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A B S T R A C T   

A novel star-shaped amphiphilic copolymer based on three poly(lactide)-block-poly(ethylene glycol) (PLA-PEG) 
terminal arms extending from a glycerol multifunctional core was newly synthesized and decorated with the 
tumor-targeting ligand cyclic-RGDyK peptide (Arg-Gly-Asp-D-Tyr-Lys) to be eventually formulated in polymeric 
micelles incorporating a suitable anticancer drug (i.e., Docetaxel, DTX; drug loading 16 %, encapsulation effi
ciency 69 %). The biological profile of unloaded micelles (RGD-NanoStar) was studied on Human Adipose- 
derived Mesenchymal Stem Cells (Ad-MSCs) as health control, pointing out the absence of toxicity. Surpris
ingly, an unprecedented effect on cell viability was exerted by RGD-NanoStar, comparable to that of the free 
DTX, on tumoral MDA-MB 468 Human Breast Adenocarcinoma cells, specifically starting from 48 h of culture 
(about 40 % and 60 % of dead cells at 48 and 72 h, respectively, at all tested concentrations). RGD-NanoStar 
reduced the cell viability also of tumoral U87 Human Glioblastoma cells, compared to cells only, at 72 h (about 
25 % of dead cells) demonstrating a time-dependent effect exerted by the highest concentrations. The effects of 
DTX-loaded micelles (RGD-NanoStar/DTX) on U87 and MDA-MB 468 cell lines were evaluated by MTT, cell 
morphology analysis, and scratch test. A compromised cell morphology was observed without significant dif
ference between DTX-treated and RGD-NanoStar/DTX – treated cells, especially in U87 cell line. Although no 
apparent benefit emerged from the drug incorporation into the nanosystem by MTT assay, the scratch test 
revealed a statistically significant inhibition of tumoral cell migration on both cell lines, confirming the well- 
known role of DTX in inhibiting cell movements even when loaded on polymeric micelles. Specifically, only 
43 μm distance was covered by U87 cells after 30 h culture with RGD-NanoStar/DTX (30 μg/mL) compared to 
73 μm in the presence of free DTX at the same concentration; more interestingly, a total absence of MDA-MB 468 
cell movements was detected at 30 h compared to about 50 μm distance covered by cells in the presence of free 
DTX (10 μg/mL). The stronger inhibitory activity on cell migration of RGD-NanoStar/DTX compared to the free 
drug in both cell lines at 30 h attested for a good ability of the drug-loaded nanocarrier to reduce tumor 
propagation and invasiveness, enhancing the typical effect of DTX on metastatization.   

1. Introduction 

Star polymers based on amphiphilic polylactide-poly(ethylene gly
col) (PLA-PEG) are biomaterials of growing interest in nanomedicine 
[1]. Their exclusive structure, consisting of multiple variable-length 
linear chains (arms) radiating from a central core, is responsible for 

remarkable properties unattainable by their linear equivalents. Owing to 
their typical architecture, star-shaped polymers exhibit smaller hydro
dynamic radius and lower viscosity compared with conventional linear 
analogs of the same molecular weight and composition, and display 
peculiar morphologies, thermal and rheological properties, and degra
dation profiles [2,3]. Furthermore, star polymers combine a three- 
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dimensional spherical and compact shape with a high density of func
tionalizable end-groups and a covalently reinforced core-shell structure 
similar to that of micelles that avoids disassembly when diluted. Their 
unique shape and attractive properties, such as encapsulation capability, 
internal and peripheral functionality, high arm density, efficient syn
thesis and enhanced stimuli-responsiveness make them promising tools 
in various field, including drug and gene delivery [4–7] and tissue en
gineering [8,9]. Specifically, micelles self-assembled from biodegrad
able star-shaped PLA-PEG copolymers, with a unique three-dimensional 
shape and a highly branched structure, can provide spacious harbor for 
encapsulating therapeutic agents, owning a low critical micelle con
centration (CMC) which results in longer blood circulation time after 
intravenous injection. Due to these powerful properties, several star- 
shaped architectures have been achieved with highly controlled struc
tures through the advancements in living polymerization techniques 
combined with the well-known advantages of click chemistry reactions 
[10–12], leading the field of star polymers to quickly expand in terms of 
advanced and smart functional materials [1–3]. 

In the framework of our studies dealing with the development of 
polymeric nanomaterials for drug delivery purposes [13–16], we have 
designed and synthesized a novel three arms amphiphilic starPLA-PEG 
copolymer decorated with cyclic-RGDyK peptide (RGD) and nano
formulated in micelles incorporating the anticancer drug Docetaxel 
(DTX) (Fig. 1). 

The starPLA-PEG was obtained in a multi-step synthesis by sequen
tially combining a typical ring-opening polymerization (ROP) of lactide, 
using glycerol as the core, with proper copper-catalyzed azide-alkyne 
cycloaddition (CuAAC) reactions to functionalize the three arms of PLA 
with suitable components (i.e., PEG and RGD) for drug delivery pur
poses. RGD peptide was selected as a tumor targeting ligand able to 
selectively recognize and bind with high affinity αvβ3 integrins, which 
are overexpressed on invasive tumors, such as melanomas and glio
blastomas, but also on breast, ovarian, prostate cancers [17–18]. 
Moreover, it plays a regulator role in tumor-induced angiogenesis, 
ensuring endothelial cell survival, and in tumor metastasis. The use of 
RGD as integrin ligand represents an appealing strategy to design se
lective drug nanocarriers, since integrins are surface receptors exhibit
ing extracellular binding domains; thus, they have a favorable location 
to be readily accessible by the targeted drug delivery system (DDS) in 

the extracellular compartment. Moreover, they promote internalization 
upon ligand binding, so that the DDS can enter its targeted cell by 
receptor-mediated endocytosis and then traffic to intracellular endo
somes and/or lysosomes, allowing the drug to be released into the 
cytoplasm [18]. 

DTX is a lipophilic semi-synthetic taxane approved by the Food and 
Drug Administration (FDA) for the treatment of different types of can
cer, such as breast, ovarian, prostate, non-small-cell lung cancer, and 
gastric adenocarcinoma. DTX is a cytostatic drug acting by reversibly 
binding to microtubules, promoting transitory structure stabilization, 
leading to cell cycle arrest [19]. DTX is also considered as one of the 
most effective chemotherapeutic agents for the treatment of metastatic 
tumors, owning promising results in metastatic glioblastoma treatment, 
and it is 1.2–1.3-fold more potent in metastasized breast cancer than 
common agents like paclitaxel [20–23]. Cells of metastatic tumors, such 
as glioblastoma and adenocarcinoma, have a highly marked migration 
ability which allows them to disseminate from the primary tumor mass 
and to colonize distant organs reaching the metastatic state, which ac
counts for >90 % of all cancer related deaths. The migrative process 
involves precise coordination of cell movements by the formation of 
invasive protrusions (i.e., filopodia, pseudopodia, lobopodian and 
lamellipodia based on the shape) [24]. DTX was suggested to be 
involved in suppressing filopodia formation of tumor cells with subse
quent migration and invasion reduction [25–26]. However, the clinical 
use of intravenous DTX (Taxotere® Sanofi Aventis) is limited by its high 
lipophilicity, poor aqueous solubility (4.93 μg/mL) and low bioavail
ability. Therefore, different types of DDS and nanoformulations have 
been developed to overcome these drawbacks [26–34]. In the present 
study, DTX was efficiently encapsulated into the starPLA-PEG-RGD mi
celles by nanoprecipitation and the physicochemical properties of both 
“empty” (RGD-NanoStar) and drug-loaded (RGD-NanoStar/DTX) mi
celles were evaluated in terms of CMC, size and zeta potential. The 
cytotoxicity, the antitumoral efficiency and the inhibition of tumoral 
cell migration were studied in vitro on Human Adipose-derived Mesen
chymal Stem Cells (Ad-MSCs) as health control and on two different 
tumoral cell lines (i.e., U87 Human Glioblastoma and MDA-MB 468 
Human Breast Adenocarcinoma) as models of two most common pri
mary and metastatic tumors affecting people worldwide. 

Fig. 1. Sketched view of the self-assembly in aqueous solution of starPLA-PEG-RGD and DTX incorporation, leading to RGD-NanoStar/DTX. In the inset all the 
components of the polymeric micelles are depicted. 
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2. Experimental 

2.1. Synthesis of starPLA-PEG-RGD 

The target compound was synthesized by a multi-step procedure 
consisting of: ROP of lactide monomer initiated by glycerol; alkynyla
tion of starPLA; CuAAC reaction with mono-azide PEG; alkynylation of 
starPLA-PEG; final CuAAC reaction with azide-RGD peptide. 

