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Abstract: Graphene oxide (GO) nanosheets with different content in the defective carbon species
bound to oxygen sp3 were functionalized with the angiogenin (ANG) protein, to create a novel
nanomedicine for modulating angiogenic processes in cancer therapies. The GO@ANG nanocom-
posite was scrutinized utilizing UV-visible and fluorescence spectroscopies. GO exhibits pro- or
antiangiogenic effects, mostly attributed to the disturbance of ROS concentration, depending both on
the total concentration (i.e., >100 ng/mL) as well as on the number of carbon species oxidized, that is,
the C/O ratio. ANG is considered one of the most effective angiogenic factors that plays a vital role in
the angiogenic process, often in a synergic role with copper ions. Based on these starting hypotheses,
the GO@ANG nanotoxicity was assessed with the MTT colorimetric assay, both in the absence and in
the presence of copper ions, by in vitro cellular experiments on human prostatic cancer cells (PC-3
line). Laser confocal microscopy (LSM) cell imaging evidenced an enhanced internationalization of
GO@ANG than bare GO nanosheets, as well as significant changes in cell cytoskeleton organization
and mitochondrial staining compared to the cell treatments with free ANG.

Keywords: 2D nanomaterials; base-washed graphene oxide; PC-3 cells; nanotoxicity; confocal
microscopy; cell cytoskeleton; ROS; copper

1. Introduction

Angiogenesis is the physiological process by which new blood vessels are formed
from pre-existing ones, and occurs throughout life in both health and disease [1]. The
general balance of pro- and antiangiogenic signals within the human body regulates normal
angiogenesis. In disease conditions, the goal of therapeutic targeting of the angiogenic
process is to normalize vasculature in target tissues by enhancing angiogenesis, where
reduced vascularity and blood flow occur, such as in tissue ischemia and wound repair; or
to inhibit angiogenesis, as in the case of excessive and abnormal angiogenesis originating
from cancer [2].

Nanomaterials have captured attention recently as angiogenesis modulators. For ex-
ample, gold nanoparticles reduce the viability, migration, and tube formation of endothelial
cells [3–5] and have been shown to affect the activity of vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) [6]. Similarly, silver nanoparticles have
been reported to inhibit VEGF-induced cell proliferation, migration, and tube formation.
Functionalization of gold and silver nanoparticles with peptides or proteins can improve
both activity and selectivity in the tuning of angiogenesis [7–10].
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Two-dimensional nanomaterials have also drawn attention for their application as a
novel nanomedicine platform, due to their high loading capacity and remarkable physico-
chemical and biological properties [11]. Specifically, graphene-based nanomaterials have
been found to have great potential to modulate angiogenesis [12]. Intracellular formation of
reactive oxygen species (ROS) and nitrogen species (NOS), as well as activation of phospho-
eNOS and phospho-Akt, are plausible mechanisms for angiogenesis induced by graphene
oxide (GO) and reduced GO (rGO) [13,14]. Examples of applications include electroac-
tive patches of single-layer GO-incorporated collagen assisting vascularization for cardiac
tissue engineering [15]; GO/polycaprolactone nanoscaffolds promoting angiogenesis in
peripheral nerve regeneration through the Akt-eNOS-VEGF signaling pathway [16]; and
rGO-incorporated hydrogel promoting angiogenesis for wound-healing applications [17].

In addition to proangiogenic activity and wound-healing potential, the most recent ap-
plications of GO in angiogenesis include antiangiogenic activity, and therapeutic (anticancer
activity, drug/gene delivery, photothermal/immunotherapy) and bioimaging applications
for various cancer diseases [18–22]. It should be noted that GO/rGO can promote angiogen-
esis at low concentration (<100 ng) [23]. However, an antiangiogenic effect has also been
demonstrated at a concentration greater than 100 ng, attributed to the excessive generation
of intracellular ROS [13,24]. In general, the mechanisms underlying GO toxicity, in addition
to oxidative stress and excessive ROS production, also include DNA damage, apoptosis,
autophagy, and immune responses, which vary widely regarding the physicochemical
properties of GO, such as surface chemistry, lateral size, and purity [25–27].

