Nano EXpI’GSS * INCLUSIVE PUBLISHING ~ &@» PURPOSE-LED

TRUSTED SCIENCE “a¢” PUBLISHING™

PAPER « OPEN ACCESS You may also like

- Self-assembling combretastatin A4

Functionalized nanodiamonds — toward innovative Incorporated protamine/nanodiamond

hybrids for combined anti-angiogenesis

antltu mor approaCh es and mild photothermal therapy in liver

cancer

Yunhao Li, Jianging Lu, Xiongwei Deng et
. . . . al.
To cite this article: Marta Boreggio et al 2026 Nano Ex. 7 015008
- Effect of nanodiamonds surface deposition

on hydrophilicity, bulk degradation and in-
vitro cell adhesion of 3D-printed
polycaprolactone scaffolds for bone tissue

. . : enaineering
View the article online for updates and enhancements. Hadiah A ElBakry, Mohamed M Ammar

and Taheya A Moussa

Organic solar cells having plasmonic
nanostructures in different solar cell
regions for enhancement of photovoltaic
characteristics

Pankaj Kumar Das, Kamal Kumar, Abhijit
Das et al.

This content was downloaded from IP address 193.206.181.111 on 27/01/2026 at 10:54


https://doi.org/10.1088/2632-959X/ae378a
/article/10.1088/1361-6528/ac1be0
/article/10.1088/1361-6528/ac1be0
/article/10.1088/1361-6528/ac1be0
/article/10.1088/1361-6528/ac1be0
/article/10.1088/1361-6528/ac1be0
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1748-605X/ad5bac
/article/10.1088/1402-4896/add5a9
/article/10.1088/1402-4896/add5a9
/article/10.1088/1402-4896/add5a9
/article/10.1088/1402-4896/add5a9

10P Publishing

W) Check for updates

OPENACCESS

RECEIVED
2 October 2025

REVISED
22 December 2025

ACCEPTED FOR PUBLICATION
13 January 2026

PUBLISHED
27 January 2026

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL

(CHOM

Nano Express 7 (2026) 015008 https://doi.org/10.1088,/2632-959X /ae378a

NANO
EXPRESS

PAPER

Functionalized nanodiamonds -toward innovative antitumor
approaches

Marta Boreggio', Elena Rosini’, Filippo Moncalvo', Tana Zavodna’, Sarka Hradilova’, Francesco Cellesi',
Loredano Pollegioni’, Katerina Polakova™* and Elisa Fasoli"*

! Dipartimento di Chimica, Materiali e Ingegneria Chimica ‘Giulio Natta’, Politecnico di Milano, Via Mancinelli 7, 20131, Milano, Italy
*> Dipartimento di Biotecnologie e Scienze Molecolari Universita degli Studi dell'Insubria, Via J.H. Dunant 3, 21100 Varese, Italy

? Czech Advanced Technology and Research Institute, Slechtitelu 241/27, 77900 Olomouc-Holice, Czechia

* Authors to whom any correspondence should be addressed.

E-mail: katerina.polakova@upol.cz and elisa.fasoli@polimi.it

Keywords: D-amino acid oxidase, drug delivery, nanodiamonds, cytotoxicity, protein corona, mass spectrometry

Supplementary material for this article is available online

Abstract

D-amino acid oxidase (DAAO) represents a promising and well-characterized enzyme for the
‘enzyme-activated prodrug therapy’, one of the newest frontiers for anticancer treatment. This
flavoprotein catalyzes the deamination of D-amino acids with production of hydrogen peroxide, a
reactive oxygen species (ROS) able to favor cells death. In this preliminary work, promising drug
delivery systems based on nanodiamonds (NDs) were designed to target DAAO specifically to the
tumor site following possible future injection in the blood stream. NDs were functionalized with
polyethylene glycol (PEG), hyaluronic acid (HA) and poly(glycerol monomethacrylate) (PGMA), to
reduce aggregation and improve biocompatibility. Different conjugates were obtained by DAAO
adsorption on the NDs surface. The interaction with human serum proteins was evaluated in vitro,
and the formation of the protein corona (PC) was investigated via nLC-MS/MS, aiming to
characterize both soft and hard corona. Because the PC provides a biological identity to the
conjugates and influences their fate in vivo, this study may contribute to investigate preliminary

in vitro properties of functionalized nanoparticles, conjugated with well-characterized enzyme. The
cytotoxicity and the oxidative stress of the designed conjugates, induced by hydrogen peroxide, were
tested on two different tumor and two different healthy cell lines, as controls. The contribution of the
PC to both cytotoxicity and oxidative stress was also evaluated. Among all investigated NDs-DAAO
conjugates, PEG-NDs-DAAO seemed to exhibit promising antitumor characteristics: a biocompa-
tible PC may contribute to potentially prolong blood circulation time and the increased cytotoxicity
against human breast cancer cells (SKBR3, viability of 34%) could be probably favored by interaction
of PEG-NDs-DAAO-PC with tumor cells. The presence of specific proteins, like serotransferrin and
Inter-alpha-trypsin inhibitor heavy chain H2, could potentially play a crucial role in cell membrane
adhesion.

1. Introduction

The enzyme-activated prodrug therapy (EPT), one of the newest anticancer frontiers, consists of a two-step
approach. Firstly, a drug-activating enzyme is targeted to the tumor site. Then, a nontoxic prodrug, which acts
as the enzyme’s substrate, is administered systemically and converted into an active anticancer drug specifically
in the tumor by the enzyme [1]. D-amino acid oxidase (DAAO, EC 1.4.3.3) from the yeast Rhodotorula gracilis is
apromising and well-characterized enzyme for an EPT application. It catalyzes the oxidation of the prodrugs
D-amino acids into the corresponding a-keto acids, ammonia and hydrogen peroxide (H,0,) [2]. The over-
production of H,O, inside the tumor site induces a cytotoxic effect, damaging DNA, proteins and lipids [3].

© 2026 The Author(s). Published by IOP Publishing Ltd
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The very low endogenous concentration (micromolar to sub-millimolar range) of D-amino acids in human
body, mainly originating from gut microbiota and foods, allows easier regulation of the enzyme activity in
therapy [4, 5]. The DAAO specificity for D-amino acids and its broad reported knowledge in terms of kinetics,
H,0, production and enzyme’s turnover, have guided the choice of DAAO to design possible nanocarriers
devoted to target enzyme in the tumor tissue.