2.1.1. Synthesis of starPLA (3) 
An initial [lactide (L-LA)]0/[initiator]0/[DBU]0 ratio of 97/1/2 ([L- 

LA]0 = 1 M) has been selected to obtain a starPLA (3) with a molecular 
weight of 14.000 g/mol. In a glove box under nitrogen pressure, glycerol 
(1) (6.6 mg, 7•10− 5 mol, 1 equiv) and DBU (21.8 mg, 1.4•10− 4 mol, 2 
equiv) were solubilized in 2 mL of anhydrous DCM into a glass vial. L- 
Lactide (2) (1 g, 6.9•10− 3 mol, 97 polymerization degree) was solubi
lized in 5 mL of anhydrous DCM into another glass vial and then added 
to the first solution. The reaction was left to stir 12 min, and then ben
zoic acid (21 mg, 1.7•10− 4 mol, 2.4 equiv) dissolved in 0.2 mL of 
anhydrous DCM was added to stop the polymerization. The vial was 
taken out of glove box, the solution was transferred into a round bottom 
flask to reduce the volume under vacuum. The solution was precipitated 
into cold technical methanol, centrifuged and dried for 5 h into a vac
uum oven at 60 ◦C to give 980 mg (98 % yield) of starPLA (3) as a white 
powder. 1H NMR (500 MHz, CDCl3, δ): 1.57 (m, 3H, [CH3]n), 4.22 (m, 
5H, -CH2CHCH2), 4.36 (m, 1H, CHOH), 5.15 (m, 1H, [CH]n). Polymer
ization Degree1H NMR = 97, M‾n1H NMR = 14.000 g/mol, SEC: M‾nSEC,app 

= 21.019 g/mol, ĐM = 1.12. 

2.1.2. Synthesis of pentynoic anhydride (5) 
Pentynoic acid (4) (2 g, 20.4•10− 3 mol, 2 equiv) and DCC (2.1 g, 

10.2•10− 3 mol, 1 equiv) were solubilized in 20 mL of DCM into a round 
bottom flask. The solution was left to stir for 12 h, then was filtered on 
filter paper and the solid was washed two times with 20 mL of DCM. The 
organic phase was evaporated under vacuum to obtain an oil, that was 
precipitated into 10 mL of n-hexane to form two liquid phases; the 
bottom part was recovered with a syringe and then dried under vacuum 
to obtain 940 mg (26 % yield) of pentynoic anhydride (5) as a brown oil. 
1H NMR (500 MHz, CDCl3, δ): 2.67 (t, J = 7.2 Hz, 2H, CH2CH2C≡CH), 
2.47 (dt, J = 7.2 Hz, J = 2.6 Hz, 2H, CH2CH2C≡CH), 1.97 (t, 1H, J = 2.6 
Hz, C≡CH); 13C NMR (500 MHz, CDCl3, δ): 167.2 (C=O), 81.5 (C≡), 
69.7 (≡CH), 34.2 (CH2), 13.7 (CH2). 

2.1.3. Synthesis of alkynyl-terminated starPLA (6) 
StarPLA (3) (980 mg, 7•10− 5 mol, 1 equiv), DMAP (34 mg, 

2.77•10− 4 mol, 4 equiv) and pentynoic anhydride (5) (50 mg, 
2.77•10− 4 mol, 4 equiv) were solubilized in 30 mL of DCM into a round 
bottom flask and left stirring for 12 h at room temperature. The solution 
was washed three times with a saturated solution of NaHCO3 and three 
times with a saturated solution of NaHSO4. Organic phases were 
collected, dried over Na2SO4, filtered and concentrated under vacuum. 
The solution was precipitated into cold technical methanol, centrifuged 
and dried for 5 h into a vacuum oven at 60 ◦C to obtain 900 mg (90 % 
yield) of alkynyl-terminated starPLA (6) as a white powder. 1H NMR 
(500 MHz, CDCl3, δ): 1.57 (m, 3H, − [CH3]n-), 2.65 (m, 2H, 
CH2CH2C≡CH), 2.52 (m, 2H, CH2CH2C≡CH), 1.98 (t, 1H, J = 2.5 Hz, 
C≡CH), 4.22 (m, 5H, -CH2CHCH2-), 5.15 (m, 1H, − [CH]n-). Polymeri
zation Degree1H NMR = 97, M‾n1H NMR = 14.294 g/mol, SEC: M‾nSEC,app 

= 21.207 g/mol, ĐM = 1.13. 

2.1.4. Synthesis of mono-tosyl PEG (8) 
In a glove box, under nitrogen pressure, PEG diol (7) (500 mg, 

2.5•10− 4 mol, 1 equiv) was dissolved in 6.75 mL of dry toluene in a glass 
vial and vigorously stirred till complete dissolution. Then Ag2O (87 mg, 
3.75•10− 4 mol, 1.5 equiv) and KI (8.3 mg, 5•10− 5 mol, 0.2 equiv) were 
added, and after 15 min of vigorous stirring TsCl (50 mg, 2.63•10− 4 mol, 

1.05 equiv) was added. The reaction was stirred for 16 h in the glove 
box. The solution was taken out of the glove box, filtered on paper filter 
and dried under vacuum to obtain 287 mg of a colorless oil. 1H NMR and 
MALDI-ToF analyses demonstrated that it is a mixture of mono-tosyl 
PEG (8) and unreacted PEG diol (7) (ratio 1:1), that was directly used 
in the next synthetic step, without further purification. 1H NMR (500 
MHz, CDCl3, δ): 2.44 (s, 3H, CH3), 3.64 (m, 4H, − [CH2CH2O]n-), 4.15 (t, 
2H, J = 5 Hz, CH2OTs), 7.33 (d, 2H, J = 8.5 Hz, Ar H), 7.79 (d, 2H, J =
8.5 Hz, Ar H). 

2.1.5. Synthesis of mono-azide PEG (9) 
In a glove box, under nitrogen pressure, the mixture obtained in the 

previous step (574 mg, containing 6.65•10− 5 mol of mono-tosyl PEG 
(8), 1 equiv) and NaN3 (22 mg, 3.33•10− 4 mol, 5 equiv) were dissolved 
into 5 mL of anhydrous DMF into a round bottom flask. Then the flask 
was taken from the glove box and stirred for 12 h into an oil bath at 
90 ◦C. Afterwards, DMF was evaporated under vacuum and the crude 
product was dissolved in DCM and washed two times with brine and two 
times with deionized water. Organic phases were collected, dried over 
Na2SO4 and evaporated under vacuum to obtain 120 mg of a white solid. 
1H NMR and MALDI-ToF analyses demonstrated that it is a mixture of 
mono-azide PEG (9) and unreacted PEG diol (7) (ratio 1:1). 1H NMR 
(500 MHz, CDCl3, δ): 3.39 (t, 2H, J = 5 Hz, -CH2N3), 3.64 (m, 4H, 
− [CH2CH2O]n). 

2.1.6. Synthesis of starPLA-PEG (10) 
Alkynyl-terminated starPLA (6) (650 mg, 4.56•10− 5 mol, 1 equiv) 

and the mixture obtained in the previous step (555 mg, containing 
1.37•10− 4 mol of mono-azide PEG (9), 3 equiv.) were dissolved in 2 mL 
of anhydrous THF into a glass vial. Then CuBr (0.65 mg, 4.56•10− 6 mol, 
0.1 equiv) and PMDETA (0.79 mg, 4.56•10− 6 mol, 0.1 equiv) were 
added to the reaction mixture. The solution was stirred at room tem
perature for 16 h. The vial was taken out of glove box and the solvent 
was evaporated under vacuum. The residue was washed three times 
with 5 mL of deionized water to remove the unreacted PEG-diol and 
centrifuged at 2800 rpm for 50 min at 10 ◦C. The solid was dried at 40 ◦C 
in a vacuum oven for 4 h leading to 891 mg (yield 96 %) of starPLA-PEG 
(10). 1H NMR (500 MHz, CDCl3, δ): 1.57 (d, 3H, − [CH3]n-), 2.82 (t, 2H, 
J = 5 Hz, CH2CH2Ctriazole), 3.06 (t, 2H, J = 7.5 Hz, CH2Ntriazole), 3.64 (m, 
4H, − [CH2CH2O]n-), 4.22 (m, 5H, -CH2CHCH2-), 4.49 (t, 2H, J = 5 Hz, 
CH2CH2Ctriazole), 5.15 (m, 1H, − [CH]n-), 7.53 (s, 1H, CHtriazole). M‾nSEC, 

app = 32.212 g/mol, ĐM = 1.14. 