Alongside the conventional definition of GO structure, i.e., differently large carbon sp2

domains interrupted by sp3 carbon atoms containing oxygen-based hydrophilic functional-
ities, such as hydroxyl, epoxydic, and carboxylic functional groups [5], GO also comprises
one additional component called oxidative debris (OD), small and highly oxidized frag-
ments adsorbed on the GO surface [28].

In the present work, we scrutinize GO in two different C/O ratios, namely, GO after
removal of OD using an alkaline washing process [29] (base-washed GO, hereafter referred
to as bwGO); and the as-received GO ultrasonicated for two hours to obtain a homogeneous
dispersion of approximately 200 nm in lateral size [27] (hereafter named GO120s) in their
assembly with angiogenin protein (ANG), in the absence or presence of copper ions.

ANG is a ubiquitous protein with a strong angiogenic effect, able to stimulate new
vessel growth and cell self-renewal under physiological conditions such as neuroprotec-
tion [30], inflammation [31], and immune response [32]. The protein–protein interaction in
which ANG is involved triggers several signal pathways [33], by increasing the production
of ribosomal proteins and enhancing the growth and proliferation of endothelial cells
involved in neurodegenerative disorders such as amyotrophic lateral sclerosis (ALS) [34],
Parkinson’s disease (PD), and Crohn’s disease (CrD) [35]. A critical role of ANG in angio-
genesis is further demonstrated by evidence that up-regulation of the protein is evident in
different types of tumors, including lymphoma, melanoma, breast, cervical, colon, liver,
prostate, and kidney cancers. Therefore, ANG may serve as a therapeutic target for drug
development in the treatment of cancer based on angiogenin-stimulated angiogenesis and
cancer cell proliferation [36].

Copper regulates ANG expression and modulates its activity by forming metal protein
assemblies [37,38]. Copper ions bind to the catalytic site of ANG [39], whilst data have
proved that the presence of Cu2+ enhances the number of ANG molecules bound to
endothelial cells [40]. Furthermore, copper acts as a cofactor of many metalloenzymes and
is essential for iron homeostasis, involving the participation of copper in blood coagulation
processes and angiogenesis [41,42].

The role of copper in angiogenesis is also demonstrated by its ability to stimulate
endothelial cell migration [43], while increased serum levels of copper have been detected
in patients with different types of tumors and related to tumor onset and progression [44,45].
We recently demonstrated that a hybrid nanoplatform of gold nanoparticles and S28CANG,
an ANG mutant with cysteine instead of serine at residue 28 of the protein, could modulate
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the angiogenesis process involved in wound-healing by the combined actions of nanogold
(antiangiogenic and anti-inflammatory) and protein (proangiogenic) on endothelial cells [7].

In this work, a new ANG-GO nanohybrid was prepared by assembling GO with a
fluorescent derivative of ANG, namely ANGF488, obtained by conjugating the primary
amines of the protein with the reactive dye Alexa fluor 488 tetrafluorphenyl (TFP). The
physicochemical characterization to confirm the effective immobilization of the protein by
physisorption on bwGO and GO120s nanosheets was carried out by optical spectroscopy
(UV-visible and fluorescence). The theranostic capacity of the ANG-GO nanohybrid was
tested on prostate cancer cells (PC-3 line), in the presence or absence of copper ions, by the
MTT assay and laser-scanning confocal microscopy (LSM) analyzes, to assess nanotoxicity
and analyze by cell imaging the perturbation induced on cell cytoskeleton and intracellular
organelles, respectively.

2. Results
2.1. UV-Visible and Fluorescence Spectra Analysis

UV-vis spectra collected for the two GO nanoplatforms, before and after the function-
alization with the fluorescent ANG, are reported in Figure 1. The spectrum of the free
protein, ANGAF488, is also included for comparison.

 

Figure 1. UV-vis spectra for the ANGAF488 protein (green solid line); GO120s (black solid line);
bwGO (wine solid line); and the nanohybrids before incubation (t = 0: GO120s + ANG, gray dashed
line; bwGO+ANG, orange dashed line); and after overnight incubation and purification (t = 13 h:
GO120s@ANG, solid grey line; bwGO@ANG, solid orange line).

