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Abstract

Angiogenesis plays a critical role within the human body, from the early stages of life (i.e.,
embryonic development) to life-threatening diseases (e.g., cancer, heart attack, stroke, wound
healing). Many pharmaceutical companies have expended huge efforts on both stimulation and
inhibition of angiogenesis. During the last decade, the nanotechnology revolution has made a
great impact in medicine, and regulatory approvals are starting to be achieved for
nanomedicines to treat a wide range of diseases. Angiogenesis therapies involve the inhibition of
angiogenesis in oncology and ophthalmology, and stimulation of angiogenesis in wound healing
and tissue engineering. This review aims to summarize nanotechnology-based strategies that
have been explored in the broad area of angiogenesis. Lipid-based, carbon-based and polymeric
nanoparticles, and a wide range of inorganic and metallic nanoparticles are covered in detail.
Theranostic and imaging approaches can be facilitated by nanoparticles. Many preparations have
been reported to have a bimodal effect where they stimulate angiogenesis at low dose and

inhibit it at higher doses.
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Abbreviations in alphabetic order:

ABIN-2: A20-binding inhibitor of NF-kappaB 2
AKT: Protein kinase B (PKB)

Ang: Angiopoietin

BAD: Bcl-2 associated agonist of cell death
BAX: Bcl-2-associated X protein

BC: Breast cancer

Bcl-2: B-cell lymphoma 2

bFGF: Basic fibroblast growth factor
BMSCs: Bone marrow mesenchymal stem cells
BSA: Bovine serum albumin

CAM assay: Chick Chorioallantoic Membrane Assay
CA4: Combretastatin A-4

CML: Chronic myeloid leukemia

COX: Cyclooxygenase

COX-2: Cyclooxygenase-2

CNTs: Carbon nanotubes

CPT: 20-(S)-Camptothecin

CRC: Colorectal cancer

CSF-1: Colony stimulating factor 1

CSFR1: Colony stimulating factor 1 receptor
CT: Computerized tomography

DAG: Diacylglycerol

DDSs: Drug delivery systemes

EC: Endothelial cells

ECM: Extracellular matrix

EGF: Epidermal growth factor

EGFR: Epidermal growth factor receptor
EMT: Epithelial-mesenchymal transition
eNOS: Endothelial nitric oxide synthase
EOC: Epithelial ovarian cancer,

EPC: Endothelial progenitor cell

EPCR: Endothelial cell protein C receptor-dependent
ERK: Extracellular-signal-regulated kinase
EPR: Enhanced permeability and retention
EP1: Prostaglandin E2 receptor 1

ERK: Extracellular signal-regulated kinase
FAK: Focal adhesion kinase

FDA: Food and drug administration

FGF: Fibroblast growth factors

FGFR1: fibroblast growth factors 1

FL: Follicular lymphoma

FLT-3: Fms-like tyrosine kinase 3



GAC: Gastric adenocarcinoma

GBM: Glioblastoma

GEJAC: Gastroesophageal junction adenocarcinoma
GF: Growth factor

GIST: Gastrointestinal stromal tumor

GLUTs: Glucose transporters

HBP: Heparanase-binding protein

HB-GFs: Heparin-binding growth factors

HCC: Hepatocellular carcinoma

HER2: Human epidermal growth factor receptor 2
HIF-1a: Hypoxia-inducible factor 1-alpha
hMSCs: Human mesenchymal stem cells

HREs: Hypoxia-responsive elements

HSA: Human serum albumin

Hsp90: Heat shock protein 90

HUVEC: Human umbilical vein endothelial cells
H1R: Histamine receptor 1

IPF: Idiopathic pulmonary fibrosis

IGFs: Insulin-like growth factors

IL-6: Interleukin 6

IL-8: Interleukin 8

iINGR: CRNGRGPDC peptide

JNKs: c-Jun N-terminal kinases

KATP channel: ATP-sensitive potassium channel
LRP: Lipoprotein receptor-related protein
MAPK: Mitogen-activated protein kinase
MBGs: Mesoporous bioactive glasses

MCL: Mantle cell ymphoma

MDS: Myelodysplastic syndromes

MEK: Mitogen-activated protein kinase kinase
MM: Multiple myeloma

MMPs: Matrix metallopeptidases

MRI: Magnetic resonance imaging (MRI),

MTC: Medullary thyroid cancer,

mMTOR: Mammalian target of rapamycin
MWCNTs: Multi-walled carbon nanotubes
MZL: Marginal zone lymphoma

NETs: Pancreatic neuroendocrine tumors

NO: Nitric oxide

NPs: Nanoparticles

NSCLC: Non-small cell lung cancer

NF-Kb: Nuclear factor kappa-light-chain-enhancer of activated B cells
OPN: Osteopontin

OVA: Ovalbumin



PAC: Polyacrylic acid

PAMAM: Polyamidoamine

PC: Pericyte

PCL: Polycaprolactone

PDGF: Platelet-derived growth factor

PDGFRa: Platelet-derived growth factor receptor a
PDGFR: Platelet-derived growth factor receptor
PDLLA: Poly(D, L-lactic acid)

PEG: Polyethylene glycol

PEI: Polyethyleneimine

PEO: Poly(ethylene oxide)

PET: Positron-emission tomography

PGE2: Prostaglandin E2

PHD: Proline hydroxylases

PIGF: Placenta growth factor

PIP2: Phosphatidylinositol biphosphate

PKC: Protein Kinase C

PLA: Poly(D, L-lactic acid)

PLC: Phospholipase C

PLGA: Poly(lactic-co-glycolic acid)

PPO: Poly(p-phenylene oxide)

PTEN: Phosphatase and tensin homolog

Ph+ALL: philadelphia chromosome positive acute lymphoblastic leukemia
pVHL: Von Hippel-Lindau tumor suppressor protein
RCC: Renal cell carcinoma

RET: Glial cell-line derived neurotrophic factor receptor
RGD: Arginine (Arg)- Glycine (Gly)- Aspartic acid (Asp)
ROS: Reactive oxygen species

rGO: Reduced graphene oxide

SEDDSs: Self-emulsifying drug delivery systems

SEM: Scanning electron microscope

SLNs: Solid-lipid nanoparticles

SMCs: Smooth muscle cells

SMEDDS: Self-micro-emulsifying agents

Sox2: Sex determining region Y-box 2

SPECT: Single-photon emission computed tomography
SPIONSs: Superparamagnetic iron oxide nanoparticles
STS: Soft tissue sarcoma

SWCNTSs: Single-wall carbon nanotubes

SWNH: Single-walled carbon nanohorn

TC: Thyroid cancer

TEM: Transmission Electron Microscope

TEQS: Tetraethyl orthosilicate

TGF: Transforming growth factor



TIE2: Tyrosine-protein kinase receptor for ANGPT1-2 and 4
TKls: Tyrosine kinase inhibitors

TNF: Tumor necrosis factor

TNP-470: O-(chloroacetylcarbamoyl)fumagillol
Ub: ubiquitin

VCAM: Vascular cell adhesion molecule 1
VEGF: Vascular endothelial growth factor
VEGFR1: Vascular endothelial growth factor 1
VEGFR2: Vascular endothelial growth factor 2
VEGFR3: Vascular endothelial growth factor 2
VPF: Vascular permeability factor

5-HT: 5-hydroxytryptamine receptors



1. Introduction to Angiogenesis

Any living mammalian tissue needs oxygen and nutrients to ensure cell survival in vivo
conditions; therefore, blood vessels play a pivotal role in sustaining life. Endothelial cells (ECs)
form the main component of small blood vessels, while pericytes and smooth muscle cells
(SMCs) surround larger vessels that are lined with ECs ' 2. Formation of new blood vessels
(neovascularization) within the human body can be achieved via two distinct biological
processes. One is called vasculogenesis while the other is called angiogenesis. Vasculogenesis
refers to the formation of new vessels de novo from ECs generated by differentiation of
progenitor cells (e.g., angioblasts), which self-assemble into lumens and form primitive blood
vessels. On the other hand, angiogenesis means the formation of new blood vessels by sprouting
from preexisting vasculature 3. A series of molecular and cellular processes are involved in
angiogenesis, which can be divided into different steps, including EC activation in response to
pro-angiogenic factors, capillary wall degradation via the action of extracellular proteinase
enzymes, and formation of a branch point in the vessel walls, ECs migrate into the extracellular
matrix (ECM) towards the source of the angiogenic stimulus, and then form tubules with a
central lumen that create a vessel network (anastomosis) via the interconnection of the new

tubules (Fig. 1).
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Fig. 1 Schematic representation of different steps of angiogenic sprouting. A) The balance between pro-angiogenic
signals (+) (e.g., VEGF), and anti-angiogenic factors (-) (e.g., tight pericyte (PC; yellow) contact), certain ECM
molecules and VEGF inhibitors can control the sprouting. Under the appropriate conditions of angiogenesis, ECs can
sprout (green), while others inhibit this phenomenon (grey). It has been well documented that the sprouting
process needs to flip the apical-basal EC polarity, induce motile and invasive activity, modulate cell-cell contacts and
degrade the local ECM. B) Attractive (+) or repulsive (=) cues from cells in the tissue environment are responsible for
the growing EC sprouts. C) The fusion of adjacent sprouts into vessels occurs after adhesive or repulsive
interactions between the cells at the tip. The fusion of vacuoles facilitates lumen formation in stalk ECs. D) A
continuous lumen results from the fusion processes at the EC-EC interface; blood flow enhances oxygen delivery
and subsequently reduces the hypoxia-induced pro-angiogenic signals. Maturation processes (e.g., the stabilization
of cell junctions, matrix deposition, and tight PC attachment) is likely promoted by increased perfusion. Reproduced
with permission from ref 4.

Angiogenesis is a critical process involved in embryogenesis and also in maintaining
normal homeostasis, including repair and regeneration of injured tissues. Angiogenesis may be
deregulated in many pathological conditions. Although angiogenesis remains quiescent during
adulthood, it becomes physiologically active in normal conditions such as the cycling ovary and

the placenta during pregnancy. Furthermore, angiogenesis regularly occurs via the activation of



ECs in response to some specific stimuli (e.g., hypoxia) occurring during the wound healing
process to accelerate tissue reconstruction °. However, there is another story about unwanted
angiogenesis that occurs in many diseases and disorders, i.e., an imbalance between angiogenic
stimulators and inhibitors leads to triggering an angiogenic on-and-off switch. For instance, the
angiogenesis process is switched on in the case of malignancies and some inflammatory
disorders. On the contrary, insufficient angiogenesis is observed in other pathological conditions
such as ischaemic heart tissue, in which healing and regeneration are impaired as a result of
dysfunction of ECs, and vessel malformation or regression. To detect and evaluate angiogenesis
process, a series of in vitro (e.g., a cell scratch wound), ex vivo (aortic ring assay), and in vivo
(chick chorioallantoic membrane (CAM)) assays have been developed and applied that are
considered as relible ways towards the translation of results from the laboratory to the clinic 7.

An imbalance in angiogenesis is found in a series of diseases and disorders (e.g.,
retinopathy); however, this review paper mainly focuses on the importance of inhibiting
angiogenesis to fight cancer, and stimulation of angiogenesis in tissue engineering and wound

healing by using various types of nanoparticles, nanomaterials, and so on.

2. Angiogenesis mediators

The molecular mediators of angiogenesis consist of different growth factors and
cytokines (e.g., VEGF and FGF), matrix metalloproteinases (MMPs), and molecules involved in
intracellular signaling pathways (Rho GTPases) (see Fig. 2 and Table. 1) &. There are specific types
of receptors on the surface of cells (e.g., ECs) responding to angiogenic biomolecules; receptor

tyrosine kinases (RTKs) are among the largest and most well-known receptor families °. VEGF



receptors (VEGFR1-3), FGF receptors (FGFRs), PDGF receptors (PDGFRs), IGF receptors (IGFRs),
and the Tie receptors (Tiel and Tie2) are different classes of RTKs mediating angiogenesis
through the activation of relevant signaling pathways after receiving the appropriate signals. For
instance, the coupling the IGF to its receptor (IGFRs) triggers two distinct signaling pathways in

the cells, resulting improved angiogenesis in the hypoxia condition (see Fig. 3).
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Fig. 2 Schematic illustration of (A) pro-angiogenic mediators and pathways involved in the activation of ECs and (B)
the main clinical and preclinical factors involved in anti-angiogenic therapy 1.
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Angiogenesis inhibitors can be divided into two distinct classes, including those directly
targeting the microvascular ECs, and those indirectly targeting the pro-angiogenic
communication pathways between the cancer cells and ECs 2. A number of direct inhibitors
(e.g., angiostatin) have been identified and used to inhibit angiogenesis in cancer treatment. The
main action of these inhibitors is to prevent proliferation and migration of ECs stimulated by
angiogenesis inducers (e.g., VEGF) 2. An inhibitory effect on integrin receptors and subsequent
signaling pathways is another mechanism proposed for the action of direct angiogenic inhibitors

by which they prevent the proliferation of ECs 14
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Fig. 3 The binding the IGF, an angiogenic molecule, to IGF-1R receptor on the cell surface activates two
cell signaling pathways, leading to increased synthesis of HIF-1a by which the production of VEGF and thereby
improved angiogenesis occur in the hypoxia condition. With some modifications from ref 1°

The U.S. FDA has approved several angiogenesis inhibitors for the treatment of cancer
(see section 1.3). R. K. Jain reported that for both direct and indirect anti-angiogenic therapy,

the balance between pro-angiogenic and anti-angiogenic factors could be restored through the
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reduction of vessel permeability and hypoxia, and enhancement of the homogeneity of blood

flow and perivascular cell coverage ®.

Table. 1 Pro- and anti-angiogenic factors and receptors. With some modifications from Ref 2,

Category Molecules cognate receptor Effects”
Growth factors VEGF Tyrosine kinase receptors (VEGFR1, VEGFR2, and VEGFR3) PA
PDFG Tyrosine kinase receptors (PDGFRa and B) PA
FGF Tyrosine kinase receptors (FGFR1, FGFR2, FGFR3, and FGFR4) PA
EGF Tyrosine kinase receptors: EGFR (ErbB1, HER1), ErbB2 (HER2), PA
ErbB3 (HER3) and ErbB4 (HER4)
TGF Serine/threonine kinase receptors (type | and type Il) PA
TNF Tyrosine kinase receptors (TNFRI and TNFRII) PA
Angiopoetin Tyrosine kinase receptors (Tie-1 and Tie-2) PA
Cytokines IL-8 CXCR1 and CXCR2 and thereby VEGFR2 PA
CSF-1 CSFR1, CSFR 2, and CXCR4 PA
Bioactive lipids PGE2 EP1-4 receptors PA
Matrix-degrading enzymes MMPs Low-density LRP PA
Heparanases HBP PA
Small mediators NO Tyrosine kinase receptors (VEGFR1, VEGFR2) PA
Serotonin 5-HT1 and 5-HT2 PA
Histamine H1R and H2R PA
Chemotherapeutic agents Cyclophosphamide Induces EC apoptosis and decreases circulating EPC AA
Paclitaxel Microtubule AA
VEGF-targeted therapy Bevacizumab VEGF-A AA
VEGF-Trap VEGF-A, VEGF-B, and PIGF AA
Sunitinib VEGFR1-3, PDGFR-a, PDGFR-B, c-Kit, CSF-1R and Flt-3 AA
Sorafenib VEGFR1-3, PDGFR-B, Raf-1, B-Raf AA
Vatalanib VEGFR1-3, PDGFR-B and c-Kit AA
Axitinib VEGFRs, PDGFR-f, and c-Kit AA
SU6668 VEGFR2, FGFR1 and PDGF-$ AA
FGF-targeted therapy AZD4547 FGFR1-3 AA
Ponatinib FGFR1-4 AA
SSR FGFRs AA
Brivanib VEGFRs and FGFRs AA
Dovitinib FEGFRs, VEGFRs, and PDGFR AA
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Nintedanib VEGFRs, FGFRs, and PDGFR AA
Dasatinib Src and indirectly VEGF, IL-8 AA
Oncogene-targeted Tipifarnib MMP-1 AA
therapy/signaling NVP-AUY922 Hsp90 AA
')ELaer;Z(;I)L;ction—targeted Bortezomib NF-kB-dependent release of VEGF and IL-8 AA
Gossypol VEGF and IL-8 release AA
Dacinostat Histone deacetylase AA
Matrix degrading and DX-2400 MMP-14 AA
Eﬁ(r:rzS)jlling—targeted PI1-88 Heparanase AA
Thrombospondins CD36 and CD47 AA
Tumor-associated stromal JNJ-28312141 CSF-1R AA
cell-targeted therapy Zoledronic acid TAM-associated production of VEGF AA
Anti-BV8 antibody Neutrophils recruitment AA
CAMs-targeted therapy Cilengitide avB3 and avP5 integrins ligation to matrix proteins AA
Volociximab avB1 integrin interaction with fibronectin AA
ADH-1 N-cadherin AA
Inflammatory angiogenesis- Ibuprofen COX1/2 AA
targeted therapy Celecoxib COX-2 AA
Repertaxin CXCR1 and CXCR2 AA

*Note: PA and AA refer to pro-angiogenic and anti-aniogenic effect, respectively.

3. Angiogenesis as a promising target in medicine

Nowadays, controlling unwanted vessel outgrowth is considered as an important
therapeutic strategy in the medical setting. Accordingly, a large number of approaches have
been developed and approved to suppress aberrant angiogenesis '/ 8. The molecular
mechanisms (signaling pathways, mediators, and receptors) involved in the angiogenesis
process, including VEGF/VEGFR, PDGFB/PDGFR-B, and the angiopoietins (Angs) are often
considered potential targets * 2°. As an example, bevacizumab (Avastin®), a recombinant
humanized monoclonal antibody, targets the VEGF/VEGFR signaling pathway to suppress

angiogenesis in glioblastoma, and the clinical data have shown improvement in both
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21,,22

progression-free and overall survival of patients “'v¢. However, it should be noted that
development of resistance to anti-angiogenic therapies is common due to activation of
alternative pro-angiogenic signaling pathways 3%/, It should be mentioned that cancer cells,
which harbor many mutations, often activate compensatory signaling pathways in response to
inhibition of a particular pathway, thus rendering cancer cells therapy-resistant. Therefore, there
is a rationale for combination therapy (simultaneously targeting multiple pathways) in cancer
treatment in order to reduce drug resistance and cancer recurrence %% 2°. In brief, the main
antiangiogenic drugs developed to inhibit cancer progression in various types of malignancies
include monoclonal antibodies, small-molecule tyrosine kinase inhibitors (TKls), and non-TKI
small-molecule inhibitors (Table. 2).

The expression of many pro-angiogenic factors (including VEGF as a key factor) and their
cognate receptors is upregulated in the tumor microenvironment. Anti-angiogenic monoclonal
antibodies (mAbs) act by blocking the interaction between pro-angiogenic ligands and their
cognate receptors hindering the downstream signaling pathways promoting angiogenesis 3°.
Small-molecule tyrosine kinase inhibitors (TKls) as anti-angiogenic drugs act by blocking the ATP
binding site in a pro-angiogenic receptor and, hence, inhibiting phosphorylation of the tyrosine
residue of that receptor, which eventually hinders downstream pro-angiogenic signaling
pathways. Compared to anti-angiogenic mAbs, TKI usually targets not only the VEGF/VEGFR

pathway but also other pro-angiogenic pathways such as platelet-derived growth factor receptor

(PDGFR), mesenchymal epithelial transition factor receptor (c-MET) and TIE-2 3.