2.1.7. Synthesis of alkynyl-terminated starPLA-PEG (11) 
StarPLA-PEG (10) (891 mg, 4.38•10− 5 mol, 1 equiv), DMAP (21 mg, 

1.73•10− 4 mol, 4 equiv) and pentynoic anhydride (5) (31 mg, 
1.73•10− 4 mol, 4 equiv) were solubilized in 30 mL of DCM into a round 
bottom flask and the mixture was stirred for 12 h at room temperature. 
The solution was washed three times with deionized water. Organic 
phases were collected, dried over Na2SO4, filtered and dried under 
vacuum to obtain 788 mg (88 % yield) of alkynyl-terminated starPLA- 
PEG (11) as a white powder. 1H NMR (500 MHz, CDCl3, δ): 1.57 (d, 3H, 
− [CH3]n-), 1.98 (t, 1H, J = 2.7 Hz, C≡CH), 2.52 (dt, 2H, J = 2.7, J = 6.5 
Hz, CH2CH2C≡CH), 2.67 (t, 2H, J = 6.5 Hz, CH2CH2C≡CH), 2.82 (t, 2H, 
J = 5 Hz, CH2CH2Ctriazole), 3.06 (t, 2H, J = 7.5 Hz, CH2Ntriazole), 3.64 (m, 
4H, − [CH2CH2O]n-), 4.22 (m, 5H, -CH2CHCH2-), 4.27 (t, 2H, J = 5 Hz, 
OCH2CH2OCO), 4.49 (t, 2H, J = 5 Hz, CH2CH2Ctriazole), 5.15 (m, 1H, 
− [CH]n), 7.53 (s, 1H, CHtriazole). M‾nSEC,app = 34.203 g/mol, ĐM = 1.16. 

2.1.8. Synthesis of starPLA-PEG-RGD (13) 
In a glove box, under nitrogen pressure, alkynyl-terminated starPLA- 

PEG (11) (137 mg, 6.18•10− 6 mol, 1 equiv) and azide-RGD peptide (12) 
(10 mg, 1.23•10− 5 mol, 2 equiv) were dissolved into 2 mL of anhydrous 
DMF into a glass vial. Then CuBr (0.1 mg, 6.18•10− 7 mol, 0.1 equiv) and 
PMDETA (0.1 mg, 6.18•10− 7 mol, 0.1 equiv) were added to the reaction 
mixture. The solution was left under stirring at room temperature for 16 
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h. The solvent was evaporated under vacuum and then the solid residue 
was washed two times with deionized water and centrifuged at 2800 
rpm for 50 min at 10 ◦C. Water residues were removed in a vacuum oven 
at 40 ◦C for 2 h to obtain 80 mg (54 % yield) of starPLA-PEG-RGD (13), 
as a brown solid. 1H NMR (500 MHz, d7-DMF, δ): selected peaks 1.53 (d, 
3H, − [CH3]n-), 1.98 (t, 1H, J = 2.7 Hz C≡CH), 2.52 (m, 2H, 
CH2CH2C≡CH), 2.65 (m, 2H, CH2CH2C≡CH), 2.82 (t, 2H, J = 5 Hz, 
CH2CH2Ctriazole), 2.99 (m, 2H, CH2Ntriazole), 3.58 (m, 4H, − [CH2CH2O]n- 
), 4.19 (m, 2H, CH2), 4.22 (t, 2H, J = 5 Hz, OCH2CH2OCO), 4.38 (m, 5H, 
-CH2CHCH2-), 4.56 (t, 2H, J = 5 Hz, CH2CH2Ctriazole), 5.28 (m, 1H, 
− [CH]n), 6.65 (br s, 1H, NH), 6.72 (d, 2H, Ar H, J = 8 Hz), 7.02 (d, 2H, 
Ar H, J = 8 Hz), 7.39 (s, 1H, CHtriazole), 7.43 (d, 2H, Ar H, J = 8 Hz), 7.60 
(br s, 1H, NH), 7.78 (br s, 1H, NH), 7.97 (d, 2H, ArH, J = 8 Hz), 8.39 (br 
s, 1H, NH), 8.55 (br s, 1H, NH), 8.74 (br s, 1H, NH). 

2.2. Preparation of RGD-NanoStar/DTX and RGD-NanoStar 

RGD-NanoStar/DTX micelles were prepared at two different poly
mer:drug ratios (10:1 and 10:3). To that end, starPLA-PEG-RGD (3 mg) 
blended with starPLA-PEG (27 mg) and DTX (3 mg for the 10:1 nano
formulation; 9 mg for the 10:3 nanoformulation) were dissolved in 3 mL 
of THF. The organic solution was added dropwise to 30 mL of water 
under stirring. The mixture was then stirred at room temperature for 4 h 
followed by THF evaporation under vacuum. The solution was gently 
centrifuged (1500 rpm) and the supernatant was freeze-dried to obtain 
RGD-NanoStar/DTX micelles. Similarly, empty RGD-NanoStar mi
celles were prepared with the same method, without adding the drug, 
and used as control. 

2.3. Drug loading 

The drug content in the micelles and the loading efficiency were 
determined by UV–Vis spectroscopy by an the indirect method 
measuring the amount of unencapsulated drug recovered in the pellet 
obtained by the gentle centrifugation. Briefly, the weighed pellet was 
dissolved in 1 mL of DMSO and the UV–Vis spectrum was recorded. The 
amount of unencapsulated DTX was calculated at the wavelength of 274 
nm. A calibration curve for DTX in DMSO was previously constructed in 
the concentration range 1237–154 μM. On the basis of optical absor
bance data and molar extinction coefficient (ε274 ≅ 1021 M− 1 cm− 1), 
drug loading (DL) and encapsulation efficiency (EE) were calculated, for 
difference, using the following equations:  

– DL (%) = (Drug weight in the NPs / weight of the drug-loaded NPs) 
× 100.  

– EE (%) = (Drug weight in the NPs / weight of drug used in the 
formulation) × 100. 

2.4. Evaluation of CMC 

The self-assembly of starPLA-PEG and starPLA-PEG-RGD copolymers 
was investigated in aqueous solution using pyrene as a probe. The CMC 
of the two copolymers was determined by fluorescence spectra. To 
obtain sample solutions, a pyrene solution in acetone (6 × 10− 6 M) was 
prepared and added to a series of vials, followed by acetone evaporation. 
Then, a polymer solution of an adapted concentration (range 1 × 10− 3 - 
0.1 mg/mL) was added to the vials. The solutions were equilibrated at 
room temperature overnight. The fluorescence emission wavelength was 
fixed at 390 nm, and the emission fluorescence intensities at 338 and 
333 nm were monitored. The intensity ratios of I338/I333 were plotted as 
a function of logarithm of two copolymer concentrations. The excitation 
spectrum red-shift from 333 to 338 nm indicated the transfer of pyrene 
molecules from an aqueous environment to the hydrophobic micelle 
core. 

2.5. Stability studies 

Stability studies were carried out by dispersing RGD-NanoStar/DTX 
(0.3 mg/mL) in ultrapure water and in PBS (0.01 M, pH 7.4). The dis
persions were kept under stirring (T = 37 ◦C) along 7 days and analyzed 
by DLS. Zeta potential was measured along 1 week on the dispersion 
prepared in ultrapure water and stored at 37 ◦C. Data were acquired at t 
= 0, 3, and 7 days. 

2.6. In vitro biological studies on RGD-NanoStar and RGD-NanoStar/ 
DTX 

The cytotoxicity of RGD-NanoStar was tested on Ad-MSCs as model 
of healthy cells. RGD-NanoStar and RGD-NanoStar/DTX were tested 
on U87 and MDA-MB 468 tumoral cell lines using DTX as positive 
control and cells only as negative control. Briefly, RGD-NanoStar/DTX 
(1 mg contains 160 μg of DTX and 840 μg of polymeric micelles, based 
on 16 % drug loading) were tested at 10 μg/mL, 20 μg/mL and 30 μg/mL 
(drug concentration in culture media). Unloaded RGD-NanoStar were 
tested at the same concentration used for testing the drug-loaded mi
celles: 52 μg/mL, 105 μg/mL and 158 μg/mL concentrations of poly
meric micelles for 10 μg/mL, 20 μg/mL and 30 μg/mL DTX, respectively. 
Loaded and unloaded RGD-NanoStar micelles were reconstituted after 
lyophilization in MilliQ water for 1 mg/mL final concentration and 
sonicated for 5 min at 20 % Amplitude (A), while DTX free was recon
stituted in DMSO for 1 mg/mL final concentration before dilution in 
culture media. 