The UV-visible spectrum of ANGAF488 showed the presence of an absorption band
at 495 nm due to the absorbance of the Alexa Fluor fluorophore, confirming that the
functionalization of the covalent dye of the protein proceeded successfully. As for bwGO
and GO120s samples, the UV-vis spectra showed a significant difference in the band
attributed to π-π* electronic transitions at the C–C bonds of the aromatic rings [46], which
displayed a wavelength of maximum absorption at 240 nm and 230 nm, respectively.
Furthermore, the shoulder located at 300 nm, and related to the n-π* transition of the
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C–O bond, was broadened and less evident for the bwGO sample than for the sample
GO120s [20].

Regarding the hybrid GO and ANG mixed materials, the absorption band of Alexa
Fluor 488 green fluorescent dye, with a maximum at the wavelength of 495 nm, was
visible immediately after protein addition (t = 0) and in GO120s@ANG and bwGO@ANG
samples, i.e., the pellets collected after overnight incubation (t = 13 h) and purification by
centrifugation, with a bathochromic shift in the dye absorption band of approximately 5 nm.

Figure 2 displays the emission spectra for the free ANGAF488 and the protein just
added to GOs (no incubation) or after overnight incubation, both before (Figure 2a) and
after purification by two centrifugation steps with washing in between them (Figure 2b).

π π

π

 

λ μ
μ

μ
μ

μ

Figure 2. Emission spectra (λex = 488 nm) for (a) ANGAF488 (10 µM), GO120s and bwGO sheets
(16.7 µg/mL GO), the hybrids immediately after the addition of the protein to the GOs (GO + ANG,
t = 0, dashed lines) and after overnight incubation, before purification (GO@ANG, t = 13 h, solid
lines); (b) nanohybrids GO@ANG before purification and supernatants collected after the two steps
of centrifugation (the correspondent pellets are reported in the inset).

Significant differences between the GOs upon interaction with the dye-labeled ANG
were detected. Specifically, immediately after the addition of the protein (t = 0), the strong
emission band of Alexa Fluor fluorophore, with a maximum at the wavelength of 519 nm,
decreased approximately 40% from its original intensity value for bwGO+ANG, while
remaining almost unchanged for GO120s + ANG. After overnight incubation (t = 13 h),
the original dye emission was still quenched at about 60% for bwGO@ANG, but a notice-
able decrease of about 30% in the fluorescence of the dye-labeled ANG was detected for
GO120s@ANG.

2.2. Interaction of GO@ANG Hybrids with Prostate Cancer Cells: Cytotoxicity and Perturbation of
Mitochondria and Cell Cytoskeleton

The results of the MTT assay in Figure 3 showed a statistically significant decrease
in cell viability only for cells incubated 24 h with 0.55 µg/mL GO120s (about 18% less
viable cells than the untreated control, p < 0.05), 2.78 µg/mL GO120s (about 14% less viable
cells than the untreated control, p < 0.05) or 2.78 µg/mL bwGO (about 9% less viable cells
than the untreated control, p < 0.05). Parallel experiments carried out in the presence of
a copper-supplemented medium (100 nM or 500 nM, concentration equimolar to ANG),
indicated similar results.

LSM live cell imaging was carried out to assess the different internalization pathways,
if any, for the free dye-labeled ANGAF488 and the protein immobilized in the two GOs,
either in the absence or presence of copper ions (Figure 4). To map the protein and GO
nanosheets’ intracellular localization, the PC-3 cells were stained at once at the nuclei and
the mitochondria organelles.
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μ
Figure 3. Cell viability of PC-3 cells after 24 h of treatment with the ANGAF488 protein (100 and
500 nM), GO120s or bwGO (0.55 and 2.78 µg/mL) and the corresponding GO@ANG nanohybrids, in
the absence or presence of CuSO4-supplemented medium (copper concentrations of 100 and 500 nM,
with metal/protein molar ratio = 1). (*) p < 0.05, vs. CTRL. (Student’s t-test).

From the bright field images, the GO sheets were recognizable in the cytoplasm for
both GO120s (Figure 4b) and bwGO (Figure 4c) as polygonal black features (see white
arrows) that destroyed the dense mitochondrial organelle distribution, pointed out by the
red staining, which was instead observed in the control untreated cells (Figure 4a).