Table. 2 FDA-approved anti-angiogenic drugs used to treat different cancers.
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Re

Classification Drug name Chemical formulation Mechanism of action Clinical usage f
(s)
Bevacizumab (Avastin®, C6538H10034N171602033S44, | - Hinders the interaction between VEGF-A and VEGFR2 | A variety of cancers including CRC, BC, 32,
Genentech) Mw = 149 kDa via targeting VEGF-A GBM, NSCLC, RCC, and EOC 3
Ramucirumab (Cyramza®, - Hinders the interaction between VEGFR2 ligands (i.e., 3
ImClone Systems (6374H9864N169201396546, VEGF-A, VEGF-C, and VEGF-D) and VEGFR?2 via GAC, GEJAC and NSCLC 35
Mw = 143.6 kDa )
Incorporated) targeting VEGFR2
Monoclonal Aflibercept (Zaltrap® - Suppresses angiogenesis via hindering the interaction
Antibodies Re eneropn P C4318H6788N116401304S32, | between VEGF isoforms, mainly VEGF-A, VEGF-B, and Metastatic CRC and age-related macular 36,
& . Mw = 115 kDa PIGF, and their cognate receptors VEGFR-1 and VEGFR- | degeneration 37
pharmaceuticals) )
- Acts against the external domain of human PDGFR-q,
Olaratumab (Lartruvo®, Eli | C6554H10076N173602048540, | blocking its ligand binding hindering activation of TS 38,
Lilly) Mw = 154 kDa downstream signaling molecules protein kinase B (Akt) 39
and MAPK
C22H18N40S
. o D ) kiR ) . ) 40
Axitinib (Inlyta®, Pfizer) Mw = 386.47 Da Inhibits the VEGFR-1, VEGFR-2, VEGFR-3 RCC
- - A multi-kinase TKI of various receptors including
Cabozantinib C28H24FN305
! VEGFR-1, -2 -3, KIT, FLT-3, AXL, RET, MET TIE- R MT 4
(Cabometyx®, Exelixis) Mw =501.514 Da 5 G ,~2and -3, KIT, 3 ’ ’ »and CCand MTC
-A [ti-ki inhibi f VEGFR 1, -2 -
Lenvatinib (Lenvima®, C21H19CIN404, ) multi-kinase inhibitor of VEG ;-2 and -3, Radioiodine refractory differentiated TC, 2
Eisai) Muw = 426.86 Da fibroblast growth factor receptor FGFR 1, -2 and -3, advanced RCC. and HCC
STa”'l - PDGFRa, KIT, and RET ’
molecule . : ®
tyrosine kinase EQE:?;@E fr?gfirh(;im C31H33N504, - A multi-kinase inibitor of VEGFR 1, -2 and -3, FGFR 1, | 43
Mw = .6248 D -2 -3, PDGFR FLT
inhibitors Pharmaceuticals) w =539.6248 Da and -3, G O./B, and 3
Pazopanib (Votrient®, C21H23N702S, - A multi-kinase inhibitor of several kinases including Advanced RCC and advanced soft tissue “

GlaxoSmithKline)

Mw =437.518 Da

VEGFR 1, -2 and -3, FGFR 1, -2 and -3, PDGFRa/B, and
KIT

sarcoma

Ponatinib (Iclusig®, Ariad
Pharmaceuticals)

C29H27F3N60,
Mw =532.5595 Da

- A multi-kinase inhibitor of several kinases mainly BCR-
ABL, BCR-ABL T315I, VEGFR2, PDGFRa, FGFR1, -2 and -
3, ephrin receptor EPHR, SRC family kinases, KIT, RET,
TIE2, and FLT3

CML or Ph+ALL resistant to previous TKI
therapies. The drug is also effective for
CML or Ph+ ALL patients with positive
T315I mutation

45,
46

15




Regorafenib (Stivarga®,
Bayer)

C21H15CIF4AN403,
Mw = 482.815 Da

- A multi-kinase inhibitor of several kinases including
VEGFR 1, -2 and -3, FGFR 1, -2, PDGFRa/B, RET, KIT,
TIE2, Eph2A, BCR-ABL, B-RAF, and B-RAF V600E

Metastatic CRC, locally advanced,
unresectable or metastatic GIST previously
treated with imatinib or sunitinib, and HCC

47

Sorafenib (Nexavar®,
Bayer)

C21H16CIF3N403,
Mw = 464.825 Da

- A multi-kinase inhibitor of several kinases including
BRAF, BRAF V600E, KIT, FLT-3, VEGFR-2, -3, and PDGFR-
R

- Targets the Raf/Mek/Erk pathway inhibiting
downstream signaling pathways leading to cancer
hallmarks such as cell proliferation, apoptosis evasion,
angiogenesis, invasion, and metastasis

Unresectable HCC, advanced RCC and
differentiated TC refractory to radioactive
iodine

48

Sunitinib (Sutent®, Pfizer)

C22H27FN4O2,
Mw = 398.4738 Da

A multi-kinase inhibitor of several kinases including
VEGFR 1, -2 and -3, PDGFRa/B, KIT, FLT3, colony
stimulating factor receptor Type 1(CSF-1R), and RET

Advanced RCC, GIST resistant to imatinib
and NETs

49

Vandetanib (Caprelsa®,
Genzyme Corporation)

C22H24BrFN402,
Mw =475.354 Da

- Multi-kinase inhibitor of several kinases mainly EGFR,
VEGFR2, and RET

Locally advanced or metastatic MTC

50

Non-TKI small-
molecule
inhibitors

Thalidomide
(Thalidomide®, Celgene)

C13H10N204,
Mw =258.2295 Da

- Inhibition of the production of TNF-a and VEGF

Multiple myeloma (MM)

51

. . e

EZTga::;mlde (Revlimid®, ’\3\1552';3223’6 - Inhibiting the expression of COX-2 MM, MDS and MCL, FL, and MZL 52
- An inhibitor of mTOR

Temsirolimus (Torisel®, C56H87NO16, - Inhibition of MTOR suppresses angiogenesis by

Wyeth Pharmaceuticals)

Mw = 1030.2871 Da

reducing levels of the hypoxia-inducible factors HIF-1
and HIF-2, and the VEGF

RCC

53

Everolimus (Afinitor®,
Novartis)

C53H83N014,
Mw = 958.24 Da

An inhibitor of mTOR. Inhibition of mTOR suppresses
angiogenesis by reducing levels of the HIF-1 and HIF-2,
and the VEGF

Some malignancies mainly RCC, advanced
HR+ (hormone receptor), HER2- BC;
progressive neuroendocrine tumors of
pancreatic, gastrointestinal or lung origin

54
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4. The pivotal role of chemistry towards the angiogenic design of nanomaterials

Nowadays, the design and development of nanotechnology-based therapies by using
organic and inorganic materials form a substantial part of the modern medicine; indeed,
chemistry plays a central role in this sense °>. There are huge numbers of commercially available
nanotechnology-based products (e.g., nanopharmaceuticals) on the market, which are used in a
broad range of applications including cancer therapy °°. Still, more research is needed to
progress towards novel and more efficient nanomaterials/nano-systems-based cancer therapies,
which will be key to overcome the limitations of current treatments (e.g., drug resistance).
Therefore, it is an undeniable evidence that the medicinal chemistry will play a critical role in
imaginable achievments in the near future >’.

The pro- and anti-angiogenic potential of nanomaterials could be straightforwardly
controlled by chimestry rules, from simple adjustments in the synthesis and structural
manipulation to complicated surface modifications, self-assembly, processing and integration to
make smart materials in the concept of advanced healthcare materials. As an illustration, making
mesoporous bioactive glass (MBG) nanoparticles with the ability to carry biomolecules (e.g., pro-
or anti-angiogenic agents) is simply applicable via a wet-chemical technique, i.e. the sol-gel
process >80 Targeted cancer therapy is of utmost importance to reduce side effects of
chemotherapy as well as to improve the clinical outcomes. Targeting angiogenesis via nano-
structured materials is one of the most interesting issues in cancer therapy " ®2. Chemical
coupling of various biomolecules including antibodies, peptides (e.g. RGD), and peptidomimetics
to nanomaterials has provided the opportunity to target vascular integrins (e.g., owfs integrin)

and subsequent targeted cancer therapy %3-%¢.
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It is also worth pointing out that some nano(materials) are able to elicit an inherent pro- or anti-
angiogenic effect associated to the release of therapeutic ions. In this regard, materials
composition and chemistry strongly govern the biological response. However, there are some
critical factors that limit the progress in the field of angiogenesis modulation utilizing ions.
Essentially, this is because (i) ions can easily diffuse to other non-target cells or tissues and
stimulate unwanted responses, and (ii) the biochemical/biomolecular effects elicited by such
ions may be partly unpredictable. Hence, at least a couple of key questions in “ionic research”
need to be addressed before clinical translation, namely: How can the non-specific side effects of
ion-based therapeutics be minimized? What is the signaling cascade of these ions on
angiogenesis? We cannot ignore that our current biochemical/biomolecular knowledge is still
incomplete and unable to provide an exhaustive response to these questions; the goal of this
review is to draw a structured picture of the relevant state-of-the-art, on which researchers can

further build new knowledge and plan experiments to bridge the gaps.

5. Nanotechnology meets angiogenesis

Loading and delivery of various natural and synthetic pro-angiogenic or anti-angiogenic
substances by using nanostructured vehicles is recognized as one of the most promising
approaches in medicine 7% There is strong evidence for the utility of nano-sized delivery
systems for therapeutic drugs, since they can overcome the limited tissue diffusion of drugs,
protect them in the blood circulation, and lower the risk of systemic toxicity. In other words,
targeted therapy using nano-scale vehicles helps drug-loaded nanostructures more easily reach

the desired sites in the body (cells, tissues, and organs) and the drug release profile occurs in a

18



more controlled manner 7°. In addition, it has been well-documented that organic and inorganic
nanoparticles can display pro-angiogenic and anti-angiogenic characteristics depending on their
nano-sized design (see Fig. 4) 7' 72. In the following sections we introduce and discuss the types
of nano-sized particles (organic and inorganic), as well as nanotechnology-based systems that

have been designed and developed for pro- and anti-angiogenic applications.
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Fig. 4 Different types of NPs that have been used as therapeutics for anti-angiogenesis and vessel regression. From ref 72,

6. Polymeric nanoparticles as carriers for the delivery of anti-angiogenic biomolecules

The most commonly-reported natural and synthetic materials for constructing nanoparticle

carriers are polymers, liposomes, micelles, and inorganic nanoparticles 3. The use of polymers in
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drug delivery strategies (DDSs) has been proved to be a successful approach; some of them have
been on the market since the early 1990s ’4. However, polymeric nanoparticles used as drug
delivery vehicles are considered to be newer members of DDSs, bringing new hope in medicine
thanks to their properties, such as higher bioavailability, low toxicity, and controllable drug
release kinetics 7> 7. Although polymeric nanoparticles have been used in the treatment of some
diseases (e.g., arthritis, multiple sclerosis), the main focus is still on cancer therapy 7’. In this
sense, numerous nano-sized polymers have been used to load and deliver anti-angiogenic
chemicals and drugs, in the fight against various cancers (see Table. 3) 72. Among them, PEG, PLA,
PCL, PLGA, chitosan, heparin, gelatin, and albumin have extensively being using for therapeutic

angiogenesis, either in bare or modified form.

PEG is a non-ionic water-soluble polymer, which has been extensively used in drug
delivery applications due to its biocompatibility. More than 35 FDA-approved nanoparticles
incorporating PEG are presently on the market, designed for both imaging and therapeutic
purposes 8. There are some experimental studies in which PEG has been used in combination
with other biocompatible polymers for targeted delivery of angiogenic substances 7 &,

PLA is an FDA and EMA-approved material thanks to its excellent properties such as
biocompatibility, biodegradability and lack of any toxic by-products. Several FDA-approved DDSs
based on PLA or PGA/PLA copolymers are available on the market, used in nanoparticle or
microparticle formulations for the treatment of different cancers 8. The use of nano-sized PLA
particles has achieved much attention in drug delivery applications 8%; one of the first reports on
the use of this nano-sized particles in an anti-angiogenic strategy was published by Burt et al. in

1995 2. The use of nanoparticles containing co-polymers made of PCL and other biocompatible

20



polymers (e.g., PEG) is suggested to improve anti-angiogenic efficacy and thereby anti-cancer
potential in vivo compared to PLA 8 8 In contrast, it has been reported that electrospun PLA
nanofibers could increase the proliferation of ECs in vitro . Moreover, surface functionalization
of PLA has been proposed as an approach to increase its pro-angiogenic properties;
polyethylenelmine (PEI) and polyacrylic acid (PAC)-coated electrospun PLA nanofibers
significantly promoted angiogenesis both in vitro and in vivo %. PLA may be a suitable platform
for delivery of a range of pro-angiogenic molecules, such as VEGF &,

As an FDA-approved substance, PCL in different formulations has received much
attention in controlled drug delivery and tissue engineering applications 8 8°. For example, Niza
et al. prepared micro- and nano-sized vehicles based on PCL for doxorubicin delivery to
glioblastoma °°. However, some limitations have restricted the use of PCL in biomedicine, as
compared to PLGA, such as its slow biodegradability °. There are few studies in the literature in
which PCL was used for pro- and anti-angiogenic applications °* °3; Jiang et al. could successfully
prepare PCL nanofibers containing VEGF-encapsulated gelatin particles to enhance MSCs
differentiation and angiogenesis of ECs *.

PLGA is another FDA-approved pharmaceutical product, extensively used as a DDS in
imaging, diagnostics, and therapy due to its favorable properties, such as biocompatibility, as
well as controlled and sustained release of drugs ®* In several studies, researchers have
demonstrated the applicability of PLGA nanoparticles (pristine, chemically modified, or hybrids)
to load and deliver anti-angiogenic molecules 8 7. A tumor-vessel-recognizing and tumor-
penetrating system was developed based on iINGR-modified PEG-PLGA nanoparticles for treating

glioma in mice °%. The modified nanoparticles could penetrate into the tumor parenchyma and
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showed good cellular uptake in HUVECs, resulting in enhanced anti-proliferative and anti-
capillary tube formation activities of paclitaxel in vitro. Moreover, the results showed improved
anti-angiogenic acticity of the drug-loaded nano-carriers. It is worth noting that several research
groups have used PLGA nanoparticles to load pro-angiogenic biomolecules (e.g., aptamers) and
other chemicals to improve angiogenesis and subsequently accelerate tissue healing #9101,

As an FDA-approved product, chitosan in micro- and nano-sized formulations is
commonly used in a broad range of biomedical applications, from wound healing to drug
delivery 192 193 The biological activities of chitosan can be summarized as antimicrobial, anti-
oxidant, and anti-cancer 1941 Furthermore, it has been reported that chitosan nanoparticles
can inhibit angiogenesis in a dose- and time-dependent manner in cancer models in vivo 197, The
suppression of VEGFR-2 and subsequent blockage of VEGF is proposed to explain the anti-
angiogenic activity of chitosan nanoparticles. Anti-angiogenic activity was also observed in the
case of depolymerized chitosan products, i.e., water-soluble low-molecular-weight chitosan
(LMWC) and chito-oligosaccharides (COs) 08 109 Furthermore, it should be stated that chitosan
has also been used as a drug delivery system in pro- and anti-aniogenic applications 19112,

Heparin is a natural water-soluble polysaccharide with a high negative surface charge
used for a broad range of applications, from the treatment of thromboembolism to anti-cancer
strategies. Although heparin exhibits anticancer effects by inhibition of angiogenesis '3, the side
effects of thrombocytopenia and heart arrhythmias restrict its long-term administration in
humans 14116 Chemical modification using deoxycholate or lithocholate could reduce the

anticoagulant activity of heparin, encouraging its broader use as an anti-tumor drug carrier. The
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use of nano-sized heparin as a conjugate carrier for delivery of a wide range of pro-angiogenic
and anti-angiogenic substances has also been proposed 117126,

Gelatin is extensively used in biomedical products due to its versatile characteristics,
including biocompatibility, biodegradability, non-antigenicity, cost-effectiveness, and easy
availability 7. A number of experimental studies showed the utility of cationic gelatin in drug
delivery strategies, either as pristine or surface-modified forms %8, However, the use of nano-
sized gelatin in the development of DDSs has been encouraged by several surface modifications
to improve the targeted and sustained release of therapeutic genes, drugs, and chemicals 129133,
The study published by Kommareddy and Amiji is one of the first reports using gelatin
nanoparticles as an antiangiogenic strategy '3*. They used gelatin, thiolated gelatin (SHGel), and
PEG-modified gelatin (PEG-Gel) nanoparticles to encapsulate and deliver plasmid DNA encoding
the VEGF receptor-1 (VEGFR1 or sFlt-1) in order to entrap excess VEGF produced by tumor cells
and thereby reduce the angiogenesis process. On the other hand, gelatin nanoparticles have
been used in pro-angiogenic strategies; such as, the sustained release of pro-angiogenic factors
(e.g., VEGF and bFGF) loaded into gelatin-based nanoparticles to improve neo-vascularization 13>
136.

Albumin is one of the most important components of human blood with a half-life of 19
days on average, which is extensively used in various biomedical applications such as drug
delivery 137.In order to improve the inherent properties of albumin, nano-sized albumin systems
can be prepared via different procedures including desolvation (coacervation), emulsification,
thermal gelation, nano spray drying, and self-assembly 38144 The FDA approved a nanoparticle

formulation (130-nm) of albumin-bound paclitaxel called ABI-007 (Abraxane®; Abraxis BioScience
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and AstraZeneca), which is used to treat cancers such as breast, non-small-cell lung carcinoma
(NSCLC), and pancreatic cancer 4> 6 Albumin nanoparticles (either in pristine or modified
forms) have been studied as anti-angiogenic strategies for treating various types of solid tumors
in experimental models #/-1°0. |n addition, albumin could be applied as a suitable platform to

deliver anti-angiogenic cargos to tumoric sites 1>,
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7. Regulation of angiogenesis by chemicals and drugs

7.1 Herbs and Phytochemicals

The use of plant-derived chemicals and drugs for pro-angiogenic and anti-angiogenic
strategies has a long history, especially in traditional Chinese medicine. With the emergence of
modern technology, chemical optimization of these compounds has led to a substantial
improvement in their effectiveness to modulate angiogenesis % 3. These natural products
affect the angiogenesis process via distinct molecular pathways (Fig. 5) . In the following
sections, we introduce and discuss the pro- and anti-angiogenic activities of the most commonly-
used plant-derived components, and then show their effectiveness when used in nano-sized

format, including nano-carriers.
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7.2 Curcumin

Curcumin is the principal polyphenolic compound present in turmeric, and is among the
most studied organic compounds in biomedical applications. There are conflicting data regarding
the potential of curcumin in the new vessel formation; however, most reports seem to suggest
the anti-angiogenic activity of this biomolecule. The anti-angiogenic properties of curcumin
result from its interaction with multiple cell signaling proteins and pathways 4. As an
illustration, curcumin shows inhibitory effects on the expression or synthesis of some of the
most important proteins involved in angiogenesis in solid tumors, including HIF-1 a, VEGF, CD31,
and bFGF > 158 The inhibitory effects of curcumin on angiogenesis is also related to its activity
against cell signal transduction pathways involving PKC and the transcription factors NF-kB and
AP-1. Furthermore, curcumin could affect proteinases (MMP and uPA families), which are
involved in the angiogenesis process. Some studies showed that curcumin can act as a blocker of
cell adhesion molecules that are upregulated in active angiogenesis /. The use of nano-
formulated curcumin shows promise for overcoming some limitations of curcumin such as its
low aqueous solubility, rapid systemic clearance, and low cellular uptake. Although the
preparation of curcumin nanoparticles has been previously reported by a process based on a
wet-milling technique '°8, most research has been focused on using different nanocarriers (e.g.,
liposome/lipid nanoparticles, micelles, polymer conjugates, etc.) to efficiently encapsulate and
then deliver curcumin to target sites *°. In the cancer therapy setting, various nano-formulations
of curcumin, including micelles and liposomes, have exhibited a significant improvement in anti-
angiogenic efficacy 10-163: Mukerajee et al. introduced targeted nanocurcumin therapy as an

effective approach in inhibiting neovascularization 4. The anti-angiogenic and subsequent anti-
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cancer effects of liposomal curcumin have also been evaluated in vitro and in vivo against human

pancreatic cancer 1©°

. Intraperitoneal injection of 20 mg/kg liposome-encapsulated curcumin
into tumor-bearing mice (three times a week for one month) could reduce tumor growth up to
42% in comparison to untreated animals. The histological and immunohistological assessment
showed a significant decrease in the formation of blood vessels, as well as expression of VEGF in
animals treated with liposomal curcumin.

