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Abstract: Angiogenin (ANG), an endogenous protein that plays a key role in cell growth and 22 
survival, has been scrutinised here as promising nanomedicine tool for the modulation of pro-/ anti-23 
angiogenic processes in brain cancer therapy. Specifically, peptide fragments from the putative cell 24 

membrane binding domain (residues 60-68) of the protein were used in this study to obtain peptide-25 
functionalised spherical gold nanoparticles (AuNPs) of about 10 nm and 30 nm in optical and 26 
hydrodynamic size, respectively. Different hybrid biointerfaces were fabricated by peptide physical 27 
adsorption (Ang60-68) or chemisorption (the cysteine analogous Ang60-68Cys) at the metal nanoparticle 28 
surface, and the cellular assays were performed in the comparison with ANG-functionalised AuNPs. 29 

Cellular treatments were performed both in basal and in copper-supplemented cell culture medium, 30 
to scrutinise the synergic effect of the metal, which is another known angiogenic factor. Two brain 31 
cell lines were investigated in parallel, namely tumour glioblastoma (A172) and neuron-like 32 
differentiated neuroblastoma (d-SH-SY5Y). Results on cell viability/proliferation, cytoskeleton actin, 33 
angiogenin translocation and VEGF release pointed to the promising potentialities of the developed 34 

systems as anti-angiogenic tunable nanoplaftforms in cancer cells treatment. 35 

Keywords: plasmonics; nanomedicine; theranostics; copper; VEGF; glioblastoma; differentiated 36 
neuroblastoma; peptidomimetics; qPCR; actin.   37 
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 41 

Gold nanoparticles (AuNP) functionalised with peptides mimicking the cell membrane binding site 42 
of angiogenin protein (ANG) can perturb the VEGF-regulated nuclear transcription process, which 43 
results in an enhanced anti-angiogenic response in tumour cells. 44 
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1. Introduction 46 

In recent decades, protein-nanoparticle and peptide-nanoparticle conjugates have emerged as 47 
powerful nanomedicine tools, enabling for biomedical applications in prevention, diagnosis and 48 
treatment of disease [1,2]. Unfunctionalised, bare nanoparticles (NPs), are often able to match several 49 
desired function of theranostic platforms, including peculiar optical, electrical, magnetic properties 50 
of nanometer-sized materials [3], tunable geometries and tailored size and surface chemistry [4], 51 

intrinsic biological properties such as anti-angiogenic nanogold [5,6] or antibacterial nanosilver [7,8]. 52 
On the other hand, hybrid peptide- or protein-NP conjugates enable addressing many of the 53 
difficulties that arise as results of in vivo applications. Specifically, both naturally derived and 54 
synthetic polypeptides may offer improved biocompatibility [9], targeted delivery [10] and 55 
prolonged lifetime before clearance, to ensure an efficient therapeutic action [1,11]. 56 

Angiogenin (ANG) is a secreted ribonuclease (also known as RNase 5), identified in media from 57 
cancer cells, but also present in normal tissues, such as plasma and amniotic fluid, and secreted from 58 
vascular endothelial cells, aortic smooth muscle cells, fibroblasts [12]. Angiogenin induces 59 
neovascularization by triggering cell migration, invasion, proliferation, and formation of tubular 60 

structures [12-15].  61 
Physiologically, ANG is overexpressed during inflammation, exhibiting wound healing 62 

properties as well as microbicide activity and conferring host immunity [16]. However, uncontrolled 63 
activity of angiogenin is implicated in pathological processes.  64 

The protein was isolated for the first time from medium conditioned by a human 65 

adenocarcinoma cell line (HT-29) [17]. A high expression of angiogenin has been described in 66 
different types of cancers and to their malignant transformation [12], including gliomas that are brain 67 
tumours fast-growing, aggressive and with a poor prognosis [18].  68 

ANG expression has been identified also in neurons and acts as a part of the secretome of 69 
endothelial progenitor cells (EPCs) [19,20]; the modulation of ANG and EPCs as repair-associated 70 

factors has been found in stroke patients and mouse models of rehabilitation after cerebral ischemia 71 
[21]. Mutations in the ANG gene have been characterized in amyotrophic lateral sclerosis (ALS) [22] 72 
and Parkinson's disease (PD) [23]. Moreover, endogenous angiogenin levels are dramatically reduced 73 
in an alpha-synuclein mouse model of PD and exogenous angiogenin protects against cell loss in 74 
neurotoxin-based cellular models of PD [23]. Genetic studies revealed that angiogenin treatment 75 

delays motor dysfunction and motor neuron loss, also prolonging the survival in superoxide 76 
dismutase 1 (SOD1) mouse model of ALS [14].  77 

In motor neurons, ANG can be upregulated by hypoxia thought the stimulation of rRNA 78 
transcription of endothelial cells [24]. Such a process is critical for the cellular proliferation induced 79 

by other angiogenic proteins, including vascular endothelial growth factor (VEGF) [25]. While the 80 
predominant role of VEGF in the formation of new blood vessels is unquestioned, several recent 81 
studies demonstrate that VEGF also has trophic effects on neurons and glia in the Central- (CNS) and 82 
Peripheral- (PNS) Nervous System, promoting neurogenesis, neuronal patterning, neuroprotection 83 
and glial growth [26]. Therefore, VEGF modulates neuronal health and nerve repair; and exogenous 84 

angiogenin delivery can be considered a promising tool of anti-angiogenic therapy for treating 85 
gliomas, where malignancy is highly related to angiogenesis. 86 

Copper is an essential metal that plays a key role in the CNS development and function, and its 87 
dyshomeostasis is involved in many neurodegenerative diseases as Alzheimer’s disease (AD), PD 88 
and ALS [27,28]. Furthermore, copper is known to be a strong angiogenic factor, with metal serum 89 

levels raising in a wide variety of human cancers [29,30]. Noteworthy, copper increases the 90 
expression of ANG and regulates its intracellular localization [31]. Moreover, ANG binds copper ions 91 
and the metal interaction largely influences its interaction with endothelial cells as well as its 92 
angiogenic activity [32-34]. Taking into account the correlations between angiogenin protein and 93 

copper in physiological and pathological conditions of the brain, a promising pharmacological 94 
approach in brain tumours therapy is the use of ANG as molecular target, whose activity may be 95 
modulated by the presence of copper ions.   96 
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As an alternative to protein-based drugs, peptides mimicking functional domains of the whole 97 

protein are becoming more relevant as drug candidates, to address problems exhibited by the protein 98 
in in vivo applications such as the additional effect or functions or binding sites for other ligands, the 99 
immunological clearance before reaching their target site [35,36].  100 

Three domains of angiogenin have been demonstrated essential to the protein to explicate its 101 
biological activity, i.e.,: the catalytic site (involving His-13, Lys-40, and His-114 residues), the nuclear 102 

translocation sequence (encompassing residues 31-35, RRRGL); the putative cellular binding site 103 
(residues 60-68, KNGNPHREN) [37,38]. In previous works, peptide fragments encompassing such 104 
different domains of the protein have been synthesized and used as mimicking model of the whole 105 
protein [6,39,40]. In particular, hybrid nano-assemblies of gold nanoparticles (AuNPs) functionalized 106 
with different peptides encompassing the putative cellular binding site of the protein (Ang60-68) have 107 

been demonstrated able to maintain their activity on cytoskeleton actin reorganization in a tumour 108 
cell line of human neuroblastoma [40].  109 

Here, we report on the investigation of AuNPs functionalised with the peptide Ang60-68 or its 110 
analogous having a cysteine residue in the C-terminus (Ang60-68Cys), in the comparison with the 111 

whole ANG protein. Such systems have been scrutinised as potential nanomedicine platforms 112 
towards a brain cancer of human glioblastoma (A172 cell line). To compare the response of tumour 113 
and non-tumour brain cells, differentiated neuroblastoma (d-SH-SY5Y line) have been included in 114 
the study as model neuron-like cells. 115 

Effects on cell proliferation, cytoskeleton actin changes, angiogenin translocation and VEGF 116 

expression upon the cell treatments with peptides- or protein-functionalized nanoparticles, in the 117 
absence or presence of copper ions, shed new light in the link between different factors involved in 118 
angiogenesis processes of non-tumour and tumour model brain cell cultures. Indeed, since ANG 119 
plays a key role in cell growth and survival, and the role of VEGF in brain tumour angiogenesis has 120 
been demonstrated [41], new perspectives in the therapeutic approaches may rely on the tiny 121 

modulation of the pro-/ anti-angiogenic processes [42] for brain cancer treatment. 122 
 123 

2. Results 124 

2.1. Physicochemical characterisation of hybrid peptides- and protein-NP conjugates 125 

2.1.1. Optical (plasmonic) properties changes of AuNP upon interaction with peptides/protein.  126 

Peptide-functionalised NPs were fabricated by two different approaches, namely a purely 127 
physical adsorption and a prevalent covalent grafting, with the peptide sequences Ang60-68 and Ang60-128 
68Cys, respectively. As positive control, samples of ANG-functionalised AuNPs were prepared by 129 
using the whole protein.  130 

Figure 1 shows the UV−visible spectra of gold nanoparticles, before and after the addition of 131 
Ang60-68n, Ang60-68Cys or ANG, respectively. The plasmon peak parameters, i.e., the wavelength at the 132 
maximum absorbance (max = 519 nm) and the full width at half maximum (FWHM = 54 nm) point to 133 
the formation of a monodisperse gold colloidal solution of spherical nanoparticles with an optical 134 
diameter of 11 nm [43].  135 

The addition of Ang60-68 (Fig. 1a) or Ang60-68Cys (Fig. 1b), at the concentration of 3·10-5 M for both 136 
peptides, induces comparable red-shifts (Δλmax = 3 nm) and increase of absorbance at the maximum 137 
(Abs ~ 0.07), according to previous findings [40].  138 