As for the protein internalized by the PC-3 cells, different distributions of the green
fluorescence by the Alexa Fluor-labelled ANG were observed, in the absence of copper
ions (Figure 4d–f), for the cells treated with the free ANGAF488 protein or the protein-
immobilized GO120s and bwGO sheets. Specifically, the free protein mainly accumulated
on the periphery of the cell membrane, with few yellow spots detected in the cytoplasm
and the perinuclear region (Figure 4d; see yellow arrow). In contrast, GO120 sheets
covered by the green fluorescent dye-labeled protein were fully internalized and visible
in the cytoplasm (Figure 4e), while for cells incubated with bwGO@ANG, both protein
accumulation in the cell membrane and polygonal green fluorescent characteristics inside
the cell were found (Figure 4f).
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Figure 4. LSM-merged micrographs of optical bright field (in grey) and fluorescence (in blue: nuclear
staining, Hoechst, λex/em = 405/425–450 nm; in red: mitochondrial staining, MitoTracker Deep Red,
λex/em = 633/650–655 nm; in green: ANGAF488, Alexa Fluor, λex/em = 488/500–530 nm) recorded
in live cell imaging of PC-3 cells untreated ((a): CTRL) and after 24 h of treatment with: 2.78 µg/mL
GO120s (b) or bwGO (c); 500 nM AngAF488 (d); the hybrids (2.78 µg/mL in GO and 500 nM ANG)
of GO120s@ANGF488 (e) or bwGO@ANGF488 (f); 500 nM CuSO4 (g); 500 nM Cu-supplemented
medium with 2.78 µg/mL of GO120s (h) or bwGO (i); 500 nM Cu-supplemented medium with
ANGAF488 (j) or hybrids (2.78 µg/mL in GO and 500 nM ANG) of GO120s@ANGF488 (k) and
bwGO@ANGF488 (l). Scale bar = 10 µm.

Regarding protein uptake by cells in copper-supplemented medium (Figure 4j–l), for
the free protein, green fluorescence was observed mostly as sparse bright spots in the
cytoplasm rather than at the cell membrane (Figure 4j, blue arrows), suggesting an active
role of the metal in intracellular protein mobilization, likely due to its high affinity for
bonding to ANG [37].

The mitochondrial staining allowed for discriminating perturbation on these or-
ganelles, induced by the different treatments. In terms of the negative control (untreated
cells, Figure 4a), mitochondria exhibited a rather dense distribution and showed a charac-
teristic ellipsoidal shape. A significant reduction in the red fluorescence signal was shown
after the treatment with GO120s (Figure 4b) or with the hybrids GO@ANG, both in the
absence (Figure 4e,f) or presence (Figure 4k,l) of copper.

The actin staining shown in Figure 5 confirmed the activity of the protein to bind to
actin, leading to a marked reorganization of the cell cytoskeleton, with thick actin filaments,
confined mainly along the cellular membrane, observed after the cell treatment with ANG
(Figure 5b), copper (Figure 5g), or the protein-metal complex (Figure 5j) [47]. Thinner actin
filaments were generally observed after treatment, in the absence or presence of copper-
supplemented medium, with GO120 (Figure 5b,h) and bwGO (Figure 5c,i). This effect was
amplified for the corresponding hybrids with the protein (Figure 5e,f,k,l), which indicates
that interacting with F-actin decreases its assembly, thus impairing the cell cytoskeleton.
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Figure 5. LSM-merged micrographs of optical bright field (in grey) and fluorescence (in blue:
nuclear staining, Hoechst, λex/em = 405/425–450 nm; in green: cytoskeleton actin, Actin Green,
λex/em = 488/500–530 nm) of PC-3 cells untreated ((a): CTRL) and after 24 h of treatment with:
2.78 µg/mL GO120s (b) or bwGO (c); 500 nM AngAF488 (d); the hybrids (2.78 µg/mL in GO and
500 nM ANG) of GO120s@ANGF488 (e) or bwGO@ANGF488 (f); 500 nM CuSO4 (g); 500 nM Cu
supplemented medium with 2.78 µg/mL of GO120s (h) or bwGO (i); 500 nM Cu supplemented
medium with ANGAF488 (j) or hybrids (2.78 µg/mL in GO and 500 nM ANG) of GO120s@ANGF488
(k) and bwGO@ANGF488 (l). Scale bar = 10 µm.