In addition, few studies conjugated DAAO with nanoparticles (NPs), like iron oxide and gold NPs and
multi-walled carbon nanotubes, all reporting a higher stability of DAAO after conjugation [6, 7]. In this con-
text, nanodiamonds (NDs), 3D carbon allotropes, are of particular interest because of their high biocompat-
ibility and adsorption capacity, and easy functionalization [8]. Moreover, different studies highlighted a lower
cytotoxicity than the other carbonaceous nanomaterials, due to a lower generation of cytotoxic reactive oxygen
species (ROS) [9]. The coupling of DAAO with NDs is expected to improve DAAQO stability and bioavailability,
and to prolong its retention time within the tumor due to the Enhanced Permeability and Retention (EPR)
effect, increasing its therapeutic efficacy [ 10]. Once systemically administered, NPs interact with blood compo-
nents, especially plasma proteins, that instantly create a protein layer around NPs’ surface, called protein cor-
ona (PC) or bio-corona [11]. The PCis composed by a primary inner layer of tightly almost irreversibly bound
proteins generated by direct protein-NPs interaction, called hard corona (HC), and an outer more loosely
bound layer composed by proteins that interact with the HC via protein—protein interactions, called soft cor-
ona (SC) [12]. As the PC gives the NPs a biological identity influencing their fate in vivo, its investigation is
crucial [13]. For instance, the presence of dysopsonins (e.g., albumin and apolipoproteins (Apos)) in the PC,
could prolong the NPs’ circulation time, favoring NPs’ recognition as ‘self’-structures, while opsonins (e.g.,
fibronectin and immunoglobulins (Igs)) could contribute to phagocytosis, quickly removing the nanosystems
and preventing them the reach their target tissue [ 14]. The PC formation is connected to the physicochemical
properties of NPs, including surface properties (e.g., chemistry, charge, roughness etc), size and shape. These
properties influence the amount and the type of proteins constituting the PC [15]. Recently, many research
works focused on the modification of NDs’ surface by different biocompatible polymers in order to generate a
more performant PC, in terms of biocompatibility and biodistribution, and to reduce the NDs’ aggregation in
biological fluids [16].

Using polyethylene glycol (PEG), one of the most studied polymers, researchers created stealth drug car-
riers with prolonged circulation time, reducing NPs’ recognition and clearance by the mononuclear phagocyte
system [17]. Moreover, previous studies demonstrated that the coupling of DAAQO with PEG favored the
enzyme’s stability, thus increasing its therapeutic efficacy [ 18]. NPs’ functionalization with hyaluronic acid
(HA) reduced both the protein adsorption and the rate of macrophages’ uptake. The HA association with NDs
for tumor imaging and therapy was recently highlighted, for its ability to increase the CD44 receptors mediated
phagocytosis of NPs in many cancer cell lines [ 19]. Synthetic poly(glycerol monomethacrylate) (PGMA),
obtained by Atom Transfer Radical Polymerization (ATRP), is the subject of ongoing research for its ability to
reduce both the NPs’ interaction with physiological proteins and to activate the immune system [20-22].

Our research is aimed to optimize the design of promising antitumor nanosystems by NDs’ functionalizion
with PEG, HA or PGMA, and conjugation with DAAO (f-NDs-DAAO) [2, 23]. To compare the effects of the
selected functionalization molecules on the behavior of the NDs conjugates, the following in vitro formulation
screenings were carried out. The cytotoxicity and the oxidative stress, induced by H,O,, were evaluated on
different cell lines, like immortalized human cervical cancer cells (HeLa) and breast cancer cells (SKBR3), as
well as on mouse embryonic fibroblasts (NIH3T3) and human lung fibroblasts (HEL), used as non-cancerous
controls. Moreover, the cellular uptake of f-NDs-DAAO was investigated via flow cytometry, and the PC com-
position after incubation in human serum was investigated using a proteomic approach based on electro-
phoretic separation (SDS-PAGE) and mass spectrometry (nLC-MS/MS). The influence of the PC on the
cytotoxicity against the selected cell lines was evaluated, also considering recent studies demonstrating how PC
could enhance the cytotoxic effect [24, 25]. PEG-NDs-DAAO seemed to exhibit a combination of biocompa-
tible PC and increased cytotoxic effect against human breast cancer cells (SKBR3).

2. Materials and methods

2.1.Design of NDs
Carboxylated NDs (COOH-NDs) and all reagents were purchased from Merck Millipore® and they were used
without any further purification.
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2.1.1. NDs functionalization with HA

For the functionalization of COOH-NDs with HA (8-15 kDa), a two-step procedure was applied. The first step
consists in the amidation of NDs’ surface. In the second step, HA polymer chains are covalently attached on
amidated NDs’ surface.

In detail, 100 mg of COOH-NDs were mixed with 13 ml ethylene diamine, 626 mg N-ethyl-N’-(3-dimethy-
laminopropyl)carbodiimide hydrochloride (EDC HCI), and 376 mg N-hydroxysuccinimide (NHS) in an iced
bath until dissolution. Then, 450 pl triethylamine was added drop by drop and left under stirring for 4 days at
room temperature, followed by centrifugation (21000 x g for 10 min) and washed with 10 ml acetone until
neutral pH. The obtained amidated NDs (NH,-NDs) were then dried at 90 °C overnight.

50 mg of NH,-NDs were mixed with 10 mg HA, 156 mg EDC HCI, 94 mg NHS and 5 ml formamide, and
sonicated for 10 min at room temperature. Then, 113 pl triethylamine was added drop by drop and left under
stirring for a week at room temperature, followed by centrifugation (21000 x g for 10 min) and washed with
10 ml acetone until neutral pH. The obtained NDs functionalized with HA (HA-NDs) were then dried at 90 °C
overnight and characterized by thermal gravimetric analysis (TGA) (heating from 35 to 900 °C in air), to evalu-
ate the functionalization degree.

2.1.2. NDs functionalization with PEG

100 mg of COOH-NDs were mixed with 14 mg PEG (5 kDa), 6 mg N,N’-dicyclohexylcarbodiimide (DCC) and
2 mg4-dimethylaminopyridine (DMAP), and sonicated for 2 h at room temperature. Then, the reaction
mixture was left under stirring for 6 days at room temperature. The obtained samples were centrifuged

(21000 x g for 10 min) and washed 10 times with 10 mI N,N-dimethylformamide (DMF) and 10 times with

10 ml methanol. The obtained PEGylated NDs (PEG-NDs) were then dried at 90 °C overnight and
characterized with TGA, to evaluate the functionalization degree.

2.1.3. NDs functionalization with PGMA
The functionalization of COOH-NDs with PGMA was obtained through a three-step procedure.