2.6.1. MTT assay 
RGD-NanoStar micelles in vitro test on Ad-MSCs was performed after 

24, 48 and 72 h addition to cell cultures. Cell viability assay of cancer 
cell lines incubated with loaded and unloaded micelles was performed at 
24, 48 and 72 h of culture. At each time point, MTT assay was performed 
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 Phosphate Saline Buffer 1× (PBS 1 X) and the cells 
were incubated with MTT solution for 2 h at 37 ◦C, 5 % CO2 and 
controlled humidity conditions. The media was replaced by 15 min in
cubation in DMSO under slight stirring conditions and the absorbance 
was read at 570 nm by using a Multiskan FC Microplate Photometer 
(Thermo Scientific). The values of absorbance are directly proportional 
to the number of metabolically active cells able to convert MTT reagent 
in a formazan-based by-product. All cell lines were seeded at a density of 
15.000 cells/cm2 in 96 well-plates. One experiment was carried out and 
a biological triplicate for each condition was performed. 

2.6.2. Cell morphology evaluation 
The morphology of cancer cell lines after 24 h of culture with RGD- 

NanoStar and RGD-NanoStar/DTX was evaluated at all the concen
trations tested. Cells were fixed in 4 % PFA and permeabilized in PBS 1 X 
with 0.1 % (v/v) Triton X-100 (Sigma) for 5 min at room temperature, 
following the manufacturer’s instructions. F-actin filaments were high
lighted by green-fluorescent Alexa Fluor 488® phalloidin probe (Life 
Technologies) incubated for 20 min at room temperature. DAPI coun
terstaining was performed for cell nuclei identification, following the 
manufacturer’s instructions. The images were acquired at the Inverted 
Ti-E Fluorescent Microscope. One experiment was carried out and a 
biological replicate for each condition was performed. 

2.6.3. Migration analysis 
RGD-NanoStar/DTX ability in inhibiting the migration of cancer 

cells was evaluated by performing the scratch test [35]. Cells were 
seeded with a density of 50.000 cells/cm2 in 24 well-plates. Twenty-four 
hours after cell seeding, a p200 tip was used to do the scratch in each 
well and culture media was substituted with the drug and micelles 
diluted in scratch media consisting of basal media with 2 % FBS and 1 % 
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pen/strep. Cells cultured with scratch media only were used as negative 
control. The scratch was monitored over time and images were acquired 
at time 0, 24 and 30 h by using the Inverted Ti-E Fluorescent Microscope 
(Nikon). One experiment was carried out and a biological triplicate for 
each condition was performed. A representative panel of the scratch 
trend was proved by 4 % buffered Paraformaldehyde (PFA) fixation of 
cells at time 0 and 30 h followed by DAPI staining (300 nM working 
solution, Invitrogen) of cell nuclei. 

2.6.4. Statistical analysis 
Statistical analysis was performed by GraphPad Prism Software 

(8.0.1 version). The results of MTT assay are reported in the graphs as 
mean percentage of cell viability respect to cells only ± standard error of 
the mean and they were analyzed by Two-way analysis of variance 
(Two-way ANOVA) and Tukey’s multiple comparisons test. For migra
tion analysis, six measures of the scratch width were taken for each 
replicate at each time point by ImageJ Software; data were reported in 
the graphs as distance (μm) covered by cells over time from the edges 
towards the centre of the scratch respect to time 0 ± standard error of 
the mean and they were analyzed by Two-way ANOVA and Tukey’s 
multiple comparisons test (* p value ≤0.05, ** p value ≤0.01, *** p value 
≤0.001, **** p value ≤0.0001). 

3. Results 

3.1. Chemistry 

The synthesis of star architectures requires a fine control over the 
molecular weight, the chemical composition and the number of the 
arms, having a significant effect on polymer properties (e.g. crystallinity, 
degradation rate, and micellization) [10,36]. Accordingly, we aim to 
synthesize a starPLA-PEG copolymer with a final molecular weight of 
20.000 g/mol with a precise hydrophobic: hydrophilic ratio (i.e., 
14.000:6.000 g/mol) to allow the self-assembly and micellization in 
aqueous solution. To this end, a ROP of L-lactide monomer (1) using 
glycerol (2) as trifunctional alcohol initiator and DBU as organocatalyst 
was designed to target the three arms starPLA (3) (Scheme 1). To esti
mate the amount of initiator and catalyst, the degree of polymerization 
(DP) was calculated (see Supporting Information) starting from the 
desired molecular weight of the final product starPLA (3) (i.e., Mn =
14.000 g/mol). Accordingly, an initial [lactide (L-LA)]0/[initiator]0/ 
[DBU]0 ratio of 97/1/2 ([L-LA]0 = 1 M) was used. In such experimental 
conditions, the polymerization carried out in dichloromethane at room 
temperature was extremely fast, yielding almost quantitative monomer 
conversion (98 %) in 10 min, with easy removal of the catalyst. The 
reaction was quenched by addition of an excess of benzoic acid leading 
to DBU deactivation and (3) was purified by precipitation into cold 
methanol to avoid instability over the time due to any traces of benzoic 
acid/DBU salt [37]. The described method led to a very pure product 
with a fine control over the molecular weight and dispersity index. 

Moreover, a kinetic study was performed to confirm that the linear 
macromolecular arms grew during the ROP directly and evenly from all 
the three hydroxyl groups of the initiating core, in a parallel and steady 
manner leading to a well-defined and uniform star-shaped structure (see 
Supporting Information, Fig. S1 and S2, for details). 

The terminal hydroxyl groups of (3) were quantitatively esterified 
with pentynoic anhydride (5), prepared from the commercial pentynoic 
acid (4), leading to a clickable alkynyl-terminated starPLA (6) (Scheme 
1). 1H NMR analysis confirmed the structure of (6) by the disappearance 
of the resonance at δ 4.36 ppm, attesting for the quantitative esterifi
cation of the terminal hydroxyl groups, together with the appearance of 
a novel set of signals attributed to the pentynoic end-group protons at δ 
2.65, 2.52, 1.98 ppm (Supporting Information). The SEC analysis 
showed a dispersity value (Mw/Mn = ĐM) of 1.13 and a M‾nSEC,app =

21.207 g/mol. 
In parallel, for the preparation of the hydrophilic domain of the final 

product, a mono-azide PEG was synthesized starting from PEG diol (7, 
Mw 2000 g/mol) in a two-step process consisting in a mono-tosylation 
followed by conversion of (8) in mono-azide PEG (9) by reaction with 
sodium azide (Scheme 2) [38]. 1H NMR analysis (Supporting Informa
tion) confirmed the structure of (9) by the typical signal at δ 3.39 ppm 
relative to the azidomethylene protons. Peaks integration pointed out 
that the sample is a 1:1 mixture of mono-azide PEG (9) and unreacted 
PEG diol (7), the latter removed in the next synthetic step and related 
work up (see Experimental section). Moreover, the MALDI-ToF analysis 
(Supporting Information) excluded the presence of the undesired di- 
azide derivative and confirmed the azidation due to the presence of a 
small population showing 28 mass units less than the main population 
corresponding to the elimination of a nitrogen molecule during char
acterization typical for azide-containing polymers [39]. The alkynyl- 
terminated starPLA (6) and the mono-azide PEG (9) were then 
coupled in a 1:3 ratio by CuAAC reaction in the presence of CuBr and 
PMDETA as catalyst and ligand, respectively, to obtain the amphiphilic 
three-arms starPLA-PEG copolymer (10) in a very good yield (96 %) 
(Scheme 2). Then, the hydroxyl end-groups of (10) were esterified with 
pentynoic anhydride in presence of DMAP (Scheme 2) leading to the 
alkynyl terminated starPLA-PEG (11). 

