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ARTICLE INFO ABSTRACT

Keywords: We developed cyclic RGD-tagged polymeric micellar nanoassemblies for sustained delivery of Doxorubicin (Dox)
Drug delivery endowed with significant cytotoxic effect against MG63, SAOS-2, and U2-OS osteosarcoma cells without compro-
Nanoparticles mising the viability of healthy osteoblasts (hFOBs). Targeted polymeric micellar nanoassemblies (RGD-
BDli(:;:ric;a[i?zmers NanoStar@Dox) enabled Dox to reach the nucleus of MG63, SAOS-2, and U2-OS cells causing the same cytotoxic
Targeting effect as free Dox, unlike untargeted micellar nanoassemblies (NanoStar@Dox) which failed to reach the nucleus
Peptide and resulted ineffective, demonstrating the crucial role of cyclic RGD peptide in driving cellular uptake and accu-

mulation mechanisms in osteosarcoma cells. Micellar nanoassemblies were obtained by nanoformulation of
three-armed star PLA-PEG copolymers properly synthetized with and without decoration with the cyclic-RGDyK
peptide (Arg-Gly-Asp-D-Tyr-Lys). The optimal RGD-NanoStar@Dox nanoformulation obtained by nanoprecipita-
tion method ( 8% drug loading; 35 % encapsulation efficiency) provided a prolonged and sustained drug release
with a rate significantly lower than that of the free drug under the same experimental conditions. Moreover, the
nanosystem preserved Dox from the natural degradation occurring under physiological conditions (i.e., dimeriza-
tion and consequent precipitation) serving as a slow-release “drug reservoir” ensuring an extended biological ac-
tivity over the time.

1. Introduction proved candidate drugs and innovative therapeutic strategies; no

prominent advancements have been made in the past 20 years from any

Tumors localized in the bone, such as osteosarcoma (OS), remain in-
curable fatal diseases owing to the fast clearance or non-specific bind-
ing profile of currently available therapeutics. In addition, the solid
composition and the large surface area of bones prevent the drugs to
reach the target site and represent the major drawback in treating bone
malignancy (Panez-Toro et al., 2023). Standard OS chemotherapy
based on cytotoxic drugs (i.e., doxorubicin, cisplatin, methotrexate) can
improve the overall 5-year survival rate up to 70 % but their severe side
effects affect the life quality (Gianferante et al., 2017). Therefore, OS
treatment remains to be challenging due to the low rate of both new ap-
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scientific areas including nanomedicine. Several drug nanocarriers
have been designed for OS treatment (Wang et al., 2020) but most of
them are still confined to the experimental arena and further studies are
needed for OS-targeted delivery strategies and controlled drug release
before clinical application.

Polymeric micelles with core-shell architecture have gained increas-
ing interest as excellent carriers for drug and gene delivery (Kuperkar et
al., 2022; Agrahari and Agrahari, 2018; Piperno et al., 2021). Specifi-
cally, unimolecular micelles formed by the self-assembly of star copoly-
mers exhibit outstanding properties such as high drug loading capacity
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and excellent in vivo stability owing to their covalently reinforced
core-shell globular structure that prevents disassembly upon dilution.
Moreover, star polymers can be properly decorated at their terminal
groups with suitable ligands (e.g, peptides, antibodies, aptamers, folic
acid, etc) for active targeting (Ren et al., 2016). Among the plethora of
targeting ligands developed to date, RGD (Arg-Gly-Asp) is a well-
studied tumor-homing peptide that specifically binds integrins overex-
pressed on cancer cells and blood vessels during cancer angiogenesis.
The extracellular binding domains of integrins are readily accessible by
RGD-tagged drug delivery systems (DDS) promoting their internaliza-
tion by receptor-mediated endocytosis followed by intracellular traf-
ficking to endosomes and/or lysosomes and drug release into the cyto-
plasm (Battistini et al., 2021; Zhang et al., 2023). Several papers re-
ported that cyclic RGD peptides covalently anchored to the nanoparti-
cle (NPs) surface promoted higher binding affinity and selectivity to
specific integrins (e.g., a,b; and a,bs are expressed in some OS cell lines)
respect to linear RGD due to the restriction of their conformational free-
dom (Rios De La Rosa et al., 2020; Li et al., 2021).

To the best of our knowledge, no earlier studies proposed the use of
cyclic RGD-decorated polymeric NPs for targeted therapy of OS, al-
though it is well known that RGD can improve the effective delivery of
anticancer drugs including doxorubicin (Dox) (Sun et al., 2017). With
this in mind, in the framework of our research program for designing
novel polymer-based nanotherapeutics (Oliva et al., 2023; Mineo et al.,
2020; Liénard et al., 2020; Scala et al., 2018; Fazio et al., 2015), we
herein develop cyclic RGD-tagged star-shaped PLA-PEG micellar
nanoassemblies loaded with Dox (RGD-NanoStar@Dox) and we com-
pare the biological outcomes of targeted and untargeted micellar
nanoassemblies (RGD-NanoStar@Dox and NanoStar@Dox, respec-
tively, Fig. 1) against MG63, SAOS-2, and U2-OS osteosarcoma cells.

In the last few years, several classes of nanomaterials have been ex-
ploited as Dox carriers for OS treatment, including liposomes, exo-
somes, polymeric NPs, hydroxyapatite and metal NPs (NPs) (Parchami
et al.,, 2023; Wei et al.,, 2022; Yang et al., 2020; Liu et al., 2023;
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Lupusoru et al., 2020). In most of them, Dox molecules were overloaded
to achieve the desired therapeutic efficacy because they often lack the
right nuclear localization and release the drug into the cytoplasm, so
that only approximately 1 % of Dox could reach the nucleus and keep
active (Song et al., 2021). Since Dox overloading could be responsible
for short- and long-term side effects (e.g., cardiotoxicity, nausea, myelo-
suppression, gastrointestinal disorders, etc.), the development of drug
nanocarriers for effective nuclear delivery of Dox is gaining substantial
interest as it is expected to increase safety and to enhance efficacy.