The addition of the whole protein ANG (Fig. 1c), at the concentration of 1·10-7 M, leads to a 139 
significantly larger red-shift in the plasmon peak (Δλmax = 4 nm) compared to those found upon the 140 

addition of the peptides. Moreover, an opposite trend in the absorbance at the maximum, with a 141 
decrease (Abs = -0.09) in comparison to the bare AuNPs and a broadening of the plasmon band 142 
(FHWM = 11 nm, corresponding to the appearance of a shoulder at around 600 nm) are visible, most 143 
likely due to a partial nanoparticle aggregation. 144 
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 145 

 146 

Figure 1. (a-c) UV-visible spectra of AuNPs in 1 mM MOPS-TCEP buffer (1:1 mol ratio) before and 147 
after the addition of: (a) 30 M Ang60-68, (b) 30 M Ang60-68Cys; (c) 100 nM ANG. (d) UV-visible spectra 148 
of the pellets collected after two rinsing steps by centrifugation (8,000 r.p.m, for 15 min) and re-149 
suspension in 1 mM MOPS-TCEP buffer.  150 

As to the hybrid systems used for the cellular experiments, Fig. 1d shows the UV-visible spectra 151 
of the protein/peptide-NP pellets samples after two washing steps. The red-shift in the plasmon peak 152 
with respect to the bare AuNPs is still visible (Δλmax ~ 3 nm) for Ang60-68 and Ang60-68Cys peptides as 153 
well as for ANG protein). This finding confirms the irreversible adsorption of the peptides and 154 

protein molecules and hence the successful surface functionalisation of the gold nanoparticles by the 155 
used biomolecules. 156 

 157 

2.1.2. Hydrodynamic size and conformational features of peptides- and protein-functionalised NPs 158 
in the absence or presence of copper ions. 159 

The hydrodynamic size of ~ 30 nm for the aqueous dispersion of gold nanoparticles (1.7·108 160 
NP/mL) did not change significantly upon addition of the peptide solution (3·10-5 M), for both Ang60-161 
68 and Ang60-68Cys fragments. On the other hand, by addition of ANG (1·10-7 M), the nanoparticle size 162 
was largely increased in comparison to the bare AuNP, thus suggesting nanoparticle aggregation 163 
prompted by the presence of the protein at the nanoparticle surface. 164 

The Ang60-68_NP and Ang60-68Cys_NP pellets maintained a size range comparable to that of non-165 
rinsed nanoparticles (both bare and functionalized), while a slight decrease in the size was found for 166 
ANG_NP, where a fraction of loosely bound proteins molecules was therefore likely rinsed off by the 167 
washing steps of the protein-nanoparticle hybrids.  168 

Noteworthy, after the addition of copper ions, the average dimension of nanoparticles was still 169 
unchanged for bare AuNP, instead a dramatic increase in the hydrodynamic diameter was found for 170 
Ang60-68_NP (to ~ 180 nm) and Ang60-68Cys_NP (to ~300 nm), respectively. 171 
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Table 1. Hydrodynamic size of the different NPs before and after the functionalisation with the 172 
peptides or the protein, and after the addition of before and after addition of 20 M CuSO4. 173 

 Hydrodynamic size (nm) 

peptide/protein 
NP + 

peptide/protein(1) 
peptide/protein_NP (2) 

peptide/protein_NP + 

Cu(II)(3)  

- 29 ± 3 30 ± 2 31 ± 5 

Ang60-68 28 ± 4 37 ± 4 175 ± 10 

Ang60-68Cys 30 ± 3 29 ± 5 281 ± 42 

ANG 53 ± 4 41 ± 6 47 ± 5 
1 peptide/protein-added NP samples; 2 peptide/protein_NP samples after the centrifugation and rinsing steps; 3 174 

same pellets as 2 added with copper ions. 175 

The Ang60-68 peptide is able to bind copper at physiological pH by the involvement of one 176 
imidazole, two deprotonated amide nitrogen and one carboxyl oxygen atoms, respectively [44]. The 177 
UV-vis parameters measured for the equimolar solutions at pH= 7.4 of copper(II) and Ang60-68Cys 178 

(max = 624 nm;  = 100 M-1cm-1) were very similar to those of analogous complex formed with Ang60-179 
68 (max = 630 nm;  = 120 M-1cm-1). 180 

Accordingly, the CD spectra of both Ang60-68+Cu(II) and Ang60-68Cys+Cu(II) (Figure 2) showed a 181 
minimum around 600 nm, assigned to copper d-d transition, and a broad band with a maximum 182 
approximately at 350 nm, assigned to charge transfer to the metal ion by the imidazole nitrogen 183 

(Nim→Cu(II)) and the deprotonated amide nitrogen (Namide→ Cu(II)). 184 

 185 

Figure 2. CD spectra of Ang60-68 + CuSO4 (black line) and Ang60-68Cys + CuSO4 (red line) at pH = 7.4. 186 
Equimolar concentration of peptide and copper were used: [peptide] = [Cu(II)]= 1x10-3 M. 187 

 188 

 189 

 190 
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2.2. Biological characterisation of the interaction between peptides- or protein-NP conjugates and brain 191 

tumour (A172 line) or non-tumour (d-SH-SY5Y) cells 192 

2.2.1. Determination of angiogenin expression in glioblastoma (A172), undifferentiated and 193 
differentiated neuroblastoma (SH-SY5Y) cell lines. 194 

To analyse the endogenous levels of ANG expression in the tested cancer cells (glioblastoma 195 
A172 and neuroblastoma SH-SY5Y) and neuronal-like cells (differentiated neuroblastoma, d-SH-196 

SY5Y), we performed Western blot analyses of protein extracts from crude cell lysates (Figure S1 in 197 
Supplementary Material). Results confirmed that in tumour cells the expressed level of protein were 198 
significantly higher than in differentiated neuroblastoma (Fig. S1a,b). Moreover, to control the 199 
specific interaction of anti-angiogenin antibody with Ang60-68 or Ang60-68Cys in the comparison with 200 
ANG, the peptides and protein samples were analysed by Western and dot blotting assays. The used 201 

anti-angiogenin antibody detected only the whole protein but did not interact with the two peptide 202 
fragments (Fig. S1c,d). 203 

2.2.2. Cell viability 204 

 MTT assays were carried out to assess the effect on cell viability (Figure 3) of peptides- or 205 

protein-functionalised NPs, in the absence or presence of copper ions, for brain glioblastoma (A172 206 
line) and differentiated neuroblastoma (d-SH-SY5Y), respectively.  207 

In the tumour A172 cell line (Fig. 3a), a significant increase on viability (+25%; p ≤ 0.05 vs. control 208 
untreated cells) was found after the treatment with ANG, both in absence and in the presence of 209 
added Cu(II). The cells incubation either with free peptides of Ang60-68Cys or Ang60-68 did not induce 210 

any significant change on cell viability; similar results were found for cells treated with peptides in 211 
the presence of copper. As to nanoparticle-treated cells, the incubation with bare AuNP, both in the 212 
absence and with Cu(II), did not modify the cell viability in comparison with control cells. The 213 
incubation with Ang60-68_NP reduced the cell viability by about 20-25% (p ≤ 0.05 vs. the respective 214 
peptide and peptide + Cu(II) controls), both in the absence and in the presence of copper. As to Ang60-215 

68Cys_NP, a significant cell viability decrease in the absence of Cu(II) (-25%; p ≤ 0.05 vs. the respective 216 
free peptide) was nullified by the incubation in presence of copper. A similar trend was found for the 217 
cells incubated with ANG_NP, where a reduced cell viability (- 20%; p ≤ 0.05 vs. the respective free 218 
protein) in the absence of copper but no significant difference in presence of copper were found.  219 

In the non-tumour d-SH-SY5Y cell line (Fig. 3b), none of the treatments used resulted in a 220 

statistically significant decrease of cell viability in comparison to untreated control cells. Trypan blue 221 
staining confirmed the above reported results (data not shown). 222 

 223 
 224 
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 225 

Figure 3. Cell viability determined by MTT assay of A172 (a) and d-SH-SY5Y (b) cell lines. Cells were 226 
grown in basal culture medium (control: CTRL) and in culture medium supplemented with: Ang60-68 227 
(30 M), Ang60-68Cys (30 M); ANG (100 nM), AuNP (9.4 nM = 1.4108 NP/mL), Ang60-68_NP (1.4 nM = 228 
4.0106 NP/mL, [Ang60-68] = 2.8·10-12 M), Ang60-68Cys_NP (1.4 nM = 4.0106 NP/mL, [Ang60-68Cys] = 2.6·10-229 
12 M), ANG_NP (1.2 nM = 3.4106 NP/mL, [ANG]= 0.2·10-12 M). All conditions were evaluated in 230 
presence or absence of metal ions (copper sulphate: Cu(II), 20  M). The bars represent means ± SD of 231 
three independent experiments performed in triplicate (S.D. = standard deviation). Statistically 232 
significant differences, determined by one-way ANOVA are indicated: *p ≤ 0.05 versus CTRL; § p ≤ 233 
0.05 versus the respective treatment with free peptides/protein. 234 

 235 

2.2.3. Cytoskeleton actin reorganisation and intranuclear angiogenin  236 

Cell migration is a critical step in tumour invasion and metastasis; the regulation of this process 237 
is often monitored in therapies for treating cancer. Reorganization of the actin cytoskeleton is the 238 
primary mechanism of cell motility and is essential for most types of cell migration [45].  239 
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Confocal laser scanning microscopy (LSM) demonstrated substantial differences between the 240 

tumour A172 (Figure 4) and non-tumour d-SH-SY5Y (Figure 5) cell lines in the organization of the 241 
actin cytoskeleton, both before and after the treatments with the peptides/protein-conjugated 242 
nanoparticles, as well as the incubation in the copper-supplemented medium.  243 