SEC analysis (Fig. 2A) confirmed the coupling reaction with the shift 
of the curve related to the starPLA-PEG (10) (red line) compared to the 
precursor (6) (blue line). The low intensity shoulder next to the main 
peak obtained after the CuAAC click reaction, at lower elution volume 
(~ 14.7 mL), indicated the presence of a negligible byproduct with a 
molecular weight greater than the starPLA-PEG (10). Although generally 
considered as highly orthogonal, the CuAAC reaction might also be 
subjected to certain side reactions [40], such as the Glaser coupling of 
the alkynyl-terminated starPLA (6) [41]. 

Furthermore 1H NMR analysis attests for the formation of the ex
pected triazole ring connecting the hydrophilic (PEG) and the hydro
phobic (PLA) polymeric domains by the typical signal at δ 7.58 ppm 
(triazole H-5 proton, black circle, Fig. 2B). In addition, the shift of the 

Scheme 1. Synthesis of alkynyl-terminated starPLA (6).  
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azido-methylene protons resonance (from δ 3.39 to 3.06 ppm, blue 
circles), the shift of the pentynoic-methylene protons signal (from δ 2.52 
to 4.49 ppm, orange circles), together with the disappearance of the 
alkyne proton signal at δ 1.98 ppm were observed (black dashed circle, 

Fig. 2B). 
Arg-Gly-Asp (RGD) peptide sequence has been identified as a useful 

tumor targeting ligand to selectively recognize αvβ3 integrin. [17] 
Moreover, it was found that cyclic RGD pentapeptides not only have 

Scheme 2. Synthesis of mono-azide PEG (9) and subsequent CuAAC reaction with (6) yielding the amphiphilic starPLA-PEG (10), further functionalized to (11) with 
terminal alkynes. 

Fig. 2. A) SEC chromatograms of starPLA-PEG (10, red line) compared to alkynyl-terminated starPLA precursor (6, blue line). B) 1H NMR spectra of three-arms 
starPLA-PEG (10, red trace), mono-azide PEG (9, green trace), alkynyl-terminated starPLA (6, blue trace). All the NMR spectra were recorded in CDCl3 at r.t. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Scheme 3. Decoration of alkynyl-terminated starPLA-PEG (11) with azido cyclic-RGDyK peptide (12) leading to the target three-arms RGD-decorated starPLA- 
PEG (13). 
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high affinity to αvβ3, but also exhibit high metabolic stability in vivo, 
[42] a crucial prerequisite for successful in vivo application. Therefore, 
the final decoration of the alkynyl-terminated starPLA-PEG (11) with 
azido cyclic-RGDyK peptide (12, Arg-Gly-Asp-D-Tyr-Lys) was carried 
out by CuAAC reaction (Scheme 3) and the structure of (13) was 
confirmed by 1H NMR analysis (Supporting Information) by the char
acteristic signals (δ 7.96, 7.43, 7.02, 6.72 ppm) ascribable to aromatic 
protons of both Tyr and benzamide moieties of RGD, together with 
several broad peaks likely related to NH-protons (from δ 8.74 to δ 7.61 
ppm). The integration of the peak at δ 7.43 ppm of RGD compared to 
those of the PLA block (δ 5.28 ppm), used as a reference, revealed that 
the PLA block remained almost intact during the reaction and a coupling 
efficiency of 50 % was obtained. Furthermore, SEC analysis carried out 
by connecting in parallel a differential refractometer detector and a 
UV–Vis spectrophotometer set at the λmax of RGD (i.e., 280 nm) 
confirmed the grafting of RGD on the polymer backbone (data not 
shown). 

The decoration of the starPLA-PEG backbone with RGD peptide did 
not alter the molar mass of the polymer as the RGD contribution is 
neglectable (RGD MW 892 Da) respect to the molecular weight of the 
whole polymer but strongly influenced the amphiphilic properties and 
the related self-assembly behavior, as suggested by the peculiar SEC 
profile and DLS measurements in THF (Supporting Information). Spe
cifically, SEC analysis of starPLA-PEG-RGD showed a main distribution 
centered at 15.5 mL and a minor one likely obtained by partial aggre
gation of these star-based structures. This behavior was also confirmed 
by DLS measurements showing a bimodal size distribution in the same 
solvent (i.e., THF) with the presence of two species having a DH of about 
10 and 100 nm; the small one might be related to the unimolecular 
micelles, whereas the large one should come from the self-assembled 
multi-micelle aggregates. 

3.2. Preparation and characterization of starPLA-PEG-RGD micelles 

The nanoformulation of starPLA-PEG-RGD (13) and the drug 
encapsulation into the polymeric micelles were carried out by nano
precipitation (Fig. 3) at two different polymer: drug ratios (i.e., 10:1 and 
a 10:3). The starPLA-PEG-RGD was nanoformulated in the presence of 
starPLA-PEG precursor in a 1:9 binary blend [42]. Briefly, blended 
polymer and DTX were dissolved in THF and added dropwise into an 
aqueous solution under stirring. The micelles formed during the rapid 
diffusion of the organic solution in the non-solvent. After THF removal, 
the colloidal solution was gently centrifuged to remove the unloaded 
free drug insoluble in water and the supernatant was freeze-dried to 
obtain RGD-NanoStar/DTX. Empty micelles (RGD-NanoStar) were 
prepared following the same procedure, without adding the drug. 

The drug loading (DL) measured by UV–Vis spectrophotometry 
resulted 16 % and 6 % for the 10:3 and 10:1 formulations, respectively; 
the encapsulation efficiency (EE) was estimated to be 69 % and 57 %, 
respectively (Table 1). The mean hydrodynamic diameter (DH) of RGD- 
NanoStar/DTX resulted 283 ± 50 nm and 379 ± 138 nm for the 10:3 
and 10:1 nanoformulations, respectively (Table 1), with a second pop
ulation at 70 ± 9 nm and 129 ± 29 nm which is negligible (8 %) for the 
10:3 formulation and more evident (44 %) for the 10:1. Based on all 
these findings, the 10:3 nanoformulation was selected for the biological 
investigation. The unloaded RGD-NanoStar owned a monomodal par
ticle size distribution (133 ± 51 nm) before centrifugation and freeze- 
drying (freshly prepared), whereas the DH value slightly increased 
after lyophilization and reconstitution (Table 1). The zeta potential 
attested for negatively charged micelles, with a net negative charge 
ranging from − 25 to − 20 mV which is rather common for aliphatic 
polyester nanoparticles indicating good colloidal stability. This negative 
surface charge can be likely ascribed to a preferential adsorption or 

Fig. 3. Schematic representation of the nanoformulation of RGD-NanoStar/DTX.  

Table 1 
Overall Properties of micelles: mean Hydrodynamic Diameter (DH), PDI and zeta potential (ζ) in Ultrapure Water;a Theoretical Loading (TL), Drug Loading (DL) and 
Encapsulation Efficiency (EE). Size Distributions and ζ-Potential are reported in Fig. S3, Supporting Information.  

Sample DH (nm ± SD) (%)b PDI ζ (mV ± SD) TL (%) DL (%)c EE (%)d 

RGD-NanoStar/DTX (10:3) (Lyophilized and reconstituted) 283 ± 50 (92 %) 
70 ± 9 (8 %) 

≅ 0.3 
≅ 0.2 

− 22 ± 4 23 16 69 

RGD-NanoStar/DTX (10:1) (Lyophilized and reconstituted) 379 ± 138(56 %) 
129 ± 29 (44 %) 

≥0.4 
≅ 0.4 

− 25 ± 4 9 6 57 

RGD-NanoStar 
(Lyophilized and reconstituted) 

259 ± 76 (93 %) 
55 ± 6 (7 %) 

≥0.4 
≅ 0.2 

− 20 ± 4 – – – 

RGD-NanoStar 
(Freshly prepared) 

133 ± 51 ≥0.4 − 22 ± 7 – – –  

a Each DLS and ζ-Potential measurement was carried out in triplicate, at 25 ◦C (SD was calculated on the three different batches). 
b Size with corresponding intensity % distribution. 
c Actual loading is expressed as the amount of drug (mg) encapsulated per 100 mg of nanoparticles. 
d Ratio between actual (DL) and theoretical (TL) loading × 100. 
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binding of hydroxyl anions (originated by water autodissociation) to the 
oligo(ethylene glycol) chains of the star polymer at the interface be
tween the PEGylated nanoparticles and the bulk aqueous solution 
[43–45]. However, the decoration of nanoparticles surface with the RGD 
peptide did not significantly affect the zeta potential values in well 
agreement with analogous RGD-decorated PLGA-PEG nanoparticles 
exhibiting rather high negative zeta potential values in deionized water 
with or without peptide. [46]. 