Our nanocarrier is based on amphiphilic star PLA-PEG copolymer
synthetized by a proper combination of ring-opening polymerization
(ROP) and copper-catalyzed azide-alkyne cycloaddition (CuAAC) reac-
tions (Torcasio et al., 2022). The tumor-targeting ligand cyclic-RGDyK
peptide was covalently linked to the end-groups to be eventually ex-
posed on nanocarrier surface. Our recent work (Torcasio et al., 2022)
investigated the ability of star PLA-PEG-RGD to encapsulate the antitu-
moral drug Docetaxel focusing on the effects on U87 Human Glioblas-
toma and MDA-MB 468 Human Breast Adenocarcinoma cell lines, as
models of two most common primary and metastatic tumors. A stronger
ability of the drug-loaded PLA-PEG-RGD nanocarrier to reduce tumor
propagation and invasiveness was observed compared to the free drug
in both cell lines attesting for an enhanced effect on metastatization re-
spect to free Docetaxel. These biological findings, together with the ab-
sence of toxicity on healthy cells, prompted us to further investigate our
fascinating polymeric nanoshuttle focusing on Dox for OS treatment.

Herein, the biological profiles of two nanosystems, with and without
cyclic RGD-tagging (i.e., RGD-NanoStar@Dox and NanoStar@Dox, re-
spectively), were studied and compared in terms of cellular uptake and
cytotoxicity, focusing on the MG63, SAOS-2, and U2-0OS cell lines. Hu-
man fetal osteoblast cells (hFOBs) were used to test the effect of
nanocarriers on healthy cells.

Dox was encapsulated using different nanoformulation methods
(i.e., nanoprecipitation and dialysis) and two polymer-to-drug mass ra-
tios were explored (i.e., 10:1 and 10:3). Physicochemical properties (i.e,
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Fig. 1. Chemical structure and sketched view of three-armed star PLA-PEG copolymer used to prepare RGD-NanoStar@Dox (left) and NanoStar@Dox (right), with
and without cyclic RGD-tagging, respectively. The insets reported the chemical structure of cyclic-RGDyK peptide (Arg-Gly-Asp-D-Tyr-Lys) and Doxorubicin (Dox).
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particle size, size distribution, zeta potential), drug loading, encapsula-
tion efficiency, drug release profile and morphology were investigated.
The biological outcomes of our study confirmed the great potential of
cyclic RGD-based strategies for targeted anticancer therapy. Moreover,
our release data pointed out that the proposed nanosystem protect the
drug from dimerization under physiologically relevant conditions and,
consequently, could assure an extended biological activity over the
time.

2. Material and methods
2.1. Materials

Azido cyclic RGDyK was purchased from Scintomics. Doxorubicin
hydrochloride (Dox HCl), triethylamine (TEA), methanol, tetrahydrofu-
ran (THF), dimethyl sulfoxide (DMSO), ultrapure water, PBS (Phos-
phate Buffered Saline) (0.01 M, 1X, pH 7.4), and other reagents were
purchased from Merck (Italy).

2.2. Instrumentation

A Labconco FreeZone lyophilizer was used for freeze-drying. 'H
NMR spectra were recorded on a Varian 500 MHz spectrometer at room
temperature (25 °C). UV/Vis spectra were recorded on a Jasco V-730
spectrophotometer using 1 and 0.5 cm path length quartz cells. Hydro-
dynamic diameter (Dy) and size were determined in ultrapure water by
photon correlation spectroscopy (PCS) using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, U.K.) at 25 °C. The measurements were
performed at 173° angle to the incident beam at 25 + 1 °C for each
aqueous dispersion. The deconvolution of the correlation curve to an
intensity size distribution was obtained using a non-negative least-
squares algorithm. The zeta potential values ({) were measured using a
Zetasizer Nano ZS Malvern Instrument equipped with a He — Ne laser
at a power P = 4.0 mW and A = 633 nm. The results are reported as
the mean of three separate measurements in three different
batches * standard deviation (SD).

2.3. Synthesis

The synthesis of star PLA-PEG copolymer and star PLA-PEG-RGD
was carried out according to previous studies (Torcasio et al., 2022).

2.4. Preparation of NanoStar@Dox

2.4.1. Nanoprecipitation

Dox HCI (3 mg) was solubilized in THF (1 mL) and 1 equiv. of TEA
(0.7 pL) was added for deprotonation. The mixture was stirred in the
dark for 2 h, followed by centrifugation at 4500 rpm for 5 min. This so-
lution was combined with a solution of star PLA-PEG copolymer
(30 mg) dissolved in 2 mL of THF (final polymer concentration:10 mg/
mL; 10:1 polymer-to-drug mass ratio). The organic solution was added
dropwise to 15 mL of stirring ultrapure water (1:5 THF: water ratio).
After 24 h, THF was evaporated under reduced pressure and the sus-
pension was centrifuged twice at 13.000 rpm for 15 min. The residue
was freeze-dried to obtain NanoStar@Dox as a red powder. Similarly,
empty NanoStar was prepared using the same method without adding
the drug and used as a blank.