7.3 Icariin

Icariin is a prenylated flavonol glycoside and one of the main bioactive components of
Epimedium (family Berberidaceae), which is used in a broad range of medical applications,
including cancer therapy 1. Icaritin is another bioactive chemical found in the ethyl acetate
fraction of Epimedii extract. There are several studies in the literature revealing anti-cancer
activities mediated by these organic compounds, including apoptosis, cell cycle arrest, anti-
angiogenesis and anti-metastasis, as well as immunomodulation . It has been proposed that
their anti-angiogenic effects could be mediated via inhibition of the ERK signaling pathway 7.
Icariin and icaritin have inhibitory effects on the proliferation, migration, and tube formation of
human umbilical vein endothelial cells ' and could attenuate angiogenesis in a chick embryo
model in a dose-dependent manner 1% 170 |n vivo experiments have also shown that both icariin
and icaritin exhibit anti-angiogeneic effects in xenograft models of tumors, including
hepatocellular and renal carcinoma /% 72, The inhibition of the VEGF signaling pathway via
reduction of the transcriptional activity of HIF-1a was reported to explain the anti-angiogenic

effects of icariin and icaritin in vitro and in vivo 173. On the contrary, there are a few studies

claiming that icariin can stimulate angiogenesis by activating relevant signaling pathways /4 17>,
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For example, Chung et al. reported icariin at a concentration of 5 uM could activate the MEK/ERK
and PI3K/Akt/eNOS-dependent signaling pathways in human endothelial cells; however, it did
not affect VEGF signaling pathway. The authors showed that this pro-angiogenic concentration
(5 uM) was comparable to that of 10 ng/ml VEGF. The results of an ex vivo experiments on rat
aortic rings showed that 5 uM icariin increased vessel sprouting at the cut edge, three times
more than controls. Other research groups also reported that icariin (at concentrations of 7.5, 15
and 30 uM) via activating eNOS increased the number of sprouting tubules in endothelial
progenitor cells (EPCs) 176, Although icariin has been used in both pro- and anti-angiogenic
strategies, there are few experimental studies concerning the use of its nanoformulation 177179,

7.4 Resveratrol

Resveratrol (3,5,4'-trihydroxystilbene) is a non-flavonoid polyphenolic compound found
in a number of plants, including grapes, peanut roots, and the heartwood of mulberry trees 8%
181 This compound has been shown to be a cancer chemopreventive agent, as it could inhibit
angiogenesis in various tumors 18284 |t has been previously well-documented that systemic
delivery of resveratrol at concentrations of 2.5-100 mg/kg inhibits tumor-induced
neovascularization in animal models . However, in vitro studies showed that the anti-
angiogenic activity of resveratrol was dose-dependent, so that it could completely inhibit tube
formation and cell migration of HUVECs at concentrations of 50, 100 and 500 uM, while it
showed pro-angiogenic activity at lower concentrations (e.g., 5 uM) . The molecular
mechanisms involved in the pro- and anti-angiogenic activities of resveratrol have explored in
several experimental studies. These include altering endothelial morphology and subsequently

causing cytoskeletal rearrangements in both B-catenin and VE-cadherin; activating PI3-K/Akt and
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MAPK/ERK signaling pathways followed by upregulation of endothelial NOS and increased levels
of NO, leading to over-expression of VEGF and MMPs 87. On the other hand, resveratrol at high
doses can bind to VEGF thus interfering with its binding to VEGF receptors, resulting in a
decrease in VEGF receptor-2 phosphorylation and JINK phosphorylation as well as inhibiting the
VEGF-mediated phosphorylations of eNOS, Akt and Erk 8% 18  [jke other anti-angiogenic
substances, targeted delivery of resveratrol to tumor sites could be conducted using a variety of
nano-based DDSs, including solid lipid nanoparticles (Fig. 6) *°% 1. For example, Pund et al.
successfully used a lipid-based nanoemulsion delivery system of resveratrol, and showed its
good anti-angiogenic activity in vivo using a CAM assay 2. The nanoemulsification included
Acrysol K 150 as a lipid and a mixture of Labrasol and Transcutol HP as a surfactant system to
form emulsion particles with a size of 85 nm to 120 nm. A few studies have explored resveratrol
nanoparticles; Kim et al. reported the successful preparation of trans-resveratrol (t-RVT) in
nanoparticles via temperature-controlled anti-solvent precipitation with hydroxypropyl

methylcellulose as the stabilizer 193
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Reproduced with permission from ref 1°°.

7.5  Paclitaxel

Paclitaxel (Taxol®) is a naturally occurring diterpene alkaloid, which was firstly isolated
from the bark of Pacific Yew, Taxus brevifolia Nutt. (Taxaceae) in the 1960s, and since then has
been commonly used clinically as first-line chemotherapy for many different cancers (e.g., lung
and breast) 1°*. As a member of the taxane family, paclitaxel binds to the beta-subunit of
polymerized tubulin in the cytoskelton and prevents the dissociation of the tubulin subunits from

the tubule, leading to the formation of microtubule bundles, and subsequent cell cycle arrest
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inhibiting mitosis °> 1% The first reports on the anti-angiogenic activity of paclitaxel were
published by Dordunoo et al. in 1995 97 and Belotti et al. in 1996 '8 Paclitaxel can inhibit
angiogenesis at a broad dose range, from ultra-low to high concentrations. For instance, Wang et
al. reported that paclitaxel inhibited the proliferation of human ECs at ultra-low concentrations
of 0.1-100 pM, with an ICsp (the half maximal inhibitory concentration) of 0.1 pM *°. The anti-
angiogenic activity of paclitaxel at low concentrations was also observed using in vivo models of
neovascularization (CAM model), in which paclitaxel inhibited angiogenesis at doses of 4, 8, and
12 nM 2% Several studies (in vitro, ex vivo, and in vivo) showed that paclitaxel hinders
proliferation, motility, and migration of ECs by interfering with a series of molecular cellular
signaling pathways involved in angiogenesis (Fig. 7) 2°*. Two of the most important and well-
defined target proteins of paclitaxel are VEGF and FGF-2 in HUVECs, as reported by several
studies 202 203, Moreover, paclitaxel can down-regulate the expression of Ang-1, a potent pro-
vasculogenic and angiogenic factor, in vitro *°*. The induced expression of TSP-1, a potent
endogenous inhibitor of angiogenesis, is another route by which paclitaxel could elicit its anti-

angiogenic activity 2%°.
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Fig. 7 Different molecular and cellular mechanisms of the antiangiogenic activity of paclitaxel. Reproduced with
permission from ref 21,

Nano-based systems designed for paclitaxel delivery have shown an enhanced
transvascular permeability and increased accumulation in tumors causing increased cancer cell
death 2°°. Moreover, the use of nano-based DDSs could also be effective in the treatment of
multidrug-resistant cancers 2%, Up to date, several carrier systems have been developed and

tested, including liposomes, solid lipid nanoparticles, lipid nanocapsules, and nano-emulsions 2%7.
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Banerjee et al. prepared Tyr-3-octreotide (TOC)-modified solid lipid nanoparticles (SLN)
containing paclitaxel to improve anti-cancer efficacy via the inhibition of angiogenesis in
glioblastoma-bearing rats 2%, The anti-angiogenic potential of this system was confirmed via
analysis of tube formation and CD31 staining, and its anti-glioma efficacy was proven by
histopathological assessment of the treated animals. Furthermore, the use of pure paclitaxel
nanoparticles for treating cancer has also been reported. As one illustration, Wu et al. prepared
pure paclitaxel nanoparticles using an electrostatic spraying method and showed their anti-

cancer effect on human liver cancer SMMC-7721 cells 299,

7.6 Camptothecin

20-(S)-Camptothecin (CPT) is a natural pentacyclic alkaloid first isolated by Wall et al.
from the bark of the Chinese tree Camptotheca acuminata %°. This compound is a
topoisomerase-l (Top1) inhibitor with the ability to inhibit DNA replication, thus subsequently
killing tumor cells as well as inhibiting EC proliferation 2!, Over the years, medicinal chemists
have succeeded in synthesizing several CPT derivatives, including topotecan (TPT, 3), irinotecan
(CPT-11, 4), and belotecan (CKD-602, 5) which have received FDA-approval for various cancers
such as ovarian and small-cell lung cancer %'2. Furthermore, a series of water-soluble and non-
water-soluble analogs are being tested in preclinical and clinical trials 21327, One of the first
reports on the anti-angiogenic activity of CPT was published by Clements et al. 2*8. They aimed to
determine the inhibitory effects of sub-cytotoxic doses of CPT and TPT on angiogenesis both in
vitro and in vivo, in comparison to other anti-angiogenic compounds (i.e., TNP-470 and cisplatin).

Their results showed that treatment with 50 nM CPT or TPT led to growth inhibition in HUVECs

34



without any cytotoxicity. Furthermore, CPT or TPT effectively inhibited angiogenes in an in vivo
disc model comparable to TNP-470. Similar results have been reported in other experimental
studies, clarifying the anti-angiogenic potential of CPT at various doses and formulations against
different cancers 219221, The use of nanotechnology for targeted delivery of CPT is a promising
approach to overcome its limitations (e.g., low bioavailability and poor water solubility);
therefore, various CPT-based nanodrug platforms (e.g., liposomes and nanosponges) have been
tested in cancer therapy. It is worth mentioning that, although nano-structured delivery systems
developed for CPT have been extensively studied, their widespread use is limited due to the side
effects of the nanomaterials used. Therefore, the application of CPT nanodrugs prepared by self-

222 From an

assembled drug molecules is preferred to delivery systems based on nanocarriers
anti-angiogenic point of view, targeted delivery of CPT can be achieved by nano-structured
platforms; Gigliotti et al. used CPT-containing nanosponges to enhance the cytotoxic effect
against anaplastic thyroid cancer cells in vitro, and suppress angiogenesis in orthotopic xenograft
tumors in vivo 2?3. CRLX101 is a nanoparticle preparation containing a cyclodextrin-based
polymer and camptothecin, and is in phase Il clinical trials for treating metastatic castration-
resistant prostate cancer and small cell lung cancer. Preclinical studies have revealed that this

nanoformulation could improve cancer (e.g., gastric and breast) chemoradiotherapy via

inhibiting DNA repair (apoptosis) and HIF1a (anti-angiogenesis) 224227,

7.7 Combretastatin
Combretastatin A-4 (CA4) is a dihydrostilbenoid used as a chemotherapy drug for the

treatment of a variety of solid tumors, such as ovarian, and colon cancer 2%% 22°. This compound
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is extracted from the bark of the South African bush willow tree, i.e., Combretum caffrum 23,
CA4 exerts its anti-cancer activity via inhibiting polymerization of tubulin via attachment to the
colchicine-binding site of the B-tubulin subunit in mammalian cells 23% 232 231, 232 |t has been
shown that CA4 exhibits cytotoxicity (doses below 4 nM) against bladder cancer cells through
inducing G2-M phase arrest with sub-G1 formation 233. CA4 can induce apoptosis in cancer cells
by activating caspase-3 and decreasing BubR1/Bub3 233. CA4 could cause the disruption of
tubular organization inside HUVECs followed by inhibition of the branching outgrowth 234,
Therefore, the CA4 acts as a vascular disrupting agent, which is considered to be a new class of
anti-angiogenic drugs. Recent studies have demonstrated that the anti-angiogenic activity of CA4
could suppress microvessel formation at a dose of 5 nM and completely block microvessel
sprouting at a dose of 20 nM in the aortic ring model embedded in Matrigel 23>. The attenuation
of the VEGF/VEGFR-2 signaling pathway is considered to explain the anti-angiogenic activity of
CA4 23> Ren et al. had previously proposed the Raf-MEK-ERK and Rho/Rho-kinase signaling
pathways for the anti-angiogenic activity of CA4 23%. Poor water-solubility, low bioavailability,
and rapid metabolism are the main limitations that could be overcome by nano-formulations of
CA4. Up to now, a series of nano-based systems (nanoliposomes and oil nanodroplets) have
been developed to enhance the bioavailability of CA4 237 238 Co-delivery of CA4 with other
chemotherapy agents (e.g., DOX) using iRGD-grafted mesoporous silica nanoparticles was
studied to destroy and kill tumor cells and vasculature 23°. Recently, Wang et al. tested co-
administration of CA4 nanoparticles and sorafenib to treat hepatocellular carcinoma %%°. The
authors developed nanoparticles of poly(L-glutamic acid)-graft-methoxy poly(ethylene

glycol)/CA4 sodium salt (CA4-NPs) combined with sorafenib. The rationale was that the CA4-NPs
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could disrupt established tumor blood vessels and result in extensive tumor necrosis, while
sorafenib could reduce VEGF-A-induced angiogenesis (induced by CA4-NP) and lead to the
inhibition of tumor proliferation (see Fig. 8). The results showed that the combination therapy
with sorafenib 30 mg/kg + CA4-NPs 30 mg/kg (on the CA4 basis) could lead to a significant tumor
suppression (over 90%) in an orthotopic hepatic H22 xenograft mouse model; and 5 out of 7

mice receiving the combination therapy survived tumor-free for 96 days.
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Fig. 8 Schematic representation of the combined mechanism of CA4-NPs and sorafenib to treat hepatocellular
carcinoma (HCC). As shown, although the disruption of established tumor blood vessels and extensive tumor
necrosis are achieved by systemic administration of CA4-NPs, the overexpression of VEGF-A and thereby
angiogenesis occurs in response to hypoxia. On the other hand, sorafenib can decrease the expression of VEGF-A
and hence subsequently inhibit angiogenesis and tumor proliferation. This strategy could be considered as a
potential approach to completely eradicate the whole tumor. Reproduced with permission from ref 24,
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8. Lipid-based nanosystems

Liposomes, solid-lipid nanoparticles (SLNs), self-emulsifying drug delivery systems
(SEDDSs), and micelles are the major types of lipid nanoparticles with the ability to load and
deliver various chemicals, drugs, and genes used in cancer diagnosis and therapy ?**. They exhibit
some attractive properties as DDS, such as biocompatibility, biodegradability, capacity to self-
assemble, as well as the ability to entrap both hydrophobic and hydrophilic drugs ?#?. In addition,
it is easy to tailor their size, functionality, and surface charge via simple approaches 243 244,
Liposomes are FDA-approved self-assembled phospholipid vesicles composed of lipid bilayers
surrounding an aqueous core, and they can be produced in a size range of 30 nm to 3000 nm 2.
The loading of bioactive substances with various chemical structures into liposomes can include:
(1) hydrophilic drugs in the aqueous core; (2) lipophilic drugs inside the lipid bilayer; and (3)
amphiphilic drugs partitioned at the surface of the inner or outer bilayer 24¢ 247 Active targeting
using liposomes is achievable using surface modification with target-specific ligands or
antibodies %%, In addition, stimuli-responsive liposomal DDSs are under investigation.
ThermoDox is a temperature-responsive nano-liposome used for un-resectable hepatocellular
carcinoma in Phase IlI clinical trials 24°. Doxil®, the first FDA-approved nano-drug, is a liposomal
doxorubicin formulation used for the treatment of various cancers, like Kaposi’s sarcoma 2°°.
Moreover, there are additional FDA-approved liposomal drug formulations for cancer therapy on
the market, including Myocet™, Lipo-dox®, DaunoXome®, and Margibo® 2°1-%>*. With respect to
anti-angiogenic applications, several research groups have shown the ability of liposomes. For
example, Pont et al. showed the effectiveness of Fumagillin (an anti-angiogenic drug)-loaded

liposomal nanoparticles to treat early atherosclerotic lesions in mice 2°°.
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SLNs were firstly introduced in 1991 with the goal to create a carrier system as an
alternative to traditional colloidal carriers (e.g., emulsions and liposomes) 2922, However, there
are some limitations to use of the SLNs as DDSs, including their rapid clearance, serum instability,

as well as nonspecific uptake by the mononuclear phagocytic system 2°8

. In this regard,
functionalizing the SLNs using a variety of bioactive molecules, including ligands and antibodies,
has been suggested to improve their potential in targeted drug delivery 2>°261. Recently, Bayén-
Cordero et al. reviewed the application of SLNs in anti-cancer drug delivery, with the advantages
of biocompatibility, high bioavailability of encapsulated drugs, possible loading of many
hydrophilic and lipophilic molecules, and relatively easy large-scale production 262. The use of
SLNs for the loading and delivery of anti-angiogenic agents has been confirmed by several
research groups. As one example, VEGF antisense oligonucleotides were successfully loaded into
SLNs, and tested in vitro and in vivo rat glioma models showing down-regulation of VEGF
expression levels 263,

SEDDSs are multi-component systems composed of an oil phase, surfactants, co-
surfactants, emulsifying agents, and co-solvents %4, Based on their size, two types of these
systems are self-nano-emulsifying agents (SNEDDS) and self-micro-emulsifying agents (SMEDDS)
(Fig. 9) 2% 2% Up to now, various chemicals and drugs have been successfully loaded into
SEDDSs, including anti-cancer agents, and there are more than four such commercialized drug
products on the market 264 266. 267 |n 2015, Valicherla et al. prepared docetaxel (DCT) loaded
SEDDSs (D-SEDDS) to improve the oral bioavailability and therapeutic efficacy of the drug. The

results showed a 3.19-fold increase in bioavailability of the D-SEDDS in rats and a 25-fold

increase in vitro cytotoxic activity compared to free DCT 2%8. In order to obtain more effective
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anti-angiogenic formulations, several groups have incorporated anti-angiogenic substances (e.g.

curcumin) into SEDDSs, and the results have been promising 269271,

COMMONLY USED EXCIPIENTS
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Fig. 9 lllustration of some lipid-based nanosystems, including self-emulsifying drug delivery system (SEDDS), self-
micro-emulsifying drug delivery system (SMEDDS), and self-nano-emulsifying drug delivery system (SNEDDS).
Reproduced with permission from ref 264,

19. Polymeric nanofibers

Polymeric nanofibers are among the most widely-applied constructs in biomedicine, from
anti-tumor strategies to tissue healing. Nanofibers exhibit some attractive properties, including
large specific surface area, controllable pore size, and tunable drug release profiles, making them

272 Recently, Abid et al. reviewed the

highly-promising candidates for anti-cancer applications
anti-cancer applications of electrospun polymeric nanofibers loaded with various chemicals and

drugs including, doxorubicin, paclitaxel, and curcumin 273. Apart from electrospun nanofibers,

several studies showed the utility of synthetic nanofibrous peptide scaffolds to mimic the pro-
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angiogenic and anti-angiogenic activity of small molecules, including heparin, and maspin 274276,

For instance, Fan et al. investigated docetaxel- and curcumin-loaded nanofibrous microspheres
made of PLA-PEO-PPO-PEO-PLA polymers as an injectable and sustained-release system for
enhancing anti-colon cancer activity ?’’. The results of the combined nanofibrous microsphere
treatment showed a significant increase in the inhibition of angiogenesis and subsequent
inhibition of colon cancer in mice. On the contrary, there are a number of publications in which
pro-angiogenic cargos were delivered using polymeric nanofibrous scaffolds produced by both
electrospinning and self-assembly procedures 136 278281 Most of the pro-angiogenic nanofibers
have been applied to accelerate tissue repair and regeneration, especially to promote wound

healing 282-284,

10. Other carbon-based nanomaterials and nano-systems

Nano-sized carbon-based materials are among the most promising DDSs and include
several members, including carbon nanotubes, nanodiamonds, nanohorns, graphene, fullerenes,
and nanofibers 8. These nanomaterials show attractive properties; for example, they typically
possess high mechanical strength and large specific surface area, and thus provide numerous
sites for chemical or physical conjugation; moreover, they are relatively easy to manufacture on
a large scale 285 287 These nanomaterials in either pristine or functionalized formats can be
suitable platforms for conjugation, loading and release of a wide range of bioactive molecules 28

290 Additionally, some carbon nanomaterials especially carbon nanotubes and graphene are

being studied in laser-induced hyperthermia of different types of solid tumors 2°1.
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The use of carbon-based nanomaterials in anti-angiogenic cancer therapy is growing. One
of the first reports was published by Muruges et al. who showed that 100 ug of graphite, multi-
walled carbon nanotubes (MWCNT), and fullerenes could significantly inhibit angiogenesis
induced by FGF2 or VEGF in vivo in a CAM model assay 2°2. In a comprehensive study, Wierzbicki
et al. evaluated the anti-angiogenic properties of diamond nanoparticles, graphite nanoparticles,
graphene nanosheets, MWCNT, and C60 fullerenes at a concentration of 500 mg/L in a CAM
assay, 2%3. Their results revealed the anti-angiogenic effects of diamond nanoparticles and
MWCNTs. However, graphite nanoparticles and graphene showed no anti-angiogenesis activity,
and interestingly fullerenes exhibited pro-angiogenic activity.