To investigate the stability of our RGD-NanoStar/DTX and the in
fluence of the dispersing medium on the aggregation of our nanosystem, 
stability studies were carried out vs. time in ultrapure water and in 
biologically relevant medium, such as PBS (pH 7.4). The size distribu
tion of the nanosystem was monitored by DLS, remaining approximately 
constant within 7 days. Moreover, RGD-NanoStar/DTX showed a fairly 
stable zeta potential in ultrapure water within 7 days. 

The CMC of the micelles, calculated by fluorescence spectropho
tometry using pyrene as a probe, was 0.01 mg/mL for both starPLA-PEG 
and starPLA-PEG-RGD. 

Star polymers, given their small dimensions, are challenging to 
observe via direct imaging using microscopy techniques such as atomic 
force microscopy (AFM) and transmission or scanning electron micro
scopy (TEM/SEM) as they are often below the resolution limits or 
collapsed into globular structures (see Supporting Information), 
obscuring the fine structural detail of these architecturally complex 
macromolecules [2]. 

The release performance of drug-loaded nanoparticles is an impor
tant index to evaluate performance and effectiveness. Accordingly, 
release experiments have been carried out in PBS (pH 7.4) at 37 ◦C using 
the dialysis method (Supporting Information). Based on our experi
mental results, it is possible to admit that the drug released from RGD- 
NanoStar/DTX within 1 week (~58 %, corresponding to 192.2 μg DTX) 
remained substantially entrapped into the dialysis membrane along the 
time, likely due to the high lipophilicity of the drug and its poor solu
bility in the buffer solution despite the addition of Tween 80. Therefore, 
it was not possible to obtain a typical release curve, rather we deter
mined the overall amount of DTX released from RGD-NanoStar/DTX 
within 1 week. Moreover, the incomplete release after 7 days might be 
related to a strong interaction between the drug and polymer and a slow 
degradation of the polymer matrix, since the release of drug from 
polymeric nanoparticles is a complex process mainly associated with the 
polymer degradation/erosion as well as with the drug diffusion and 
strictly related to the constituents and architectures of copolymers and 
to the physicochemical properties of the drug [47]. 

3.3. Biology 

3.3.1. Evaluation of RGD-NanoStar cytotoxicity 
To exclude a potential cytotoxic effect of RGD-NanoStar, human Ad- 

MSCs were selected as healthy cell model and the cell viability of treated 
cells was analyzed by MTT assay after 24, 48 and 72 h of culture with 

three different concentrations (i.e., 52 μg/mL; 105 μg/mL; 158 μg/mL), 
namely the same concentrations used to test the anticancer effect of 
RGD-NanoStar/DTX. The results showed no statistically significant 
differences in Ad-MSCs cell viability at any time points and at any 
concentration tested, demonstrating the absolute absence of toxicity of 
RGD-NanoStar on healthy cells (Fig. 4). 

3.3.2. Evaluation of anticancer effect of RGD-NanoStar/DTX 
The potential anticancer effect of RGD-NanoStar/DTX was tested on 

U87 and MDA-MB 468 tumoral cell lines at 24, 48 and 72 h of culture 
with three different concentrations (i.e., 10 μg/mL DTX content and 52 
μg/mL RGD-NanoStar content; 20 μg/mL DTX content and 105 μg/mL 
RGD-NanoStar content; 30 μg/mL DTX content and 158 μg/mL RGD- 
NanoStar content). Looking in detail at the trend of the results (Figs. 5 
and 6), free DTX was significantly cytotoxic compared to cells only, as 
expected (γ: p value ≤0.01, p value ≤0.001 and p value ≤0.0001 at 10, 
20 and 30 μg/mL, respectively, for U87 cells at 24 h; p value ≤0.01 and p 
value ≤0.0001 at 10, 20 and 30 μg/mL, respectively, for MDA-MB 468 
cells at 24 h; p value ≤0.0001 at all tested concentrations for both cell 
lines at 48 and 72 h). 

Overall, a significant reduction of cell viability in the presence of 
RGD-NanoStar/DTX was observed for both cancer cell lines, at all the 
time points of the experiment (Figs. 5 and 6). However, the cytotoxic 
effect of DTX seems to be hidden when the drug is loaded on micelles in 
both the cell lines. In detail, 20 and 30 μg/mL of free DTX showed higher 
activity compared to the same concentration loaded on micelles in U87 
cell line at 48 and 72 h (p value ≤0.0001 for 30 μg/mL at 48 h and p 
value ≤0.01 and p value ≤0.001 for 20 and 30 μg/mL, respectively, at 
72 h) (Fig. 5, H, F, and I). 

Unexpectedly, a relevant anticancer effect was exerted by unloaded 
RGD-NanoStar starting from 48 h of culture, especially on MDA-MB 
468 cells (Fig. 6). Indeed, while at 24 h the free drug activity is higher 
compared to drug-loaded and unloaded micelles (p value ≤0.05 and p 
value ≤0.01 for 20 and 30 μg/mL, respectively, for both drug-loaded 
and unloaded micelles), RGD-NanoStar exerted the same cytotoxicity 
of free DTX and of RGD-NanoStar/DTX at 48 and 72 h with about 40 % 
and 60 % of dead cells, respectively, at all tested concentrations (Fig. 6, 
B, C, E, F, H, I). A time-depended trend of cytotoxicity was evident on 
MDA-MB 468 cells, where a statistically significant difference in the 
presence of both RGD-NanoStar and RGD-NanoStar/DTX was 
observed at all tested concentrations over the time (p value ≤0.001 for 
20 and 30 μg/mL RGD-NanoStar/DTX and for the highest concentra
tion of RGD-NanoStar at 48 h; p value ≤0.01 for 10 μg/mL RGD- 
NanoStar/DTX and for 52 and 105 μg/mL of RGD-NanoStar at 48 h; p 
value ≤0.0001 for both drug-loaded and unloaded micelles at all tested 
concentration at 72 h) (Fig. S4, E and F). 

According to Ad-MSCs results, RGD-NanoStar were not particularly 
toxic against U87 cells at 24 and 48 h (Fig. 5, A and B), but, surprisingly, 
they significantly reduced the cell viability of such cell line, compared to 
cells only, at 72 h (p value ≤0.05 and p value ≤0.01 for 52 μg/mL and, 
105 and 158 μg/mL concentrations, respectively) (Fig. 5, C, F, I). The 
analysis of these data also demonstrated a time-dependent anticancer 
effect by the highest concentrations of unloaded RGD-NanoStar (105 
and 158 μg/mL) inducing a significant decreasing in cell viability be
tween 24 and 72 h on U87 cells (p value ≤0.01 for both concentrations) 
(Fig. S4, C). 

3.3.3. Cell morphology evaluation 
A qualitative cell morphology evaluation was performed on both the 

cancer cell lines after 24 h of culture with free DTX, RGD-NanoStar/ 
DTX and unloaded RGD-NanoStar, compared to cells only. The fluo
rescent analysis confirmed the previously reported cell viability data. 
Overall, a compromised cell morphology was observed in the presence 
of both free DTX and RGD-NanoStar/DTX (Fig. 7). Specifically, a high 
presence of round-shape morphology in both cell lines was observed at 
the highest concentrations (Fig. 7, panel 1 and 2, images D and G) 

Fig. 4. Cell viability of Ad-MSCs. MTT assay on human Ad-MSCs after 24, 48 
and 72 h of culture with different concentrations of RGD-NanoStar. 
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without significant difference in cell morphology between DTX- and 
RGD-NanoStar/DTX – treated cells, especially in U87 cell line. The 
absence of cytotoxicity by unloaded RGD-NanoStar in both cell lines at 
24 h was confirmed, however a slight decrease in cell number was 
observed in the presence of RGD-NanoStar for both cell lines compared 
to cells only, validating the previously reported long-term anticancer 
effect produced by unloaded micelles in later times (Fig. 7, panel 1 and 
2, images C, F, I and L). 