3. Discussion

In the present work, bioconjugates were prepared by labeling the protein with the fluo-
rophore Alexa fluor 488, which made the complex detectable by LSM. Although localization
strategies that do not require labeling exist, e.g., using label-free confocal Raman imag-
ing [48], our approach allowed us to scrutinize the hybrid nano-biointerface between the
dye-labeled protein and the GO in terms of energy transfer processes, as discussed below.

The change of the UV-vis absorption relative intensity of the two transitions between
GO120s and bwGO (Figure 1) can be explained by the reduced conjugative effect of the
chromophores, as bwGO was treated to remove the strongly oxidated ODs, so reducing
the average number of oxygen-containing functional groups conjugated with the sp2 clus-
ters [49]. In terms of GO sheets functionalized with ANG, although the GO absorption
bands were covered by the background absorption of the fluorophore, markers of inter-
action between the nanosheets and the protein could still be detected in the UV-visible
spectra. Fluorescence quenching is a valuable tool to study many macromolecular assem-
blies (Figure 2). It is well known that graphitic systems such as GO and rGO can strongly
quench the emission of dye molecules through energy-transfer processes [50]. Note that
the purification procedure was effective in removing the unbound or loosely bound protein
molecules from the surface of the GO sheets (see spectra of the supernatants collected after
the two centrifugation steps in Figure 2b). Moreover, notwithstanding the strong quenching
of the dye expected for the protein molecules in close contact to the GOs, there was still a
significant emission signal detected in the pellet samples (Figure 2b, inset), which indicated
the successful immobilization of ANG adlayers, firmly attached to both GO120s and bwGO
sheets in the hybrid GO@ANG samples.
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The cellular toxicity of graphene depends on various possible mechanisms. In vitro
studies of graphene have reported that the main causes of nanosheet cytotoxicity are
physical interactions with cell membranes that lead to loss of cell integrity [51]. A more
hydrophobic form of graphene shows high affinity for membrane lipids, while more hy-
drophilic sheets can bind to cell receptors, interfering with cell metabolism and nutrient
supply, thus further inducing stress or cell death [52]. Furthermore, GO induces exces-
sive ROS generation leading to damage to proteins, DNA, and lipids, influencing cell
metabolism and signaling, and also inducing cellular aging and mutagenesis [53]. In ad-
dition, graphene can bind to micronutrients and amino acids present in the cell culture
medium limiting their availability and inhibiting cellular growth and viability [54]. Our cell
viability results (Figure 3) were in agreement with data from the literature that demonstrate
a cell-dependent cytotoxicity with a predominant toxic effect of graphene and GO sheets
on neuronal tumor cells (e.g., neuroblastoma, glioblastoma), liver cancer cells (HepG2), and
lung cancer cells (A549). However, only a slight decrease in cell viability is observed with
the improved influence of graphene on cell proliferation and survival in a human colorectal
adenocarcinoma cell line (CaCo2) and prostate cancer cells (PC-3) [55]. In particular, it is
found that after exposure to 20 µg/mL of graphene and GO, almost 90% of cancer cells
remain viable [56]. Moreover, it is well known that the functionalization of graphene
through covalent or non-covalent interaction by various materials, such as polymers, DNA
and proteins, greatly improves the biocompatibility of nanosheets, enhancing its solubility,
and significantly reduces its toxic interactions with living systems [57]. Also, metal ions
can interact with the GO surface owing to the presence of carboxylic acid groups that can
chelate copper ions, forming a complex system. Such a complex system is analogous to a
copper compound, but with an expanded planar ligand and a size ranging from a few to
hundreds of nanometers [58]. Accordingly, no reduction in PC-3 viability is observed for
the surface-decorated GO120s and bwGO sheets.