2.4.2. Dialysis

Dox HCI (9 mg) was solubilized in 1 mL of a 1:1 mixture of
methanol and DMSO, followed by the addition of 2.2 mL of TEA and
star PLA-PEG copolymer (30 mg; 10:3 polymer-to-drug mass ratio). The
solution was stirred in the dark for 1 h and then added dropwise to
20 mL of stirring ultrapure water. After 4 h, the suspension was trans-
ferred into a dialysis bag (cut-off 3.5-5 KDa) and dialyzed against
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800 mL of ultrapure water for 24 h. As the time elapsed, DMSO was re-
placed with water and the micellar nanoassemblies were gently formed
inside the bag. The dialyzed suspension was freeze-dried to obtain
NanoStar@Dox as red powder.

2.5. Preparation of RGD-NanoStar@Dox

Dox HCl (9 mg) was dissolved in THF (1.5 mL), TEA (2.2 pL) was
added, and the solution was stirred in the dark for 15 min for Dox de-
protonation. A blended mixture of star PLA-PEG (27 mg) and star PLA-
PEG-RGD (3 mg) dissolved in THF (1.5 mL) was added (10:3 polymer-
to-drug mass ratio). The resultant organic solution was stirred for 5 min
and then added dropwise to 30 mL of stirring ultrapure water. After
4 h, THF was evaporated under reduced pressure and the suspension
was centrifuged twice at 13.000 rpm for 15 min. The residue was
freeze-dried to obtain RGD-NanoStar@Dox as a red powder. Similarly,
empty RGD-NanoStar was prepared using the same method without
adding the drug and used as a blank.

2.6. Drug loading

Drug content and loading efficiency were determined using UV-Vis
spectroscopy. A weighed amount of lyophilized NanoStar@Dox or
RGD-NanoStar@Dox was solubilized in DMSO, UV-Vis spectra were
recorded, and the amount of encapsulated drug was calculated at a
wavelength of 482 nm. A calibration curve for Dox in DMSO was con-
structed in the concentration range 9.5-95 pg/mL. Based on the molar
extinction coefficient (¢ = 11450 M~ cm™') and the absorbance, drug
loading (DL) and encapsulation efficiency (EE) were calculated using
the following equations:

D L(%) = (Drugweightinthe N Ps /W eighto fthedrug — loaded N Ps) x 101

E E(%) = (Drugweightinthe N Ps /W eighto f drugusedinthe f ormulation)
2.7. Size and zeta potential

Dynamic light scanning (DLS) and {-potential measurements were
performed on the lyophilized samples reconstituted in ultrapure water
(1 mg/mL), sonicated in an ultrasonic bath for 15 min and diluted to a
final concentration of 0.3 mg/mL.

2.8. SEM analysis

Morphological and structural characterization of nanoassemblies
was performed by scanning electron microscopy (SEM), using a field
emission scanning electron microscope (Supra35 FE-SEM by Zeiss,
Oberkochen, Germany). RGD-NanoStar and RGD-NanoStar@Dox dis-
persed in ultrapure water (0.03 mg/mL) were deposited by drop-
casting on a silicon substrate and, after drying, were analyzed using low
energy (3 keV) electron beam, in order to prevent any damaging of the
nanoassemblies.

2.9. Drug release

RGD-NanoStar@Dox (2 mg containing 160 pg Dox, based on the DL
value) or NanoStar@Dox (3.2 mg containing 160 pg Dox, based on the
DL value) were dispersed in 1 mL of PBS (0.01 M, 1X, pH 7.4), soni-
cated for 15 min, and transferred into a dialysis tube (Spectra Por® Pre-
wetted RC Tubing MWCO 3.5-5 kDa). Dialysis was performed against
5 mL of PBS at 37 °C. At fixed time points (45 min, 1 h 30 min, 3 h
30min, 5h, 6 h, 8h, 24 h, 48 h, and 72 h), 1 mL of the release medium
was withdrawn, replaced with an equal volume of fresh buffer, and ana-
lyzed by UV-Vis spectroscopy to quantify the released Dox (Ay.y
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480 nm). All experiments were performed in duplicates. A calibration
curve for Dox in PBS was previously constructed in the concentration
range 3.3-149 pg/mL (e = 9752 M~! em™!). Free Dox in PBS was dia-
lyzed under similar experimental conditions at the same concentration
(160 pg/ml).

2.10. Dox stability study

Solutions of Dox HCI in PBS at three different concentrations (i.e.,
300 pM, namely 160 pg/mlL, the same concentration used for the re-
lease experiment; 60 pM and 6 pM) were maintained at 37 °C and the
UV-Vis absorption was analyzed at A,,,, 480 nm at fixed times (45 min,
1 h 30 min, 3 h 30 min, 5h, 6 h, 8 h, 24 h, 48 h, 72 h). Dox degrada-
tion was indirectly quantified by measuring the amount of residual Dox
in the supernatant.

2.11. Evaluation of CMC

The CMC of star PLA-PEG and star PLA-PEG-RGD was determined
using the pyrene fluorescence spectroscopy method (Torcasio et al.,
2022). Briefly, a stock pyrene solution in acetone (6 x 107® M) was
prepared and added to a series of vials, followed by acetone evapora-
tion. A polymer solution (concentration range 1 X 10~ — 0.1 mg/mL)
was added to the vials and, after equilibration at room temperature
overnight, the emission fluorescence intensities at 338 and 333 nm
were registered. The intensity ratio of I355/I345 vs. the log of the copoly-
mer concentration was used to determine the CMC.