Firstly, amidation of COOH-NDs was performed, following the same procedure reported in para-
graph 2.1.1, to obtain NH,-NDs. The second step consists in the covalent attachment of a-bromoisobutyryl
bromide (BiBB), to obtain grafted ATRP initiators on the surface of NDs. Briefly, 50 mg of NH,-NDs were
dispersed in 50 ml of DMF by sonication at room temperature for 15 min and left under nitrogen atmosphere
performing three vacuum/nitrogen cycles. Then, 2.5 ml triethylamine were added dropwise and the solution
was kept under stirring for 10 min. 2.25 ml of BiBB in 25 ml DMF were dropped into the reaction mixture,
which was kept under stirring and nitrogen atmosphere at room temperature for 24 h. The obtained sample
(Br-NDs) was then centrifuged (21000 x g for 10 min), washed 5 times with 10 ml acetone, 5 times with 10 ml
ethanol, and 5 times with 10 ml water and dried at 90 °C overnight.

In the final step, aqueous Activators ReGenerated by Electron Transfer (ARGET) ATRP was adapted from a
previous protocol [21, 22], to polymerize PGMA from Br-NDs. Briefly, 5 mg of Br-NDs were sonicated for
5 min with 200 mg glycerol monomethacrylate (GMA, 160.20 g/mol, 1.25 mmol) and 7.6 ml of degassed
100 mM phosphate-buffered saline (1x PBS) and the reaction mixture was left under nitrogen atmosphere
performing three vacuum/nitrogen cycles. Then, 30 pl copper (II) chloride (CuCl,, 0.75 pmol), Tris(2-pyr-
idylmethyl)amine (TPMA, 6 pmol) from CuCl,/TPMA stock solution in 1x PBS (CuCl, 25 mM, TPMA
200 mM, [CuCl,]/[TPMA] 1:8 mol/mol) and 100 jtl DMF (used as 'H -NMR peak reference) were added, and
the resulting solution was purged with nitrogen for further 5 min. 15 pL of 8 mM ascorbic acid (AscA) stock
solution in 1x PBS were added to the reaction mixture every 15 min, which was kept under stirring for 7 h at
30 °C. Samples (150 L) were withdrawn at different time intervals for 'H NMR analysis to monitor the poly-
merization and molecular weight. The resulting NDs functionalized with PGMA (PGMA-NDs) were cen-
trifuged (21000 x g for 10 min) and washed 10 times with 10 ml water and 10 times with 10 ml acetone.
Following drying at 90 °C overnight, NDs were characterized by TGA and Fourier-transform infrared
spectroscopy (FTIR).

2.2.NDs functionalization with DAAO
The recombinant His-DAAO wild-type was expressed and purified from BL21(DE3)pLysS E. coli cells as
described by Fantinato et al[26]. The pure enzyme had a specific activity on D-alanine (D-Ala) of 115 U/mg
protein at 25 °C, with > 90% purity as confirmed by SDS-PAGE analysis. The absorbance spectrum of a properly
diluted enzyme sample aliquot was used to measure the enzyme concentration (€455, = 12.6 mM ' em™H [27].
A suspension of 2 mg of HA-NDs was sonicated for 2 h at room temperature in 400 pl of 50 mM sodium
pyrophosphate buffer (pH 7.4). The suspension was incubated overnight in 1.5 ml of a2 mg ml~ ' DAAO solu-
tion, using a rotating plate at 4 °C with a gentle stirring. The produced adduct (HA-NDs-DAAQ) was separated

3
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from the supernatant, containing unbound DAAO, by centrifugation (420 x g) for 5 min at room temperature.
To remove any trace of dispersed NDs, supernatant was collected and centrifuged (12200 x g, at room temper-
ature) four times for 5 min, recovering the solution, following our standardize protocol [6]. It was then stored

for further analysis.

The same procedure was applied also to PEG-NDs and PGMA-NDs, to obtain PEG-NDs-DAAO and
PGMA-NDs-DAAO conjugates, respectively.

All the obtained adducts were characterized by Dynamic Light Scattering (DLS) to determine particles’
hydrodynamic size and zeta potential, using a Zetasizer Nano ZS (Malvern Instrument). The samples were
measured at room temperature at a concentration of 0.05 mg ml ™' and a total volume of 2 ml, in a disposable
transparent cuvette. The colloidal stability of f-NDs-DAAO was investigated in 1x PBS.

2.3. DAAO activity and stability assay
The activity of all f-NDs-DAAO samples was determined using the horseradish peroxidase (EC 1.11.1.7;
Roche®) and o-dianisidine (Merck Millipore®) coupled assay [28]. In detail, the assay was performed at the final
concentration of 0.1 mg ml~" for both HA-NDs-DAAO and PEG-NDs-DAAO, and of 0.3 mg ml ™' for PGMA-
NDs-DAAO. The analyses were replicated three times for each assay and the mean + standard deviation (SD)
was calculated.

The stability of different conjugates at 37 °C was assayed measuring the residual activity of the enzyme,
every 60 min for the first four hours and then at 24 h of incubation under gentle stirring. The activity value at
0 h for each sample was taken as 100%.

2.4. Protein corona investigation

2.4.1. Incubation of -NDs-DAAQO in human serum

2mgof HA-NDs-DAAO, PEG-NDs-DAAO and PGMA-NDs-DAAO were suspended in 100 pl of 1x PBS

pH 7.4, and incubated with 1900 ul of human serum (HS) (Merk Millipore®) at 37 °C for 4 h, under gentle
stirring [29]. The obtained f-NDs-DAAO-PCs (i.e., HA-NDs-DAAO-PC, PEG-NDs-DAAO-PC and PGMA-
NDs-DAAO-PC) were recovered from HS supernatant by gentle centrifugation (45 x g for 30 s). PCs were then
eluted three times using 500 pl 1x PBS solution at 37 °C (E1), 500 ul 1x PBS solution at 37 °C (E2), and 500 pl

20 mM dithiothreitol (DTT) solution at 99 °C (E3). Each elution step was performed for 10 min under vigorous
stirring. Elutions E1 and E2 detached SC’s proteins, while E3 was used to collect HC’s proteins.

2.4.2. SDS-PAGE and mass spectrometry

The protein concentration of eluates E1 was evaluated with the Pierce™ Bicinchoninic Acid Protein Assay kit
(BCA, Thermo Scientific), using bovine serum albumin as standard. The protein content of both eluates E2 and
E3 was not quantified: E2 was used as a washing step to remove the remaining SC proteins not eluted with E1,
E3 contained an amount of DTT not compatible with the kit.

SDS-PAGE analysis was as stated in Boreggio et al[6]. All the eluates were treated under native conditions
(solubilized in 4x Laemmli buffer at room temperature) and they were loaded onto SDS-PAGE gels as follow-
ing: 100 pl of E1, 500 pl of E2 and 500 pl of E3 for all f-NDs-DAAO. All gels were cut and treated following the
standardized protocols, using trypsin as digestive enzyme [6].