Combined staining for F-actin (green) and nuclei (blue) for untreated glioblastoma (Fig. 4, panel 244 
a1, CTRL) clearly shows their polygonal shape along with different types of actin dorsal fibres and 245 

transverse arcs, typical for the lamellipodial actin meshwork [46]. The cell treatment with bare AuNP 246 
and/or the addition of Cu(II) (Fig. 4, panels a2-4) increased actin stress fibres. In contrast to A172 cells, 247 
F-actin staining of untreated d-SH-SY5Y cells (Fig. 5, panel a1, CTRL) analysed by LSM showed 248 
several distinct types of actin structures with broad leading edges, including a lamellipodium with a 249 
loose meshwork of actin filaments, an actin rich lamella, dorsal ruffles, transverse arcs and stress 250 

fibers, as expected for differentiated neuroblastoma [47]. 251 
A172 cells treated with the free peptides or protein showed a diffuse actin staining for several 252 

lamellipodia protruding from the cell body in all directions. The addition of copper did not change 253 
significantly the actin staining for Ang60-68 (Fig. 4, see panels b1 and b3), instead visibly decreased the 254 

lamellipodia structures for Ang60-68Cys (Fig. 4, panels c1 and c3) and ANG (Fig. 4, panels d1 and d3), 255 
respectively. Both in absence and in the presence of copper, A172 cells treated with Ang60-68_NP (Fig 256 
4, panels b2 and b4) and ANG_NP (Fig 4, panels d2 and d4) still displayed a similar actin staining 257 
than those incubated with the free peptide or protein, respectively. On the contrary, after incubation 258 
with Ang60-68Cys_NP, both in the absence and presence of copper (Fig 4, panels c2 and c4), cells 259 

contained very few, if any, actin stress fibres in the central regions and lamellipodia structures.  260 
For d-SH-SY5Y cells treated with the two peptides or the protein or their nanoparticle conjugates, 261 

irrespective of the incubation in copper-supplemented medium or not, the most notable change was 262 
a generally less dense meshwork of actin filaments after the treatment with Ang60-68 (Fig. 5b, panels 263 
1-4) or Ang60-68Cys (Fig. 5c, panels 1-4). The central region of these cells contained neither ventral 264 

stress fibres nor dorsal ruffles or transverse arcs detectable by LSM. On the contrary, numerous and 265 
diffuse actin structures, as well as prominent actin stress fibres along the entire cell border were found 266 
for cells treated with ANG samples (Fig. 5d, panels 1-4). 267 

LSM imaging of intracellular angiogenin in glioblastoma and differentiated neuroblastoma cells 268 
confirmed the western blot results (see Fig. S1) that untreated non-tumour d-SHSY5Y cells (Fig. 5a, 269 

panel 5) showed lower levels of endogenous ANG in the cytoplasm and in the nucleus than untreated 270 
tumour A172 cells (Fig. 4a, panel 5). 271 

Cells incubated with ANG for 2 hr exhibited a strong increase of the red staining, confirming the 272 
cellular uptake of exogenous angiogenin. In A172 cells the staining was especially enhanced in the 273 

presence of copper ions for the nuclear and perinuclear regions (Fig. 4d, panels 7-8). In d-SH-SY5Y 274 
cells, an increased red staining was visible in vesicles in the cytoplasm and in the neurites (Fig. 5d, 275 
panels 5-8), according to intracellular angiogenin localisation reported by Thiyagarajan et al. in 276 
similar neuronal cell lines [48]. We also observed the presence of intense punctuate structure of 277 
angiogenin in perinuclear and neurite regions, suggesting formation of resembling secretory granules.  278 

Noteworthy, A172 cells treated with the peptide fragments Ang60-68 (Fig. 4b, panels 5-8) or Ang60-279 
68Cys (Fig. 4c, panels 5-8) showed a diffuse cytoplasmic staining and a weak staining in the nucleus, 280 
neurites and cell membrane. A negligible staining of nuclear angiogenin was found after cell 281 
incubation with peptide-conjugated nanoparticles in the presence of copper ions. 282 
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 283 

  284 

Figure 4. Confocal micrographs of A172 cells. Actin Green® 488 (in green, ex/em= 488/500-530 nm) and Hoechst33342 (in blue, ex/em=405/425–475 nm) were used as F-actin 285 
and nuclear markers, respectively. Antibody against angiogenin shows angiogenin localisation in red (ex/em=543/560–700 nm) and micrographs are merged with optical 286 
bright field images (in grey). Before treatments, cell were rinsed with fresh culture medium and incubated for 2 hr with basal culture medium (control: CTRL) and in 287 
culture medium supplemented with: Ang60-68 (30 M), Ang60-68Cys (30 M); ANG (100 nM), AuNP (9.4 nM = 1.4108 NP/mL), Ang60-68_NP (1.4 nM = 4.0106 NP/mL, [Ang60-288 
68] = 2.8·10-12 M), Ang60-68Cys_NP (1.4 nM = 4.0106 NP/mL, [Ang60-68Cys] = 2.6·10-12 M), ANG_NP (1.2 nM = 3.4106 NP/mL, [ANG]= 0.2·10-12 M). Scale bar = 10 m.  289 
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 290 

Figure 5. Confocal micrographs of d-SH-SY5Y cells Actin Green® 488 (in green, ex/em = 488/500-530 nm) and Hoechst33342 (in blue, ex/em = 405/425–475 nm) were used 291 
as F-actin and nuclear markers, respectively. Antibody against angiogenin shows angiogenin localisation in red (ex/em=543/560–700 nm) and micrographs are merged 292 
with optical bright field images (in grey). Before treatments, cell were rinsed with fresh culture medium and incubated for 2 hr with basal culture medium (control: CTRL) 293 
and in culture medium supplemented with: Ang60-68 (30 M), Ang60-68Cys (30 M); ANG (100 nM), AuNP (9.4 nM = 1.4108 NP/mL), Ang60-68_NP (1.4 nM = 4.0106 NP/mL, 294 
[Ang60-68] = 2.8·10-12 M), Ang60-68Cys_NP (1.4 nM = 4.0106 NP/mL, [Ang60-68Cys] = 2.6·10-12 M), ANG_NP (1.2 nM = 3.4106 NP/mL, [ANG]= 0.2·10-12 M). Scale bar = 10 m. 295 
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2.2.4. VEGF release and synthesis. 296 

VEGF has been identified as the most important pro-angiogenic factor released by cancer cells 297 

and it its concentration in the tissue of glioblastomas has been demonstrated significantly higher than 298 
that in normal brain [49]. Moreover, VEGF has a crucial role in neurogenesis, neuronal patterning, 299 
neuroprotection and glial growth [26,50]. Figure 6 shows the VEGF release after incubation for 24 hr 300 
of tumour A172 cells and d-SH-SY5Y with peptides- or protein-conjugated NPs, in the absence or 301 
presence of copper ions.  302 

 303 

 304 

Figure 6. VEGF release in the medium of confluent cultures of A172 (a) and differentiated d-SH-SY5Y 305 
cells (b). Cells were grown in basal culture medium (control: CTRL) and in culture medium 306 
supplemented with: Ang60-68 (30 M), Ang60-68Cys (30 M); ANG (100 nM), AuNP (9.4 nM = 1.4108 307 
NP/mL), Ang60-68_NP (1.4 nM = 4.0106 NP/mL, [Ang60-68] = 2.8·10-12 M), Ang60-68Cys_NP (1.4 nM = 308 
4.0106 NP/mL, [Ang60-68Cys] = 2.6·10-12 M), ANG_NP (1.2 nM = 3.4106 NP/mL, [ANG]= 0.2·10-12 M). 309 
All conditions were evaluated in presence or absence of metal ions (copper sulphate: Cu(II), 20  M).  310 
Sandwich ELISA with monoclonal anti-VEGF antibody was used. The bars represent means ± SD of 311 
three independent experiments performed in triplicate (S.D. = standard deviation). Statistically 312 
significant differences, determined by one-way ANOVA are indicated: *p ≤ 0.05 versus CTRL; § p ≤ 313 
0.05 versus the respective treatment with free peptides/protein; ♦p ≤ 0.05 versus the same treatment 314 
w/o Cu (II). 315 
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In A172 cells (Fig. 6a) the treatments with copper alone increased the VEGF release by about 2.0 316 

folds (p ≤ 0.05 vs. control untreated cells), confirming the relevant role of this cation in cancer 317 
progression [51]. 318 

The incubation of the cells with Ang60-68Cys or with Ang60-68 did not modify the VEGF release in 319 
comparison to control cells, both in the absence and in the presence of Cu(II) whereas the treatments 320 
with ANG or ANG + Cu(II) increased the VEGF release by about 2.3 folds (p ≤ 0.05 vs. control 321 

untreated cells). 322 
The treatments with bare AuNP, both in the absence and in the presence of copper ions, did not 323 

modify significantly the VEGF release in comparison to control cells. Surprisingly, the incubation 324 
with AuNPs functionalized with peptide fragment Ang60-68Cys and Ang60-68, induced a significant 325 
reduction of VEGF release respectively by 27% and by 30%, in comparison to the corresponding 326 

control (free Ang60-68Cys and free Ang60-68). Moreover, further reduction of the release was found 327 
when the incubation with peptide fragment Ang60-68Cys was performed in presence of copper. 328 

No difference was found in VEGF release after treatment of A172 cells with ANG_NP in 329 
comparison to cells treated with free ANG. 330 

The incubation of d-SH-SY5Y cells with ANG did not modulate the VEGF release, as well as 331 
with Ang60-68 and Ang60-68Cys, both in absence and in presence of copper, in comparison to the 332 
respective controls. 333 