With respect to the interactions of single-wall carbon nanotubes (SWCNTs) with
endothelial cells, Albini et al. concluded that these nano-sized carbon materials could be useful
vehicles for targeting the vasculature and potential carriers of anti-angiogenic agents 2?4, Masotti
et al. in 2016 reported that polyethyleneimine (PEl) and polyamidoamine dendrimer (PAMAM)-
coated carbon nanotubes (CNTs) were appropriate delivery systems for microRNAs (miR-503
oligonucleotides) for angiogenesis regulation 2°°. More recently, Su et al. designed and
developed a dual-targeted co-delivery system based on iRGD-modified MWCNTSs for use in anti-
angiogenic therapy of lung cancer 2°¢. For this aim, polyethyleneimine (PEl) and cystamine (SS)
were used to attach iRGD and the chemotherapy drug candesartan (CD) to MWCNTSs,
respectively. Then, the authors assembled functionalized MWCNTs with the plasmid AT2 (pAT2)
and prepared iRGD-PEI-MWNT-SS-CD/pAT2 complexes. The results obtained from in vivo
experiments in nude mice demonstrated that co-delivery of CD and pAT2 synergistically

increased anti-angiogenic effects through down-regulation of VEGF (see Fig. 10). However, some
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reports showed that SWCNTs could promote angiogenesis through an indirect pathway in which
SWCNTs enhanced fibrogenesis in mammalian cells (e.g., CRL-1490) via reactive oxygen species
(ROS)-mediated phosphorylation of p38MAPK and, thereby, overexpression of pro-angiogenic
molecules TGF-B1 and VEGF 2°/. However, other researchers have reported conflicting results;
for example, Roman et al. observed that SWCNTs inhibited angiogenesis in vivo and was harmful
to the normal embryonic development due to deregulation of important genes involved in cell

proliferation, apoptosis, survival, and angiogenesis in brain and liver tissues 2%.
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There are several reports in the literature on the use of modified graphene oxide (GO) in
anti-angiogenic strategies; for example, Lai et al. prepared bovine serum albumin-capped GO
(BSA-GO) which was able to entrap and block VEGF-A1ss (a potent pro-angiogenic molecule), and
thereby inhibit angiogenesis 2%°. Another example was provided by a study conducted by Shi et
al. who conjugated reduced GO (rGO) with ®Cu, 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA), and the anti-CD105 antibody TRC105 to produce an appropriate system for theranostics
300 On the other hand, there have been several reports reporting the use of GO nanoparticles to
promote angiogenesis. As one example, Mukherjee et al. showed that low amounts of GO (10
ng/mL) and rGO (50 ng/mL) could improve angiogenesis via the formation and activation of ROS
and reactive nitrogen species (RNS) and consequent activation of Akt and eNOS signaling
pathways 3°1. Moreover, Chen et al. showed that SrTiOs CNTs could be used as a delivery system
for AgxO nanoparticles to exert antibacterial, osteogenic, and pro-angiogenic activities
simultaneously 392,

Nanodiamonds are another type of carbon-based nanomaterials that can act as platforms
in cancer nanomedicine, both for therapy, and imaging. Nanodiamonds are biocompatible, and
show efficacy as carriers for various cancer therapeutic drugs, and possess tunable surface
structures 303395 For example, Setyawati et al. used surface-modified nanodiamonds to induce
endothelial permeability . They functionalized the samples with —COOH and —NH; groups and
showed that these derivatives could induce endothelial leakiness in a surface-dependent
manner, resulting in increased delivery of doxorubicin to tumors. The mechanism proposed for

this phenomenon (i.e., leakiness of the vascular barrier) was based on an increase of intracellular

ROS and Ca?*, which facilitated the loss of cell-cell interconnections in the vascular barrier caused
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hy cytoskeletal remodeling (see Fig. 11). Zhang et al. used lipid-coated nanodiamonds to
enhance the bioavailability and efficacy of an anti-angiogenic drug, sorafenib, to combat

306 The authors successfully prepared sorafenib-loaded

metastasis of gastric cancer
nanodiamonds with a size of 127.6 £12.9 nm. The drug-loaded nanodiamonds led to increased
bioavailability (up to 7.64 fold) and a higher concentration of sorafenib in the tumor (up to 14.95
fold) in vivo compared to control groups. These improvements showed a significant suppression

of the metastasis of gastric cancer to distant organs (liver and kidney). Furthermore, other

research groups have studied nanodiamonds in pro-angiogenic strategies, for the loading and

307-309

delivery of a broad range of pro-angiogenic molecules
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Fig. 11 Schematic representation of nanodiamond (ND)-induced vascular barrier leakiness. ND-induced vascular
barrier leakiness leads to higher accumulation of doxorubicin in the tumor site. The increase of intracellular ROS and
Ca’* account for the ND-induced vascular barrier leakiness through the loss of cell-cell interconnection in the
vascular barrier and cytoskeletal remodeling. Reproduced with permission from ref 310

Carbon nanohorns have a conical structure, and are used in drug delivery strategies, both in
pristine and functionalized formats 3% 312, The main member of nanohorn family is the single-

walled carbon nanohorn (SWNH), which is a tubular unit with a size of 2-5 nm in diameter and
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40-50 nm in length 33 314 Although SWNHs have some properties in common with the CNTSs,
they exhibit possess more uniform and controllable morphology, and easier large-scale
production without metal contamination, making them preferable in the clinical setting 3! 316,
Different morphologies of SWNHs have been identified, including “dahlia-like” type, “bud-like”
type or “seed-like” type. The dahlia-like SWNHs are most commonly-used type for cancer
theranostic applications 3. Several reports have shown the applicability of modified SWNHs as
DDSs for the delivery of anti-cancer drugs in vitro and in vivo 331 For example, Li et al.
reported the use of oxidized SWNHs (oxSWNHs) as an effective DDS for transporting higher
doses of vincristine to tumors 329,

Fullerenes is the first symmetric closed-cage type of the carbon nanomaterial family and
have been extensively used in a variety of forms (number of C-atoms, pristine, surface-modified,
and hybrid compounds) in different industrial and biomedical areas, including cancer imaging
and therapy 3213%4_ It has been reported that fullerenes can act as anti-cancer agents on their
own; for example, Prylutska et al. reported that water-soluble Ceo fullerenes were effective in the
treatment of transplanted malignant tumors. They believed that the anti-cancer activity of Ceo
fullerenes might be related to their high antioxidant activity, and their ability to block some
specific cell receptorssuch as EGFRs. The anti-tumor activity of other fullerene derivatives has
also been verified in other studies. Jiao et al. studied the anti-tumor and anti-metastatic
potential of fullerenol in a mouse breast cancer model 32°. They injected 0.1 mL saline solution
containing fullerenol Ceo(OH)20 (0.08 and 0.4 mg/ml) daily for a period of 16 days and
histopathologically evaluated the anti-tumor and anti-metastatic activities of the samples. The

results showed that injection of fullerenol modulated oxidative stress and down-regulated the
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expression of multiple angiogenic factors (e.g., CD31) in tumors, leading to inhibition of tumor

growth and metastasis in vivo (Fig. 12).
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Fig. 12 Schematic representation of the molecular mechanisms involved in anti-cancer effects of C60(OH)20 in vivo.
Reproduced with permission from ref 3%

Various surface-functionalized fullerenes (e.g., Gd@Cs2(OH)22, Ceo(OH)22 and
Ce0(C(COOH)3)2) also showed ROS scavenging properties and hence were potentially applicable in
cancer therapy 3%°. Moreover, fullerene derivatives have exhibited potent anti-angiogenic
activity; Meng et al. reported that the multiple hydroxyl group-functionalized surface of
Gd@Csg2(OH)22 fullerene-based nanoparticles (f-NPs) exhibited the ability to simultaneously
down-regulate more than 10 pro-angiogenic factors ar both the mRNA and protein levels 3%/,
These researchers evaluated the in vivo efficacy of the functionalized NPs, and found that the

surface-modified samples could reduce tumor microvessel density by > 40% as well as efficiently
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decrease the speed of blood flow to tumors by up to 40% at 2 weeks post-injection compared to
the effect of paclitaxel alone. Moreover, the functionalized NPs had no pronounced toxic side-
effects in nude mice. Based on these results, the authors concluded that this nano-sized

compound holds great promise for use in cancer treatment.
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Table. 3 Summary of polymeric and carbon-based nano-sized drug delivery systems for pro- and anti-angiogenic therapeutic strategies.

Nanotechnology

Therapeutic

Ref

Chemical structure Modification (s) Effects* Remarks
platform agent (s)
H{,O\/ﬁ\O/H Cell adhesive (RGDS) and - PEG hydrogels could support the lumen formation,
PEG o MMP-degradable _ oA expression of ECs proteins (e.g., eNOS), and perivascular %
(GGGPQGIIWGQGK) investment of PDGFR-B and a-SMA positive cells by 2
peptides conjugated PEG weeks of co-culture
- Significantly elevated cellular accumulation of PTX
(@) APTeos peptide loaded NPs via energy-dependent, caveolae and lipid raft-
PLA ) functionalized pegylated PTX AA |nvolyed endocytosw.' o _ 84
- In vitro tube formation assay and in vivo matrigel
CHs PLA NPs . . Ivsi fi d a sienifi
n angiogenesis analysis confirmed a significant
improvement in the antiangiogenic ability of PTX.
- An enhanced accumulation via an energy-dependent,
o e e i
Pegylated PCL 2 functionalized pegylated PTX AA - i . 92
o PCL NPs - An energy-dependent, lipid raft/caveolae-mediated
n endocytosis with the participation of Golgi apparatus in
human U87MG cells.
- Higher affinity to HUVECs by binding to avf3 integrin
o RGD peptide and RGD- was observed in the functionalized NPs containing PTX
PEGylated PLGA o o pept|Fjom|'met|c PTX AA - Successful in VIYO tar'getmg to transplantablg ||vgr 95
CHy 0 functionalized pEGylated tumors was obtained in the case of the functionalized
* 4 PLGA NPs NPs containing PTX, leading to prolonged survival times
of mice
) . PLXDC1 small - Significant inhibition of tumor growth in A2780 tumor-
Hyaluronic acid coated . . . , 110
Chitosan : interfering AA bearing mice
chitosan NPs ) L S )
SiRNA - Significant decrease in microvessel density
- Inhibition of the angiogenesis in CAM model and H22
) Ursolic acid AA xenograft model 111
(UA) - Controlled release of UA and thereby its reduced side

effects
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Heparin

Cyclic RGD-modified

- Significantly inhibition of adhesion and migration of ECs

Albumin

@

Gelatin

n-nﬂé’- 7'
H e
E —fi= g &1y 7

PAMAM
dendrimer

Multi-walled
carbon
nanotubes
(MWCNT)

ol A 125
?:i))arln lithocholic acid AA - Prohibition of the formation of tubular structures of ECs
Heparin-surface modified - Accelerated neovascularization and tissue repair in
polyurethane (PU) PA tread animals with PU containing high (6.6 mg/g) heparin | ¢
macroporous discs content immobilized VEGF1es

- DI17E6 coupled NPs specifically targeted avp3 integrin
Abituzumab (DI17E6)- AA positive melanoma cells 151
coupled NPs - DI17E6 coupled NPs containing DOX Inhibited

angiogenesis by targeting of endothelial cells
Electrospun gelatin PA - Capillary formation was improved as a function of bFGF 136
nanofibers loaded aligned or random nanofibers
PEG-modified thiolated sFlt-1 (VEGF-R1) AA - Successful suppression of tumor growth and 134
gelatin NPs plasmid DNA microvessel density

AA - Taken up by cells expressing aVB3 receptors, providing

RGD-4C peptide conjugate suitable imaging agents and/or chemotherapeutics to 328

angiogenic tumor vasculature

- Reduced toxicity for both polymer-coated SWCNTs in
Polyethyleneimine (PEl) or comparison to the pristine counterparts
polyamidoamine AA - Efficiently delivery of miR-503 oligonucleotides to ECs 595

dendrimer (PAMAM)
functionalized SWCNTs

oligonucleotides

- Providing the possibility to regulate ECs proliferation
and in vitro and in vivo angiogenesis




Single-wall

Polyethylenimine (PEI)-

- Highly inhibited tube formation of HUVECs

carbon - - Inhibition of tumor growth and tumor-associated
nanotubes SWCNTs conjugations ZERiFAt(asr\%Egch)i AA i i g ”
linked with candesartan anglogenesis repression
(SWCNTs)
- Showing high stability in physiological saline solution
and having ultrastrong binding affinity to VEGF-A165
Bovine serum alburmin- - Inh|b|.t|ng the proliferation, migration and tube 599
. formation of HUVECs
capped graphene oxide VEGFi6s AA . ) . :
(BSA-GO) - Ability to strongly disturb the physiological process of
. angiogenesis in CAM model
Graphene oxide o . )
- The capability of blocking VEGF-A1ss-induced blood
vessel formation in rabbit corneal neovascularization
Gelatin methacrylate - Incrgasing the proliferation and migration of .
o - PA keratinocytes
(GelMA) containing GO . . . .
- Improved wound healing via promoted angiogenesis
- Prolonged the release time of VEGF-siRNA by 6 folds
Nanodiamonds Arg—'GIy—Asp—Ser (SGDS) VEGE-SiRNA AA - Reducing the fc.>r.mat|on of the tubes and without any 307
conjugated anodiamonds testable cytotoxicity
- Inhibiting ECs proliferation in vitro
Fullerene Polyhydroxylated Doxorubicin AA - Exhibiting antiangiogenic activity in zebrafish and 331
fullerenes (Dox) murine tumor angiogenesis models
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11. Inorganic ions, nanoparticles, and nano-systems for anti-angiogenic and pro-angiogenic
applications

Many inorganic metallic elements are delivered to humans via normal nutrition or by
therapeutic diets since they are known to have specific effects on cell metabolism and biological
functions. Some of these elements have also been embedded in implantable/injectable
nanomaterials, nano-systems for advanced nanotechnology-based therapies to control
angiogenesis. This section deals with the chemical and biological functions produced by
inorganic elements with regard to promoting or suppressing angiogenesis; furthermore, a
description of the various biomaterials used (e.g., nanoparticles, nanotextured surfaces,
hierarchical systems) is provided. Inorganic elements usually perform their angiogenesis-related
functions after being released as solble ions; however, direct interaction between the surface of
metallic nanoparticles and cells/biomolecules has also been reported in some cases (e.g. gold
and silver nanoparticles) (see Tables. 4 and 5). Elements having an effect on angiogenesis, but
exhibiting severe toxicity to animals and humans (e.g. arsenic, lead and mercury contained in
industrial waste nano-particulates) have not been included in this section due to the lack of

therapeutic significance.

11.1 Boron

Boron is a trace element playing diverse and vitally-important roles in many biological functions
ranging from bone metabolism to anti-inflammatory activity, as comprehensively discussed by
Pizzorno in a valuable review 332, The first evidence of the role of boron in the context of

angiogenesis was reported in 2002 by Dzondo-Gadet et al. 333, who examined the action of boric
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acid at the molecular level using cell-free transcription systems (isolated placenta nuclei) and
translation systems (wheat germ extracts). It was found that 10 mM of H3BOs greatly increased
MRNA synthesis associated with the translation of pro-angiogenic proteins like VEGF and TGF-B1.

Based on these early results, boron-releasing bioactive glasses have been intensively
investigated over the last two decades, and have been proposed as therapeutic implantable
(nano)biomaterials for accelerating wound healing in tissue engineering applications 334,
Bioactive melt-derived B,03-CaO-based glasses are more reactive than silicate glasses upon
contact with aqueous solutions and were found to rapidly release a large amount of Ca?* ions
into biological fluids, which is beneficial for skin regeneration because calcium promotes the

migration of epidermal cells to the wound site 3%

. Melt-derived borate glasses with the
composition 1605 (6Na;0-12K,0-5Mg0-20Ca0-4P,05-51.6B,03-0.4Cu0-1Z2n0 wt.%) and 13-
93B3 (53B203-6Na;0-12K,0— 5Mg0—-20Ca0—4P,0s wt.%) were shown to stimulate VEGF
secretion in vitro 33, Furthermore, Durand et al. 33’ doped 45S5 Bioglass® with 2 wt% of B,0s;
and reported that the presence of boron in the ionic dissolution products stimulated the
proliferation and migration of HUVECs, in vitro tubule formation, and the secretion of IL-6 and
bFGF to a greater extent compared to the B-free control glass, thereby demonstrating the pro-
angiogenic potential of borate ions. These in vitro results were confirmed in vivo by comparing
the vascularization induced by the same materials in an embryonic quail chorioallantoic
membrane (CAM) model 338, Higher expression of integrin avp3 and greater blood vessel density
were observed in response to implanted B-doped 45S5 glass. Researchers from Missouri

University developed 13-93B3 nano-fibers (diameter in the range of 300 nm to 2 um) which,

after being organized in a “cotton-candy” morphology, could be used as a dressing material to
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treat full-thickness cutaneous wounds 33°. An interesting mechanism was observed to explain the
promotion of in vivo angiogenesis by this nanomaterial 34, i.e. the newly-formed blood vessels
were attached to the hydroxyapatite micro-clusters that originated during the nanofiber
degradation due to the glass bioactivity 3*1. After implantation in rats for 22 days, significant
regeneration of dermal, epidermal and subcutaneous tissues was reported. Seven out of 12
diabetic patients involved in a clinical study experienced complete healing of their chronic
wounds with less scarring and equal or faster-wound closure rate (from 0.3 to 0.8 mm/day
depending on the type of injury) compared to other more expensive wound treatments, such as
vacuum-assisted systems 34C. These 13-93B3 borate glass nano-fibers, trade-named DermaFuse”’,
received Food and Drug Administration (FDA) approval for medical applications in 2016 and are
currently marketed for treating wound injuries in animals (“RediHeal” veterinary product) as well
as acute/chronic wounds in humans (Mirragen® Advanced Wound Matrix). At present, these
commercial products are the only ones based on nano-bioactive glasses for use in soft tissue
engineering and also as stimulators of angiogenesis. Further research is needed to fully elucidate
all the biomolecular and biochemical aspects behind the pro-angiogenic effect of boron as well
as its synergistic action with other relevant ions (e.g., Ca®*) released from these glasses on the

complex process of wound healing.