3.3.4. Inhibition of cell migration induced by RGD-NanoStar/DTX 
The role of RGD-NanoStar/DTX in inhibiting the migration of 

cancer cells was investigated by scratch test analysing the distance (μm) 
covered by cells over time towards the centre of a scratch performed at 
time 0 in the well [35]. Overall, a statistically significant inhibition of 
cell migration was observed by all the tested concentrations of free DTX 
and RGD-NanoStar/DTX on both tumoral cell lines starting from 24 h 
compared to cells only (all p value ≤0.0001 at both 24 and 30 h, marked 
by Φ symbol) (Fig. 8), as evidenced by the representative panels of DAPI 
staining (Fig. 9) highlighting the absence of difference in scratch width 
over time for both cell lines. The overall total absence of statistically 
significant results in covered distance attested for the same inhibitory 
activity exerted by free DTX and RGD-NanoStar/DTX over time 
(Fig. 8). However, looking in detail, 10 and 30 μg/mL of RGD-Nano
Star/DTX surprisingly showed higher inhibition of migration in MDA- 

MB 468 and U87 cell lines, respectively, compared to free drug 
(Fig. 8, C and D). Indeed, only 43 μm distance was covered by U87 cells 
after 30 h of culture with 30 μg/mL of RGD-NanoStar/DTX compared 
to 73 μm in the presence of DTX free (Fig. 8, C). More relevant, a sig
nificant difference in migration inhibition was showed in MDA-MB 468 
cells, where a totally absence of cell movements was detected in the 
presence of RGD-NanoStar/DTX at 10 μg/mL compared to about 50 μm 
distance covered by cells in the presence of free DTX at 30 h (p value 
≤0.0001) (Fig. 8, D). 

4. Discussion 

Here, a novel amphiphilic copolymer based on three armed starPLA- 
PEG was synthesized with predicted molecular weight and well- 
designed hydrophobic:hydrophilic ratio in a typical core-first approach 
by a combination of ROP and click chemistry. The star copolymer was 
eventually decorated with the tumor-targeting ligand cyclic-RGDyK 
peptide for drug delivery purposes. The final compound and molecular 
sub-units in each synthetic step were fully characterized by NMR, SEC, 
and MALDI-ToF analysis, pointing out a fine control of the polymer ar
chitecture through the multi-step synthesis in terms of polymerization 
degree, molecular weight and molecular weight distribution. The anti
cancer drug DTX was efficiently loaded into RGD-NanoStar micelles 
with a good encapsulation efficiency (69 %) by the well-established 

Fig. 5. Anticancer effect of RGD-NanoStar/DTX on U87 cell line. MTT assay on U87 after 24 (A, D and G), 48 (B, E and H) and 72 h (C, F and I) of culture with free 
DTX, unloaded RGD-NanoStar and drug-loaded RGD-NanoStar/DTX at 10 μg/mL (A, B and C), 20 μg/mL (D, E and F) and 30 μg/mL (G, H and I) concentrations. 
Statistically significant differences of DTX, RGD-NanoStar/DTX and RGD-NanoStar compared to cells only are graphically represented by γ symbol: A) p value 
≤0.01 and p value ≤0.05 for DTX and RGD-NanoStar/DTX; B) p value ≤0.001 and p value ≤0.05 for DTX and RGD-NanoStar/DTX; C) p value ≤0.0001, p value 
≤0.01 and p value ≤0.05 for DTX, RGD-NanoStar/DTX and RGD-NanoStar, respectively; D) p value ≤0.001 and p value ≤0.01 for DTX and RGD-NanoStar/DTX; 
E) p value ≤0.0001 and p value ≤0.05 for DTX and RGD-NanoStar/DTX; F) p value ≤0.0001, p value ≤0.001 and p value ≤0.01 for DTX, RGD-NanoStar/DTX and 
RGD-NanoStar, respectively; G) p value ≤0.0001 and p value ≤0.05 for DTX and RGD-NanoStar/DTX; H) p value ≤0.0001 for DTX; I) p value ≤0.0001, p value 
≤0.001 and p value ≤0.01 for DTX, RGD-NanoStar/DTX and RGD-NanoStar, respectively. Statistically significant differences among samples are graphically 
represented (* p value ≤0.05, ** p value ≤0.01, *** p value ≤0.001, **** p value ≤0.0001). 
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nanoprecipitation method using a 10:3 polymer to drug ratio. Typically, 
a polymer solution in THF containing the drug was mixed with an excess 
amount of a miscible relatively poor solvent (water) to induce the 
spontaneous nanoparticle formation, as confirmed by DLS analysis. As 
expected, drug-loaded RGD-NanoStar/DTX showed a greater DH 
compared to unloaded RGD-NanoStar (283 ± 50 vs 259 ± 76 nm, 
measured on lyophilized and reconstituted samples) likely due to the 
typical core-shell structure promoting hydrophobic interactions between 
the PLA core and the hydrophobic drug which favor DTX to be trapped 
into the inner core, leading to size changes. As well known, unimolecular 
micelles can self-assemble in a kind of multi-micelle aggregates char
acterized by the entanglement of the hydrophilic branches, and/or they 
can rearrange forming primary micelles, where the hydrophilic arms 
stabilize an aggregate of hydrophobic cores [48]. The observed DH 
values attested for micellar aggregates. Specifically, the entanglement of 
the hydrophilic branches of our star polymer, favored by the flexibility 
of the PEG chain, formed a dense network structure, with DH values 
ranging from 133 to 283 nm for the best nanoformulations. Moreover, a 
negligible peak was observed by DLS at 0.3 mg/mL (above the CMC of 
0.01 mg/mL) for both RGD-NanoStar/DTX and RGD-NanoStar at 70 
± 9 nm and 55 ± 6 nm (8 and 7 %, intensity distribution), respectively. 
The coexistence of the two species, and specifically, the formation of 
unimolecular micelles in equilibrium with larger associated micelles has 
been reported in several papers [49–50], where the hundred-nanometer- 
sized species were multi-micelle aggregates built up from the aggrega
tion of unimolecular micelles, whereas the smallest species were 

considered the unimolecular micelles. Interestingly, the freshly pre
pared RGD-NanoStar/DTX, analyzed before centrifugation and freeze- 
drying, owned a monomodal particle size distribution (133 ± 51 nm). 
Moreover, the slightly increased DH (259 ± 76 nm) and the appearance 
of a negligible peak at 55 ± 6 nm (7 %), observed after lyophilization 
and reconstitution, pointed out a slight agglomeration occurring during 
those stages and the coexistence of the two populations was plausibly 
ascribed to the formation of smaller aggregates of unimolecular micelles 
in equilibrium with larger associated micelles. The zeta potential value 
attested for negatively charged micelles and showed less variability 
between loaded and unloaded micelles, confirming that the filling of the 
core did not change the surface charge. 

The biological profile of the unloaded RGD-NanoStar was firstly 
investigated on human primary Ad-MSCs to exclude a potential cyto
toxic effect on healthy cells, and a total absence of toxicity was found on 
Ad-MSCs at any concentration and time points tested (Fig. 4). Surpris
ingly, an important time-dependent reduction of cell viability, compa
rable as both the free DTX and RGD-NanoStar/DTX, was exerted by 
unloaded RGD-NanoStar on MDA-MB 468 breast cancer cells, starting 
from 48 h of culture (about 40 % and 60 % of dead cells at 48 and 72 h, 
respectively, at all tested concentrations, Figs. 5 and 6). Moreover, RGD- 
NanoStar reduced the cell viability also of brain tumor U87 cells, 
compared to cells only, at 72 h (about 30 % of dead cells), demonstrating 
a time-dependent effect exerted by the highest concentrations (105 and 
158 μg/mL) (Figs. 5 and 6). 

It was already demonstrated that RGD-targeted polymeric micelles 

Fig. 6. Anticancer effect of RGD-NanoStar/DTX on MDA-MB 468 cell line. MTT assay on MDA-MB 468 after 24 (A, D and G), 48 (B, E and H) and 72 h (C, F and I) of 
culture with free DTX, unloaded RGD-NanoStar and drug-loaded RGD-NanoStar/DTX at 10 μg/mL (A, B and C), 20 μg/mL (D, E and F) and 30 μg/mL (G, H and I) 
concentrations. Statistically significant differences of DTX, RGD-NanoStar/DTX and RGD-NanoStar compared to cells only are graphically represented by γ symbol: 
A) p value ≤0.01 for DTX; B) p value ≤0.01 and p value ≤0.001 for DTX and RGD-NanoStar, and RGD-NanoStar/DTX, respectively; C) p value ≤0.0001 for all 
samples; D) p value ≤0.0001 and p value ≤0.05 for DTX and RGD-NanoStar/DTX; E, F) p value ≤0.0001 for all samples; G) p value ≤0.0001 for DTX; H) p value 
≤0.0001 and for p value ≤0.001 DTX and RGD-NanoStar, and RGD-NanoStar/DTX, respectively; I) p value ≤0.0001 for all samples. Statistically significant dif
ferences among samples are graphically represented (* p value ≤0.05, ** p value ≤0.01, *** p value ≤0.001, **** p value ≤0.0001). 
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improved cancer cells internalization and toxicity [51]. We could 
speculate that the well-known alteration of cancer cells metabolic 
pathways [52], together with the active role of the RGD motif in the 
cellular uptake [53], could synergistically increase the interaction of 
cancer cells with our micelles leading to a higher level of cytotoxicity. 