Differently by A172 cells, in non-tumour d-SH-SY5Y cells (Fig. 6b), only the treatment with 334 
AuNP functionalized with ANG, both in the absence and in presence of copper, induced an increase 335 

of the VEGF release in comparison to untreated control cells. The incubation of control cells with 336 
copper did not modulate the VEGF release. 337 

The concentration of VEGF released by A172 and d-SH-SY5Y was 133 pg/ml ± 10.1 and 58 pg/ml 338 
± 4.3, respectively. 339 

These results were confirmed by determination of VEGF mRNA levels (Figure 7). In A172 cells 340 

(Fig. 7a) the treatments with ANG significantly increased mRNA transcription, whereas ANG_NP 341 
induced a significant reduction of transcription in comparison with free ANG but with values higher 342 
than control cells. No differences were found after treatment with free Ang60-68, free Ang60-68Cys as 343 
well as bare NPs. On the other hand, the incubation with Ang60-68_NP and Ang60-68Cys_NP induced a 344 
significant reduction of mRNA transcription by about 2.2 and 2.7 folds, respectively, in comparison 345 

to the respective control (free Ang60-68 and free Ang60-68 Cys). Moreover, further reduction of the 346 
transcription was found after incubation in the presence of copper. 347 

In non-tumour d-SH-SY5Y cells (Fig. 7b), only the treatment with AuNP functionalized with 348 
ANG, both in the absence and in presence of copper, induced an increase of the VEGF mRNA 349 

transcription in comparison to the respective control (free ANG).  350 

 351 
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 352 

Figure 7. VEGF mRNA levels determination by qPCR in A172 (a) and differentiated d-SH-SY5Y cells (b). 353 
Cells were grown in basal culture medium (control: CTRL) and in culture medium supplemented with: 354 
Ang60-68 (30 M), Ang60-68Cys (30 M); ANG (100 nM), AuNP (9.4 nM = 1.4108 NP/mL), Ang60-68_NP (1.4 nM 355 
= 4.0106 NP/mL, [Ang60-68] = 2.8·10-12 M), Ang60-68Cys_NP (1.4 nM = 4.0106 NP/mL, [Ang60-68Cys] = 2.6·10-12 356 
M), ANG_NP (1.2 nM = 3.4106 NP/mL, [ANG]= 0.2·10-12 M). All conditions were evaluated in presence or 357 
absence of metal ions (copper sulphate: Cu(II), 20  M). Relative quantification is referred to untreated cells 358 
(CTRL). Data normalized with respect to the expression level of S18 mRNA. The bars represent means ± 359 
SD of three independent experiments performed in triplicate (S.D. = standard deviation). Statistically 360 
significant differences, determined by one-way ANOVA are indicated: *p ≤ 0.05 versus control; § p ≤ 0.05 361 
versus the respective treatment with free peptides/protein. 362 

 363 

 364 

 365 

 366 

 367 
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3. Discussion 368 

In this study, two brain cell lines, namely tumour glioblastoma (A172) and differentiated 369 
neuroblastoma (d- SH-SY5Y) neuron-like cells, were scrutinised after incubation with hybrid 370 
nanoassemblies made of gold nanoparticles functionalised with angiogenin protein or with two 371 
different angiogenin-mimicking peptides (Ang60–68 and its cysteine derivative at the C-terminus, 372 
Ang60-68Cys) containing the ANG residues from 60 to 68, which is the the exposed protein loop region 373 

that is part of a cell-surface receptor binding site [52].  374 
The Ang60-68 peptide has been demonstrated to specifically interact with cytoskeleton actin [6], 375 

whereas the Ang60-68Cys peptide has been successfully used to tailor gold nanoparticles by chemical 376 
grafting [40]. Gold, indeed, being a soft acid, binds to soft bases like thiols, to form stable Au-S bonds 377 
(40-50 kcal/mol) that are able to replace the citrate shell on the nanoparticle surface due to the strong 378 

affinity binding of the thiol groups with the metal [53]. 379 
To functionalize the gold nanoparticles with Ang60–68, Ang60-68Cys or ANG, the biomolecules 380 

were added to the colloidal dispersion (1.7·108 AuNP/mL) at the concentration respectively of 3·10-5 381 
M for the peptides and 1·10-7 M for the protein, and the shifts in the plasmon band were monitored 382 

(Figure 1). 383 
The optical interface established between the biomolecules and the metal nanoparticle surface, 384 

as investigated by UV–visible spectroscopy, clearly evidenced an irreversible immobilisation of the 385 
peptides and protein molecules onto AuNPs (Fig. 1d).  386 

Noteworthy, a red-shift in the wavelength of maximum absorption ( 𝜆𝑚𝑎𝑥 ) as well as a 387 

broadening in the FWHM of the plasmon peak were found for both peptides- and protein-added 388 
nanoparticles in comparison to bare AuNPs. These spectral changes point to an increase in the 389 
nanoparticle optical size, which is dependent on the following two concomitant processes: i) 390 
nanoparticle surface decoration by biomolecules adsorption; ii) nanoparticles aggregation. The latter 391 
contribution was most evident for the protein, as displayed by the plasmon peak broadening and the 392 

appearance of a shoulder approximately at 600 nm of wavelength. Hence, the NP functionalisation 393 
by the biomolecules immobilisation resulted in peptide-conjugated NPs with lower tendency to 394 
aggregation than the protein-conjugated NPs. To better understand these findings, the   395 
nanoparticle coverage (𝛤 , in molecule/NP) was calculated from the changes in 𝜆𝑚𝑎𝑥  by using 396 
equations (1), (2) and (3) (see Materials and Methods). The estimated values from the experimental 397 

spectroscopic data as well as the theoretical coverage calculated by considering an ideal monolayer 398 
in the two limit configurations respectively of end-on or side-on, are given in Table 2. 399 

Table 2. Protein fraction shell value (𝑔) and peptide/protein coverage (Γ) calculated from the 400 
changes in the wavelength of maximum absorption (𝜆𝑚𝑎𝑥) of AuNP plasmon peak for 401 

peptide/protein added nanoparticles. The ideal monolayer coverage of the peptide/protein in the 402 
end-on and side-on limit configuration are given for comparison. 403 

sample   𝒈(1) 𝜞 (ng/cm2) 
𝜞 (2) 

(molecules/NP)  

Ideal monolayer coverage (3) 

(molecules/NP)  

    End-on Side-on 

Ang60-68_NP 0.74 79 194 177 83 

Ang60-68Cys_NP 0.74 79 178 202 149 

ANG_NP 0.90 165 32 23 10 
1Values calculated from eq. (1) in Materials and Methods by considering the refractive index values (𝑛) at 550 404 

nm of 1.335 for water [54] and 1.38 for a pure protein [55], respectively. 2Values calculated from eq. (3) in 405 
Materials and Methods, given the molecular weights (MW) of 1105.5 g/mol for Ang60-68, 1209.3 g/mol for Ang60-406 
68Cys and 14,200 g/mol for ANG, respectively. 3Calculated by using the average molecular dimensions (in nm3) 407 
respectively of (1.7 x1.5 x 3.2) for Ang60-68, (1.6 x1.4 x1.9) for CysAng60-68 [40], and (7 x 6.2 x 3.2) for ANG [56]. 408 

From Table 2 is evident that a multilayer coverage can be figured out for ANG_NP, while most 409 

likely a monolayer in end-on configuration and a sub-monolayer coverage can be assumed for Ang60-410 
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68_NP and Ang60-68Cys_NP, respectively. Hence, in the case of ANG, many protein molecules 411 

adsorbed at the nanoparticle surface and formed a ‘thick’ shell that could perturb the mechanism of 412 
electrostatic stabilisation for colloidal gold [3], thus explaining the partial aggregation measured in 413 
UV-visible spectra. As to the two peptide fragments, their smaller size lead to the formation of a 414 
thinner and stiffer shell around the nanoparticles then that formed by the protein molecules. This 415 
picture is further supported by the coverage calculated for the pellets recovered after the washing 416 

steps. Indeed, for ANG_Au pellet, a loss of unbound and/or weakly bound proteins of about 78% can 417 
be estimated by the protein fraction shell decrease to 𝑔 = 0.5, which corresponds to coating thickness 418 
and absorbed protein mass of 𝑠 = 1.54 nm and 𝛤 = 36 ng/cm2, respectively. On the other hand, for 419 
both Ang60-68_NP and Ang60-68 Cys_NP pellets, the calculated values for the peptide shell are still 𝑔 = 420 
0.74, 𝑠 = 3.36 nm and 𝛤 = 79 ng/cm2. To note, even if the measured plasmon peak changes were 421 

comparable upon their approaching at the interface with the gold nanoparticles, the cysteine residue 422 
in Ang60-68Cys is expected to drive, through the thiol-gold bonding [40], a more ordered and compact 423 
biomolecule gathering at the nanoparticle surface in comparison to Ang60-68, which is in agreement 424 
with the estimation of a sub-monolayer coverage in Ang60-68Cys_NP.  425 

The same trend of optical size change was observed in the hydrodynamic size, determined by DLS 426 
(Table 1), which also evidenced different nanoparticles aggregation induced by the addition of 427 
copper ions to the peptides- or protein-functionalised NPs (i.e., hydrodynamic size increase 428 
approximately of 373%, 866% and 15% for Ang60-68_NP, Ang60-68Cys_NP and ANG_NP, respectively) 429 
but no size change for the bare AuNPs.   430 

Transition metals, such as copper, can prompt the aggregation of proteins and peptides through 431 
the formation of metal complexes [57]. It is known that ANG is able to bind to copper ions [39] and 432 
bridged copper complexes can lead to the formation nanoparticles clusters. This effect was more 433 
evident for the hybrids CysAng60-68_NP, where the prevalent chemisorption process leads to a more 434 
ordered arrangement of the biomolecules around the nanoparticles.  435 