11.2 Calcium
Calcium is one of the most important elements involved in the biological functions of
mammals, such as participation in building the mineral phase of hard tissues (bone and teeth)

and regulating bone homeostasis via various cell signaling pathways 3*2. Some proteins, e.g.,
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parvalbumin and calbindin-D, can bind to Ca?* ions and store them, thus acting as calcium stores
or buffers, and limiting free calcium diffusion in the intracellular environment 3*3. Pro-angiogenic
factors like platelet-derived growth factor (PDGF), EGF, IGF-I, bFGF and VEGF are known to
trigger a significant increase in the level of Ca?* ions in different cell types 344346 In this regard, it
was shown that bFGF and VEGF (the most potent pro-angiogenic endogenous factors) could bind
to different families of receptor tyrosine kinases (RTKs) which trigger intracellular calcium
increases in endothelial cells 3*’. Fang et al. studied the role of calcium stored in fibroblasts
isolated from pterygium, and reported that calcium-related signaling pathways were associated
with persistent fibroblast proliferation and angiogenesis, as shown by the high density of blood
vessels 348 Ca?* ions can be typically released from all forms of calcium phosphate implants as
well as melt-derived and sol-gel bioactive glasses (e.g., micro- and nanoparticles, scaffolds,
coatings, fibers) upon contact with biological fluids in vitro and in vivo. The angiogenic properties
of calcium phosphates in the context of bone regeneration have been recently discussed by
Malhotra and Habibovic 3*°. The pro-angiogenic effect of bioactive silicate glasses in contact with
both hard and soft tissues is well-known, but it is typically considered to be due to all the ionic
dissolution products released from the glass, including silicate ions 39,

The bioactive borate glass 13-93B3, with a high CaO content, was recently used to fabricate
nanofibrous scaffolds that significantly accelerated wound healing when implanted in both
animals and humans 3%°. A possible explanation for this beneficial effect relied on the release of
Ca?" ions which stimulate angiogenesis and accelerate the migration of keratinocytes, thereby

promoting skin regeneration. These cotton-candy borate glass nanofibres were also found to
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impressively help the healing of long-term venous stasis ulcers in diabetic patients, who were

unresponsive to conventional pharmacological treatment 3>2.

11.3 Cerium

Cerium is a rare-earth metal that usually does not participate in biological functions;
however, cerium oxide nanoparticles (nanoceria) have recently attracted interest in biomedicine
due to their antioxidant properties and ability to act as a free radical scavenger in cells and
tissues. Many chemical processes can be used to produce ceria nanoparticles, including
hydrothermal methods, sol-gel, and polymer-assisted synthesis; these routes have been
comprehensively reviewed by Kargozar et al. 3°2. Researchers have also found interesting dual
properties (stimulatory or antagonistic effect) of nanoceria in the context of angiogenesis. The
oxygen-buffering capacity of nanoceria can be exploited to stabilize HIF-1a, thereby promoting
angiogenesis in vitro and in vivo 3>3. It was shown that the pro-angiogenic potential of ceria
nanoparticles is markedly dependent on the surface valence states of cerium: specifically, high
surface area and a high Ce3*/Ce* ratio make nanoceria more catalytically active for regulating
the intracellular oxygen content, which leads to a stronger pro-angiogenic effect (see Fig. 13)%>4.
Ceria nanoparticles were also found capable of stimulating the migration and proliferation of
endothelial cells in vitro 3>°. Functionalization strategies have been carried out to further
enhance the pro-angiogenic properties of nanoceria. Nethi et al. 3°® synthesized nanoconjugates
of organosilane-functionalized cerium oxide nanoparticles by using an ammonia-catalysed
ethylene glycol-assisted precipitation method in an aqueous suspension of samarium-doped

nanoceria conjugated with hydrophilic triethoxysilane (6-{2-[2-(2-methoxy-ethoxy)-ethoxy]-

57



ethoxy}-hexyl) moieties. The ceria/polymer nanoconjugates promoted endothelial cell viability
and proliferation without eliciting any significant cytotoxicity and induced in vivo blood vessel
formation in a chick embryo chorioallantoic membrane model. The p38-MAPK/HIF-1a signaling
pathway was proposed to be the mechanism governing the pro-angiogenic effect induced by
these functionalized nanoparticles, which was greater compared to that associated with

|H

“conventional” nanoceria.
Ceria nanoparticles, synthesized by using gelatin as a stabilizing agent, retained their pro-
angiogenic properties when embedded in electrospun poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) membranes *7 and PCL scaffolds 3°8, as demonstrated by accelerated wound

healing in rat models.
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angiogenesis properties of nanoceria. The pH, reactive oxygen species (ROSs) generation, and
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intracellular oxygen concentration are identified as the main determinants of angiogenic
behavior of nanoceria. From ref 34,

Conversely however, cerium oxide nanoparticles can exhibit an anti-angiogenic effect
depending on the surrounding environmental conditions. There are some parameters that
influence this dual behavior including pH, ROS generation, intracellular oxygen concentration
and concentration of the nanoparticles >*. In fact, high concentrations of nanoceria exhibit anti-
angiogenic effects 3>°. For example, the proliferation of HUVECs is reduced if the nanoceria
concentration exceeds 8.6 mg/mL 3¢, It has also been shown that the anti-angiogenic effect is
more pronounced when nanoceria is functionalized by heparin 3°*: hence, heparin-functionalized
and pristine nanoceria at high concentrations have been proposed as therapeutic agents for
reducing endothelial cell growth and vascularization in tumors, thereby acting as an adjuvant in
anticancer approaches.

Interestingly, there are some “shape and size effects” associated with ceria
nanostructures. Das et al. 3> showed that exposure to ceria nanorods led to a slight reduction in
endothelial cell proliferation, whereas spherical ceria nanoparticles or nanostars elicited no toxic
effect in HUVECs. Furthermore, only ceria nanoparticles with size < 15 nm showed the potential
to induce tubule formation, whereas micrometer-sized ceria particles even inhibited tube
formation in HUVECs. This different behavior is probably due to the higher reactivity of smaller
particles, due to a higher specific surface area. Cerium oxide nanoparticles are non-absorbable,
but a controlled release of Ce3*/Ce* ions from soluble (nano)biomaterials should be studied in

future research as a potential means to promote angiogenesis. At present, Ce;0s has already
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been incorporated in gel-derived silicate MBGs, but only its physico-chemical role in modulating
glass dissolution kinetics and its biological effect in improving bone cell activity have been

studied so far 362-364,

114 Cobalt

Controlled release of cobalt ions (Co%*) has been shown to promote angiogenesis in vitro
and in vivo, via the creation of hypoxia-mimicking conditions. Specifically, Co?* ions can activate
the hypoxia-inducible factor-1 (HIF-1) pathway independently of the overall cellular oxygen level
365 The HIF-1 pathway is the main regulator of cell response to variations in oxygen tension by
triggering the expression of about 100 hypoxia-targeted genes 36®. HIF-1 is a heterodimeric
transcription factor comprising two subunits, i.e. the oxygen tension-regulated HIF-1a and the
constitutively-expressed HIF-1B subunits 3¢7. Activation of the HIF-1 pathway is strongly related
to the concentration of HIF-1a in the cytoplasm. Specifically, two scenarios are possible: (i) under
normoxic conditions, HIF-1a is continuously produced and then degraded through the ubiquitin
proteasome pathway, or (ii) under hypoxic conditions, HIF-1a is stabilized and can accumulate,
translocate to the cell nucleus and then dimerize with HIF-1B to induce the expression of its
target genes. The role of Co?* ions is to “artificially” stabilize HIF-1a concentration by blocking
the protein degradation regardless of the oxygen levels (see Fig. 14). As a result, broad
transcriptional responses occur, including the upregulation of pro-angiogenic factors (e.g. VEGF)

that subsequently lead to angiogenesis and improvement of the oxygen supply 368
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Fig. 14 Representative schematic of cobalt roles in activating two signaling pathways involved in angiogenesis
progress, i.e., the PI3K/Akt/mTORC1 and MEK/ERK pathway. It is assumed that cobalt via Akt activation could trigger
transcription factors including SP1, NF-kB, RTEF and NFAT and thereby result in enhanced the transcription of
HIF-1/2. Moreover, cobalt through activation of the MEK/ERK pathway could leads to the phosphorylation of 4E-BP
and subsequent enhanced HIF-1 a translation. With permission from ref 3¢°,

Altrhough it might have potential for inducing angiogenesis, the therapeutic use of cobalt
is still under debate among researchers. Caution is suggested by the occurrence of systemic (and
lethal in some cases) toxicity of cobalt ions released from Co-Cr alloys used in hip joint
replacement prostheses. Systemic cobalt toxicity was reported to lead to neurotoxicity and heart
failure; furthermore, local accumulation of Co?* ions at the implant site could contribute to
tumor formation 379372,

At present, there have been some reports about the incorporation of cobalt as a
biological modifier in bioactive glasses. Most of these studies have been concerned with

373

improving bone tissue repair and regeneration. Wu et al. reported the fabrication of Co-
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doped multiscale macro-mesoporous scaffolds by a co-templating sol-gel-like procedure where a
surfactant (Pluronic P123) was used as a surface-directing agent to produce a mesoporous
texture (average diameter 4.1 nm) and an open-cell polyurethane sponge as a template for the
macropores (300-500 um). These hierarchical MBG scaffolds showed promise as multifunctional
systems for the synergistic delivery of antibiotics (ampicillin) and Co?* ions, which stimulated
VEGF over-expression in bone marrow mesenchymal stem cells (BMSCs). The relatively low
amount (<5 mol.%) of cobalt incorporated in the MBGs was non-toxic to the BMSCs, but no in
vivo studies have been reported on these materials so far.

An international research team led by Stevens and Hill synthesized a series of melt-
derived Co-doped silicate bioactive glasses with up to 4 mol.% of cobalt and demonstrated their
hypoxia-mimicking function on human mesenchymal stem cells (hMSCs) 374 375, The ionic
dissolution products released from these Co-doped glasses (particle size <38 um) successfully
increased HIF-1a activity after 8 h of incubation with hMSCs and promoted VEGF expression.

Given that hypoxia plays a key signaling role during cartilage formation, the same
research group investigated the influence of Co-doped glasses on inducing hMSC
chondrogenesis, in an attempt to develop a novel approach for cartilage tissue engineering 37°. It
was shown that reduced oxygen tension could aid chondrogenic differentiation 3’73’8, Because
cartilage is a non-vascular tissue, oxygen must diffuse from the surface of the joint facing the
synovial fluid into the cartilage due to the gradient of oxygen tension from the surface of the
articular cartilage (partial pressure of oxygen 5%) to the subchondral bone (partial pressure of
oxygen 0.1%) 37°. Enhanced chondrogenesis in low-oxygen conditions is mainly mediated

through HIF-1a by inducing the expression of pro-chondrogenic genes (e.g. Sox9) 380 381

62



Interestingly, the ionic dissolution products released from melt-derived Co-doped bioactive glass
particles were reported to increase the level of HIF-1a in hMSCs in a cobalt concentration-
dependent manner but on the other hand, prolonged exposure to Co-containing solutions
reduced cell proliferation and metabolic activity, as well as inhibited chondrogenic
differentiation 376, This study suggested that the exposure time to cobalt needs to be taken into
careful account and tailored to the specific application, since it can markedly influence the
biological and biochemical processes of cells and tissues.

Kargozar et al. showed that incorporation of low amounts of CoO (up to 0.5 mol.%) in
melt-derived silicate bioactive glasses increased the expression of angiogenesis-related genes
during in vitro tests with HUVECs and Saos-2 cells, while causing minimal cytotoxicity after 21

382 and the overall bone healing was improved in rabbits at 4 and 12 weeks post-

days of culture
implantation compared to Co-free glass particles . The same research group also showed the
importance of the size effect, i.e., fine Co-doped glass particles (9 um) were more effective in
promoting angiogenesis compared to large particles (725 um), but were also associated with
higher cytotoxicity due to more release of Co?* ions 38, This effect must be taken into account if
the use of nano-sized Co-doped glass particles is envisaged, because the higher specific surface
area of the nanoparticles would be expected to make them more toxic.

The toxicity of Co-containing nanoparticles has been reported in many studies. It has
been demonstrated that the inhalation of tungsten carbide (WC)/Co nano-powder, consisting of
80 to 90% of WC and 5 to 10% of metallic cobalt, could cause interstitial pulmonary disease and

lung cancer, the mechanism involving the generation of ROS and DNA damage 3%*38_|n a recent

study using normal human bronchial epithelial cells (BEAS-2B) and human lung adenocarcinoma
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cells (A549), Liu et al. ¥ reported that WC/Co nanoparticles at a concentration of 5 pg/cm?
induced ROS production which activated the Akt and ERK1/2 signaling pathways, and greatly
increased the transcriptional activation of AP-1, NF-kB, and VEGF, thereby promoting
pathological angiogenesis. This suggests further caution in proposing cobalt nanomaterials for

controlling angiogenesis due to the risks associated with their toxicity and carcinogenicity.

11.5 Copper

Copper is an essential cofactor in various enzymatic activities in animals and humans. It
was demonstrated that Cu*/Cu?* ions modulate the activity of several proteins and factors
involved in angiogenesis (see Fig. 15), such as VEGF, fibronectin, angiogenin, collagenase,
prostaglandin E-1, ceruloplasmin, FGF-1 and -2, which play important roles in the initiation
(vasodilation and vascular permeabilization), maturation (endothelial cell proliferation, migration
and morphogenesis), and regulation of blood vessel formation (ECM remodelling) 8. It was also
reported that endothelial cells are stimulated to proliferate in vitro upon exposure to copper
ions regardless of the VEGF levels, which demonstrates the inherent pro-angiogenic effect of
copper 38,

There are two main signaling pathways involved in Cu-induced angiogenesis, i.e. (i) the
hypoxia-inducible HIF-1 pathway (similar to cobalt); and (ii) the MAPK signaling pathway. The
first mechanism is involved in the initiation of the angiogenesis process 3°°, while the latter plays

a role in the endothelial cell proliferative phase 3°1.
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Fig. 15 Schematic representation of the angiogenesis regulation by copper ions. As seen, the entrance of copper into
the cells is mediated by the copper transporter Ctr-1 protein and its delivery to intracellular proteins is regulated by
copper transport proteins (chaperones) such as Atox-1. By inhibiting PHD-mediated hydroxylation of HIF-1a, copper
facilitates the translocation of the factor into the nucleus, leading to its dimerization with HIF-1 B and subsequent

interactions to hypoxia-responsive elements and VEGF gene over-expression. Reproduced with permission from ref.
392

Since copper is normally involved in physiological vascularization processes 33, its
reduction or removal in patients suffering from cancer is being studied to combat malignancies
as an antiangiogenic treatment 3°¢. In fact, the reduction of copper levels by following a Cu-
deficient diet or administering a Cu-chelating drug (e.g., penicillamine) can inhibit angiogenesis
by “switching” endothelial cells back into the GO phase or triggering apoptosis 3%. Furthermore,

copper reduction attenuates the pro-angiogenic activity of VEGF, bFGF, TNF, IL-1B, IL-6 and IL-8

396, 397
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The use of copper ions as pro-angiogenic dopants in implantable (nano)biomaterials has
recently been proposed to promote better vascularization of tissues in regenerative medicine.
Since the goal is to achieve a sustained release of copper ions over time, biocompatible matrices
with a relatively low dissolution rate, such as bioactive glasses, are often selected to deliver the
copper ions. Bihrer et al. 3 showed that melt-derived 45S5 Bioglass® doped with 1 wt.% of Cu
increased angiogenesis in a rat arteriovenous loop model when compared to Cu-free 45S5
parent glass. Zhao et al. 3*° synthesized Cu-doped borate glass microfibers and showed that
their ionic dissolution products stimulated the migration of HUVECs, tubule formation, and VEGF
secretion, along with the fibroblast expression of angiogenic genes, to a greater extent as
compared to the Cu-free parent glass. This pro-angiogenic effect was proportional to the amount
of copper in the glass composition, and the Cu-doped fibers were found to accelerate the
healing of full-thickness skin wounds in rats. The pro-angiogenic effect of Cu-doped borate
materials was also studied by Bi et al. 40 in a rat calvarial defect model. Specifically, melt-
derived bioactive borate glass (13-93B3 composition) was doped with 0.4 wt.% of copper and
used to fabricate porous scaffolds with trabecular, unidirectional or fibrous microstructures. It
was reported that the percentage of new blood vessels at 12 weeks post-implantation was
higher for Cu-doped 13-93B3 scaffolds compared to Cu-free 13-93B3 control implants with the
same porous architecture. The glass fibrous scaffolds exhibited the best pro-angiogenic effect of
all these porous microstructures. Similar results were obtained by the same research group in a
dorsal skin window model in mice implanted with Cu-doped or Cu-free 13-93B3 glasses “°*.

Wu et al. 402 prepared Cu-doped MBG scaffolds with hierarchical porosity

(interconnected large pores within 100-500 um and well-ordered mesoporous channels around
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5 nm) and reported that their ionic dissolution products (mainly Cu?* ions) stimulated HIF-1a and
VEGF expression in human BMSCs, thus further supporting the suitability of mesoporous
materials as platforms for the controlled release of pro-angiogenic ions.

Although most applications of copper for promoting angiogenesis are in the field of bone
regeneration, Baino first suggested in 2015 4% that Cu-doped MBGs could also be used to
accelerate the vascularization of porous orbital implants for ophthalmic socket surgery. This
hypothesis was actually confirmed in vivo in 2018 by Wang et al. %4, who performed primary
angiogenic tests in a panniculus carnosus muscle model in rabbits and reported that Cu-doped
MBG coating significantly promoted the vascularization of porous hydroxyapatite orbital
implants compared to Cu-free materials. Incorporation of copper in glass-ceramic orbital
implants was also reported using a nearly-inert alumino-silicate glass-ceramic as a base material
405 |n a first approach, melt-derived Cu-doped macroporous scaffolds were produced by sponge
replication, but the release of copper ions was insufficient to elicit any pro-angiogenic effect. The
second strategy, involving the deposition of a thin Cu-doped MBG nano-textured layer on the
struts of silicate glass-ceramic foams, permitted a more sustained release of copper to be
achieved. At present, none of these Cu-releasing (nano)systems have been tested in preclinical
studies, but the early results achieved so far are promising and require further research.

A few studies have addressed the therapeutic properties of metallic copper
nanoparticles. Chen et al. % reported that the lethal dose (LDso) of copper nanoparticles (size
23.5 nm), micro-sized particles (17 um) and Cu ions in mice were 413, over 5000 and 110 mg/kg
body weight, respectively. Since copper nanoparticles showed higher in vivo biocompatibility

than copper ions, Mroczek-Sosnowska et al. 4°7 extended the investigation to understand if this
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also applied to pro-angiogenic properties (Fig. 16). It was found that the pro-angiogenic effect of
commercial colloidal copper nanoparticles in a chick embryo chorioallantoic membrane model

was actually more potent than that elicited by CuSOa salt, thus confirming the hypothesis.

Fig. 16 Pro-angiogenic effect of copper nanoparticles: images of implants maintained in the chicken embryo
chorioallantoic membrane (CAM) for 2 days, soaked with (1) control (non-soaked); (2) control (PBS); (3) CuSOs; (4)
nano-copper, evaluated at day 12 of incubation. Scale bars, 2000 pm. Reproduced with permission from ref 4%7.