2.12. Cell culture

All human cell lines were purchased from the American Type Cul-
ture Collection (ATCC). Human Osteosarcoma cell line MG63 (ATCC®
CRL-1427™) was cultured in DMEM/F-12 GlutaMAX (Gibco) supple-
mented with 10 % fetal bovine serum (FBS) (Gibco) and 1 % penicillin/
streptomycin mixture (Pen/Strep) (Gibco). Human Osteosarcoma
SAOS-2 and U2-OS were cultured in McCoy’s 5 Modified Medium
(Gibco), supplemented with 15 % and 10 % FBS, respectively, and 1 %
Pen/Strep. Human Fetal Osteoblastic (hFOBs) cell line was cultured in
DMEM/F12 no phenol red with L-glutamine supplemented with 10 %
FBS and 0.3 mg/mL Geneticin (Gibco). Cells were incubated at 37 °C,
5 % CO, under controlled humidity conditions. Cells were detached
from the flask by trypsinization and centrifuged. The cell number and
viability were assessed using the Trypan Blue Dye Exclusion Test. All
cell handling procedures were performed under sterile conditions in a
laminar flow hood.

2.13. Invitro study of Dox-loaded/-unloaded NanoStar and RGD-
NanoStar

The biological activity of NanoStar and RGD-NanoStar loaded and
unloaded with Dox was tested in vitro on three osteosarcoma cell lines
and hFOBs as a model of healthy cells, using Dox HCl (European Phar-
macopoeia) as a positive control and cells only as a negative control.
Briefly, NanoStar@Dox and NanoStar were tested in vitro at 5.4 pg/mL
drug concentration and 105 pg/mL NanoStar concentration. RGD-
NanoStar@Dox was tested in vitro at 2.7 png/mL, 5.4 pg/mL and
10.8 pg/mL drug concentration. Unloaded RGD-NanoStar was tested in
culture media at the same concentration used to test RGD-
NanoStar@Dox (i.e., 31, 62 and 124 pg/mL of polymeric micelles for
2.7 ug/mL, 5.4 pg/mL and 10.8 pg/mL of Dox, respectively). The sam-
ples were reconstituted in MilliQ water at a concentration of 1 mg/mL
and they were re-suspended in tip sonicator for 5 min at 20 % ampli-
tude (A) before final dilution in culture media. All cell lines were
seeded at a density of 5000 cells/well in 96 well-plates.
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2.14. Cellular uptake

The cellular uptake of both NanoStar and RGD-NanoStar loaded
with Dox at 5.4 ng/mL concentration was analyzed in all cell lines after
72 h of culture with respect to free Dox. Specifically, the cells were
fixed in 4 % buffered paraformaldehyde (PFA), permeabilized in PBS
1X with 0.1 % (v/v) Triton X-100, and DAPI (600 nM, Invitrogen)
counterstaining was performed to highlight cell nuclei, following the
manufacturer’s instructions. Images of the TRITC and DAPI filters were
acquired using an inverted Ti-E fluorescence microscope (Nikon) and
merged to observe the nuclear internalization of Dox in the cells. One
experiment was performed and a biological duplicate was performed
for each condition.

2.15. MTT assay

The viability of all cell lines grown in the presence of the samples
was evaluated after 72 h of culture by the MTT assay, following the
manufacturer’s instructions. Briefly, the MTT reagent [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL)
was dissolved in PBS 1X and the cells were incubated with MTT solu-
tion for 2 h at 37 °C, 5 % CO, and controlled humidity conditions. The
medium was replaced by incubation for 15 min in DMSO with slight
stirring and the absorbance was read at 570 nm using a Multiskan FC
Microplate Photometer (Thermo Scientific). Absorbance values were di-
rectly proportional to the number of metabolically active cells. One ex-
periment was performed and a biological triplicate was performed for
each condition.

2.16. Cell morphology evaluation

The morphology of all the cell lines was analyzed after 72 h of cul-
ture with unloaded RGD-NanoStar at the highest concentration tested
(124 pg/mL). Briefly, cells were fixed in 4 % PFA and permeabilized in
PBS 1X with 0.1 % (v/v) Triton X-100. F-actin filaments were high-
lighted using a green-fluorescent Alexa Fluor 488® phalloidin probe
(Life Technologies) for 20 min incubation, following the manufactur-
er’s instructions. DAPI counterstaining was performed for cell nuclei
identification following the manufacturer’s instructions. Images were
acquired using an Inverted Ti-E fluorescence microscope. One experi-
ment was performed and a biological duplicate was performed for each
condition.

2.17. Statistical analysis

Statistical analyses were performed using the GraphPad Prism Soft-
ware (8.0.1. version). The results of the MTT assay are reported in the
graphs as the mean percentage of cell viability with respect to cells
only *+ standard error of the mean and were analyzed by One-way and
Two-way analysis of variance (One-way and Two-Way ANOVA) and
Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01, ***
p <0.001, **** p <0.0001).

3. Results and discussion
3.1. Chemistry

The chemical strategy for the preparation of three-armed star PLA-
PEG copolymer consisted of a multi-step synthesis (Torcasio et al.,
2022) involving a ring-opening polymerization (ROP) of L-lactide, us-
ing glycerol as an initiator, to achieve the hydrophobic three-armed star
PLA core (Mn ' ™R = 14 000 g/mol; Mn SEG2PP = 21.019 g/mol),

followed by a series of esterification reactions with pentynoic anhy-
dride and copper-catalyzed azide-alkyne cycloaddition (CuAAC) reac-
tions for the subsequent conjugation of both the hydrophilic moiety
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(i.e., PEG, Mw 2000 g/mol for each arm) and the targeting ligand (i.e.,
cyclic RGD peptide) to the PLA core (Scheme 1). Specifically, the deco-
ration with RGD was achieved by reacting the three-armed alkynyl-
terminated star PLA-PEG copolymer with two equivalents of azido
cyclic-RGDyK peptide by CuAAC with a coupling efficiency of approxi-
mately 50 % (~1.5 degree of substitution). A stable triazole-based link-
age between polymer scaffold and RGD peptide was created by copper-
mediated cycloaddition as confirmed by 'H NMR spectroscopy (Fig. S1)
and SEC analysis (Torcasio et al., 2022). This decoration did not affect
the molar mass of the copolymer as the peptide contribution was negli-
gible (RGD MW 892 g/mol) with respect to the high molecular weight
of the whole polymer (Mn SEG2PP = 34,203 g/mol). However, the con-
jugation of RGD at the PEG chain to be eventually exposed on the
nanocarrier surface strongly influenced the biological profile of RGD-
NanoStar@Dox driving them to the cell nucleus, whereas the undeco-

PEG:
hydrophilic

&)
( o \9
) moiety . >>‘§3 _/Lo%j\rﬂf\M NN
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rated NanoStar@Dox failed to reach the nucleus, resulting ineffective
(see Biological section).