The differences found in the presence of copper ions could also be due to different binding 436 
modes between the copper and the peptides- or the protein-functionalised nanoparticles. The UV-437 
visible parameters of copper complexes formed by Ang60-68 and Ang60-68Cys were similar, suggesting 438 
that the metal ion experiences the same coordination environment with both peptides. However, the 439 
observed blue-shift (= 6 nm) and the parallel decrease of molar absorbance coefficient ( = 10) for 440 

Ang60-68Cys + Cu(II) compared to Ang60-68 + Cu(II), suggest a slight increase of ligand field strength 441 
and a more planar disposition of donor atoms bound to the metal ion [58,59].  442 

The CD spectra (Figure 2) confirmed the involvement of imidazole and deprotonated amide 443 
nitrogen as donor atoms in metal binding for copper complexes formed by the two peptides [44]. The 444 

sharper peaks around 300 nm evidenced the slight increase of metal binding affinity of Ang60-68Cys. 445 
Furthermore, the CD broad band in the d-d transition region suggested that the extra cysteine residue 446 
at C-terminus may affect peptide backbone conformation of Ang60-68Cys more than it happens for 447 
Ang60-68+Cu(II) system [60]. As for the protein, the main copper anchoring sites are the RNase catalytic 448 
sites His-13 and His-114 [34]; therefore ANG displays a different coordination mode compared to 449 

copper complexes formed by Ang60-68 and Ang60-68Cys. However, it has been hypothesized that in the 450 
presence of excess copper a second metal ion can bind to the 60-68 region of ANG affecting protein 451 
binding with cell membrane [33]. The different metal coordination modes may potentially tune the 452 
biological response of functionalized nanoparticles. 453 

The tests of cell viability/proliferation, cytoskeleton actin, angiogenin translocation and VEGF 454 

release were scrutinised both in basal and in copper-conditioned medium. Noteworthy, copper is 455 
another co-player of the angiogenesis process [29,30]. 456 

The cell response to nanoparticles is strongly dependent on the cell line, since, for instance, 457 
different cell models can overexpress different receptors at the membrane that may trigger the 458 

nanoparticle internalisation. ANG stimulates the expression of ANG receptors which mediate its 459 
nuclear translocation [24,61]; when nuclear translocation of ANG is inhibited, its angiogenic activity 460 
is abolished [62].  461 
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Neuroblastoma SH-SY5Y cells are used as a model of dopaminergic neurons as the cells possess 462 

similar biochemical functionalities of neurons. They are able to synthesize dopamine and also express 463 
dopamine transporter on the cell membrane [63]. On the other hand, SH-SY5Y cells have very low 464 
levels of the redox protein thioredoxin that together with glutathione redox cycle represents the major 465 
cellular redox buffer [64], acts as a growth factor and is found to be overexpressed in many human 466 
primary cancers including glioblastoma cells [65].  467 

As to the cell viability effects measured on tumour glioblastoma (A172) and non-tumour 468 
differentiated neuroblastoma (d- SH-SY5Y) cell lines, our results (Figure 3) pointed to the very 469 
promising potentialities of peptide- and protein-functionalised gold nanoparticles to decrease the 470 
proliferation of tumour cells.  471 

Indeed, after 24 hr of A172 cells incubation with Ang60-68_NP, Ang60-68Cys_NP and ANG_NP a 472 

significantly decreased viability was found compared the cells treated with the free peptides or 473 
protein molecules as well as to the untreated control. Noteworthy, at the used experimental 474 
conditions, the bare AuNPs as well as the free peptides were found to not affect the cell viability, 475 
whereas the free protein increased the viability in comparison to untreated cells, both in the absence 476 

and in the presence of copper ions. Another interesting cues was found for the experiments 477 
performed in copper-supplemented medium, where cell treatments with Ang60-68Cys_NP+Cu(II) and 478 
ANG_NP + Cu(II) nullified the above mentioned decrease of cell viability, whereas for cells 479 
treatments with Ang60-68_NP+ Cu(II) no significant difference were found with respect to Ang60-68_NP. 480 
These findings confirmed the higher capability in the copper binding for the Ang60-68Cys- conjugated 481 

nanoparticles with respect to Ang60-68-NP, as discussed above from CD results.  482 
In contrast to A172 cells, no toxicity nor increase in viability was observed for all the incubation 483 

conditions of differentiated neuroblastoma cells, as expected for not proliferating non-tumour cells.  484 
These findings further support the good potentialities of our peptides- and protein-conjugated NPs 485 
as cell specific, anti-angiogenic nanomedine tools.  486 

Angiogenin is a protein with an extreme positive charge (pI >10.5), thus generally can avidly 487 
bind the cellular membrane [66]. Indeed, ANG binds to the membrane surface actin of vessel 488 
endothelial cells and activate the matrix protease cascades.  489 

In the cytosol, angiogenin encounters an endogenous inhibitor protein, known as ribonuclease 490 
inhibitor (RI), which binds to angiogenin to form a complex with a dissociation constant value in the 491 

low femtomolar range, stabilized largely by favourable Coulombic interactions, as RI is highly 492 
anionic [67]. It has been demonstrated that upregulating RI suppresses tumour growth and tumour 493 
microvessel density through suppression of ANG function [68].  494 

In order to explain the different response of two neural lines, we analysed via confocal 495 

microscopy the remodelling of actin filaments as well as the ANG translocation induced by the 496 
peptides- or protein-conjugated NPs, both in the absence and in the presence of Cu(II) (Figures 4-5). 497 

Our results in tumour A172 cell line showed that the cell treatment with bare AuNPs and/or the 498 
addition of Cu(II) significantly increased actin stress fibres, while after incubation either with the free 499 
Ang60-68 peptide as well as its NP-conjugated derivative, an enhanced actin staining for several 500 

lamellipodia protruding from the cell body in all directions were found, with no significant changes 501 
observed in the presence of copper. A similar strong actin staining for lamellipodia in Ang60-68Cys 502 
peptide-and ANG protein-treated cells was instead decreased by the presence of copper. Finally, after 503 
incubation with Ang60-68Cys_NP, both in the absence and presence of copper, cells contained very 504 
few, if any, actin stress fibres in the central regions and lamellipodia structures.  505 

As to the non-tumour d-SHSY5Y cell line, no significant changes in the cytoskeleton actin were 506 
found for cells incubation in the presence or not of copper ions, but only a generally less dense actin 507 
meshwork after the treatment with Ang60-68 or Ang60-68Cys samples. Numerous and prominent actin 508 
stress fibres along the entire cell border were found for cells treated with ANG samples.  509 

As migration and, thus, infiltration of glioma cells is largely governed by reshaping the 510 
cytoskeleton, it is no surprise that the composition and organization of the cytoskeleton in glioma 511 
cells differs strongly from that of healthy brain cells, such as the neuron-like differentiated 512 
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neuroblastoma cells. In a study on glioblastoma multiforme (GBM), the most lethal brain tumour, 513 

Memmel et al. found that inhibition of cell migration was associated with massive morphological 514 
changes and reorganization of the actin cytoskeleton [50].  515 

ANG can interact with the actin, a protein able to form different polymeric structures inside the 516 
cells, which is essential to maintain the cell structure and motility [69]. The result of the binding to 517 
the actin is the inhibition of the polymerization with consequent changing of the cell cytoskeleton. 518 

These modifications play a fundamental role during proliferation of both endothelial and tumour 519 
cells [70]. The role of ANG in cell migration, necessary for tumour invasion and metastasis, has been 520 
confirmed by an important study which detected elevated levels of secreted and cell surface-bound 521 
ANG in highly invasive metastatic breast cancer cells. It has been indeed demonstrated that ANG 522 
interacts with the plasminogen activation system, thus increasing plasmin formation and cell 523 

migration of tumour cells [71].  524 
Under physiologic conditions, ANG is present in the nucleus and in the cytoplasm, where is 525 

held in an inactive state through interaction with its known inhibitor RNH1, which prevents random 526 
cleavage of cellular RNA. A minor pool of ANG is secreted and is internalized by surrounding cells 527 

with a mechanism of endocytosis receptor mediated (reviewed in Shawn M. [66]. In stressed cells 528 
ANG dissociates from his inhibitor and becomes active. In this condition, nuclear ANG translocate 529 
from nuclear to the cytoplasmic compartment where cleavage mature tRNA, releasing two smaller 530 
RNA fragments, termed 5’- and 3’ tiRNAs. The post-transcriptional tRNA processing is necessary to 531 
allow the tRNA to regulate in specific manner the transcription [72]. Moreover, tRNA fragments can 532 

bind to cytochrome c and block the apoptosoma assembling, thereby inhibiting caspase-3, with 533 
consequent increasing of cell viability and proliferation [73]. Noteworthy, the nuclear concentration 534 
of ANG increase in the endothelial cells under the stimulation with bFGF, VEGF, aFGF, EGF, and 535 
FBS. Authors hypothesized that the endogenous angiogenin participate in endothelial cell 536 
proliferation induced by other angiogenic factors [25]. Recombinant ANG play important role in 537 

neuroprotection against excitotoxic and endoplasmic reticulum (ER) stress in primary motor neuron 538 
cultures, and in SOD1G93A mice [14]. 539 

By LSM we were able to visualise the different intracellular localisation of endogenous 540 
angiogenin in A172 and d-SH-SY5Y cells, but similar effects on angiogenin translocation or uptake 541 
by the treatment with the peptides- or protein-conjugated nanoparticles, respectively. 542 