11.6  Europium
Europium is a lanthanides element, with applications in the context of bioimaging due to
its long-life fluorescence properties. In fact, Eu** ions were found to possess good luminescence

with suitable brightness and prolonged signal intensity for use as biolabelling agents 4%8. Most
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Eu-containing (nano)materials have therefore been used for luminescent imaging of cells and
tissues 49, as well as for tracking and monitoring the kinetics of drug release from mesoporous
biomaterials #1°. There are few studies about the role of europium in regenerative medicine, but
it was reported that Eu" ions could functionally mimic Ca%* ions, thus influencing bone
remodelling and being potentially useful to treat bone density disorders (e.g. osteoporosis) 4%
412 Ppatra et al. 43 first showed that Eu(OH)s nanorods, synthesized via a microwave-assisted
method, could enhance the proliferation of HUVECs in vitro and stimulate vascular sprouting in
vivo in a chick CAM model. Similar results were also achieved when Eu(OH)s nanorods were

embedded in electrospun nanofibrous PCL scaffolds 414

, which could be applied in tissue
engineering (e.g., soft patches). The pro-angiogenic properties of these nanorods at low

concentrations were associated to the production of ROS (especially H,0;) both in vitro

(HUVECs) and in vivo (zebrafish model) (Fig. 17) 41°.
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Fig. 17 Redox signaling mechanism proposed for the pro-angiogenic effect induced by Eu(OHs) nanorods in

endothelial cells (EC). ROS (especially H202) are generated by the nanorods in the cytosolic part of the ECs, thus
functioning as signaling molecules. Reproduced from #%5,
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This signaling mechanism was confirmed, also using a zebrafish model, in another study
dealing with Eu(OH)3 nanorods and nanoparticles produced by hydrothermal treatment 416,

Eu(OH)s nanorods show great promise for therapeutic applications also considering their
safety, as suggested by the absence of genotoxicty in a mouse model 4.

Ma et al. #*® prepared Eu-doped hydroxyapatite nanorods (length 40-60 nm, width 20-40
nm) by a precipitation method followed by annealing at 600 °C and found that the nanoparticles
had a dose- and time-dependent inhibitory effect on HUVECs in vitro. However, this effect could
be related to the needle-like morphology of the nano-hydroxyapatite (inherent “shape effect”)
rather than to a toxic release of europium ions.

Other Eu-doped crystalline nanomaterials (e.g., NaYF4) exhibit poor biodegradability and
can evoke adverse responses in cells and tissues (e.g., necrosis of bone cells) 4*°, thus requiring
the need for removal once they have performed their function in the body.

Clear evidence of the safety and pro-angiogenic effect of Eu** ions in vitro and in vivo was
reported by Shi et al. *%, who synthesized Eu-doped mesoporous silica nanoparticles (Eu-MSNs,
size 280-300 nm) by adding TEOS and Eu(NO3)s'6H,0) to a water/ethanol mixture, followed by a
sol-gel process where cetyltrimethylammonium bromide (CTAB) was used as a structure-
directing agent. It was found that some angiogenesis-related genes (i.e., CD31, MMP9,
VEGFR1/2, and PDGFRa/B) were significantly upregulated in HUVECs by Eu-MSNs. Results from
in vivo experiments carried out in diabetic rats revealed that the Eu-MSNs could increase
formation of blood vessels and capillary network in chronic skin wounds, showing superior pro-
angiogenic ability compared to Eu-free MSNs (Fig. 18). As a result of enhanced

neovascularization at the wound site, collagen deposition and re-epithelialization were also
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promoted. The same study also reported that Eu-MSNs underwent partial degradation in cell
culture media — which could help to overcome the need for removal in the long term — and the

release of Eu3* ions stimulated new bone formation at critical-sized cranial defects in rats.
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Fig. 18 Overview of the size change of the large excision wounds made in the dorsal skin of diabetic mice with
different periods (a) and relevant statistical analysis (b). Eu-MSNs-polymer film (Eu-P) significantly accelerated the
wound healing compared to other groups. Masson’s Trichrome staining images (c) of wounds treated with different
groups of films (blank control indicated as Ctrl, pure polymer film as Poly, MSNs-Polymer composite films as M-P
and Eu-MSNs-Polymer composite films with as Eu-P). Green arrows indicates the newly formed epithelium at the
wound site (scale bar 500 um, *p < 0.05; **p < 0.01). Reproduced with permission from ref 2.
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In summary, europium is a highly-promising metallic element to be incorporated into
implantable nanospheres with multifunctional properties (angiogenesis and osteogenesis) for

potential use in both bone and skin tissue engineering.

11.7 Gold

Gold nanoparticles, collectively called “nano-gold,” are known to elicit an anti-angiogenic
effect, and therefore have recently received attention to combat cancer. In fact,
neovascularization outgrowth from preexisting blood vessels is well known to be the key to
allowing the growth and progression of tumors 3.

The anti-angiogenic property of nano-gold was first reported by Mukherjee and

420 3nd in mice %! Gold

coworkers who investigated the effects on HUVECs in vitro
nanoparticles (size <220 nm) were prepared by mixing sodium borohydride with an aqueous
solution of tetrachloroauric acid under vigorous agitation 4?2, It was shown that nano-gold could
interact with heparin-binding growth factors (HB-GFs) and inhibit their activity. These
nanoparticles bound to vascular permeability factor (VPF)/VEGF-165 and bFGF , which resulted
in inhibition of: (i) endothelial/fibroblast cell proliferation in vitro; and (ii) VEGF-induced
permeability and angiogenesis in vivo. Gold nanoparticles also significantly inhibited VEGF
receptor-2 phosphorylation, intracellular Ca release and RhoA activation in vitro but did not
reduce the expression of VEGF-121 and epidermal growth factor, which is not a HB-GF. The
ability of gold nanoparticles to inhibit the function of VEGF-165 (the most potent of the VEGF

423

isoforms) and placental growth factor (PIGF) was confirmed in another study by the same
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research team %4 Fig. 19 provides molecular mechanisms by which nano-gold affect
angiogenesis process 42>,

The inhibitory effect on pro-angiogenic factors VEGF-165, bFGF, and PIGF is related to the
strong affinity of nano-gold for thiols, phosphines, disulfides and amines which are groups
commonly present in HB-GFs 420421,

An in vitro study with HUVECs revealed that the ability of gold nanoparticles to selectively
disrupt the functions of pro-angiogenic HB-GFs was dependent on the particle size (inhibitory
effect: 20 nm > 10 nm > 5 nm size of nano-gold) #%. Surface charge and chemistry of the
nanoparticles were also reported to play an important role; naked nano-gold exhibited the
maximum inhibitory effect towards HB-GFs as compared to the same nanoparticles
functionalized with various charged ligands. This effect was mediated through direct binding of
nano-gold to cysteine residues in HB-GFs. The resulting ionic/pseudo-covalent chemical bonds
between the gold surface and HB-GFs induced a conformational change in HB-GFs mediating the
inhibition of their function. On the contrary, no alternation was observed in the conformation of

non-HB-GFs.
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Fig. 19 Schematic illustration of molecular pathways affected by the anti-angiogenic effects of nano-gold (AuNPs).
The main angiogenic pathways suppressed by nano-gold include VEGFR2, Tie2R, FGFR, and their downstream
signaling pathways. As depicted, VEGF-165-mediated intracellular calcium release is suppressed by AuNPs.
Moreover, AuNPs upregulate E-cadherin and downregulate vimentin, which results in reduced epithelial-to-
mesenchymal transition (EMT) attenuating angiogenesis. Another anti-angiogenenic mechanism proposed for
AuNPs is related to its ability to reduce ILs, MMPs, and TNF-a expression and inhibit neovascularization via induction
of autophagy. From ref 42>,

The literature strongly supports the suitability and potential of gold nanoparticles for
cancer treatment, due to their biocompatibility, and ability to selectively interact with the
biomolecular and biochemical processes of cancer cells and not healthy cells 4*/. Moreover,
another useful property of gold (nano)compounds is the strong inhibitory effect on the enzyme
thioredoxin reductase (anti-mitochondrial activity), which is involved in cancer cell proliferation
428_

Preclinical studies have been highly promising. Naked gold nanoparticles were reported
to inhibit tumor growth and metastasis in a mouse model of ovarian cancer #*°. This effect was

due to the inhibition of the MAPK pathway (a key pathway for cancer cell proliferation) because
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nano-gold disrupts the function of HB-GFs secreted by cancer cells. HB-GFs are also involved in
the epithelial-mesenchymal transition (EMT), which is one of the main mechanisms behind
cancer metastasis 43 431 A study carried out using colorectal cancer cells confirmed that
treatment with 20-nm gold nanoparticles could actually reverse EMT, thus inhibiting tumor

metastasis 432

. This was possible as nano-gold reduced the expression of EMT-associated
proteins, and up-regulated E-cadherin and down-regulated Snail,.

Furthermore, nano-gold can be used for the treatment of B-cell lymphoblastic leukemia
and prostate cancer. B-cell leukemia is a generally incurable disease characterized by resistance
against apoptosis, partly because the leukemic cells continuously secrete VEGF and express VEGF
receptors. Mukherjee et al. %33 reported that gold nanoparticles coated with anti-VEGF
antibodies (Avastin or bevacizumab) increased the level of apoptosis in leukemic cells, and naked
nano-gold was also able to induce the same effect to a more limited extent. An application of
nano-gold for the theranostic treatment of prostate cancer was reported. Prostate-specific
membrane antigen-targeted gold nanoparticles were loaded with a fluorescent photodynamic
therapy drug and successfully tested in vitro and in vivo %**. This system aimed to provide

surgical guidance for accurate resection of prostate cancer and additional photodynamic therapy

when surgery was insufficient.

11.8 Iron
Iron plays a key roles as an enzymatic cofactor and as the central metal in heme in many
physiological functions, the most important of which is oxygen transport. In fact, about 70% of

the iron available in the body is stored in the blood in the form of hemoglobin, a metalloprotein
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435 Iron deficiency can induce the stabilization of HIF and the increase in VEGF secretion, thus
stimulating angiogenesis #3°. In this regard, induction of iron deficiency was proposed to be an
anticancer strategy to reduce the resistance of tumor cells to antiangiogenic therapies. It was
reported that Fe?* jons at concentrations within 10-100 pM exhibit a relatively weak pro-
angiogenic activity 4/, which is less pronounced than that of other transition metallic ions (e.g.
Cu?*) 4. On the contrary, Fe** ions have a stronger pro-angiogenic effect at the same
concentrations, but are highly toxic to the cells, due to the oxidative stress and ROS generation
associated with ferric ions #¥. This is probably the main reason why iron-releasing
(nano)biomaterials have not been much investigated as implantable systems to promote local
angiogenesis. However, some Fe-doped phosphate glass compositions have been suggested for
use in tissue engineering as the incorporation of iron allows tailoring the phosphate glass
dissolution rate to match that of tissue regeneration 439440

At present, iron is mainly used in the form of magnetite (Fes0.) nanoparticles that are
employed as a diagnostic contrast agent in magnetic resonance imaging, and for cell labeling and
tracking 441, Superparamagnetic iron oxide nanoparticles (SPIONs) have also recently emerged as
a promising clinical option to treat some types of tumors via magnetic hyperthermia after being
injected into the patient’s bloodstream 442, Furthermore, there is interest in the development of
multifunctional SPION-based systems with: (i) a magnetite core functioning as a contrast agent;
(ii) a biocompatible coating; and (iii) a therapeutic outer layer conjugated to targeting ligands
such as, nucleic acids, small molecules, or antibodies 4*3 4% However, possible toxicity

associated with the non-degradable magnetite core of SPIONs is still a matter of debate,
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including problems related to biodistribution, local accumulation and long-term fate of Fes30a4

nanoparticles in vivo 4.

11.9 Lithium

Lithium supplementation is a commonly-used clinical approach for the treatment of
several psychiatric diseases including bipolar disorder, unipolar depression, and schizophrenia
446 |In this context, Li* ions act on the regulation of neurotransmitters and mitochondrial
function, attenuating the expression of genes associated with signaling pathways such as protein
kinases A and C (pKA/pKC) in hyperexcitable neurons, thereby favoring mood stabilization 203447,

Lithium is also known to activate the Wnt/B-catenin pathway to inhibit the glycogen
synthase kinase (GSK)-3B signaling pathway %%, The latter is involved in the suppression of
nuclear factor-kB (NF-kB) and activation of IkBa kinase, c-Jun-N-terminal kinase, p44/p42 MAPK,
and Akt via tumor necrosis factor (TNF) 44°. In fact, it was observed that NF-kB-regulated gene
products such as, cyclooxygenase (COX)-2, cyclin D1, matrix metalloproteinase (MMP)-9,
survivin, inhibitor-of-apoptosis protein (IAP) 1 and 2, Bcl-xL, Bfl-1/A1, and TNF receptor-
associated factor 1 were generally increased upon exposure to Li* ions.

While lithium was once thought only to be involved in vasculogenesis, but not in
angiogenesis 4%, recent studies have clearly demonstrated its pro-angiogenic effect as well.
Lithium was reported to increase VEGF secretion in rat brain endothelial cells by a mechanism
involving the PI3K and GSK-3p signaling pathways #**. The proliferation, migration, and viability of
endothelial cells were also shown to be stimulated by Li* ions in vitro and in vivo through the

activation of the Wnt/B-catenin canonical pathway #°2.
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To the best of our knowledge, incorporation of lithium in implantable biomaterials in
order to promote angiogenesis has been carried out in only one study. Haro Durand et al. 43
replaced up to 5 wt.% of Na,O with Li,O in melt-derived 45S5 Bioglass® microparticles, and
reported that HUVECs showed a greater migratory/proliferative response and ability to form
tubules in vitro upon exposure to Li-doped glasses compared to the Li-free parent material. In
agreement with previous studies, they also observed the activation of the Wnt/B-catenin
signaling pathway with an increase in expression of the pro-angiogenic cytokines, insulin-like
growth factor-1 (IGF-1) and transforming growth factor-B (TGF-f).

Most studies have been devoted to evaluating the physico-chemical and structural
properties of Li-doped biomaterials and the biological effect of Li* ions for stimulating osteoblast
activity and, hence, osteogenesis 4°*°®. Han et al. 7 also demonstrated that Li* ions released
from silicate MBGs could promote the differentiation of periodontal ligament cells into
cementoblasts and increase cementogenesis. The multifunctional properties of lithium are

promising for new advanced therapies and indeed deserve further investigation in coming years.

11.10 Magnesium

There is no study dealing directly with the use of magnesium nanostructures to stimulate
angiogenesis. However, Mg?* ions are known to play a direct role in modulating inflammatory
responses and microvascular functions. In this regard, Bernardini et al. 8 reported that Mg?*
deficiency inhibited the growth and migration of microvascular 1G11 cells while increasing some
inflammatory markers such as interleukins 1a and 6, nitric oxide, which is a mediator of

inflammatory responses, and VCAM which mediates monocyte/endothelial interactions. On the
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contrary, high levels of Mg?* ions stimulate the proliferation and migration of microvascular cells,
and hence stimulate angiogenesis.

A couple of studies apparently support the stimulatory effect of Mg-releasing
bioceramics and bioactive glasses on angiogenesis. Zhai et al. °° reported that ionic extracts
from akermanite, a Si-, Ca- and Mg-containing biocompatible ceramic, up-regulated the
expression of genes encoding the receptors for pro-angiogenic cytokines and increased the
expression level of genes encoding the pro-angiogenic downstream cytokines, as well as nitric
oxide synthase and increased nitric oxide synthesis. It was also shown that akermanite implants
promoted neovascularization in a rabbit femoral condyle model at both 8 and 16 weeks post-
implantation. Spontaneous angiogenesis and tubule formation in human endometrial stem cells
cultured with sol-gel SiO;-CaO-MgO-P,0s bioactive glass extracts were also reported by Shamosi
et al. 4%, However, in both studies the specific role of Mg?* ions could not be isolated from that
of other ionic dissolution products due to the lack of control experiments using Mg-free
bioceramic/bioactive glass; therefore, the overall pro-angiogenic effect could be due to the
synergistic effects of silicate, Ca?* and Mg?* ions that were collectively released by both

materials.

11.11 Niobium

Niobium is used as an alternative to vanadium in Ti-based alloys for metallic orthopedic
implants (Ti-6Al-7Nb vs. Ti-6Al-4V). Niobium was found to be less toxic to cells than vanadium,
with lower inhibitory effects on the proliferation and viability of human osteoblasts, fibroblasts,

and lymphocytes %61, No reports were found on the use of niobium nanostructures in the context
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of angiogenesis; however, there is one study dealing with the pro-angiogenic properties of Nb>*
ions released from bioactive melt-derived silicate glass-ceramic granules. Miguez-Pacheco et al.
462 reported the results of cell culture tests using bone marrow stromal cells (ST-2) in contact
with Nb-doped glass-ceramic extracts, which revealed enhanced VEGF secretion induced by the
ionic dissolution products released from the Nb-doped material as compared to the parent glass.
A complete picture of the biomolecular and biochemical mechanisms behind the pro-angiogenic
action of Nb>* ions is still to be obtained; nevertheless, incorporation of niobium in MBG

platforms allowing a controlled ion release and modulation of angiogenesis deserves

investigation in the future.

11.12 Phosphorus

Phosphorus is known to be important, along with calcium, in constructing the mineral
phase (mainly hydroxyapatite) of bones and teeth %63, Moreover, the pro-angiogenic role exerted
by phosphate ions has been shown in some studies. In this regard, phosphate ions were reported
to increase the expression of MMP-2 and bFGF in the lungs of developing mice, thereby
stimulating angiogenesis 44, It was also observed that high levels of phosphate ions could
increase the expression of key pro-angiogenic genes such as forkhead box protein C2 (FOXC2, a
regulator of vascular formation and remodeling 4%, osteopontin (OPN, a cytokine-like factor
associated with tumor angiogenesis “6® and VEGF in pre-osteoblastic cells 467468 On the other
hand, hyperphosphatemia can induce human endothelial cell apoptosis resulting from increased

ROS generation and mitochondrial dysfunction 46°.
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Phosphate ions can be released from calcium phosphate implants, the effects of which
on angiogenesis have been recently reviewed in the context of bone tissue engineering 3.
Furthermore, most silicate bioactive glasses, such as 45S5 Bioglass®, contain a moderate amount
of P,Os; therefore, phosphate ions released from these materials could indeed contribute to
their well-established pro-angiogenic potential 47°.

In vitro studies using Cu- or Co-doped P,0s-based glasses revealed the pro-angiogenic
properties of phosphate glasses 4’ 42 However, it cannot be ignored that both glass
formulations incorporated metallic dopants (cobalt and copper) with potent pro-angiogenic

effects, so the phosphate ions could have just supplied an adjuvant effect.