8 pl of tryptic-digested samples were injected in a nanochromatography system (UltiMate 3000 RSLCnano
System, Thermo Scientific), coupled with a mass spectrometer (LTQ XL, Thermo Scientific). The mass spectro-
metry (MS) data were analyzed by the Mascot search engine (Version 2.3.01), using the Proteome Discoverer
software (v. 1.2.0 Thermo) and consulting specific UniProtKB/Swiss-Prot protein database (Swiss-Prot_Ho-
moSapiens 42,390 sequences and 24,374,355 residues). A preliminary subtraction of common contaminants
was performed using definite Contaminants database (14,935 sequence, 5,081,069 residues). The serum pro-
teins, identified in the bio-corona of f-NDs-DAAO were compared by Venn diagram (https://bioinfogp.cnb.
csic.es/tools/venny/). UniProtKB database (https://www.uniprot.org) was used to evaluate the biological
processes of the identified serum proteins.

AlLE1 eluates were loaded on SDS-PAGE gel and analyzed by mass spectrometer four times to obtain tech-
nical replicates. The data validation was performed considering only proteins recognized in all replicates as
reliable identifications. E2 was considered as a washing step, and E3 was analyzed only once because of low
amount of proteins. In Supplementary File S1, the list of the four technical replicates of E1, of validated proteins
of E1 (list of the SC’s proteins), and of proteins belonging to the HC (identifications in E3) for f-NDs-DAAO,
arereported.
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2.5. Invitro cytotoxicity assay and ROS measurement

The cytotoxicity and the production of ROS by f-NDs-DAAQOs was assessed in human HeLa (immortalized
cervical cancer, ATCC CCL-2, Manassas, VA, USA) and human SKBR3 (breast carcinoma, ATCC HTB-30,
Manassas, VA, USA) cancer cell lines, as well as in human fibroblast HEL 12469 (embryonic, lung, ECACC,
Salisbury, UK) and mouse fibroblast NIH3T3 (embryonic, ATCC CRL-1658, Manassas, VA, USA) cells, as
healthy controls, using the LIVE/DEAD cytotoxicity/viability test (Invitrogen) and the oxidative stress
indicator CM-H2DCFDA (Invitrogen), respectively. Cells were plated in 96-well culture plates at a density of
10000 cells per well (for the cytotoxicity) and 2000 cells per well (for the ROS measurement), and cultured
overnightat 37 °Cina 5% CO, incubator. HeLa and NIH3T3 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum, I mM L-glutamine, and 1% penicillin—
streptomycin. HEL cells were cultured in Essential Minimum Eagle Medium with Earle’s Salts (EMEM, Merk
Millipore®) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, non-essential amino acids (1x)
(Merck Millipore®), sodium bicarbonate (0.2% w/v), and 2% penicillin—streptomycin. SKBR3 cells were
cultured in McCoy’s 5A Medium (Gibco) supplemented with 10% fetal bovine serum, and 1% penicillin—
streptomycin.

For the cytotoxicity assay, cells were exposed to different amounts of enzyme (1-10 mU) and D-Ala con-
centrations (10-20 mM) for 24 h. After the removal of the growth medium, cells were washed with 100 ul 1x
PBS pH 7.4 and incubated with 30 pl trypsin (0.25% w/v in ethylenediaminetetraacetic acid) for 10 min at
37 °C. After detachment, cells were incubated with 1 pl propidium iodite (1 mg ml~") and 2 pl of 50 pM calcein-
AM in DMSO for 15 min at room temperature, in the dark. Fluorescent signal was measured using the flow
cytometer BD FACSVerse™ Cell Analyzer (Bioscences) (red: ex. 495/em. 635 nm, green: ex. 495/em. 515 nm).
Toxicity was quantified as the fraction of live cells relative to the total amount of counted cells. The analyses
were replicated three times for each condition and the mean + SD was calculated. Statistical analysis was per-
formed comparing the viability of all the tested cell lines after their exposure to f-NDs (no DAAO) versus
f-NDs-DAAO (no PC), and {-NDs (no DAAO) versus f-NDs-DAAO-PC. The statistical significance was deter-
mined at p < 0.05.

For the ROS measurement, cells were exposed to different amounts of enzyme (1-10 mU) and D-Ala con-
centrations (10-20 mM) and, immediately after the exposure, 2 pl of 0.5 mM oxidative stress indicator CM-
H2DCFDA (Invitrogen) in DMSO was added to each well (10 pmol/L final concentration). The plates were
incubated in the 5% CO, incubator for 40 min and the fluorescent signal was measured using the Infinite M200
PRO microplate reader (Tecan, Austria) with ex. 492 /em. 527 nm. The measurement was repeated every
20 min for four hours (maximum time to avoid the degradation of the fluorescent probe), and then after 24 h
(incubating cells with a new probe). The intensity of the signal was expressed relatively to the value obtained for
controls (i.e., not treated cells). The analyses were replicated three times for each condition and the mean + SD
was calculated.

In both assays, the same protocol was applied to cells with and without the addition of f-NDs-DAAO-PC
(i.e., HA-NDs-DAAO-PC, PEG-NDs-DAOO-PC and PGMA-NDs-DAAQO-PC), to evaluate the effect of the PC
on both the cytotoxicity and the induction of oxidative stress. Both assays were performed also on f-NDs (with-
out DAAO) and on non-treated cells, as controls.

2.6. Fluorescent f-NDs-DAAO preparation and uptake analysis in cells

In order to make f-NDs-DAAO (i.e., HA-NDs-DAAO, PEG-NDs-DAAO and PGMA-NDs-DAAO)
fluorescent, they were covalently functionalized with Alexa Fluor ™ 750 NHS ester Tris(triethylammonium
salt) (Invitrogen). In particular, a stock solution of f-NDs-DAAOQ was prepared suspending f-NDs-DAAO in
100 mM sodium pyrophosphate buffer pH 8.5 at final DAAO’s concentrationof 10m g /m1. 0.1 ml of stock
solution was incubated with 5 pl 10 mg/ml amine-reactive dye in anhydrous DMF (at 20:1 (v:v) ratio f-NDs-
DAAO:dye) for 1 h at room temperature, under stirring. The fluorescent NDs were then collected by
centrifugation (270 x g for 5 min at room temperature) and analyzed with a FLS 980 fluorescent spectrometer
(Edinburgh Instruments) (ex. 753 /em. 782 nm).

The uptake of fluorescent f-NDs-DAAO in HeLa, SKBR3, NIH3T3 and HEL cells was evaluated four hours
after incubation with fluorescent f-NDs-DAAO. This time period was selected to compare the results with the
ROS values (see paragraph 2.5). In particular, cells were plated in 96-well culture plates at a density of 10000
cells per well and cultured overnight at 37 °C in a 5% CO, incubator in their culture medium, as reported in
paragraph 2.5. The medium was then exchanged for fresh medium with or without fluorescent f-NDs-DAAO
(125 pg/mL) and the cells were incubated for 4 h. The medium was then removed, cells were washed with 100 pl
1x PBS pH 7.4 and incubated with 30 pl trypsin (0.25% in ethylenediaminetetraacetic acid) for 10 min at 37 °C,
to detach them from the bottom of the wells. Then, 170 pl of fresh medium was added and the fluorescent signal

5
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Figure 1. Scheme of NDs functionalization with (a) hyaluronic acid (HA), (b) polyethylene glycol (PEG) and (c) poly(glycerol
monomethacrylate) (PGMA).