The designed chemical pathway, characterized by high conversion
efficiency and mild reaction conditions, allowed a fine control over the
polymeric architecture in terms of chemical composition, number of
arms, polymerization degree, molecular weight, and hydrophilic-to-
hydrophobic ratio; the latter is crucial to guarantee the self-assembly of
the amphiphile in water exerting a significant effect on polymer micel-
lization in aqueous solution. In fact, literature data suggested that parti-
cle size and micellar aggregation behavior of PLA-PEG copolymers are
strongly dependent on their composition (Govender et al., 2000; Riley
et al., 2001). Specifically, a strong dependence on the length of the hy-
drophobic PLA block was observed when the core-forming blocks domi-
nate the micellar structure, pointing out that the hydrodynamic radius

ONH
m

PLA: hydrophobic domain

H / \ I o " —
N -
\ /:"?} :ﬁ___// o) f "._E}(.f'
. star PLA-PEG gl

(i)

star PLA-PEG-RGD

Scheme 1. Chemical pathway for the synthesis of three-armed star PLA-PEG-RGD starting from star PLA-PEG copolymer. Reagents and conditions: (i: esterification
of terminal OH groups) pentynoic anhydride, DMAP, dry DCM, r.t., 12 h; (ii: CuAAC for decoration of PLA-PEG with RGD) azido cyclic-RGDyK peptide, CuBr,

PMDETA, dry THF, r.t., 16 h.
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of the particle is effectively equal to the radius of the core, being depen-
dent on the number of monomeric units in the core-forming blocks.

The favorable Critical Micelle Concentration (CMC) value of both
star PLA-PEG and star PLA-PEG-RGD (i.e., 0.01 mg/mL) attested that
micelles constituted by star polymers could be formed below CMC val-
ues typically expected for linear amphiphilic copolymer. Consequently,
they are generally stable upon high dilutions because of the covalently
reinforced core—shell architecture (Lotocki and Kakkar, 2020) providing
a long circulation time in the bloodstream, which is an important factor
for drug delivery.

To fully investigate both polymers (i.e., untargeted star PLA-PEG
and targeted star PLA-PEG-RGD) from a physicochemical and biological
point of view and to compare their potential as DDS, we first studied the
undecorated star PLA-PEG whose outcomes allowed to optimize the
subsequent investigation on RGD-tagged star PLA-PEG.

3.2. NanoStar formulation and characterization

The nanoformulation of star PLA-PEG was carried out by nanopre-
cipitation and dialysis to explore different techniques for NanoStar
preparation and Dox incorporation. The drug was loaded at polymer-to-
drug mass ratios of 10:1 and 10:3. The dialysis method produced the
best results at a polymer-to-drug mass ratio 10:3 in terms of drug load-
ing (DL 13.5 %) and encapsulation efficiency (EE 59 %) compared to
the nanoprecipitation (DL 5 % and EE 54 %, at a polymer: drug mass ra-
tio 10:1). Nevertheless, NanoStar@Dox obtained by dialysis had an av-
erage hydrodynamic diameter of > 500 nm and poor stability in aque-
ous solution; therefore, it was not advanced in the biological investiga-
tion. Conversely, nanoprecipitation enabled the production of NanoS-
tar@Dox suitable for biological assays with a hydrodynamic diameter

Froe Dox (DMS0-d,)

ManaStargDox

[DM50-d) _ Disassembly in organic sofvent
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of approximately 278 nm, a monomodal particle size distribution, and a
zeta potential value of —27 mV. Empty NanoStar with a particle size of
approximately 251 nm were also prepared (Fig. S2).

The core-shell structure of NanoStar@Dox and drug incorporation
were confirmed by NMR spectroscopy (Fig. 2). When NanoStar@Dox
was solubilized in deuterium oxide D,O (Fig. 2, red line), only the char-
acteristic peak of PEG at 3.7 ppm was clearly visible, as expected, since
amphiphilic copolymers self-assembled in water exposing the hy-
drophilic PEG moiety to the aqueous solution, while PLA moieties were
not exposed to the water and the related NMR signals disappeared. The
loss of crucial proton signals in D,0 confirmed that the water-soluble
PEG constituted the outer shell of NanoStar@Dox and that the drug was
readily incorporated into the polymeric nanocarrier. Conversely, the or-
ganic solvent dimethyl sulfoxide (DMSO-dy) typically promoted the mi-
cellar disassembly, thereby all the peaks of PEG (3.5 ppm), PLA (5.2
and 1.5 ppm, main peaks) and Dox (small peaks between 8 and 1 ppm)
were detected (Fig. 2, black line), according to literature (Oliva et al.,
2023; Fazio et al., 2015).