11.13 Selenium

Selenium is needed in normal nutrition or can be supplied as a dietary supplement in
either elemental form or in inorganic salts or water-soluble organic compounds 4’3, Elemental
selenium is contained in a number of different enzymes and proteins with wide distribution and
broad physiological functions throughout the body 474, Selenium was found to elicit an anti-
angiogenic effect in vitro and in vivo, which suggested its suitability as an adjuvant in anticancer
therapeutic strategies. In this regard, the beneficial activity of selenium against cancer was first
reported in the 1980s in a couple of animal studies in rodents 47> 476 Since then, different
metabolites of selenium have been shown to play a key role to protect cells against free radicals
(glutathione peroxidase), regulate energy use (tri-iodothyronine deiodinase) and modulating the

intracellular redox potential (thioredoxin reductase) 477.
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Jiang et al. #’8 reported that monomethyl selenium could inhibit the transformation of healthy
prostatic epithelial cells into cancerous cells due to different effects including, decreased cell
proliferation, apoptosis, and inhibition of angiogenesis. Selenium, administered in the form of
inorganic salt (sodium selenite) or organic compound (methyl selenocysteine), was also shown to
be effective to decrease the density of blood capillaries in mammary cancer in rats 4’°. However,
the biomolecular and biochemical mechanisms behind this experimental evidence still remain
unclear. In general, selenium is thought to be associated with: (i) decreased VEGF secretion by
cancer cells; and (i) direct apoptosis of the endothelial cells via inhibition of matrix
metalloproteinase (MMP) activity 47°. It is reasonable to hypothesize that both effects may be
due to Se-induced redox regulation of the activity of transcription factors, or redox modification
of the functional state/activity of redox-sensitive enzymes and proteins. In fact, VEGF secretion is
stimulated by hypoxic conditions through HIF-1 and activator protein-1 (AP-1) %8, the activity of
which are both redox regulated #8'. Therefore, it is possible that selenium inhibits hypoxia-
induced VEGF expression by modulating the redox state of thioredoxin, a critical redox mediator
for HIF-1 and AP-1, via its effect on the selenoprotein, thioredoxin reductase #®2. Cell culture
studies revealed that AP-1 was significantly inhibited by exposure to high levels of selenium,
which binds to cysteine residues forming Se—S mixed disulfides or selenotrisulfides, thereby
causing a conformational change in the protein 483 484,

At present, there are few studies dealing with Se-containing nanomaterials for
biomedical applications related to angiogenesis. Aksakal and Boccaccini 8> demonstrated the
feasibility of depositing a selenium coating on metallic implants using electrophoretic deposition

(EPD). EPD was used in that study to produce selenium coatings with thickness in the range of
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tens of micrometers, although the method is potentially suitable to obtain thin nanoscale
coatings. The difficulty of obtaining stable selenium powder suspensions using a mixture of
sulfuric acid, ethanol, and distilled water for EPD procedures needs to be overcome.
Selenium/PLGA composite nanoparticles were incorporated in 45S5 Bioglass® foams by
Stevanovic et al. 8¢ who were interested in the antibacterial properties of the scaffolds, rather
than investigating the effects on angiogenesis. Furthermore, selenium was incorporated in
mesoporous bioactive glasses (MBGs) to be used as a carrier for the controlled release of
doxorubicin, an anticancer drug *®’. However in this case, the anti-angiogenic potential of
selenium was not investigated, and thus the possible multifunctional properties of Se-doped
MBGs (Se-induced antiangiogenic effect + anticancer drug effect) still remain to be fully

determined.

11.14 Silicon

The available literature suggests that the effects of pure silica and silicate nanomaterials
on angiogenesis strongly depend on the form/embodiment in which they are used. Duan et al.
48 reported that silicon oxide (silica) nanoparticles could induce dose- and time-dependent
cytotoxicity through the production of ROS and generation of oxidative stress, thereby inhibiting
angiogenesis and inducing apoptosis of endothelial cells. Specifically, the presence of silica
nanoparticles interferes with the formation and development of the heart in zebrafish embryos
by inhibiting the activation of ERK1/2 and VEGFR-2, and by down-regulating the expression of
homeoboxprotein NKX-2.5 and myocyte-specific enhancer factor 2C. The same research group

studied the role of ultrafine silica particulates (size <100 nm) in inducing heart ischemia and
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cardiovascular disease in mice %®°. They synthesized pure-silica nanoparticles (average particle
size 62 nm) by the Stober method, and observed that the cardiovascular toxicity triggered by the
injected nanoparticles occurred mainly in the vascular endothelium rather than cardiomyocytes.
The SiO, nanoparticles were able to disrupt the cell cytoskeletal organization, activate
endothelial cell autophagy, cause mitochondrial damage, and partially inhibit the expression of
cell-adhesion biomolecules. As a result, the endothelial cell homeostasis was disturbed and
angiogenesis was eventually impaired. Cardiovascular toxicity was associated with SiO;
nanoparticle-induced VEGFR2/PI3K/Akt/mTOR and VEGFR2/MAPK/Erk1/2/mTOR signaling
pathways; crosstalk was also observed between the VEGFR2-mediated autophagy signaling

pathway and the angiogenesis signaling pathway (Fig. 20).
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Fig. 20 Schematic model of the molecular mechanisms on VEGFR2-mediated crosstalk between autophagy and
angiogenesis signaling pathways triggered by silica nanoparticles. Reproduced with permission from ref 482,
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The toxicity was related to the persistence of the insoluble (or poorly soluble) pure silica
nanoparticles in contact with cells and tissues, and could thus be supposed to be related to

”

“nano-shape aspects.” The situation is markedly different when SiO;-based materials are
biodegradable and thus, undergo progressive dissolution in contact with biological fluids,
thereby releasing silicate ions with biological and biochemical significance. Silicate ions delivered
from calcium silicate bioceramics (concentrations within 0.7-1.8 pg/mL) were shown to play a
key role in stimulating angiogenesis in co-cultures of human dermal fibroblasts (HDFs) and
HUVECs “%°. Specifically, calcium silicate extracts stimulated VEGF expression in HDFs, and
enhanced the expression of VEGF receptor 2 in HUVECs. Angiogenesis was initiated by the
activation of endothelial nitric oxide synthase and nitric oxide production in these co-cultures.
The expression of vascular endothelial cadherin in co-cultured HUVECs was up-regulated and
was concentrated at the cell junctions to facilitate endothelial tubule formation. A similar pro-
angiogenic mechanism was observed in vitro by the same research group **° when human aortic
endothelial cells were cultured with dissolved extracts from akermanite, containing silicate, Ca**
and Mg?* ions. Furthermore, akermanite promoted neo-vascularization after 2 and 4 months in
vivo after being implanted in a rabbit femoral condyle model.

Silica can also be used as a network-forming oxide in the production of silicate bioactive
glasses, which are highly versatile candidates for producing tissue-engineering implants. The pro-
angiogenic potential of bioactive glasses has been comprehensively discussed by Kargozar et al.
in a recent review 470,

In general, the size of the glass particles plays a role in evoking the angiogenic response,

as the higher the specific surface area, the more reactive the material, and hence more ion

85



release. In order to address this issue, an international research team led by Boccaccini
investigated the pro-angiogenic potential of poly(D, L-lactic acid) (PDLLA) scaffolds embedding
45S5 Bioglass® (455i02-24.5Ca0-24.5Na,0-6P20s wt. %) particles produced either by conventional
melt-quenching (0.1-25 um) or by flame synthesis (35-40 nm) #°1. The in vitro experiments using
human colon (CD-18CO) fibroblasts showed that composite scaffolds containing 20 wt.% of
micro- or nano-sized glass increased the expression level of VEGF up to 5 times in comparison to
pure PDLLA. These results were confirmed by in vivo studies (rats) that revealed higher
vascularization and blood vessel-to-tissue percentage in glass-filled PDLLA. The percentage of
newly-formed blood vessels was 37% and 78% higher in the scaffolds with micrometric and
nanometric glass particles, respectively, as compared to the controls at 8 weeks postoperative.

The same particle size-dependent trend for glasses on angiogenesis was observed at
larger size scales. Detsch et al. 4°2 reported that smaller particles (1-2 mm) of melt-derived S53P4
glass (53Si02-23Na20-20Ca0-4P,0s mol.%) stimulated a higher secretion of VEGF in human CD-
18CO fibroblasts when compared to larger particles (2-3.15 mm). The pro-angiogenic potential
of nano-sized sol-gel bioactive glasses 58S (58.25i0,-32.6Ca0-9.2P,0s5 wt.%) and 80S (80SiO»-
15Ca0-5P,0s wt.%) was investigated in vitro by Mao et al. 43, who reported that both materials
could accelerate endothelial cell migration and up-regulate the expression of VEGF and bFGF),
which resulted in enhanced tubule formation.

The dependence of the pro-angiogenic effect on glass concentration was reported by Day
et al. ***, who seeded fibroblasts on 45S5 Bioglass’-coated polymeric implants and observed that
VEGF secretion was suppressed at high glass concentrations (>0.1 wt.%). This early evidence was

495

further confirmed by other experimental studies and the concentration is now considered to
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be a key factor for designing therapeutic bioactive glasses, because the same glass formulation
can have different effects (angiogenic at relatively low dosage or osteogenenic at relatively high
dosage) depending on the concentration of glass particles at the implantation site.

High doses of silicate material can also induce cytotoxicity due to increased
concentration of ionic dissolution products, which may also increase the pH of the culture
medium, producing excessive alkalinity to allow cell survival #°¢. This trend was also observed in
vivo, where it was shown that the volume of blood vessels formed at the defect site around
silica/collagen composite implants was inversely proportional to the biomaterial volume 4°7. It
cannot be ignored that, when multicomponent SiO,-based bioactive glasses are used, it is
impossible to separate the biological effects of silicate ions from those of the other ions released
from the material: therefore, the beneficial or adverse effects observed could be the result of a
synergistic combination of the various ions. It is also worth underlining that, although silicate
ions can indeed elicit a pro-angiogenic effect on their own, incorporation of metallic dopants
with more potent angiogenic effects into SiOz-based glass matrices, especially mesoporous silica

nanostructures “°® may be a better strategy to promote vascular sprouting.

11.15 Silver

Silver is well known for its antimicrobial properties both in the form of free ions and
nanoparticles 4°°. Some recent studies have also demonstrated the activity of silver nanoparticles
to modulate angiogenesis; however, the picture is still incomplete, and the mechanisms involved

are yet to be fully understood.
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On one hand, it was reported that silver nanoparticles (average size 500 nm)
biosynthesized in Bacillus licheniformis biomass can inhibit the proliferation and migration of
bovine retinal endothelial cells supplemented with exogenous VEGF, as well as micro-vessel
formation in mice % °91 (Fig. 21). The inhibitory effect on angiogenesis was attributed to the
inactivation of the PI3K/Akt signaling pathway by the metallic nanoparticles (see Fig. 22). This
was confirmed using biosynthesized silver nanoparticles with a smaller size (average diameter
16.5 nm) in a chick CAM model 9. These experimental findings suggest the potential of silver
nanoparticles for treating diseases where suppressing pathological angiogenesis is a goal, such as

age-related macular degeneration.
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Streptozotocin (mg/kg)

Streptozotocin(mg/kg)

Fig. 21 Anti-angiogenic activity of Ag nanoparticles in vivo (rat model). Top panel: Gross photographs of Day 7
Matrigel implants with skin vessel background. Representative figures show (a) Streptozotocin without Ag
nanoparticles, (b) Streptozotocin + Ag nanoparticles. Bottom panel: Histologic sections and hematoxylin and eosin-
stained cross-sections showing representative photographs obtained from the sections of retina stained by
hematoxylin and eosin in rats (c,d). Significant differences from control group were observed (p < 0.05). Reproduced
with permission from ref 5%,

On the other hand, silver nanoparticles (diameter below 100 nm) produced using plant
extracts from Azadirachta indica were suggested as potential agents for stimulating in vivo
angiogenesis, since they could stimulate the closure of thermally-induced wounds in rats >3,

Specifically, the wounds decreased in size over time, achieving closure at 2 weeks in healthy mice
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and at 3 weeks in diabetic animals. However, the pro-angiogenic effect proposed to be elicited
by silver nanoparticles was questionable in this study, as no clear evidence was provided. On the
contrary, it could be suggested that wound healing was actually favored by the antimicrobial
properties of Ag* ions, which may have played a predominant role that overcame the anti-

angiogenic (i.e., anti-healing) effect of the nanoparticles.

Growth factor
AgNPs
. J. Growth factor receptor
Cell surface membrane \ \\
L ]
\ e PI3K
® > Ros e
AKT ~
-
HIF-1ar < HIEts mTOR
Translation
Normoxia / ‘\(Hypoxia
L)
HIF-1a HIF-1c accumulation
@ VHL B l
/ i HIF-1a
Ubiquitination @ HF- 1D
degradation

Nuclear membrane

Nucleus

Inhibit the transcription of VEGF-A, GLUT1

Fig. 22 Schematic representation of the effect of AgNPs on angiogenesis process in cancer cells. AgNPs could enter
the cells and prevent HIF-1a accumulation in the cytoplasm, followed by the suppression of HIF-1 target gene

expression such as VEGF. from ref 204

A recent study showed that poly(vinyl pyrrolidone)-coated silver nanoparticles (average
size 2.3 nm) exhibited pro-angiogenic properties both in vitro and in vivo (mouse model) >%. In
fact, polymer-coated nanoparticles induced tube formation by endothelial cells, generation of

ROS, and production of angiogenic factors like VEGF and nitric oxide (NO). From a biomolecular
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viewpoint, the silver nanoparticles promoted the activation of FAK, Akt, ERK1/2, and p38, which
are all involved in the VEGFR-mediated signaling pathway. Silver-induced angiogenesis has also
been observed to occur in vivo around melanomas in mice. The pro-angiogenic effect observed
in this study could be attributed to the presence of the surface polymer coating; a size effect
could also play a role as the silver nanoparticles were significantly smaller than those used in

other studies reporting an anti-angiogenic effect, but this issue remains to be elucidated.

11.16 Sulfur

Sulfur is delivered to humans via normal nutrition, for example by allium vegetables
which are known to possess antioxidant, anti-inflammatory and even anticancer effects °%. S-
containing compounds may be used as drugs in medical applications as they have pro- or anti-
angiogenic properties depending on the type and concentration of the specific molecules. HaS
was reported to directly increase endothelial cell migration and growth as well as the formation
of tubular structures in vitro *°7°%._NaHS and Na,S promote significant angiogenesis in vitro via
the release of H,S that activates the KATP channel/MAPK pathway °%°, and NaHS was also found
able to improve regional blood flow in mice > Heparan sulfate proteoglycans facilitate cell
signaling by acting as co-receptors for key pro-angiogenic factors like bFGF and VEGF !, On the
contrary, high-molecular-weight sulfonated polysaccharides show promise as anti-angiogenic
agents in anti-cancer treatment as they can carry out metal chelation, or a competitive process

(which is still unclear) with heparan sulfate proteoglycans, thereby inhibiting tubule formation

512
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A novel nanotechnology approach involving sulfur was recently published by Cacciotti et
al. who functionalized electrospun poly(lactic acid) nanofibrous patches (average diameter of the
fibers around 700 nm) with organosulphur compounds extracted from garlic. These low-cost
H,S-releasing membranes could find potential applications in various biomedical sectors,
primarily as wound dressings, to combat oxidative stress in cells and improve tissue

regeneration, although their specific pro-angiogenic properties still remain to be confirmed.

11.17 Terbium

Apart from europium, terbium is another element of the class of lanthanides which has recently
received attention in the context of therapeutic angiogenesis. Zhao et al. reported the synthesis
of Tb(OH)3 nanorods and spherical nanoparticles via hydrothermal method and observed that
their pro-angiogenic properties, as well as their ROS-mediated mechanism of action, are
analogous to those of Eu(OH)s nanomaterials in a zebrafish model #1°,

Following its own previous studies on Eu(OH)s nanorods, Patra’s group >3 reported the synthesis
of Tb(OH)s nanorods assisted by microwave irradiation. These nanorods exhibited pro-
angiogenic properties in vitro towards endothelial cells (HUVECs and EA.hy926) as well as the
ability to stimulate blood vessel growth in the chick CAM in vivo assay. The authors tried
elucidating the biochemical mechanism behind angiogenesis and assessed that Tb(OH)s
nanorods stimulated NOx-mediated generation of ROS, which then activated the PI3K/Akt/MAPK
signaling cascade: this resulted in the formation of intracellular NO, which is a key signaling
molecule for angiogenesis °'*. Enhanced wound healing induced by Tb(OH)s nanorods was also

observed in a punch biopsy mouse model.
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11.18 Titanium

Titanium has been widely used for the production of load-bearing orthopedic and dental
implants for decades due to its high biocompatibility and good mechanical properties > >,
Despite may studies published on this topic, the biophysical, biochemical and biomolecular
mechanisms behind the activity of titanium-based materials on angiogenesis are still to be fully
understood °Y. In general, it was shown that titanium implants could be favorable to
angiogenesis under certain circumstances (high hydrophilicity and various micro-
/nanostructures), whereas titanium oxide (TiO,, titania) nanoparticles typically exert an anti-
angiogenic effect.

It is well known that the surface characteristics (e.g., ionic charge, chemistry, topography)
of implantable biomaterials are key to determining the biological response of cells and tissues.
The effect of the surface properties of titanium and titanium alloys in the context of bone tissue
engineering has been recently reviewed by Spriano et al. ®*¥. As regards angiogenesis, it was
shown that titanium surfaces with high surface energy and micro-roughness can promote the
secretion of pro-angiogenic growth factors (primarily VEGF) by osteoblasts, as well as the
migration and differentiation of human aortic endothelial cells cultured in contact with titanium
implant extracts >°. These results are consistent with other in vitro studies showing that
hydrophilic titanium surfaces increased the absorption of plasma fibronectin >?°, improved
osteoblast differentiation and up-regulated osteoblast-related growth factors °%%. The micro-
/nano-roughened surface of titanium dental screws was also found to promote osteointegration

and neovascularization in vivo %2
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The role played by hydrophilicity and surface topography is more complex regarding
endothelial cells. Shi et al. >?3 reported that the expression levels of some angiogenesis-related
proteins (e.g., EPCR and E-selectin) were higher when osteoblast/endothelial cells were co-
cultured on a hydrophobic smooth titanium surface compared to a rougher one. The favorable
effect of the smooth surface was explained by the tendency of endothelial cells to spread and
attach onto smooth biological surfaces typical of blood vessels. However, these findings were
not consistent with the results reported by Au et al. >4 using only HUVECs, which revealed a
higher expression of pro-angiogenic genes when cultured on hydrophilic rough titanium
surfaces. This apparent inconsistency can be explained taking into account that the cell behavior
might be affected by cell-cell interactions and cross-talk in the co-culture experiment >23. In fact,
many other authors have observed an increase of VEGF secretion by endothelial progenitor cells
in contact with micro-rough titanium surfaces, which were also capable of accelerating
vascularization in  human patients °2>>?/. Endothelial progenitor cells can affect
neovascularization by secreting paracrine factors (e.g. cytokines and VEGF) and forming a
primary cell network after differentiating into endothelial cells or perivascular supporting cells.
Ziebart et al. ®?’ showed that rough titanium surfaces promoted an undifferentiated rounded
phenotype with low proliferation rate and lower endothelial nitric oxide (NO) synthase and/or
inducible NO synthase activities; however, these cells showed a high rate of VEGF secretion, thus
eventually promoting angiogenesis.

Comparison between different studies is difficult due to the differing experimental
conditions used, cell types and titanium topographies, which prevent firm conclusions from

being drawn at this stage. Functionalization strategies have also been recently carried out on

94



titanium implants to impart them with clear pro-angiogenic properties. For example, Chen et al.
>28 modified the surface of titanium substrates by depositing a composite coating (nanofibers of
chitosan-catechol, gelatin, and hydroxyapatite) that improved angiogenesis in vitro and in vivo;
of course, this effect cannot solely be attributed to titanium in itself.

Doping titanium-based surfaces with other metals having a potent pro-angiogenic (e.g.,
copper) is another interesting approach recently reported by Zong et al. ®?°, who applied an
anodization treatment through magnetron sputtering to TiCu layers previously deposited on
pure titanium foils. The resulting Cu-doped titania-based nanotubular surfaces were capable of
up-regulating VEGF secretion by endothelial cells as compared to Cu-free titania nanotubes due
to the release of Cu?* ions. On the contrary, pure titania nanoparticles were found to exert an
anti-angiogenic effect apparently associated with their specific ability to inhibit the angiogenic
processes, rather than to a “general” nanosize-dependent cytotoxicity. Interestingly, Jo et al. >3°
observed that titania nanoparticles inhibited VEGF-induced tube formation and migration of
human retinal microvascular endothelial cells via the suppression of VEGFR2 and MAPK. This
property potentially suggests therapeutic applications in which the suppression of angiogenesis
is a goal, including age-related macular disease and tumor treatment.