Confocal microscopy imaging on PC-3 cells upon treatment with the different samples
reveals a specific interaction of ANGF488 with the cell membrane and the actin cytoskeleton.
It is known that ANG, through the amino acid sequence encompassing the residues from 60
to 68, which is also part of the cell-surface receptor binding site, makes a complex with the
cell surface α-actin. The α-actin binding is a crucial step in the promotion of angiogenesis,
since this complex can activate the plasminogen activator/plasmin serine protease system
that leads to plasmin generation [59,60]. Furthermore, after interaction with actin, ANG
induces changes in the cell cytoskeleton by inhibiting the polymerization of G-actin and
changing the physical properties of F-actin, respectively [61]. These events severely alter the
cell’s mechanical properties, inducing strong effects on the cellular structure and function,
and tissue morphogenesis, as well as on the whole angiogenic process [62,63]. In the
presence of copper, a more diffuse localization of the protein in the cytoplasm is observed.
Copper is an essential element in both humans and animals and is crucial to the health of
living organisms. It has been recognized as an angiogenic factor capable of stimulating
endothelial cell migration and neovascularization [64], while its depletion by Cu chelators,
in vivo, prevents vessel formation [43,65].

Such an intersection between copper and angiogenesis supports the critical role of the
metal in pathological and physiological angiogenic processes, such as cancer [66]. Moreover,
it has been found that Cu binds to angiogenin. Human ANG shows glutamine, as the first
residue, which spontaneously cyclized to a pyroglutamate ring. Such a structure allows the
protein to make a complex with copper ions with a 1:1 metal-to-ligand stoichiometry at
physiological pH and a ligand field that most likely involves two imidazole nitrogen atoms,
one deprotonated nitrogen, and one oxygen atom [39]. The interaction between copper and
ANG modulates the angiogenic response and the biological function of ANG, decreasing
both the ribonucleolytic activity of the protein and its nuclear translocation, accordingly to
our results [37]. As for the hybrid, there was a higher ability of GO120s to bind and traffic
ANGF488 inside the cells, most likely due to the higher presence of reactive COOH and
OH groups that facilitate connection with the protein.
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4. Materials and Methods
4.1. Chemicals

Graphene oxide (chemically exfoliated) in an aqueous dispersion (0.4 wt.%) was pur-
chased from Graphenea Inc.; US. Sodium hydroxide (NaOH, ≥97%, pellet) and hydrochlo-
ric acid (HCl, 37% in H2O) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
3-(N-morpholino)-propane sulfonic acid (MOPS) buffer solution (added with 0.003 M KCl
and 0.14 M NaCl) was prepared at a concentration of 1 mM and the pH was corrected to
7.4 (VWR, Radnor PA, USA). For all experiments, ultrapure water (18.2 mΩ·cm at 25 ◦C,
total organic carbon (TOC) less than 5 parts per billion (ppb), UltrapureMillipore® Water
Type) was used, and the glassware was cleaned with aqua regia (HCl:HNO3 1:3 volume
ratio) and rinsed with ultrapure water before each use. For all cellular experiments, RPMI-
1640 medium, penicillin-streptomycin, L-glutamine, fetal bovine serum (FBS), dimethyl
sulfoxide (DMSO), Dulbecco’s phosphate-buffered saline (PBS), paraformaldehyde and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased by
Sigma-Aldrich.

4.2. Preparation of bwGO and GO120s

Base-washed GO was prepared by stripping the ODs from as-received GO aqueous
dispersion following the procedure described by Thomas et al. [29]. Briefly, as-received
GO was diluted with ultrapure water to a concentration of 0.56 mg / ml and then NaOH
1.32 M was added to GO at a final concentration of 14 mM. The alkaline solution was
heated at 70 ◦C for 1 h under stirring and then centrifuged (30 min, 12500 r.p.m., RT). The
pellet was collected and resuspended in ultrapure water, and another centrifugation step
was performed. After treatment with NaOH, the dispersion was reprotonated by adding
14 mM HCl to neutralize the base previously employed. The same procedure described
above for alkaline washing was applied. Eventually, the GO dispersion was ultrasonicated
for 120 min utilizing a Hielscher UP50H ultrasonic processor (Amplitude 40%, Cycle 1)
and the smaller nanosheets were collected by centrifugation (20 min, 13,000 rpm, RT) and
collection of the supernatant.

GO 120s samples were prepared by ultra-sonication of the 0.56 mg/mL as-received
GO aqueous dispersion for 120 min with a Hielscher UP50H ultrasonic processor (Am-
plitude 40%, Cycle 1). Afterward, the GO was centrifuged (20 min, 13,000 rpm, RT) and
the supernatant was collected. Both bwGO and GO 120s supernatants were lyophilized
overnight to provide the respective powder samples.