For tumour glioblastoma, we found the endogenous angiogenin localised in the nucleus and in the 543 
cytosol, while neuron-like differentiated neuroblastoma displayed a weaker angiogenin staining 544 
(according to western blotting analysis, Fig. S1), mainly localised in cytoplasm. Indeed, A172 cells 545 
treated with the free protein or the protein-conjugated NPs exhibited a strong angiogenin staining of 546 

the nuclear and perinuclear regions, especially for incubation in copper-supplemented medium. In 547 
d-SH-SY5Y cells, most of the protein was visible in the cytoplasm as large speckles but is also present 548 
in the nucleus, in the neurites and the membrane. In both cell lines, upon the treatment with bare 549 
AuNPs and/or the incubation in copper-supplemented medium, structural perturbation of 550 
intracellular angiogenin was observed, with an intense punctuate structure in perinuclear and neurite 551 

regions that suggested the formation of resembling secretory granules.  552 
The treatment with peptides or peptide-conjugated nanoparticles was able to translocate angiogenin, 553 
with a diffuse cytoplasmic staining and a weak staining in the nucleus, neurites and cell membrane 554 
after the incubation with Ang60-68 or Ang60-68Cys; in the presence of copper-supplemented medium, 555 
most of the protein remains in the cytoplasm and is absent from the neurites and membrane.  556 

Nuclear angiogenin plays different roles. It is localised inside the nucleolus, centre of synthesis 557 
and assembly of the ribosomes, where stimulates rRNA production, required for cellular 558 
proliferation [74]. Moreover, ANG bind the histone protein and cause a modification which regulates 559 
mRNA transcription. The ability to bind the DNA allows to ANG to function as a adaptor protein 560 

which recruit other modifying enzymes with methyltransferase or acetyltransferase activity [12]. 561 
Moreover, ANG has a nuclear localization sequence (NLS), containing Arg 33, which equips the 562 
protein for nuclear import [75]. After entering the nucleus, ANG accumulates in the nucleolus, which 563 
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is the site of ribosome biogenesis. Within the nucleolus, ANG stimulates ribosomal DNA (rDNA) 564 

transcription [76]. 565 
Our results demonstrate that ANG was able to enter glioma cells and to induce their 566 

proliferation. In A172 cancer cells, the MAPK/ERK signalling pathway could be responsible of the 567 
ANG phosphorylation which prevent the binding with the RI. Consequently, free ANG could 568 
exercise his effect in the nucleus, promoting DNA transcription and cell proliferation [77]. The effect 569 

of ANG on A172 cells, but not of ANG_NP, was highlighted by the increase of VEGF transcription 570 
and release, after the ribonuclease activity of the protein in the nucleus.  571 

The lower VEGF release after incubation of the cells with ANG_NP could be determined by the 572 
presence of NPs, which could prevent the phosphorylation of the protein, essential step for its nuclear 573 
translocation. A low concentration of phosphorylated protein could explain the reduction of VEGF 574 

release after incubation with ANG_NPs in comparison to free ANG. 575 
The peptide fragments Ang60-68Cys and Ang60-68 were able to enter the cells but only few of them 576 

could cross nuclear membranes, because they are missing of the nucleolar targeting, specifically of 577 
Arg 33; the consequent effect is a level of release of VEGF very similar to control cells. Instead, Ang60-578 

68Cys_NP and Ang60-68_NP entered the nucleus and successively they could bind rDNA. Probably, 579 
the fragments were not able to catalyse the digestion of the RNA on the promotor site, due to the lack 580 
of the catalytic sequence. Consequently, the dissociation of the transcription termination factor I-581 
interacting protein (TIP5) from the rDNA promoter did not occur. The ensuing steric obstruction by 582 
the binding of Ang60-68Cys_NP and Ang60-68_NP to rDNA could block the binding of other native 583 

angiogenin molecules thereby significantly reducing rDNA transcription and VEGF production.  584 
The shield-effect of the NPs towards peptide fragments Ang60-68Cys and Ang60-68 could represent an 585 
interesting strategy to modulate VEGF release by glioma cells. 586 
The different response of the SH-SY5Y cells to ANG could depend by the interaction of the peptide 587 
with his inhibitor, as the signalling pathway determining the phosphorylation are switch off in not 588 

tumour cells. In this condition, the protein could remain inactive in the cytosol, bound to its inhibitor. 589 
In differentiated SH-SY5Y cells, the hybrid ANG_NP increased VEGF release in comparison to 590 

free ANG probably because in absence of NPs, after the adhesion to- and crossing- through plasma 591 
membrane, it binds its inhibitor inside the cells. The hybrid ANG_NP protects the protein by the bind 592 
with the inhibitor, thereby increasing VEGF mRNA transcription and VEGF release in comparison to 593 

free ANG probably because the presence of the NPs could protect the protein by the binding with the 594 
inhibitor, thereby increasing VEGF mRNA transcription and VEGF release.  595 

4. Materials and Methods  596 

4.1 Chemicals 597 

Gold(III) chloride trihydrate and trisodium citrate dihydrate were purchased from Sigma-Aldrich. 598 
Ultrapure MilliQ water was used (18.2 mΩ·cm at 25 °C, Millipore). 3-(N-morpholino)propanesulfonic 599 
acid) MOPS buffer solution (added with 0.27 mM KCl and 13.7 mM NaCl) was prepared at a 600 
concentration of 1 mM in the presence of tris(2-carboxyethyl)phosphine (TCEP) at 1:1 molar ratio, and 601 
pH was corrected to 7.4 (25 °C). Glassware was cleaned with aqua-regia rinsing (HCl:HNO3, 1:3 volume 602 

ratio) and then washed with MilliQ water before starting the experiments. 2-(1-H-benzotriazole-1-yl)-603 
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) was purchased from Novabiochem (Switzerland); 604 
N,N-diisopropyl-ethylamine (DIEA), N,N-dimethylformamide (DMF), 20% (v/v) piperidine in DMF 605 
solution, N-hydroxybenzotriazole (HOBT), triisopropylsilane (TIS), trifluoroacetic acid (TFA), were 606 
purchased from Sigma Aldrich. The designed primers for angiogenin (ANG) protein expression were 607 

purchased from Eurofins GWM. The over-expression plasmid (pET22b(+)-ANG), including a codon-608 
optimized gene for ANG, was obtained from Sloning BioTechnology. Dulbecco’s modified eagle 609 
medium (DMEM), Ham's F-12 medium (F12), streptomycin, L-glutamine, fetal bovine serum (FBS) 610 
were provided by Lonza (Verviers, Belgium). DMEM high glucose 30-2002 was provided by ATCC 611 

(LGC Standards S.r.l., Italy). All other reagents were obtained from Sigma Aldrich at the highest 612 
commercially available grade. 613 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 August 2019                   doi:10.20944/preprints201908.0124.v1

Peer-reviewed version available at Cancers 2019, 11, 1322; doi:10.3390/cancers11091322

https://doi.org/10.20944/preprints201908.0124.v1
https://doi.org/10.3390/cancers11091322


 20 of 30 

 

 

 614 

4.2 Peptide synthesis 615 
The fragment Ang60-68 including the amino acid sequence Ac-KNGNPHSEN-NH2 (molecular 616 

weight, MW, of 1105.5 g/mol, isoelectric point, PI, of 11.38), modified by N-terminal acetylation and the 617 
C-terminal amidation, was assembled by using the solid phase peptide synthesis strategy, on a Biotage 618 
initiator+ AlstraTM fully automated microwave peptide synthesizer. The synthesis was performed on 619 

TGR resin (0.25 mmol/g) on 0.11 mmol scale using a 30 mL reactor vial. The coupling reactions were 620 
carried out by using 5-fold excess of amino acid, 5 equivalents of HOBt/TBTU/DIPEA in DMF, under 621 
mixing for 10 minutes at room temperature. Fmoc deprotection steps were performed at room 622 
temperature by using 20% of piperidine in DMF for 15 minutes. The N-terminal amino group was 623 
acetylated using a DMF solution containing acetic anhydride (6% v/v) and DIEA (5% v/v). The resin 624 

was washed with dichloromethane and dried on synthesizer. The peptide was purified by preparative 625 
reversed-phase chromatography (rp)-HPLC using a Varian PrepStar 200 (model SD-1) equipped with 626 
a Prostar photodiode array detector, with a protocol previously reported [44]. The peptide Ac-627 
KNGNPHRENC-NH2 (Ang60-68Cys) was purchased from CASLO (Lyngby, Denmark).  628 

 629 
4.3 Protein Expression 630 
The human angiogenin expression was carried out following the method reported by Holloway et 631 

al. (2001) [78]. Briefly, the E. Coli (BL21(DE3)) expression strain was cultured at 37°C under shaking (180 632 
r.p.m.) in 5 mL of terrific broth (12 g peptone, 24 g granulated yeast extract, 4 mL glycerol 87%, 900 mL 633 

of distilled H2O) supplemented with ampicillin (100 μg/mL). After 24 hrs of incubation the whole 634 
volume of the bacterial culture was inoculated in 1000 mL of fresh broth. When the density of the culture 635 
had reached the OD600nm value of 0.8, the Ang expression was induced by the addition of 1 mM isopropyl 636 
β-D-1-thiogalactopyranoside (IPTG) and the incubation was continued for additional 2 hours. 637 
Afterwards, the cell culture was harvested by centrifugation (4000 r.p.m, for 15 min) and cells were 638 

lysed with 30 mL of lysis buffer (50 mM Tris-HCl, 2 mM EDTA, pH=8) by using the high-pressure 639 
homogenizer (Emulsiflex) and a sonication step (Qsonica Sonicator Q700). Lysate was, then, centrifuged 640 
(13,000 r.p.m, for 40 min) and the pellet was re-suspended in 25 mL of lysis buffer supplemented with 641 
1% (v/v) Triton X-100. Sonication and centrifugation steps were repeated twice and the final pellet was 642 
dissolved in 30 mL of denaturation buffer (0.24 M guanidine hydrochloride (GdnHCl), 100 mM Tris-643 

HCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 4 mM NaCl, 0.4 mM 1,4-dithiothreitol (DTT)). 644 
The expressed recombinant angiogenin (rANG) was refolded from inclusion bodies according to 645 

the procedure described by Jang et al. (2004) [79] and then purified by a cation exchange 646 
chromatography performed on an automated chromatographic workstation (Akta prime, GE 647 

