide was grafted to the hollow mesoporous silica microspheres surface (figure 6)
and then the particle was loaded with the pro-apoptotic NCL antagonist agent (N6L) as an
anticancer drug (figure 7).

The obtained particles allow controlling the N6L loading according to the porosity parameter
of the HMSM patrticles, i.e. 44% of N6L loading for a particle having this characteristic: 116
m2.g?, a total pore volume 0.64 cm®.g* and a size of 623 nm (PDI = 0.40) and 25% of N6L
loading for a HMSM having the following characteristic: 206 m2.g?, a total pore
volume 0.72 cm?®.g* and a size of 530 nm (PDI = 0.30).

The obtained N6L-based chitosan-hollow mesoporous silica microspheres present pH-
responsive drug releases and excellent anticancer activities with inhibition of cancer cell
growth, i.e. high killing potency for the diseased cells. To evidence this, blue Alamar assays
have been used for evaluating the cell viability submitted to different concentrations of N6L-
loaded chitosan-HMSM particles (1.5 to 100 uM). The inhibition of cancer cell growth was 48%
and 60% according to the characteristic of the chitosan-hollow mesoporous silica
microspheres. This new study '°° demonstrates a new method for the controlled loading and
release of N6L, distinct from other systems such as iron oxide magnetic nanoparticles with the
N6L 2% or N6L-polyplexes. 21

5.3 N6L-functionalized magnetic nanoparticles

Within this broad spectrum of nanomaterials, magnetic nanoparticles (NPM) have, in recent
years, gained special attention thanks to their intrinsic magnetic property and their potential to
produce a rise in temperature. NPM are formed from a metallic body embedded in an organic
polymer or an inorganic shell. There are several types of NPMs such as those based on
manganese, cobalt, nickel and also their derivatives in the form of oxides. While all of these
metals are excellent contrast agents for MRI scans, some can exhibit tissue toxicity. Currently,
iron oxide NPM remains the subject of much attention. Introduced in the clinic more than twenty
years ago, their use is frequent as a contrast agent in MRI. These NPM have been shown to
be well tolerated, biocompatible and free from toxicity. For several years, these NPM have

aroused the interest of much research and their use has extended to other medical applications
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which will be discussed below 202206, Regarding their design, several physicochemical
parameters are required for the synthesis of NPM. These parameters depend on the medical
application for which these NPMs are intended. For diagnosis in MRI and treatment by
magnetic hyperthermia (MH) in oncology, the parameters to be taken into consideration are
the following: the composition of the core and the surface, the hydrodynamic diameter, the
functionalization and the heating power or "Specifie Absorption Rate” (SAR) 2°72%°_ They are
formed of an iron oxide core coated in an organic or inorganic matrix. The nucleus consists of
particles of maghemite (Fe:Os) or magnetite (Fes04) 2%213, The iron core is covered by a
polymer coating consisting of a layer of polymers whose roles are to prevent the agglomeration
of iron oxide, to limit non-specific interactions with the cell, to facilitate conjugation at the
surface of targeting agents and drugs and significantly modulate the pharmacokinetics of
NPMs. The most commonly used coatings are polyethylene glycol (PEG), dextran, chitosan,
phospholipids and dimercaptosuccinic acid (DMSA) 2%3.

NPM are referred to as SPION (Super Paramagnetic Iron Oxide Nanoparticles) when their
hydrodynamic diameter is between 50 nm and 150 nm, or USPION (Ultrasmall Super
Paramagnetic Iron Oxide Nanoparticles) when the hydrodynamic diameter is less than 50 nm
214,215 paramagnetism designates in magnetism the behaviour of a material which does not
have spontaneous magnetization but which, under the effect of an external magnetic field,
acquires a magnetization directed in the same direction under the effect of a magnetic field
exterior. At the nanometric scale, the magnetic energy is about 10* times higher, giving a
superparamagnetic property 216

Among the important parameters, the surface charge and the hydrophobicity can affect the
biodistribution of nanoparticles by limiting or promoting interactions with plasma proteins, those
of the extracellular matrix and non-target cells. Charged nanoparticles and hydrophobic
nanoparticles have a short lifespan in circulation due to adsorption to plasma proteins
(opsonization) followed by their elimination. Positively charged nanoparticles can bind non-
specifically to non-target cells leading to non-specific internalization. The hydrophobic groups
present on the surface of the nanoparticles cause agglomeration during the injection leading
to a rapid elimination by the reticuloendothelial system (macrophages and monocytes).
Modifying the surface with hydrophilic molecules such as PEG makes it possible to reduce the
phenomenon of opsonization and thus prolongs the circulation time of nanopatrticles 206213, 217,
In order to give them a specificity of action, these NPMs can be functionalized by covalent
bond strategies or by physical interactions. The first one consists in directly binding the
molecule to the surface of the nanoparticle carrying a chemical group, or indirectly by the
intermediary of an additional chemical group, always by covalent bonds. Physical interactions
group together electrostatic interactions and hydrophilic/hydrophobic interactions. These