Table 1. Quantification of enzyme adsorbed on each NDs, and relative milligrams of functionalizing polymers covalently linked to the
surface of NDs. Hydrodynamic size and z potential of HA-NDs-DAAO, PEG-NDs-DAAO and PGMA-NDs-DAAO, obtained with a DLS
analysis performed in 1X PBS.

HA-NDs-DAAO PEG-NDs-DAAO PGMA-NDs-DAAO
mg of polymer” 0.10 0.08 1.70
mgof DAAO® 1.65 1.52 0.55
Hydrodynamic size (nm) 241.0£7.90 274.0 £ 1.40 610.0 £21.30
zpotential (mV) —8.66+0.82 —11.80+1.48 —3,891+0.40

* on2 mgof NDs

was recorded using the flow cytometer BD FACSVerse™ Cell Analyzer (Bioscences) (ex. 640/em. 783 nm). The
analyses were replicated three times for each condition and the mean =+ SD was calculated.

3. Results

3.1. Preparation and characterization of f-NDs-DAAO

COOH-NDs were functionalized with three different polymers, HA, PEG and PGMA, as reported in figure 1.
All{-NDs were analyzed by TGA. As shown in figures S1 and S2(a), a functionalization degree (reported as
percentage of loss of polymer mass, covalently linked on NDs’ surface) of ~5% and ~4% for HA and PEG were
obtained, respectively. A much higher functionalization degree (~85%) was obtained with PGMA, as a result of
the more efficient grafting-from polymerization over the standard grafting-to approach [21,22]. The
functionalization with PGMA was also evaluated by the FTIR analysis, as shown in figure S2(b), where the
spectra of COOH-NDs, PGMA-NDs and PGMA alone are compared. The characteristic peaks of PGMA (CH,
and CH; groups stretching in the 2990-2880 cm ™ region, the double bond C=0 stretchingat 1714 cm ™ and C—
O-Cester in the 1158—1049 cm ™' region) were observed for PGMA-NDs, highlighting the presence of the
PGMA polymer on NDs’ surface. The FTIR spectra of HA-NDs and PEG-NDs were not reported since the low
functionalization degree does not generate visible peaks. From 'H-NMR analysis, the PGMA obtained with the
ARGET ATRP procedure had an average molecular mass of ~5kDa.

Considering the enzyme’s adsorption onto all -NDs, after the incubation of 2 mg NDs with 3 mg DAAO,
HA-NDs and PEG-NDs seemed to show similar enzyme’s adsorption (~1.65 mg and ~1.52 mg, respectively),
while PGMA-NDs showed alower DAAQO’s adsorption (~0.55 mg) (table 1).

The hydrodynamic size of the f-NDs-DAAQ in PBS was established by DLS measurements: 241.0 nm +
7.9 nm for HA-NDs-DAAQ, 274.0 nm =+ 1.4 nm for PEG-NDs-DAAOQO, and 610.0 nm =+ 21.3 nm for PGMA-
NDs-DAAO. Moreover, a zeta potential of -8.66 + 0.82 mV for HA-NDs-DAAO, -11.80 £ 1.48 mV for PEG-
NDs-DAAO, and -3.89 mV £ 0.40 mV for PGMA-NDs-DAAO, was measured (table 1). Altogether, the
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Figure 2. Enzyme stability at 37 °C. The assay was performed on free DAAO (black bars), COOH-NDs-DAAO (dark grey bars), HA-
NDs-DAAO (grey bars), PEG-NDs-DAAO (light grey bars) and PGMA-NDs-DAAO (white bars). The activity value at 0 h for each
sample is taken as 100%. The values are reported as mean =+ standard deviation (n = 3).

functionalization with both HA and PEG seemed to contribute to reduce the nanoparticles’ aggregation with
respect to the functionalization with PGMA.

3.2.DAAO activity and stability
The enzymatic activity of HA-NDs-DAAO, PEG-NDs-DAAO and PGMA-NDs-DAAO was evaluated viaa
colorimetric assay. The apparent specific activity of DAAO linked to f-NDs was lower than the value for the free
enzyme: a figure of 70, 56, 9 and 82 U /mg was apparent for HA-NDs-DAAO, PEG-NDs-DAAO, PGMA-NDs-
DAAO and free DAAO, respectively.

Concerning the enzymatic stability, the free enzyme showed a linear decrease of activity up to 2 U/mg after
24 hincubation at 37 °C (i.e., 2.6% of the initial activity, not shown). For all f-NDs-DAAO samples, a similar
trend was observed. Interestingly, the functionalization with both HA and PEG increased the stability of the
enzyme at the longest time: a residual activity after 24 h of incubation at 37 °C of ~6% of the initial figure was
measured (figure 2). {-NDs alone (without DAAO) showed no activity.

3.3. Protein corona investigation

To investigate the PC formation around f-NDs-DAAO, an in vitro incubation in HS was performed, and
proteins belonging to SC and HC were collected. An elution protocol based on sequential steps using solutions
at different ionic strength and temperature, was applied. SC proteins were eluted by native buffers (i.e., E1 and
E2) at 37 °C, while HC proteins were eluted by a denaturant buffer, E3, at 99 °C. The formation of the PC
depended on the type of functionalization on NDs’ surface. HA-NDs-DAAO and PEG-NDs-DAAO showed
less intense SDS-PAGE profiles (figure S3(a)) due to a less concentrated SC (figure S3(b)) (i.e., ~1 mg ml™ b
with respect to PGMA-NDs-DAAO (~2 mg ml ™). Mass spectrometry analysis identification of the SC proteins
demonstrated that PEG-NDs-DAAO showed a reduced heterogeneity of the PC: a total of 32, 42 and 52
proteins were identified in the SC (figure 3(a)), and 4, 8 and 6 identified proteins in the HC (figure 3(b)) in PEG-
NDs-DAAO, HA-NDs-DAAO and PGMA-NDs-DAAO, respectively. PEG-NDs-DAAO improved the interac-
tion with immune system’s inhibitors in the SC (from figure 3(a), 25% versus 21% versus 19% for PEG-NDs-
DAAO, PGMA-NDs-DAAO and HA-NDs-DAAO, respectively), and it was the only one not containing
immune system’s activators in the HC (figure 3(b)).