Healthcare) equipped with a 15 x 1.6 cm column packed with SP Sepharose Fast Flow (GE Healthcare). 648 
After a washing step with 25 mM Tris-HCl (pH = 8.0), rAng was eluted with 25 mM Tris-HCl, 1 M NaCl 649 
(pH = 8.0) buffer solution. Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) 650 
(Invitrogen 10% bis-tris, 1 mm x 15 well) was carried out to evaluate the presence of dimers.  651 

To obtain wild-type angiogenin (ANG), rANG was incubated with 1 nM Aeromonas 652 

aminopeptidase, at the concentration of 1·10-5 M in 200 mM potassium phosphate buffer (PBS) (pH=7.2) 653 
(overnight at 37 °C under gentle shaking). This procedure allows for the specific removal of the N-654 
terminal methionine residue (Met(-1)) in the primary sequence of rANG, thus obtaining the N-terminal 655 
glutamine residue (Glu1) that spontaneously cyclises to the pyroglutamate residue (PyrGlu1) that is 656 
characteristic of ‘native’ wtANG. 657 

The reaction mixture was purified by dialysis (Spectra/por MWCO 6–8000), which replaces PBS 658 
with 25 mM Tris-HCl (pH 7.4) buffer solution, followed by cation-exchange chromatography. The 659 
native folding of wtANG was evaluated by testing the ribonucleolytic activity of the protein, according 660 
to the procedure reported by Halloway et al [78].  661 

 662 
4.4 UV–visible spectroscopy and dynamic light scattering (DLS) analysis 663 
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UV-vis spectroscopy was performed on the aqueous dispersions, in quartz cuvettes with 1 and 0.1 664 

cm optical path length on a Perkin Elmer UV-vis spectrometer (Lambda 2S). CD spectra were obtained 665 
at 25°C in a constant nitrogen flow on a Jasco model 810 spectropolarimeter at a scan rate of 50 nm min-666 
1 and a resolution of 0.1 nm, the path length being 1 cm, in the 290-750 nm range. The spectra were 667 
recorded as an average of 3 scans.  668 

Particle size analysis are performed by dynamic light scattering (Horiba LB-550) and the results 669 

are presented as the mean of at least three measurements.  670 
Theoretical predictions show how the local refractive index environment of a metal nanoparticle 671 

affects its absorption spectrum. By assuming the protein-coated nanoparticles as core-shell spheres 672 
with a metallic core of 𝑑 diameter, corresponding to the uncoated nanoparticles, and a homogeneous 673 
spherical proteinaceous shell, the fraction of protein over the total particle, 𝑔, is related to the changes 674 

in the wavelength of maximum absorption for uncoated colloid (𝜆𝑚𝑎𝑥,0), as given by eqn (1), 675 
 676 

𝑔 = (1 + 𝛼𝑠) (
𝜆𝑝

2 (𝜀𝑠−𝜀𝑚)

Δ𝜆∙𝜆𝑚𝑎𝑥,0
+ 2𝛼𝑠)

−1

, (1) 

 677 
where 𝜆𝑝 is the free electron oscillation wavelength (which is 131 nm for gold [80]), 𝜀 is a dielectric 678 

constant or relative permittivity (equal to the squared refractive index); 𝛼𝑠 =
(𝜀𝑠−𝜀𝑚)

(𝜀𝑠+2𝜀𝑚)
  is the 679 

polarizability of a sphere with shell dielectric constant 𝜀𝑠  in a surrounding medium of dielectric 680 

constant 𝜀𝑚.  681 
According to eqn. (2), which refers to the shell thickness (s): 682 

𝑠 =
𝑑

2
[

1

(1−𝑔)1/3 − 1], (2) 

 683 
and using the Feijter's formula in eqn. (3): 684 

𝛤 = 𝑠
𝑛𝑠−𝑛𝑚

𝑑𝑛/𝑑𝑐
, (3) 

where  Γ is the coverage and 𝑑𝑛/𝑑𝑐 is the refractive index increment (typically 0.19 mLg-1 for a 685 

protein [55]), the mass of protein absorbed per unit area can be calculated.  686 
 687 
4.5 Synthesis and functionalisation of gold nanoparticles 688 
Gold nanoparticles were synthesized modifying the method pioneered by J. Turkevich. This 689 

method uses the chemical reduction of the chloroauric acid by the action of trisodium citrate that acts 690 

as both reducing and capping agent [81]. The synthesis was carried out as follows. Gold(III) chloride 691 
dihydrate was dissolved in 20 mL of ultrapure Millipore water. The solution, at the final concentration 692 
of 1 mM, was heated to boiling on a hot plate while it is stirred in a 50 mL beaker. 2 mL of a 1% (m/v) 693 
solution of trisodium citrate dihydrate was quickly added to the rapidly-stirred auric solution. As soon 694 

as the solution turned from yellow to deep red, AuNPs were formed and the beaker was removed from 695 
the hot plate. This preparation produces about 12 nm diameter particles with plasmonic peak centred 696 
at 520 nm. The actual concentration of synthesized AuNPs was typically of 16 nM, as estimated by UV–697 
visible spectra, according to the molar extinction coefficient, ε =1.89·108 M-1 cm-1, calculated by the 698 
following equation: ln ε = k ln D + a, where ε is the extinction coefficient, in M-1cm-1, D is the core 699 

diameter of the nanoparticles, and k = 3.32111, a = 10.8050 [82].  700 
The resultant nanosystems were washed with 1 mM MOPS TCEP (molar ratio 1:1, pH=7.4), using two 701 
centrifugation steps (8000 r.p.m ,15 minutes), in order to remove the excess of reactants, sodium citrate 702 
and possible contaminants, from the nanoparticle dispersion. 703 
The washed gold nanoparticles were re-suspended at the concentration of 1.5·10-8 M, corresponding to 704 

1.7·108 AuNP/mL, in MOPS TCEP, and then functionalized by physical adsorption (for Ang60–68 and 705 
ANG), and prevalent chemisorption (for Ang60-68Cys). The functionalization was carried out through 706 
the gradual addition, in a concentration range from 5·10-6 M up to 3·10-5 M, of the two different peptides 707 
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(Ang60–68 and Ang60-68Cys) and through the one step addition of the whole protein (ANG) at the 708 

concentration of 1·10-7 M, to 1.5·10-8 M aqueous dispersion of AuNP and analysed by UV–visible 709 
spectroscopy titrations. Finally, in order to rinse off unbounded or weakly bound peptide molecules, 710 
the functionalized nanosystems were washed by two centrifugation steps (8,000 r.p.m., 15 min). 711 

 712 
4.6 Cellular experiments 713 

Human neuroblastoma cells (SH-SY5Y cell line) were cultivated in full medium, i.e., DMEM/F12 714 
supplemented with 10% FBS, 2 mM L-glutamine and 100 μg ml−1 streptomycin. Cells were seeded at a 715 
density of 2,3·105 cells/mL in full medium for 24 hrs and then neuronal differentiation of SH-SY5Y was 716 
induced by treatment for 5 days in vitro (DIV) with 10 μM of retinoic acid (RA) for 5 days in DMEM 717 
high glucose medium supplemented with 0.5% of FBS. Human glioblastoma cell line (A172) was 718 

cultivated in DMEM (n. 30-2002) supplemented with 10% FBS and 100 μg·ml−1 streptomycin. The cell 719 
cultures were grown in tissue-culture treated Corning®  flasks (Sigma-Aldrich, St. Louis, MO) in 720 
humidified atmosphere (5% CO2) at 37° C (Heraeus Hera Cell 150C incubator). For the cellular 721 
treatments, the day before the experiment glioblastoma cells were seeded at a density of 2·105 cells/mL 722 

in full medium on Corning®  tissue-culture treated culture 60 mm dishes for RT-PCR and condition 723 
medium assay or 48 multiwells for cytotoxicity assay or 22 mm dishes for LSM (Sigma-Aldrich, St. 724 
Louis, MO).  725 

 726 
4.6.1 Cytotoxicity assays 727 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was purchased from Sigma-Aldrich 728 
(St. Louis, MO). The effect of AuNPs with ANG protein and Ang peptides on cell viability was tested 729 
at 50-60 % of cell confluence by incubation with the compounds with concentrations 5 and 10nM with 730 
or without 20 uM of copper for 24 hrs in DMEM medium supplemented with 0.5 % of FBS. The viable 731 
cells were quantified by the reaction with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 732 

bromide. After 90 min, the reaction was stopped by adding DMSO, and absorbance was measured at 733 
570 nm (Varioskan®  Flash Spectral Scanning Multimode Readers, Thermo Scientific). Results were 734 
expressed as % of viable cells over the concentration of each compound. The experiments were repeated 735 
at least 5 times in triplicate and results expressed as mean ± SEM. The statistical analysis was performed 736 
with a one-way Analysis of Variance (ANOVA test, by using the Microcal Origin software, version 8.6). 737 

 738 
4.6.2 Western blot (WB) analysis 739 
Tris-HCl buffer, ethylenediaminetetraacetic acid (EDTA), Triton X-100, EGTA, 740 

nonyl phenoxypolyethoxylethanol (NP40), and bovine serum albumin (BSA) were purchased from 741 