A very recent study by Augustine et al. *3! showed that, interestingly, titania nanorods
produced via hydrothermal treatment exhibit a pro-angiogenic effect. This finding was assessed
both in a CAM model and in rats, where electrospun PCL meshes loaded with titania nanorods

provided a faster wound healing compared to bare PCL fibres.
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Hence, the comparison between the above-mentioned studies suggests a “shape effect”
related to nano-titania (pro-angiogenic nanorods vs. anti-angiogenic spherical nanoparticles),

which deserves to be more comprehensively investigated in the future.

11.19 Yttrium
Yttrium oxide (Y.03) has been used for decades to stabilize the tetragonal phase of zirconia in

ceramic components for joint prostheses >32

. More recently, Y203 nanoparticles have been
proved to have antioxidant and radical scavenging ability >33, which are of great interest in
advanced tissue engineering applications. Investigation of the potential of Y203 nanoparticles in
the specific context of angiogenesis is in its very beginning, but the existing evidence shows
promise. Following the approach reported in their previous studies on nanoceria, Augustine et
al. >3* produced Y,03; nanoparticles using gelatin as a stabilizer and incorporated them in
electrospun PCL scaffolds. An amount of 1 wt.% Y»03 nanoparticles was found to be the most
effective to promote the proliferation of fibroblasts (L-929) and osteoblast-like cells (UMR-106),
as well as to support the highest blood vessel formation in a chick CAM model. Gene expression
study following subcutaneous implantation in rats demonstrated that the presence of Y,03

nanoparticles in the polymeric scaffolds could upregulate the expression of cell proliferation and

angiogenesis-related biomolecules, such as VEGF and EGFR.

11.20 Zinc
Zinc is an essential element in human metabolism because Zn?* ions are included in a

number of proteins and are involved in many biological processes °3>. Zinc can have anti- or pro-
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angiogenic effects depending on the form under which it is available, i.e., Zn?* cations or zinc
oxide (ZnO) nanoparticles, respectively. It was observed that the ability of Zn?* ions to bind to
endostatin is essential for the potent anti-angiogenic activity of this angiogenesis inhibitor that
can convert malignant cancer cells into a “quiescent” tumor phenotype unable to induce
angiogenesis, and thus unable to grow >3¢. The effect of zinc on cancer cells was also related to a
conformational change in the p53 protein, resulting in halting the progression of cancer cell
mitosis and promoting cell death. As regards the effect of Zn?* ions on healthy cells, it was
observed that zinc concentrations in the range of 10 to 500 uM neither inhibited nor stimulated
the growth of HUVECs °3°; however, zinc could enhance the proliferation of bovine aortic
endothelial cells in the presence of exogenous bFGF, suggesting a role of zinc ions in amplifying
the bFGF-dependent proliferation of the cells >3’

An in vitro study published by Shiah et al. >*® reported that the drug
bis(diethylthiocarbamoyl) disulfide (disulfiram), which is used for treating alcoholism, could
directly interact with MMP-2 and MMP-9, inhibiting their proteolytic activity through a zinc-
chelating mechanism. As a result, reduction of angiogenesis was predicted using disulfuram in
vivo, with therapeutic benefits in cancer treatment. Zinc is also capable of reversing the
expression of many genes modulated by hypoxia, thus reducing the activity of HIF-1 with an

associated decrease in VEGF secretion and reduction of angiogenesis 3% 240,

On the contrary, pro-angiogenic effects were observed in vitro and in vivo when zinc was used in

541

the form of ZnO nano-sized structures like nanoparticles >*! and nanoflowers >*? (Fig. 23), alone

or embedded in a polymeric scaffold (e.g. electrospun poly(vinylidene fluoride-trifluoroethylene)
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fibres °*3). In both cases, generation of ROS by the ZnO nanomaterials resulted in upregulation of

bFGF and VEGF, which ultimately led to improved vascularization.
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Fig. 23 The possible molecular mechanisms and signaling pathways involved in zinc nanoflower-induced
angiogenesis. Reproduced with permission from ref. 542,

Table. 4 Pro-angiogenic biochemical and biological functions elicited by inorganic elements and nanomaterials (the
elements are listed in alphabetical order).

Element Effect” Notes/Biochemical and biological functions Ref (s)

Borate ((BO3)*) ions can induce:
- Stimulation of endothelial cell migration and proliferation 336, 401, 544

B PA
- Increased secretion of VEGF and other pro-angiogenic factors
- Tubule formation
Ca® ions induce:
Ca PA - Endothelial cell proliferation 342,343,346
- Overexpression of PDGF, EGF, IGF-I, bFGF, VEGF
- Nanoceria could stabilize HIF-1a in ECs and up-regulate VEGF expression, resulting in
induced pro-angiogenesis
Ce PA - High surface area and increased Ce3*/Ce** ratio make nanoceria a robust inducer of 353
angiogenesis
Co? ions induce:
o PA - Activation of the HIF-1 pathway 365, 366
- Overexpression of angiogenic factors VEGF and bFGF
- Enhanced tubule formation
Cu*/Cu?* ions and copper nanoparticles induce:
- Activation of the HIF-1 pathway 390, 393,
Cu PA - MAPK signaling pathway 394, 407

- Activation of VEGF, bFGF, TNF, IL-1B, IL-6, and IL-8
- Endothelial cell proliferation
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Eu® ions induce:
- Overexpression of angiogenic genes CD31, MMP9, VEGFR1/2 and PDGFRa/B of HUVECs
- Promotion of endothelial cell proliferation in vitro and vascular sprouting in vivo (CAM

417,419
Eu PA model and mice)
Eu(OH)s3 nanorods/nanoparticles promote angiogenesis mediated by ROS production
(especially H20.).
Fe?*/Fe3* ions induce:
- ROS generation 435, 436, 445
Fe PA - Stabilization of HIF
- VEGF increase
Li* ions promote:
Li PA - VEGF secretion 448, 451, 452
- Vasculogenesis
Mg?* ions released from silicate bioceramics and glasses induce:
Mg PA - Stimulation of proliferation and migration of microvascular cells 458
- Enhancement of the mitogenic response to angiogenic factors
Nb>* ions released from bioactive glasses promote angiogenesis in vitro through enhancing | 4,
Nb PA .
VEGF secretion
Phosphate ((P04)?) ions induce:
P PA - Stimulation of pro-angiogenic bFGF, VEGF, FOXC2, and osteopontin 349, 468
- Stimulation of migration and tube formation in the HUVEC model
S PA Different sulphur compounds can exert pro-angiogenic (H2S, NaHS, NaS) 508,509
- Pro-angiogenic effect elicited by silicate ((SiO4)*) ions (induction of endothelial cell
Si PA homing, polarization and migration; induction of angiogenic differentiation and new blood | 43 4%
vessel sprouting)
Tb(OH)3 nanorods stimulate NOx-mediated generation of ROS, with activation of the
T PA PI3K/Akt/MAPK signaling cascade and formation of intracellular NO, which is a key signaling | s;3
molecule for angiogenesis
Ti PA - Pro-angiogenic effect elicited by hydrophilic and relatively smooth titanium surfaces 519-524
Y PA Y,03 nanoparticles stimulate VEGF and EGFR secretion 534
7n PA - Pro-angiogenic effect elicited by ZnO nanoparticles through ROS generation and 537

upregulation of bFGF and VEGF
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Table. 5 Anti-angiogenic biochemical and biological functions elicited by inorganic elements and nanomaterials (the
elements are listed in alphabetical order).

Element Effect” Notes/Biochemical and biological functions Ref (s)

Ag AA Silver nanoparticles act on the PI3K/Akt signaling pathway 310
Gold nanoparticles induce:

Au AA - Inhibition of the MAPK pathway 421,427
- Inhibition of pro-angiogenic factors (e.g., VEGF, bFGF, PIGF)

Ce AA The antiangiogenic effect was found to occur at high concentrations and in the presence of | 3¢; 545
rod-shaped nanoceria.

S AA Sulphur compounds such as heparan sulfonate can exert antiangiogenic effects 512

Se AA - Inhibition of VEGF secretion 476, 477, 479
- Apoptosis of endothelial cells
- Anti-angiogenic effect elicited by pure silica nanoparticles or at a high dosage of silicate

Si AA materials (cytotoxicity) 530

Ti AA - Anti-angiogenic effect elicited by titania nanoparticles via suppression of VEGF/MAPK 546
pathways
- Anti-angiogenic effect elicited by Zn?* ions (e.g., activation of endostatin, reverse effect on

Zn AA hypoxia-modulated genes) 538,539

12. Nanoparticles for imaging of angiogenesis

Visualization of tumor angiogenesis provides invaluable information to assess the biologic
aggressiveness and allow monitoring of tumor response to anti-angiogenic therapies. Scientists
have taken advantage of nanotechnology for imaging of tumor angiogenesis since nanoparticles
show several advantages, such as the ability to carry high payloads of diagnostic or imaging
agents, with an increased signal-to-noise ratio, longer circulation times, and enhanced image

contrast ©%. Successful imaging of angiogenesis leads to gaining valuable information, which can
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be useful in determining the optimal dose and schedule of an anti-angiogenic therapeutic, as
well as measuring early signs of tumor relapse/recurrence®’ . Magnetic (e.g. Gd), fluorescent
and radiolabeled nanoparticles (e.g., Tc-99m and [-123) have commonly been used to detect the
angiogenesis process. Positron-emission tomography (PET), single-photon emission computed
tomography (SPECT), computerized tomography (CT), magnetic resonance imaging (MRI), optical
imaging, and ultrasounds imaging have all been investigated as techniques to measure the
progress of angiogenesis in vivo >*8>>3, Targeting awB3 —integrin and VEGFR2 has been proposed
for targeted imaging of tumor angiogenesis >>*°>/. The important parameters measured are
microvessel density (the so-called “hot-spots”) and circulating markers of angiogenesis >*’. The
latter are comprised of soluble circulating protein markers such as angiogenic GFs and their
receptors (e.g., VEGF), cell adhesion and ECM molecules (VCAM-1), circulating EPCs and their
precursors **’. However, there are other biomarkers that are over-expressed on the tumor cell
surface, which could be potential targets for detection of tumor angiogenesis. As an illustration,
Wu et al. functionalized gold nanoparticles with a tumor-homing cyclized asparagine—glycine—
arginine peptide (SH—cNGR) and carboxylpoly(ethylene glycol)thiol (SH-PEG—-COOH) via Au-S
bonds to target the aminopeptidase-N (APN/CD13) over-expressed on the endothelium of tumor
angiogenesis °°%. CT imaging and immunohistochemistry results showed that the surface-
functionalized nanoparticles showed significantly higher and faster tumor uptake post-
intravenous injection in comparison to unmodified samples. The authors suggested that this
nano-based imaging system could be a promising contrast agent for targeted angiogenesis

imaging using CT.
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Organic based nanoparticles have also been used to detect angiogenesis in vivo. Ryu et
al. developed a HSA-based nanoprobe for non-invasive optical imaging of MMP activity in a small
rodent hindlimb ischemia model >°°. For this aim, the authors covalently conjugated MMP-
specific fluorogenic peptide probes to HSA for preparation of self-quenched MMP eHSA
nanoprobes 36 nm in diameter. It has been proven that MMP-2 and MMP-9 are two essential
mediators in the angiogenesis process. The nanoprobes showed enhanced fluorescence
emission in the presence of MMP-2 and MMP-9 without any cytotoxicity. Moreover, the authors
showed longer blood circulation half-life for this system compared to control groups after
intravenous injection in a mouse hindlimb ischemia model, as well as successful optical imaging
of MMP activity during angiogenesis. It should be mentioned that the use of viral nanoparticles
(e.g., cowpea mosaic virus nanoparticles) as next-generation imaging agents may be a new
approach to non-invasive monitoring of angiogenesis, and could serve as suitable therapy and
imaging probes °60->62,

Multimodality (e.g., bimodal, trimodal, and four-modal) imaging has emerged as an
approach for imaging of the angiogenesis process due to its potential to provide complementary
information that can be co-registered 3%, For instance, lanthanide-based nanoprobes have
been used for imaging of tumor angiogenesis thanks to their favorable optical, magnetic,
radioactive, and X-ray attenuation properties. In 2013, Sun et al. optimized core-shell lanthanide
upconversion nanophosphors with an enhanced imaging ability for tumor angiogenesis in small
animals (mice) 6. NaLuFs: Yb,Tm nanocrystals and 3Sm3* doped NaGdF; were the core and the
shell of the nanophosphors, respectively. The recorded lifetime for upconversion luminescence

(UCL) was 1044 ps at 800 nm, and its relaxation rate (1/T1) was 1044 us and 18.15 st .mM™. The
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detailed information obtained by four-modal imaging techniques, i.e., X-ray, CT, MRI, and SPECT
(see Fig. 24), showed the effectiveness and applicability of this system for monitoring tumor

angiogenesis in vivo.

F NaLuF,.Yb,Tm
@NaGdF ,('**Sm)
—
TS \
D 1\ ®' o
confocal imaging tumor -

Fig. 24 The use of NalLuF4:Yb,Tm@NaGdF4(153Sm) for four-modal imaging of tumor-bearing nude mice at 60 min
post intravenous injection. A-D represent images obtained from upconversion luminescence (UCL), X-ray CT, SPECT,
and MR of tumor, respectively. E exhibits UCL confocal image of the paraffin section of tumor tissue, and F is
actually a schematic illustration of tumor angiogenesis imaging by applying the nanoparticles as the probe. >,

Carbon-based nanoparticles (e.g., nanographene oxide and quantum dots) are other
promising candidates for targeted angiogenesis imaging in vivo *®7 >%8_The use of quantum dots
for in vivo imaging purposes was first reported by Dubertret and colleagues in 2002 °%°. Today,
paramagnetic QD-micelles have been used for MR and optical-based molecular imaging in vivo
>70-572 'QDs in pristine and modified forms were suggested to be tools in multimodal molecular

imaging of tumor angiogenesis >’3 574,
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13. Summary and future perspectives

Because angiogenesis is indispensible for tumor growth (beyond a certain relatively small
size) and also for cancer metastasis which is the leading cause of cancer death, therefore,
inhibiting angiogenesis has been an important part of cancer therapy in the clinical setting for
some decades. VEGF signaling pathway plays a central role in both physiological and pathological
processes of angiogenesis; therefore, its regulation has been considered to be one of the main
targets in cancer therapy °’°. Recent studies have revealed the critical role of angiogenesis in the
failure of initially successful immunotherapy approached to solid tumors. Therefore combining
antiangiogenic therapy with modern immunotherapy has been proposed to improve the
effectiveness of immunotherapy and also to diminish the risk of autoimmune-related adverse
effects .

Many cancers could be resistant to anti-angiogenic approaches targeting the VEGF
signaling pathway either inherently or by acquired resistance. In the case of acquired resistance,
cancer cells upregulate different pro-angiogenic molecules which might be connected with the
genetic instability of cancers °’6. Also, this resistance could be related to the ability of cancer
cells to receive nutrients from existing adjacent blood vessels >’7. The invention of
nanotechnology has opened up new horizons in many areas of biomedical science, and inhibiting
angiogenesis using different types of nanoparticles is now a promising approach especially in the
case of resistant cancers. Up to now, a large number of studies have been published dealing with
nanoparticles that inhibit angiogenesis. Better outcomes may be obtained when organic and
inorganic nanoparticles are combined. There has been a series of anti-angiogenic nano-sized

drugs (e.g., humanized anti-VEGF monoclonal antibody Avastin™) gaining marketing approval to
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treat various types of cancer %32, In addition, it should be mentioned that many attempts are
being made to develop nano-sized particles incorporating previously used anti-angiogenic
commercial drugs, as well as substances originating from herbs and phytochemicals. The high
efficacy of Taxol® (generic name paclitaxel) nanoparticles has been reported in several studies
203,578 The use of nano-based DDSs (e.g., lipid-based and carbon-based nanosystems) provide
another possibility for researchers to take advantage of nanotechnology to inhibit angiogenesis
in cancers both in vitro and in vivo. Doxil®, Myocet™, Lipo-dox®, DaunoXome®, and Margibo® are
well-known examples of FDA-approved nanosystems containing drugs with additional anti-
angiogenic properties, which are currently used in cancer therapy. Targeted therapy of
angiogenesis by surface-modified nanoparticles and nanosystems is currently under investigation
to improve the efficacy of anti-angiogenic based cancer therapy. The anti-angiogenic effect of
nanoparticles depends on many factors, including their size and shape °’°. Although there are
several reported in vitro and in vivo experiments concerning the size effects of nanoparticles on
angiogenesis, some conflicting results make it difficult to draw firm conclusions about this
parameter >0 80,581 However, the use of smaller particles is generally suggested to improve the
results of anti-angiogenesis based cancer therapy. It is worth underlining that metallic and metal
oxide nanoparticles can exhibit either pro-angiogenic or anti-angiogenic properties depending on
various parameters, including not only the size but also the surface properties (e.g. wettability,
charge) and effective concentration. All these factors were shown to be key determinants for the
production of ROS, which have a deep impact on the angiogenic properties of nanomaterials °82.
In the last decade, redox signalling-based nanomedicine has indeed emerged as a fascinating

approach for the treatment of angiogenesis-related diseases, where nano-sized materials may
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promote angiogenesis via the controlled production of ROS or antiangiogenesis by triggering
excessive ROS formation °83°8> A generally-valid “set of rules” on how ROS production can be
actually controlled does not exist, also considering the high number of factors involved (e.g. type
of nanomaterial, shape, size, concentration, specific environment/model etc.) and their
interlocking — which may even be unpredictable: hence, the need for detailed and individual
studies on every material/system embedding nanoparticles is recommended before exploitation
for therapeutic purpose.

Imaging and monitoring of angiogenesis by nanotechnology-based probes may lead to
faster and more accurate diagnosis of cancer progression; while multimodality imaging of
angiogenesis for instance using lanthanide-based nanoprobes has shown good efficacy.

The issue of toxicity of nanoparticle-based molecules, chemicals, and drugs requires to be
carefully evaluated; some nanoparticulate elements with the ability to modulate angiogenesis
(e.g., arsenic, lead, and mercury) have severe toxicity to mammalian cells and are never used in
therapeutic applications. Moreover, the selection of solvents and reagents used for preparation
of nanoparticles is of great importance when aiming to use them in the human body. Green
chemistry offers better approaches to reduce toxicity and also to improve the stability of
nanomaterials >86 %87,

On the other side, improving angiogenesis is critical in wound healing, tissue engineering
and reconstructive strategies, since it can facilitate the growth and repair of damaged tissues
and organs #’°. A large number of studies have investigated the pro-angiogenic potential of
various organic and inorganic nanomaterials both in vitro and in vivo. The results obtained so far

can be regarded as quite promising, and much attention has been given to this direction. The
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critical issues for the use of nanotechnology in promoting angiogenic strategies are similar to the
above-mentioned factors affecting anti-angiogenic strategies.

One interesting theme that has emerged in serveral of the approaches covered in this
review, is the bimodal effects of many nanostructures, that can stimulate angiogenesis at low
doses or concentrations, while the same material can inhibit angiogenesis at higher doses or
concentrations. This may even allow the same preparation to be used for opposite goals at
different doses depending on the disease or condition to be treated.

Taken together, nanotechnology has had and will continue to have a major impact on the
therapeutic tools and imaging approaches targeting the neovascularization process in both pro-
angiogenic and anti-angiogenic strategies. In addition, the quality of recorded images of
angiogenesis process is really improved by applying nanotechnology-based methods. Based on
the current knowledge of nanotechnology, it can be assumed that novel chemical formulations
will be invented and developed into different formats (e.g., small molecules) affecting

angiogenesis in a more effective manner, even in the case of cancer resistances.
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