3.3. RGD-NanoStar formulation and characterization

Nanoprecipitation was selected as the best nanoformulation method
for RGD-NanoStar@Dox preparation and only the 10:3 polymer-to-drug
mass ratio was investigated. A binary blend of star PLA-PEG-RGD and
its precursor star PLA-PEG (1:9 mass ratio) was employed, according to
literature reporting similar use of blended mixtures based on RGD-
decorated and undecorated polyesters for NPs formation (Li et al.,
2016; Diou et al., 2014). Briefly, an organic solution of the blended
polymers and Dox HCI (in the presence of triethylamine for deprotona-
tion) was added dropwise into an aqueous solution under stirring; dur-

Lo

s

e
T=

-

—_—

y

|

NanocStan@Dox (0,0}

135 130 175 1X0 K15 1.0 DS 100 65 90 A% &0 5

D &S &0 55 50 45 40 15 e IS5 F L5 Lo

Fig. 2. Stacked 1H NMR spectra of free Dox in DMSO-dg¢ (violet), NanoStar@Dox in DMSO-dg (black) and NanoStar@Dox in D,O (red). 1H NMR spectrum of free Dox
in DMSO-dg is reported for comparison with full proton assignment (Piorecka et al., 2017).
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ing the rapid diffusion of the organic solution in the non-solvent, RGD-
NanoStar@Dox were formed with a favorable drug loading (i.e., 8 %
DL; 35 % EE). DLS analysis showed a hydrodynamic diameter of about
349 nm for the main population (=90 %) with a second negligible pop-
ulation (210 %) of about 80 nm and a g-potential value of about
—29 mV attesting for a good colloidal stability typical for aliphatic
polyester NPs (Torcasio et al., 2022). Empty RGD-NanoStar were also
obtained by nanoprecipitation with a smaller mean diameter (ie.,
about 259 nm for the main population = 93 %; about 55 nm for the
second negligible population = 7 %) and a ¢-potential value of about
—-20 mV (Fig. S2).

Negative zeta potential values are rather common for aliphatic poly-
ester NPs attesting for good colloidal stability, reduced plasma protein
bioadhesion and low rate of non-specific cellular uptake, being an ad-
vantage from a biopharmaceutical point of view (Zhang et al., 2012).
This negative surface charge could be ascribed to a preferential adsorp-
tion/binding of negatively charged hydroxyl anions originated by wa-
ter’s autodissociation to the PEG chains of the star polymer at the inter-
face between the PEGylated NPs and the aqueous solution, as suggested
by the works of Johnsson (Johnsson et al., 2003) and Kreuzer (Kreuzer
et al., 2003).
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Particle size and morphology of RGD-NanoStar with and without
drug were investigated by SEM analysis (Fig. 3). Empty RGD-NanoStar
(Fig. 3A-B) seemed to have near-spherical shape with rough surface and
size ranging from about 30 nm to 230 nm, the latter being assemblies of
the smaller ones, as evident in Fig. 3B which provided the actual indi-
vidual particle size. Moreover, the majority of the particles had diame-
ters < 100 nm (Fig. 3A) which was in accordance with the polymer
MW. The size values determined by DLS were, in average, higher com-
pared to what SEM reported, as expected (Rahmani et al., 2021), since
DLS measured the hydrodynamic diameter (or mean size) of our micel-
lar nanoassemblies. This peculiar feature of DLS measurement was un-
doubtedly ascribed to the role of water or aqueous medium which hy-
drated the dispersed nanoassemblies leading to larger particle sizes, in-
fluencing their hydrodynamic properties and decreasing their diffusion
coefficient. Conversely, in the dry condition of SEM analysis, the role of
water in the NPs hydration was minimal due to its removal under vac-
uum before the measurement.

SEM data of RGD-NanoStar@Dox (Fig. 3C-F) revealed that the drug-
loaded sample mainly consisted in particles with a diameter between
about 50 and 220 nm and a rough surface. The particles morphology
changed after drug loading which likely drove the formation of differ-
ently shaped nanoassemblies. A greater tendency to form larger assem-

RGD-NanoStar

1 pm

200 nm

200 nm

Fig. 3. SEM analysis of empty RGD-NanoStar (A-B) and RGD-NanoStar@Dox (C-F).
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blies (multi-micellar aggregates) was observed for such sample with re-
spect to the empty particles, as shown in Fig. 3D-E-F. It is well known
that amphiphilic star polymers, due to the unique covalently reinforced
core—shell structure, could exist as unimolecular micelles below their
CMC and further self-assemble into multi-micellar aggregates at high
concentration (Jin et al., 2018). Specifically, above the CMC, the uni-
molecular micelles undergo secondary aggregation to form multimolec-
ular micelles due to the interactions between their arms. During the
self-assembly, the interchain overlapping, entangling, and crumpling of
the arms occurs, resulting in the accumulation of unimolecular micelles
to multi-micellar aggregates (MMM mechanism) as well described by
Karmegam and coworkers for their star-like polycaprolactone micelles
loaded with Dox (Karmegam et al., 2021). It is worth noting that the
formation of multi-micellar aggregates from unimolecular micelles is a
dynamic and gradual process, thus the coexistence of these two differ-
ent micelles can be sometimes observed. However, for majority of star
polymers, it is difficult to direct visualize the defined core and isolated
arms, but only near-spherical particles can be observed (Jin et al.,
2018) missing the fine structural details of these architecturally com-
plex macromolecules (Ren et al., 2016).

The drug release profile of RGD-NanoStar@Dox was investigated
under physiologically relevant conditions (PBS, pH 7.4; Fig. 4A) and
compared with the release behavior of both untargeted NanoStar@Dox
and free drug. Wavelengths of 500 and 480 nm were the characteristic
absorption peaks of loaded and free Dox, respectively, in PBS (Fig. S3),
with the typical red-shift being the result of Dox encapsulation into the
nanocarrier, according to literature (Zhang et al., 2023).

Under our experimental conditions, NanoStar@Dox did not release
the incorporated drug within 72 h, whereas free Dox had a very quick
release, as expected, due to the rapid diffusion across the dialysis mem-
brane, reaching approximately 41 % in the first 45 min, 70 % in 5 h,
and 73 % in 8 h (inset Fig. 4A; Table S1).