These biological results have been considered a significant starting point 
for the development of a successful delivery system which does not 
compromise the behavior of non-cancer cells owning specific interaction 
and toxicity towards cancer cells, primarily MDA-MB 468 cell line, that 
could be exploited for a perspective design of target therapy. 

Fig. 7. Actin and DAPI staining. Cell morphology evaluation of U87 (panel 1) and MDA-MB 468 cells (panel 2) in the presence of different concentrations of free DTX 
(images A, D, and G), RGD-NanoStar/DTX (images B, E and H) and RGD-NanoStar (images C, F and I) compared to cells only (images L). Green-fluorescent 
phalloidin probe and DAPI counterstaining were performed on cancer cell lines; F-actin filaments in green, cell nuclei in blue. Scale bars 200 μm. (For interpre
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Migration inhibition of cancer cell lines. Scratch test on U87 (A, B and C) and MDA-MB 468 (D, E and F) cultured with free DTX and RGD-NanoStar/DTX. 
Statistically significant differences of covered distance in the presence of free DTX and RGD-NanoStar/DTX respect to cells only are graphically represented by Φ 
symbol as p value ≤0.0001 at both 24 and 30 h for all concentrations. Statistically significant differences between the samples at the same concentration are reported 
in the graphs (**** p value ≤0.0001). 
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Fig. 9. Scratch test. DAPI staining of cell nuclei of U87 (panel A) and MDA-MB 468 cells (panel B) at time 0 and after 30 h of culture with free DTX and RGD- 
NanoStar/DTX. The panels highlight the absence of cell migration towards the centre of the scratch in the presence of RGD-NanoStar/DTX and free DTX, compared 
to cells only. Cell nuclei in blue. Scale bars 500 μm. One representative image for each experimental condition was reported. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Overall, a significant reduction of cell viability was observed on both 
tumoral U87 and MDA-MB 468 cells treated with RGD-NanoStar/DTX 
at all the time points (Fig. 5) together with a compromised cell 
morphology (Fig. 6), although the cytotoxic effect of DTX seems to be 
hidden when the drug is loaded on micelles. These findings can be ex
pected owing to the high stability (the density of PEG on the star micellar 
surface provided high steric stabilization) and consequent gradual 
release dynamics of the drug molecule from micelles, typical of such 
delivery systems, preventing burst release of DTX and minimizing, in 
perspective, drug loss and systemic toxicity [54]. Specifically, differ
ently from the free drug which easily diffuses into the cell, micellar 
drugs have to be released from the nanoparticles prior to exhibiting any 
therapeutic action. In this regards, RGD-NanoStar/DTX could gradu
ally and sustainably release the drug, providing a continuous supply of 
DTX and a prolonged action over an extended period not observable at 
the incubation time of MTT assay. The MTT results indicated that DTX 
loaded into the nanosystem induced on tumoral cells anticancer effects 
similar to that of free DTX, especially on MDA-MB 468 breast cancer 
cells. Although no apparent benefit emerged from DTX incorporation 
into the nanosystem with respect to the free drug by evaluating the 
cellular viability, promising results were revealed by the analysis of the 
role of RGD-NanoStar/DTX in inhibiting the migration of cancer cells 
(Figs. 7 and 8). A marked migration ability is a well-recognized property 
of tumoral cells, which is pivotal for tumor propagation and invasive
ness, giving rise to metastasis [24]. DTX is a well-known already used 
drug in clinics to be involved in the inhibition of such cell behavior 
[24–26]. The scratch assay was carried out to analyse the distance (in 
μm) covered by cells over time towards the centre of a scratch performed 
in the well. The scratch was done at time 0 in a cell culture and the cells 
movements were monitored over the time (for a total of 30 h of culture) 
under a microscope to observe the cellular migratory ability [35]. A 
statistically significant inhibition of tumoral cell migration was exerted 
by all the tested concentrations of free DTX and RGD-NanoStar/DTX on 
both the cell lines starting from 24 h, compared to cells only (Fig. 7), 
confirming the well-known role of DTX in inhibiting cell movements 
even when loaded on polymeric micelles. Surprisingly, RGD-NanoStar/ 
DTX exerted higher inhibition of migration of MDA-MB 468 and U87 
cell lines compared to free DTX at 10 and 30 μg/mL, respectively. Spe
cifically, only 43 μm distance was covered by U87 cells after 30 h 
exposure on RGD-NanoStar/DTX compared to 73 μm in the presence of 
free DTX at the same concentration (30 μg/mL). More interestingly, a 
total absence of MDA-MB 468 breast cancer cell movements was 
detected at 30 h compared to about 50 μm distance covered by cells in 
the presence of free DTX at 10 μg/mL. The stronger inhibitory activity on 
cell migration of RGD-NanoStar/DTX compared to the free drug in both 
cell lines at 30 h attested for a good ability of the drug-loaded nano
carrier to reduce tumor propagation and invasiveness, enhancing the 
typical effect of DTX on metastatization. Overall, RGD-NanoStar/DTX 
specifically inhibited the migratory activity of both tumoral cell lines in 
a more effective way respect to free DTX at specific drug concentrations, 
more relevantly on MDA-MB 468 cells, leading to the opportunity to 
design, in perspective, specific therapeutic strategies. 

5. Conclusions 

In summary, we designed an efficient multistep route for the syn
thesis of a novel amphiphilic starPLA-PEG copolymer decorated with the 
tumor-targeting ligand RGD peptide. Specifically, the combination of 
ROP and click chemistry allowed an optimal control over the molecular 
weight, the hydrophobic:hydrophilic balance, the molecular weight 
distributions, and the accessibility of chain-end functionalities. The 
starPLA-PEG-RGD bearing a fascinating three-armed star-shaped archi
tecture decorated with RGD was conceived as drug delivery system 
exploiting its capability to encapsulate the antitumoral drug Docetaxel. 
After the nanoformulation of starPLA-PEG-RGD and drug incorporation 
into the polymeric micelles, we provided a detailed picture of the cell- 

material interactions. Specifically, the antiproliferative properties of 
the nanoshuttle, both unloaded and loaded with Docetaxel, were 
explored focusing on U87 Human Glioblastoma and MDA-MB 468 
Human Breast Adenocarcinoma cell lines, as models of two most com
mon primary and metastatic tumors. A special focus was reserved, more 
specifically, to the inhibition of cell migration that is associated with the 
process of metastasis. The stronger ability of RGD-NanoStar/DTX to 
reduce tumor propagation and invasiveness compared to the free drug in 
both cell lines at 30 h attested for an enhanced effect of the drug-loaded 
nanocarrier on metastatization respect to free DTX. These biological 
results, together with the absence of toxicity on healthy Ad-MSCs and 
with the specific interaction and toxicity towards cancer cells, primarily 
MDA-MB 468 cell line, could be fruitfully exploited for a perspective 
design of target therapy. Altogether our studies pointed out that star- 
shaped PLA-PEG copolymers offer a great potential in self-assembly of 
polymeric nanomaterials with tunable chemistry and functionalities. 
Moreover, the nanoparticle decoration and drug incorporation afforded 
powerful nanosystems for cutting-edge nanotechnological applications 
which can be also implemented, in perspective, with the co-entrapment 
of other bioactive compounds (drugs or genetic materials) to exploit 
synergistic actions. The use of blended polymer based on starPLA-PEG- 
RGD and starPLA-PEG in a 1:9 ratio turned out to be an excellent choice 
for our nanoformulation considering that even a small amount of grafted 
RGD peptide proved able to significantly improve the physico-chemical 
properties, the amphiphilicity and the biological outcomes of our novel 
star-shaped amphiphilic PLA-PEG copolymer. We believe that this is one 
of the main strengths of our study and one of the main advantages of our 
nanoformulation that limited the use of expensive RGD peptide. 
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