3.4. In vitro cytotoxicity assay and ROS level measurement

The cytotoxicity and the oxidative stress induced by -NDs, {-NDs-DAAO and f-NDs-DAAO-PC on human
tumor (HeLa and SKBR3) and human and murine healthy (HEL and NIH3T3) cell lines were investigated,
using D-Ala as the optimal substrate. The cytotoxicity was determined by the LIVE/DEAD cytotoxicity/
viability test, after the exposure of cells to NDs for 24 h. The induction of oxidative stress, mainly due to the
production of H,O,, was determined 40 min after the exposure of cells to NDs, then every 20 min for 4 hand at
24 h, using the oxidative stress indicator CM-H2DCFDA [30]. The assay revealed that {-NDs alone (i.e., not
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Figure 4. Cytotoxicity induced by (a) HA-NDs-DAAO-PC (black bars), PEG-NDs-DAAO-PC (dark grey bars) or PGMA-NDs-
DAAO-PC (light grey bars), and by (b) HA-NDs-DAAO (black bars), PEG-NDs-DAAO (dark grey bars) and PGMA-NDs-DAAO
(light grey bars) on HeLa and SKBR3 tumor cell lines and NIH3T3 and HEL healthy cell lines. The cytotoxicity was assessed with the
LIVE/DEAD cytotoxicity/viability test, after 24 h of cells’ incubation with 10 mU enzyme and 20 mM D-Ala as substrate. The results
are expressed as the percentage of living cells on the total amount of counted cells and the values are reported as mean = standard
deviation (n = 3). Data were analysed for statistical significance, comparing the viability of all the tested cell lines treated with (a)
£-NDs (without DAAO) versus f-NDs-DAAO-PC, and (b) f-NDs (without DAAO) versus f-NDs-DAAO (no PC). “p > 0.05 and not
statistically significant, ”p < 0.01.

conjugated with DAAO) did not induce cytotoxicity in either tumor or healthy cells (figure S4(a)) and did not
produce ROS (the fluorescence intensity almost constant and equal to untreated cells, figure S4(b)).

The concentration of both the enzyme and D-Ala, used for the experiments, seemed to influence cytotoxi-
city and oxidative stress. As shown in figure S5(a), SKBR3 cells treated with 10 mU DAAO showed lower viabi-
lity than cells treated with 1 mU DAAO. Concerning the ROS measurement, the fluorescent signals during the
treatment at the highestamount of DAAO (i.e., 10 mU) were at least 4-fold higher than the ones at 1 mU of
enzyme (figure S5(b)). Similar results were observed as a function of D-Ala concentration: its increaseled to a
higher f-NDs-DAAO cytotoxicity, as a consequence of a higher oxidative stress (not shown).

For all the tested human cell lines, the treatment with HA-NDs-DAAO-PC or PEG-NDs-DAAO-PC
(figure 4(a)) enhanced the cytotoxic effect compared to the f-NDs-DAAQ counterpart (figure 4(b)). SKBR3
cells, showing the lowest viability, the presence of PCled to a mortality rate of ~90% (with respect to a max-
imum of 66% reached with HA-NDs-DAAO). HeLa cells showed a negligible mortality, slightly higher when
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Figure 5. ROS levels after the treatment with HA-NDs-DAAO-PC (black bars), PEG-NDs-DAAO-PC (dark grey bars) or PGMA-
NDs-DAAO-PC (light grey bars) of (a) HeLa, (b) SKBR3, (¢) NIH3T3 and (d) HEL cells. Cells were exposed to 10 mU enzyme and 20
mM D-Alanine. The intensity of the signal is expressed as a function of the intensity of controls (i.e., not treated cells, set as 1). The
values are reported as mean =+ standard deviation (n = 3).

threated with HA-NDs-DAAO-PC (~20%) and PEG-NDs-DAAO-PC (~10%) (figure 4(a)). HEL 12469 heal-
thy human cells were not affected by f-NDs-DAAO (viability ~100%), and appeared more susceptible to HA-
NDs-DAAO-PC and PEG-NDs-DAAO-PC (viability ~38%). On the contrary, the presence of the PC on NDs’
surface did not enhance the mortality of NIH3T3 healthy murine cells, characterized by a ~70% viability after
the treatment with f-NDs-DAAO or {-NDs-DAAO-PC.

For all the tested cell lines, the PC enhanced the intensity of the ROS fluorescent signals, especially when
cells were treated with HA-NDs-DAAO-PC and PEG-NDs-DAAO-PC (figure 5 and figure S6, respectively). In
particular, the significantly higher levels of ROS recorded in SKBR3 and HEL already after 40 min of treatment
with HA-NDs-DAAO-PC (34 and 24 for SKBR3 and HEL, respectively) and PEG-NDs-DAAO-PC (30 and 20
for SKBR3 and HEL, respectively) with respect to HeLa (9 with HA-NDs-DAAO-PC and 6 with PEG-NDs-
DAAOQO-PC) and NIH3T3 (10 with HA-NDs-DAAO-PC and 8 with PEG-NDs-DAAO-PC), reflected the higher
cytotoxic effect observed in SKBR3 and HEL cells.

The treatment with PGMA-NDs-DAAO or PGMA-NDs-DAAO-PC appeared less effective in inducing the
cell death (maximum of 35%). Moreover, the ROS levels were significantly lower. In all cell lines, the ROS level
at 24 h after exposure to f-NDs-DAAO or {-NDs-DAAO-PC was very low, corresponding to the near-total loss
of DAAO activity after 24 h, with a consequent drop in hydrogen peroxide production.

3.5. Uptake of fluorescent -NDs-DAAO

The successful labelling of f-NDs-DAAO with the fluorescent amine-reactive dye was confirmed by the
spectrophotometric analysis, as shown in figure S7 by exciting the f-NDs at 753 nm: a peak ataround 782 nm
was recorded, confirming the presence of the dye on NDs surface.

The uptake of f-NDs-DAAO into HeLa, SKBR3, NIH3T3 and HEL cells was evaluated after four hours of
exposure of cells to 125 pg/mL f-NDs-DAAO using flow cytometry. In all tested cell lines, HA-NDs-DAAO
underwent the highest uptake, followed by PEG-NDs-DAAO and, lastly, by PGMA-NDs-DAAO (figure 6).
Both HA-NDs-DAAO and PEG-NDs-DAAO were internalized more by HeLa and NIH3T3 cells, while the
uptake by SKBR3 and HEL cells was limited. PGMA-NDs-DAAO showed the highest internalization in
NIH3T3. Overall, NIH3T3 cell lines showed the highest uptake of all f-NDs-DAAO, while the lowest uptake
was apparent for SKBR3 cells.