4.3. Angiogenin Expression, Purification and Fluorescent Labeling

The human ANG expression in the bacterial vector was performed following a previ-
ously reported method [67,68]. Briefly, cells of E. Coli (BL21(DE3) strain) cells were cultured
at 37 ◦C shaking (180 r.p.m.) in terrific broth supplemented with ampicillin (100 µg/mL).
After 24 h, cells were inoculated in 1 L of fresh broth and ANG expression was induced
by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Afterward, cells
were harvested by centrifugation (4000 RCF for 15 min at 4 ◦C, JLA 8100) and lysed into
30 mL of lysis buffer (50 mM Tris-HCl, 2 mM EDTA, pH = 8) and using the high-pressure
homogenizer (Emulsiflex) and sonicator (Qsonica Sonicator Q700).

The lysate was then centrifuged (20,000 RCF for 40 min at 4 ◦C, JA25.50) and resus-
pended in lysis buffer supplemented with 1% (v/v) Triton X-100, twice. The final pellet
was dissolved in guanidine denaturation buffer. The expressed recombinant angiogenin
(rANG) was refolded from inclusion bodies in agreement with the method reported by Jang
et al. (2004) [69] and then purified utilizing cation-exchange chromatography performed on
an automated chromatographic workstation (Akta prime, GE Healthcare) equipped with a
15 × 1.6 cm column packed with SP Sepharose Fast Flow (GE Healthcare). After a washing
step with 25 mM Tris-HCl (pH = 8.0), rANG was eluted with 25 mM Tris-HCl, 1 M NaCl
buffer solution (pH = 8.0) buffer solution. Human angiogenin (ANG) was obtained by
specific removal of the N-terminal methionine residue of the protein using 1 nM Aeromonas
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aminopeptidase, at a concentration of 1 × 10−5 M in 200 mM potassium phosphate buffer
(pH = 7.2). Finally, ANG was purified by dialysis (Spectra/por MWCO 6–8000 Da), which
replaces PBS with a buffer solution of 25 mM Tris-HCl (pH 7.4) buffer solution, followed by
cation exchange chromatography.

The fluorescent derivative of ANG, namely ANGF488, was obtained by conjugating
the primary amines (e.g., lysine residues) of the protein with the reactive dye of Alexa fluor
488 tetrafluorphenyl ester (TFP) (MW = 885 Da, ε = 71,000 cm−1M−1, λex/em = 494/519 nm)
according to the manufacturer’s protocol. Briefly, 50 µL of 1 M bicarbonate was added to
0.5 mL of 2 mg/mL ANG in 10 mM PBS. The protein solution was transferred to the vial
containing the reactive dye, and the reaction mixture was incubated under stirring for 1 h
at room temperature. Afterward, the mixture was loaded on a PD-10 desalting column (GE
Healthcare) to separate the fluorescent protein from the free dye molecules. Following the
protocol, as soon as the sample was included in the column gel, 3.5 mL of elution buffer
(10 mM PBS, pH 7.4) was gently added to the column. The flow-through containing the
fluorescent wtANG488F protein was collected and then concentrated employing Vivaspin
tubes (MWCO 5000). The absorbance of the fluorescent conjugate solution at 280 nm and
494 nm was measured using a PerkinElmer spectrophotometer and quantified by the molar
extinction coefficient. The recovery of the protein was around 80%, and the calculated
degree of labeling (DOL), which corresponds to the average number of dye molecules
coupled to the protein calculated according to the instruction provided by the kit, was 0.68.
The concentrated protein was finally stored, after freezing with N2 liquid, at −20 ◦C.