Conversely, RGD-NanoStar@Dox released the drug in a more sus-
tained and prolonged manner with respect to free Dox reaching approx-
imately 17 % within the initial 24 h (Fig. 4A; Table S1). Specifically,
only about 3 % of Dox was released from RGD-NanoStar@Dox in the
first 45 min, likely ascribed to the drug molecules loosely held to or em-
bedded near the NPs surface, reaching 12 % at 5 h and 15 % at 8 h.
Overall, a gradual and sustained release of the drug was obtained over
72 h.

Since we experienced that the drug release was affected by Dox pre-
cipitation over the time, we would like to point out that the knowledge
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of this phenomenon is strictly necessary for a correct data interpreta-
tion.

Despite numerous papers investigated, so far, the incorporation of
Dox into polymeric NPs and their related anticancer efficacy, few at-
tempts have considered evaluating the dimerization and consequent
precipitation of Dox occurring under physiologically relevant condi-
tions (Yamada 2020; Dornjak et al., 2022; Kovshova et al., 2021). The
topic was recently well investigated by Yamada (Yamada 2020) which
proposed a mechanism for Dox dimerization in buffer involving the a-
hydroxy ketone and a structure for the Dox dimer based on mass spec-
trometry in combination with a reaction model with hydroxylamine in
PBS.

Based on these findings, we investigated Dox stability in phosphate
buffer (pH 7.4) at 37 °C by monitoring the UV-Vis absorption of a refer-
ence solution at three different concentrations over 72 h: the concentra-
tion of Dox rapidly decreased in the supernatant (Fig. 4B and Fig. S4)
and Dox precipitation (see photograph in Fig. 4B) resulted ~ 10 % after
6 h and 24 %, 50 %, 65 % after 24 h, 48 h, and 72 h, respectively
(Table S1), regardless of the initial drug concentration.

Our findings pointed out that a prolonged exposure of Dox in aque-
ous solution during the release experiments may generate inaccurate
results in terms of cumulative percentage release owing to Dox dimer
formation and precipitation. Indeed, in our release experiment of free
Dox, we detected at late time points (i.e., 24-72 h) a percentage of Dox
released in the receiving compartment lower than the previous time
points (Table S1). Therefore, the percentage of Dox that underwent
dimerization and precipitation should be considered for a proper inter-
pretation of release data. Specifically, although at earlier time points
the precipitation of Dox dimer did not strongly influence the release
profile (8 % of Dox dimer formation within 5 h), at later time points (>
6h), free Dox concentration rapidly decreased (50 % of Dox dimer for-
mation after 48 h) and strongly affected the release data. Therefore, the
ratio between drug release and drug degradation is responsible for the
detected concentration in the receiver compartment.

Altogether, the findings of the present and previous studies suggest
that Dox chemical transformation producing Schiff base linkages needs
to be considered and further investigated since dimerization seemed to
alter the intracellular localization of Dox (Yamada 2020, Fukushima et
al., 1999; Yokoyama et al., 1998) and the reaction involving the reac-
tive a-hydroxy ketone can occur not only between two Dox molecules
but also between Dox and other bio-relevant compounds containing
amine groups (e.g, serum proteins) (Zunino et al., 1981) influencing
pharmacokinetics and pharmacological effects in vivo and in vitro.
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Fig. 4. (A) Release profile of Dox from RGD-NanoStar@Dox (@) in PBS at 37 °C; inset: release of free Dox () under the same experimental conditions. Data are
shown as mean = SD (n = 2). (B) Free Dox stability study with related photograph. Reference solution of free Dox in PBS at 37 °C underwent dimerization and pre-
cipitation leading to a decrease of drug concentration in the supernatant monitored by UV-Vis. Inset shows a zoomed-in version of the data for the first 8 h.
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In summary, our stability and release experiments revealed the cru-
cial role of RGD-NanoStar as protective sleeves for Dox. Release experi-
ments attested that RGD-NanoStar@Dox was able to supply about 20 %
of active monomeric Dox within 72 h; the remain undetected portion
(about 80 %) can be considered as a Dox “reservoir”, although it could
be partially affected by Dox degradation over the time. Since our stabil-
ity study attested a dimeric Dox formation ranging from 2 to 65 %
within 72 h (Table S1), we can estimate a “reservoir” pool of drug of
about 78-15 % still available in RGD-NanoStar micellar nanoassem-
blies to be released after 72 h.

3.4. Biology

To determine the anticancer effect of both the proposed systems,
with and without RGD-tagging, the behavior of different osteosarcoma
cell lines (i.e., MG63, SAOS-2, and U2-0S) and healthy osteoblast cells
(hFOBs) grown for 72 h in the presence of loaded and unloaded micel-
lar nanoassemblies was biologically characterized.

The cellular uptake experiment, evaluated by the detection of fluo-
rescent Dox localization, demonstrated that Dox loaded on RGD-
NanoStar easily reached the cell nuclei at 72 h, as well as free Dox, as
confirmed by the colocalization with the DAPI fluorescence signal (Fig.
5). Surprisingly, untargeted NanoStar@Dox showed cytoplasmic local-
ization indicating that the drug internalized by NanoStar did not reach
the cell nuclei (Fig. 5), in line with the outcome of the release experi-
ment.

The viability of all cell lines treated with NanoStar@Dox (5.4 pg/
mL drug concentration) was assessed by MTT assay to confirm the up-
take, resulting in absent or extremely low cytotoxic activity compared
to free Dox (Fig. S5).