4, Discussion

To properly design a promising nanocarrier for therapeutic anticancer enzyme, a well-characterized and
promising enzyme for EPT applications was selected, called DAAO, and NDs were functionalized to improve
their biocompatibility. In detail, three polymers, namely HA, PEG and PGMA (figure 1), were chosen for their
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Figure 6. Uptake of HA-NDs-DAAO (black bars), PEG-NDs-DAAO (dark grey bars) or PGMA-NDs-DAAO (light grey bars) in
HeLa and SKBR3 cancer cells, and NTH3T3 and HEL healthy cells. The fluorescence was measured after cells’ exposure to 125 pg
NDs/mL for a total of four hours. The values are reported as mean =+ standard deviation (n = 3).

well-documented suitability in biomedical applications, including increased blood circulation time, stealth
properties and reduced NPs’ aggregation [9, 21, 31].

All the three tested polymers were characterized by a comparable molecular mass (5 kDa for PEG, 8-15 for
kDa HA and 5 kDa for PGMA): particularly, 5 kDa PEG was chosen because widely used to prepare polymeric
drugs and of its capability of preserving the DAAQO’s cytotoxic effect [18, 32]. NDs reached a functionalization
level of 5% for HA, 4% for PEG and 85% for PGMA, as shown in figures S1 and S2(a). The high functionaliza-
tion degree obtained with PGMA allows to maximize the interaction between PGMA and NDs. The modifica-
tion of NDs surface with PGMA was also confirmed by the FTIR spectra (figure S2(b)), where PGMA-NDs and
PGMA alone shared the same characteristic peaks.

The NDs coupling with the DAAO, a well-characterized flavoenzyme in terms of kinetics and turnover, was
aimed to regulate the ROS production via a controlled D-amino acid administration, thus preventing damages
to normal tissues and allowing the so called ‘activity on demand’ directly into tumor site, mitigating the side
effects of current anticancer therapy [1]. The functionalization degree on the NDs’ surface seemed to play a
crucial role in the interaction with DAAO: the increase of functionalization degree and of polymers’ steric
hindrance, as a consequence, could limit the enzyme adsorption (table 1). HA-NDs and PEG-NDs, with a simi-
lar functionalization degree (~4-5), showed a similar DAAO binding level (~ 1.65 mgand ~1.5 mgof DAAO,
respectively), while PGMA-NDs, with the highest functionalization degree (~85%), adsorbed the lowest
amount of enzyme (~ 0.55 mg). The correlation between functionalization and enzymatic adsorption was
already observed in our previous work, where the presence of PEG molecules on carbon nanotubes’ surface led
toareduction of DAAO’s adsorption, with respect to carboxylated nanotubes [33]. Dynamic light scattering
(DLS) analysis was performed to characterize the hydrodynamic size and zeta potential of the formulated
f-NDs-DAAO in suspension. Given their potential for intravenous administration, assessment of colloidal sta-
bility was prioritized over morphological characterization of individual particles by high-resolution transmis-
sion electron microscopy (HR-TEM). DLS measurements indicated that the functionalization with HA and
PEG reduced the aggregation of f-NDs-DAAO, and yielded a hydrodynamic size of ~240-270 nm. In physiolo-
gical-like media, their colloidal stability was also confirmed by the zeta potential measurement: the lower values
were determined for HA-NDs-DAAO and PEG-NDs-DAAO (-8.7 mV and -11.8 mV, respectively) with respect
to PGMA-NDs-DAAO (-7.94 mV and -3.9 mV, respectively), as reported in table 1.

The activity and stability of f-NDs-DAAO conjugates were evaluated, confirming the already well-estab-
lished data reported in literature such as the time-dependent decrease of DAAQ’s activity at 37 °C and the lower
activity of the enzyme adsorbed on NDs’ surface in comparison with the free form [6]. Interestingly, the func-
tionalization with HA and PEG favoured the long-time stability of the enzyme after 24 h, supporting the posi-
tive effect of both PEG and HA conjugation (figure 2) [18].

The biocompatibility of f-NDs-DAAO was evaluated incubating the nanosystems in HS and investigating
the composition of the PC formed on NDs’ surface, as bio-corona formation has been shown to significantly
affect the biological fate of nanostructures. In fact, the PC could favor the circulation of NPs in the blood
stream, preventing the clearance by the immune system, and enhance the targeting to the tumor site [13, 34].
Moreover, the PC could alter the interaction of NPs with cells, favoring the NPs’ adhesion and therefore the
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therapeutic effect [35, 36]. The PC composition was evaluated, distinguishing between HC and SC. The HCis
quickly formed after the incubation of NPs with biological fluids, and it is more stable in composition, contain-
ing proteins with high affinity to the NPs’ surface. The SC takes more time to reach the equilibrium, and itisa
more exchangeable layer, composed by proteins that do not interact directly with the nanostructure, but with
the proteins of the HC [37]. Physicochemical properties of NPs (e.g., surface chemistry and morphology) influ-
ence the adsorption of human proteins, determining the characteristics of the PC[15]. In fact, from the
obtained results, the different functionalizations significantly influenced the formation of both SCand HC.
PEG-NDs-DAAO was characterized by a less variegate PC. The amount of SC, very similar the one of HA-NDs-
DAAO (~1mgml™ 1, was significantly lower than the SC of PGMA-NDs-DAAO (~2 mgml™ b (figure S3(b)),
reflecting less intense protein profiles in SDS-PAGE gel (figure S3(a)). The mass spectrometry analysis showed
that the number of different proteins, and therefore the variegation, was reduced in PEG-NDs-DAAO: the
numbers of identified proteins were 32, 42 and 52 in the SC (figure 3(a)), and 4, 8 and 6 in the HC (figure 3(b))
in PEG-NDs-DAAO, HA-NDs-DAAO and PGMA-NDs-DAAO, respectively.

Considering the identified biomolecules and the biological processes in which they are involved, the SC of
all f-NDs-DAAO was characterized by similar profiles (figure 3(a)). Opsonins, like Igs and complement’s sys-
tem components (i.e., complement C3) were identified, as well as Apos and immune system’s inhibitors (i.e.,
albumin and plasma protease C1 inhibitor). As reported in literature, albumin can reduce both the adsorption
of plasma proteins and the complement activation, prolonging the NPs’ circulation in blood [38]. Plasma pro-
tease C1 inhibitor forms a proteolytically inactive complex with the Clr or C1s proteases, downregulating the
complement system [39]. Interestingly, proteins involved in cell membrane adhesion were also identified.
Inter-alpha-trypsin inhibitor heavy chain H2 binds hyaluronan on the cells’ surface and this suggested the
possible tendency of HA-NDs to interact with cells [40]. Interesting, as stated in literature, serotransferrin is
one of the most investigated ligands for NPs’ functionalization, since several tumor cell membranes (like the
blood-brain barrier) and tumor cells (e.g., SKBR3), overexpress transferrin receptors on their surface [41-43].
The possibility to enrich the SC in these proteins could be crucial to potentially promote NPs interactions with
human tissues, thus enhancing the NPs’ association with human tumor cells. Surprisingly, antioxidants were
identified only in the SC of PGMA-NDs-DAAO. Glutathione peroxidase 3 and protein AMBP (whose cleavage
forms Alpha-1 microglobulin) protects cells from oxidative damages, by catalyzing the reduction of H,O,
[44—48]. These proteins could neutralize the H,0O, produced by DAAO, probably reducing the therapeutic
effect.