4.4. Synthesis of ANGF488-GO Hybrids

The synthesis of bwGO@ANGF488 and GO120s@ANGF488 hybrids in MOPS was
performed by utilizing a one-pot functionalization procedure. A 10 mM MOPS solution
was obtained by dissolving 0.418 g of MOPS salt, 0.040 g of KCl, and 1.6 g of NaCl in
200 mL of ultrapure water, and then adjusting the pH to 7.4. The GO 120s and bwGO
powder were first suspended at a concentration of 0.1 mg/mL in MOPS 1 mM, then
sonicated for 3 h to get stable colloidal solutions. To fabricate the nanohybrid platforms,
the GO 120 s and bwGO solutions were brought to a concentration of 16.7 µg/mL in MOPS
1 mM and incubated for 13 h (37 ◦C, 400 rpm) in presence of 100 nM ANGF488. After
the incubation period, both solutions were washed to remove the excessive ANG by two
centrifugation steps (13,000 rpm, 20 min, RT) and 200 µL pellets for each nanohybrid
solution were collected.

4.5. UV-Vis and Fluorescence Spectroscopies

The UV-vis analysis was performed on a Perkin-Elmer 365 spectrometer, using quartz
cuvettes with an optical length of 1 cm and 0.1 cm. Fluorescence spectra were recorded
using a Perkin-Elmer LS55 fluorimeter and quartz cuvettes with an optical path length of
0.1 cm.

4.6. Maintenance and Treatment of Cell Cultures

Prostate cancer cells (PC-3 line) were cultured in 25 cm2 plastic flasks using RPMI-1640
medium supplemented with 10% (v/v) fetal bovine serum (FBS), and contained 2 mM
L-glutamine, 100 UI penicillin/ 0.1 mg/mL streptomycin. Cells were grown in an incubator
(Heraeus Hera Cell 150C incubator), under a humidified atmosphere at 37 ◦C in 5% CO2.
For the treatments, cells were incubated for 24 h in a medium supplemented with 1%
(v/v) FBS with bwGO and GO120s at two concentrations (0.55 and 2.78 µg/mL); the
bwGO@ANG and GO120s@ANG (ANG concentrations of 100 nM and 500 nM for GO
concentrations of 0.55 µg/mL and 2.78 µg/mL, respectively) both in the absence and in
presence of CuSO4, at a metal/protein molar ratio of 1.
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4.7. Cytotoxicity Assays

The cells were seeded in a 96-multiwell plate in a complete medium at a density of
15 × 103 cells per well. Afterward, cells were incubated in a medium supplemented with 1%
(v/v) FBS for 24 h with the different samples. Cytotoxicity was determined by incubating the
cells, at 37 ◦C, with the tetrazolium salt, 3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), for 60 min. Subsequently, the enzymatic reduction of MTT to the insoluble
purple formazan product was detected by dissolving the crystal with 100 µL of DMSO and
measuring the absorbance at 570 nm using a Varioscan spectrophotometer (Varioskan®

Flash Spectral Scanning Multimode Readers, Thermo Scientific). The experiments were
carried out in triplicate and the results are presented as the means ± standard deviation
(SD). The statistical analysis was performed by Student’s t-test.

4.8. Confocal Microscopy Analysis

PC-3 cells were seeded in glass bottom plates (WillCo-dish®, Willco Wells, B.V.) with
12 mm glass diameter at a density of 25 × 103 cells per plate in full medium. Subsequently,
cells were incubated for 24 h with the different samples. The cells were then stained with the
nuclear dye Hoechst33342 (1 µg/mL) and MitoTracker deep red (2 × 10−7 M) before per-
forming the ‘live’ cell imaging. Finally, cells were fixed with high-purity 2% paraformalde-
hyde in PBS, pH = 7.3, permeabilized with 0.5% (v/v) Triton X-100 supplemented with
0.1% (w/v) BSA in PBS, and then stained with a high-affinity F-actin probe, conjugated to
green-fluorescent Alexa Fluor 488 dye (2 drops/mL) (Thermo Fisher Scientific).

Confocal microscopy studies were executed with an Olympus FV1000 confocal laser
scanning microscope (LSM), equipped with diode UV (405 nm, 50 mW), multiline Argon
(457 nm, 488 nm, 515 nm, total 30 mW), HeNe(G) (543 nm, 1 mW) and HeNe(R) (633 nm,
1 mW) lasers. An oil immersion objective (60xO PLAPO) and spectral filtering systems
were used. The detector gain was fixed at a constant value, and images were collected, in
sequential mode, randomly all through the area of the well. The image analysis was carried
out using Huygens Essential software (by Scientific Volume Imaging B.V., The Netherlands).
The statistical analysis was performed by Student’s t-test.
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