MGBe3 5A05-2

RGD-NanoStar@Dox

NanoStar@Dox

Dox free
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It is well known that free Dox rapidly diffuses into the nucleus and
the inhibition of topoisomerase-II has been referred as one of the major
cytotoxic effects (Mitry and Edwards, 2016). Usually, Dox is released
from nanosystems upon their lysosomal processing reaching the nu-
cleus very fast within 24-48 h (Nandi et al., 2020). Our results demon-
strated that NanoStar@Dox was concentrated in the cytoplasm, proba-
bly inside the lysosomes as the principal intracellular location of NPs.
However, the typical acidic and enzymatic lysosomal digestion did not
guarantee the drug release from NanoStar@Dox and, accordingly, no
cytotoxic effect was observed under our experimental conditions.

Conversely, the contribution of the peptidic RGD moiety resulted
crucial in terms of biological effects for RGD-tagged micellar
nanoassemblies: in fact, RGD-NanoStar@Dox produced the same cyto-
toxic effect as free Dox in all the cell lines and at all the tested concen-
trations (Fig. 6), in line with the observed nuclear localization (Fig. 5).

Notably, the antitumor activity of Dox released from RGD-
NanoStar@Dox was well preserved and our nanosystem served as a
“drug reservoir” providing sustained Dox release. Moreover, we would
like to point out that the biological effects observed in MTT assay after
72 h of treatment (Fig. 6) should be considered taking into account the
outcomes of our release experiments (e.g., only about 19 % of the
loaded drug was detected in its “native” and active form in the receiver
compartment after 72 h). Therefore, one of the main advantages of the
proposed nanosystem is the protection of the drug from dimerization
under physiologically relevant conditions and, consequently, an ex-
tended biological activity over the time.

Focusing on the biological effect of unloaded RGD-NanoStar, our re-
sults demonstrated a total absence of cytotoxicity in healthy osteoblasts
(hFOBs; Fig. 6A) and various cytotoxic effects in cancer cells (Fig. 6B-D)
likely due to their intrinsic biological differences (i.e., expression of o, f3
and «,f5 integrins) (Visvader 2011; Fang et al., 2017). Specifically,

uz2-05 hFOBs

Fig. 5. Cellular uptake. The internalization of RGD-NanoStar@Dox in cell nuclei compared to NanoStar@Dox and free Dox was reported for 5.4 ug/mL drug con-
centration in all the cell lines. Cell nuclei in blue (DAPI), internalized Dox in purple (DAPI + TRITC). Scale bars 50 pum.
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Fig. 6. MTT assay. Cell viability evaluation of hFOBs (A), MG63 (B), SAOS-2 (C) and U2-0OS (D) after 72 h of culture with RGD-NanoStar@Dox, unloaded RGD-
NanoStar and free Dox. The graphs show the % of cell viability with respect to cells only (mean * standard error of the mean). ** p value < 0.01, *** p

value < 0.001, **** p value < 0.0001.

empty RGD-NanoStar statistically significantly reduced the viability of
MG63 at all the tested concentrations and with a dose-dependent trend
in SAOS-2 compared to cells only (Fig. 6B and 6C), but it seemed do not
compromise the viability of U2-OS even at the highest tested concentra-
tion (Fig. 5D).

Furthermore, morphological analysis of the cells treated with RGD-
NanoStar confirmed the observed results underlining that, even if pre-
sent, the cytotoxicity of our micellar nanoassemblies was limited and
the surviving cells maintained their typical morphology without evi-
dent nuclear or cytokinetic damage (Fig. 7).

4. Conclusion

In summary, this work describes the preparation of biocompatible
polymeric micellar nanoassemblies based on three-armed star PLA-PEG
and star PLA-PEG-RGD copolymers loaded with Doxorubicin as anti-
cancer nanotherapeutics for osteosarcoma treatment. Optimized
nanoparticles were prepared by nanoprecipitation of star PLA-PEG
block copolymers (untargeted NanoStar) or blends of star PLA-PEG and

hEQB: MGET

RGD-ManaStar

star PLA-PEG-RGD (targeted RGD-NanoStar). Typical core-shell nanos-
tructures were obtained with a satisfactory Dox payload (8 % drug
loading for RGD-NanoStar@Dox; 5 % drug loading for NanoS-
tar@Dox). Controlled and sustained drug release behavior was ob-
served for RGD-NanoStar@Dox with a release rate significantly lower
than that of the free drug under the same concentration and experimen-
tal conditions, whereas no drug release was detected for NanoS-
tar@Dox. In line with these results, in vitro biological studies demon-
strated the failure of NanoStar@Dox to reach the nucleus and conse-
quent ineffectiveness against osteosarcoma cells; conversely, the ability
of RGD-NanoStar@Dox to deliver Dox into the nucleus of MG63, SAOS-
2, and U2-0S cells led to significant cytotoxic effects without compro-
mising the viability of healthy osteoblasts. Overall, cell studies con-
firmed the cytocompatibility of our nanosystems and their effective an-
titumoral properties, highlighting the pivotal role of cyclic RGD peptide
in driving cellular uptake and accumulation in osteosarcoma cells.
RGD-integrin recognition enables polymeric micelles to actively target
tumor cells and enhances endocytosis; as a result, greater cellular up-
take and intracellular release of the drug were achieved with RGD-

SAOS5-2 U208

Fig. 7. Morphological analysis. Cell morphology evaluation of all cell lines in the presence of unloaded RGD-NanoStar (124 ng/mL). Cell nuclei in blue, F-actin fila-

ments in green. Scale bars 200 um.
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NanoStar@Dox respect to undecorated micellar nanoassemblies. Tar-
geting drugs to their sites of action remains a major challenge in phar-
maceutical research to overcome systemic side effects associated with
most antineoplastic agents. Future studies will investigate the behavior
of these star-shaped micellar nanoassemblies in vivo.
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