bonds are less stable than covalent bonds, but their advantage lies in the rapidity of their
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constitution and the unnecessary need for intermediate stages of chemical modifications. The
choice of strategy obviously depends on the chemical properties of the molecule to be grafted
and on the functional groups present at the surface. It is especially important to stress that
whatever the functionalization strategy, it must preserve the functionality of the molecules
grafted to the nanoparticle 23, Functionalization of MNPs represents a great interest related to
their clinical applications.

In this context, the pseudopeptide N6L has been used to functionalize iron oxide nanoparticles
combining magnetic hyperthermia and anti-cancer drug delivery in the treatment of breast
cancer xenografts 2%, In this study, MNPs were electrostatically functionalized with N6L (N6L-
MNP), doxorubicin (DOX-MNP) or both (N6L-DOX-MNP) as described by Kossatz et al., %8
and their antitumoral effect has been evaluated in vitro as well as in vivo using breast
adenocarcinoma cell lines MDA-MB-231. In this study, we showed that the presence of N6L
linked to MNP, improved the intracellular uptake of MNP in tumour cells. This data has been
validated by in vivo data in which we showed intraperitoneal injection of N6L-DOX-MNP in
mice with xenografted tumours, led to significant reduction in tumour volume. These data
highlight that the presence of the pseudopeptide N6L on the MNP surface might well be
beneficial in its function as an enhancer of MNP internalization into cancer cells opening the
possibility of the induction of intracellular heating spots and, in the end, tumour cell death. This
potential has been demonstrated in a recent study showing that treatment with N6L-MNP
combined with chemotherapeutic drugs, causes, in association with hyperthermia, a tumour
regression in pancreatic xenograft model 2*°.

Using this approach, we find that the therapeutic effect of magnetic hyperthermia is strongly

enhanced by the association of N6L linked to the leading to tumour regression 2.

Conclusions and oulook

This review focuses on the anti-tumour properties of nanoparticles functionalized with NCL
ligands as a delivery agent for therapeutic molecules for cancer therapy and diagnosis.
Over-expressed in almost all types of cancer cells, studies on NCL have been increasing over
the last ten years as a molecule of interest and therapeutic target in cancer.

Thus, the NCL ligands such as the aptamer AS1411 and the F3 and N6L peptides which are
the subject of this review have been selected because of their specific tumour targeting
properties associated with anti-tumour effects in the case of AS1411 and N6L. These two
molecules have been studied in human clinical trials without any adverse effects being
observed at therapeutic doses.

Moreover, grafted onto different types of nanoparticles, the anti-tumour effect of these tools
has been demonstrated in numerous experimental models of different types of cancer.

Interestingly, we have shown that it is possible to obtain nanoparticles functionalized with
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chemotherapeutic agents, targeting the tumour tissue and capable of inducing local heating,
inhibiting tumour growth. Referring to the literature, it is now clear that the solution for
irradiating a pathology will involve blocking and inhibiting several pathways that are activated
in the process leading to tumour growth. It is therefore clear that the use of nanoparticle-type
platforms as described in this review combining tumour targeting, chemotherapy and
thermotherapy represent a promising therapeutic possibility against cancer or even other

pathologies where nucleolin could be involved.
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Figure legend

Figure 1 : Analysis of the number of publications and citations in the past ten years for the

keywords : nucleolin, nanoparticles and cancer. (search engine Google Scholar).

Figure 2 : Elaboration of tailor-made particles via the templated self-assembly of particles. The
advantages of this implemented strategy are that it is possible to control the size of the
nanoparticles, the quantity of coated polymer, the thickness of the film, the mechanical

properties and the loading and release of drugs.

Figure 3. lllustration of the multilayer films buildup driven by electrostatic interactions.

Figure 4. Schematic illustration of the polyelectrolytes adsorption process applied to the
elaboration of N6L-based capsules.

Figure 5:. 20 nm and 60 nm nanocapsules functionalized with N6L have been incubated with
PANC-1 cells during 48 h and 72 h. Cell viability has been quantified by alamar blue method

as previously described “8.

Figure 6 : Use of chitosan to design a pH-sensitive gatekeeper on the surface of hollow

mesoporous silica microspheres

Figure 7. Controlled loading and release of N6L from the hollow mesoporous silica

microspheres surface according to the pH.
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