The HC was mostly characterized by immune system’s inhibitors, like histidine-rich glycoprotein, Apos
like Apo A-1, and albumin. In comparison to HA-NDs-DAAO and PGMA-NDs-DAAO, that interacted speci-
fically with Ig kappa constant and Ig lambda constant 6, respectively, no immune system’s activators or Igs were
identified in HC of PEG-NDs-DAAOQ. Further, the HC of PEG-NDs-DAAO exclusively contained Apo A-1 and
Histidine-rich glycoprotein, an Igs inhibitor: it binds IgG subclasses containing kappa and lambda light chains,
inhibiting the formation of insoluble immune complexes (figure 3(b)) [49-51].

The cytotoxicity of f-NDs-DAAO, {-NDs-DAAO-PC and f-NDs on cancer (i.e., HeLa and SKBR3) and
healthy (i.e., NIH3T3 and HEL) cell lines. As expected, no cytotoxic effect was observed after administration of
f-NDs (figure S4(a)): their inability of producing significant H,O, amount was confirmed by the ROS levels
measurement test (figure S4(b)) [52]. Therefore, considering that DAAQO was essential for the cytotoxicity and
for designing a therapeutically effective nanosystem, using higher DAAO (figure S5(a)) and D-Ala concentra-
tions (data not shown) resulted into a higher cytotoxicity (i.e., lower viability). These results were also con-
firmed by ROS measurements: cells treated with 10 mU of enzyme and 20 mM of D-Ala increased the induction
of oxidative stress (figure S5(b)).

The bio-corona seemed to enhance the H,0, production and the cytotoxicity induced by f-NDs-DAAO on
the different selected human cell lines. One hypothesis, also described in literature, could be that the presence in
the bio-corona of proteins like Serotransferrin and inter-alpha-trypsin inhibitor heavy chain H2, may con-
tribute to favor the interaction between NPs and human cells’ surface receptors, enhancing both the oxidative
stress (the signals reported in figure 5 after the treatment with f-NDs-DAAO-PC reached higher intensities than
the signals in figure S6 for f-NDs-DAAO) and the cytotoxicity (figure 4(a) about f-NDs-DAAO-PC versus
figure 4(b) about f-NDs-DAAO) [40, 41]. For this reason, PC particularly seemed to enhance the in vitro cyto-
toxicity against the cancerous cell line SKBR3, characterized by the highest mortality especially after the treat-
ment with PEG-NDs-DAAQO-PC: the cytotoxicity on human breast carcinoma cells increased by 75% after the
incubation for 24 h with 10 mU of PEG-NDs-DAAO-PC (figure 4(a)), in comparison with the PEG-NDs-
DAAO counterpart (figure 4(b)). The enhancement in oxidative stress, probably also favored by PC composi-
tion (figure 5(b) and figure S6(b)), and the lower expression of antioxidative enzymes, peculiar of human can-
cer cells (more susceptible to the ROS treatment than healthy cells), could probably play an important role in
SKBR3 cell’s death [53]. On the contrary, HEL and NIH3T3 healthy cell lines showed a higher resistance against
the treatment with DAAO compared to cancerous breast carcinoma (i.e., SKBR3 cells), confirming their basal
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expression of antioxidative enzymes [54, 55]. On this side, human fibroblast appeared more susceptible to the
treatment than mouse fibroblast (figure 4(a)), possibly due to a higher interaction of f-NDs-DAAO-PC with
HEL cells [40, 42, 43, 56, 57]. Even if the PC slightly reduced the viability of immortalized cervical cancer cell
line (i.e., HeLa) (~ 100% versus ~80% with HA-NDs-DAAO and HA-NDs-DAAO-PC, respectively), the treat-
ment appeared ineffective, confirming, as reported in literature, that HeLa cells are characterized by a multi
drugresistance [58]. Moreover, the higher level of antioxidative enzymes, normally present in HeLa cells, could
potentially inactivate the H,O, produced by DAAO [59, 60].

Among all tested f-NDs-DAAO-PC, the lowest cytotoxic effect was observed for PGMA-NDs-DAAO-PC:
the lower stability of DAAO adsorbed on PGMA-NDs (figure 2) and the presence in the corresponding PC of
antioxidative enzymes (i.e., glutathione peroxidase 3 and protein AMBP) could probably contribute to hamper
the cytotoxic effect [44—48]. Actually, the fluorescence signals associated with ROS production by PGMA-NDs-
DAAO-PC appeared significantly lower than the signals measured with the other nanostructures (figure 5, light
gray bars), suggesting a lower oxidative stress. Considering all the obtained results, the excessive size (610.0 nm
=+ 21.3 nm), the composition of the PC and the limited cytotoxicity, on the tested tumor cell lines, led to hypo-
thesize that PGMA-NDs-DAAQO would not suitable for therapeutic applications [61].

Finally, comparing the ROS signals at 240 min with the results of uptake, no direct correlation between the
induction of oxidative stress and the nanoparticles’ uptake in cells was apparent (figures S6 and figure 6). The
bystander effect of extracellular H,O, (produced by not yet internalized NDs) inside cells seemed to be the most
predominant mechanism for the oxidative stress. Recent studies identified H,O, as a new substrate for several
members of aquaporins [62, 63]. This bystander effect could suggest that the NPs’” uptake inside cells could be
not necessary for killing adjacent tumor cells, making the cytotoxic effect easier to be achieved.

5. Conclusion

In the present study, carboxylated NDs were functionalized with three different biocompatible polymers (i.e.,
HA, PEG and PGMA), and the well-characterized DAAO flavoenzyme was adsorbed on their surface to design
promising therapeutic nanosystems for antitumor therapy. Their bio-interface was investigated, evaluating
their interaction with human serum, and the role of the PC on their in vitro cytotoxicity was elucidated. The
functionalization with PEG seemed to play a synergistic role in the generation of oxidative stress and the
formation of bio-corona. PEG-NDs-DAAO protein-corona was enriched in dysopsonins (particularly Apo
1-A) and low in immune system’s activators, thus leading the hypothesis of a prolonged blood circulation time
and a reduced clearance. Interestingly, the identification in the PC of proteins involved in tumor cell adhesion
could play an important role in the target of human breast carcinoma, generating a significant cytotoxic effect.
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