Sigma-Aldrich (St. Louis, MO). For the determination of protein amount by WB, cells were cultivated 742 
at 37° C (in 5% CO2 atmosphere) on 60 mm petri dishes. Cells lysates were prepared by cells treatment 743 
with RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 0.5 744 
mM EGTA, 1% NP40) containing an inhibitor of the protease and phosphatase cocktail. Immediately 745 
after the addition of the buffer, cells were collected by the scratch method and transferred to Eppendorf 746 

tubes (1.5 mL of size, purchased from Sigma-Aldrich, St. Louis, MO) for incubation on ice for 30 min. 747 
After a centrifugation step (10 min at 14000 r.p.m.) the supernatants were collected and the protein 748 
concentration was measured by Bradford’s method using BSA as the standard curve. SDS-PAGE with 749 
precast gel (4-20 %, BioRad mini-PROTEAN) was used to separate proteins lysates or Ang protein and 750 
peptides. Nitrocellulose membranes (Sigma-Aldrich, St. Louis, MO) were used to transfer proteins from 751 

the gel. Membranes were incubated with blocking buffer (0.1 % Tween20 in tris-buffered saline added 752 
with either 5% non-fat milk) at room temperature for 1 h, and then incubated with primary anti-753 
angiogenin or anti-GAPDH antibody (code: sc-9044, 1:500 dilution, Santa Cruz Biotechnology (Santa 754 
Cruz, CA) or code: ab8245, 1:2000 dilution, Abcam (MA, USA), respectively) overnight at 4°C. After 755 

that, 1 h treatment with goat anti-rabbit or anti-mouse IgG horseradish peroxidase-conjugated 756 
secondary antibodies (code: AP307P and AP181P, respectively, 1:3000 dilution, MD Millipore 757 
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Bioscience (MA, USA)). Measurements were performed by a ChemiDoc MP Imaging System (BioRad) 758 

using enhanced Western Lighting Chemiluminescence Reagent Plus (PerkinElmer (MA, USA).  759 
 760 
4.6.3 Dot Blot analysis 761 
Peptides or whole protein were dissolved in phosphate buffer saline solution (PBS, pH = 7.4) at 0.2 762 

mg/mL. Using narrow-mouth pipette tip, 2 µl of samples were spotted onto the nitrocellulose 763 

membrane. To block the non-specific sites membrane was incubated in 5% non-fat milk in 0.1% 764 
Tween20 in tris-buffered (30 min, room temperature). After that, membranes were incubated with 765 
primary anti-angiogenin antibody (code: sc-9044, 1:500 dilution, Santa Cruz Biotechnology (Santa Cruz, 766 
CA)) overnight at 4°C. Than membranes were incubated with secondary antibody conjugated with 767 
HRP (code: AP307P, 1:3000 dilution, MD Millipore Bioscience (MA, USA)) for 1 h. Measurements were 768 

performed by a ChemiDoc MP Imaging System (BioRad) using enhanced Western Lighting 769 
Chemiluminescence Reagent Plus (PerkinElmer (MA, USA). 770 

 771 
4.6.4 Quantitative qPCR. 772 

Total RNA was extracted with TRIzol (Life Technologies, Foster City, CA, USA), according to the 773 
manufacturer’s instructions. RNA quantification was performed by Epoch™ Microplate 774 
Spectrophotometer (BioTek® , VT, USA). Extracted RNA was reverse transcribed by using a High 775 
Capacity RNA-to-cDNA Kit (Life Technologies), according to the manufacturer’s instructions. 776 
Resulting cDNAs (30 ng per sample) were amplified through a LightCycler®  480 System (Roche). 777 

Single-gene specific assays were performed through real-time PCR by using Fast SYBR Green Master 778 
Mix (Life Technologies) according to the manufacturer’s instruction. To allow statistical analysis, PCRs 779 
were performed in three independent biological replicates. 18S was used as housekeeping gene to 780 
normalize PCR data. Primer sequences are listed below. 781 

 782 

Gene 

symbol 
Forward Reverse 

Human 

VEGFA 
5’-ATCTTCAAGCCATCCTGTGTGC-3’ 5’- GAGGTTTGATCCGCATAATCTG-3’ 

18S 5′-AGTCCCTGCCCTTTGTACACA-3′ 5′-GATCCGAGGGCCTCACTAAAC-3′ 

 783 
 784 

4.6.5 Sandwich ELISA assay. 785 
Medium samples were collected after a 24-h treatment exposure with AuNPs, ANG and peptides, 786 

and hybrids Ang60-68_NP, Ang60-68Cys_NP and ANG_NP in DMEM medium supplemented with 0.5 % 787 
of FBS and centrifuged (14000×g, 10 min), the supernatants were transferred into clean microtubes and 788 
stored at −80 °C until analysed. The concentration of VEGF release was determined from the cell culture 789 

media samples using ELISA sandwich assay. PVC microtiter plates were coated overnight at 4°C with 790 
5 µg/mL of capture antibody (anti-VEGF, code: PAB12284) in carbonate/bicarbonate buffer (pH 9.6). 791 
Then plates were washed twice with PBS, blocked by blocking buffer (5% non-fat dry milk/PBS) for 2 792 
hrs at room temperature, washed with PBS and incubated with cell culture media samples for 90 min 793 
at 37°C. After plates were washed with PBS, incubated for 2 hrs with 1 µg/mL of detection antibody 794 

(anti-VEGF, code: H00007422-M05), washed again, then incubated for 2 hrs with HRP-conjugated 795 
secondary antibody and washed with PBS. Result was detected by 3,3’,5,5’-tetramethylbenzidine (TMB) 796 
solution after the incubation for 15 min. The reaction was stopped by stopping solution (2 M H2SO4) 797 
and the optical density was measured at 450 nm by plate reader (Varioskan®  Flash Spectral Scanning 798 
Multimode Readers, Thermo Scientific). 799 

 800 
4.6.6 Laser scanning confocal microscopy (LSM). 801 
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SH-SY5Y cells were seeded (30x103 cells per dish) and differentiated (see 2.6.1) in glass bottom 802 

dishes (WillCo-dish® , Willco Wells, B.V.) with 22 mm of glass diameter. Glioblastoma cells were seeded 803 
at the density 30x103 cells per dish in glass bottom dishes with complete medium for 24 hrs until cellular 804 
adhesion was attained. Thereafter, cells were treated with AuNPs (5 nM) or ANG (100 nM) or 805 
angiogenin peptides (30 µM) and their hybrids in the presence or absence of copper for 2 hrs in DMEM 806 
high glucose medium without FBS. After the incubation time, cells were stained with nuclear dye 807 

Hoechst33342, washed with PBS, and fixed with high purity 2% paraformaldehyde in PBS (pH = 7.3). 808 
Afterwards, cells were permeabilized with 0.5% Triton X-100 with 0.1% BSA and stained firstly with a 809 
high-affinity F-actin probe (Actin Green 488 Ready Probes Reagent, ThermoFisher), conjugated to 810 
green-fluorescent Alexa Fluor®  488 dye for 30 min, washed with PBS and then with anti-angiogenin 811 
antibody (code: sc-9044, 1:50 dilution, Santa Cruz Biotechnology (Santa Cruz, CA)) overnight at 4°C. 812 

After that, 1 h treatment with donkey anti-rabbit IgG H&L (Alexa Fluor®  568) pre-adsorbed secondary 813 
antibodies (code: ab175692, 1:1000 dilution, MD Millipore Bioscience (MA, USA)).  814 

For multichannel imaging, fluorescent dyes were imaged sequentially to eliminate cross talk 815 
between the channels, namely: (i) the blue (ex405/em 425–475), for the emission of the Hoechst33342-816 

stained nuclei, (ii) the green (ex488/em 500–530), for the emission of the Actin Green 488 Ready Probes 817 
Reagent, (iii) the red (ex543/em 560–700), for Alexa Fluor®  568 of secondary antibody. 818 

Confocal imaging microscopy was performed with an Olympus FV1000 confocal laser scanning 819 
microscope (LSM), equipped with diode UV (405 nm, 50 mW), multilineArgon (457 nm, 488 nm, 515 820 
nm, total 30 mW), HeNe(G) (543 nm, 1 mW) and HeNe(R) (633 nm, 1 mW) lasers. An oil immersion 821 

objective (60xO PLAPO) and spectral filtering system were used. The detector gain was fixed at a 822 
constant value and images were taken, in sequential mode, for all the samples at random locations 823 
throughout the area of the well. The image analysis was carried out using Huygens Essential software 824 
(by Scientific Volume Imaging B.V., The Netherlands). 825 

 826 

5. Conclusions 827 

  The results obtained from experiment performed on A172 cells indicate that Ang60-68Cys and 828 
Ang60-68 anchored on AuNPs could be considered as effective inhibitors of glioblastoma tumour cell 829 
proliferation and VEGF release. However, the mechanism of action and potential side effects need to 830 
be elucidated further. Moreover, exogenous delivery of angiogenin by gold nanoparticles could 831 

represent a strategic approach to re-establish the physiological concentrations of angiogenin in the 832 
course of diseases in which the protein levels are strongly reduced and suggests that further studies 833 
are required to translate these effects into meaningful therapies. 834 
Our results demonstrated that copper induced a decrease of VEGF mRNA transcription on d-SH-835 

SY5Y cells. These data confirmed those of other studies, demonstrating the toxic effect of the copper 836 
on SH-SY5Y cells, particularly on the mitochondria, with decreased levels of mitochondrial proteins 837 
[83]. On the other hand, the treatment of A172 cancer cells with Cu(II) induced an increase of VEGF 838 
release, demonstrating the different role of the copper in both tumoral and non-tumoral cells. It has 839 
been demonstrated that copper induces the expression of VEGF in breast and hepatic cancer cells 840 

through the activation of the EGFR/ERK/c-fos transduction pathway [84]. Surprisingly, the 841 
incubation of A172 cells with copper in presence of Ang60-68Cys_NP potentiated the inhibitory effect 842 
of the protein fragment on VEGF release, demonstrating the therapeutic potential of copper chelating 843 
agents against tumour progression. However, the mechanism of action and potential side effects need 844 
to be elucidated further.  845 

 846 

Supplementary Materials: The following are available, Figure S1: Densitometric analyses (a) and representative 847 
Western blot (b) of SH-SY5Y, differentiated SH-SY5Y and A172 cell lysates. 848 
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