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A B S T R A C T

We report the synthesis, characterization and biological profile of new bis-triazoled cyclopolylactides (c-PLA, c-
PLA-FA, c-PLA-Rhod) obtained by an optimized combination of ROP and click chemistry reactions. Cyclo-PLA
having a number average molecular weight of 6000 gmol−1 and a polydispersity index of 1.52 was synthetized
by click ring-closure of well-defined α,ω-heterodifunctional linear precursors, followed by quaternarization of
N3-triazole nodes, and subsequent CuAAC with azido-folate and azido-rhodamine yielding jellyfish-shaped c-
PLA-FA and c-PLA-Rhod. Salinomycin (Sal) was loaded into jellyfish-shaped c-PLA-FA and c-PLA-Rhod nano-
particles (NPs) by nanoprecipitation, with a good encapsulation efficiency (79% and 84%, respectively) and
loading content (7.1% and 7.6%, respectively). The biological studies focused on their antiproliferative effects
on osteosarcoma bulk MG63 and cancer stem cells (CSCs). The cycloPLA-based NPs, with a size ranging between
125 and 385 nm, killed CSCs and MG63, with a higher efficacy on CSCs; they (unloaded or Sal-loaded) evoked on
CSCs a cellular response similar to the payload, with a higher effect than the free Sal. Internalization studies
indicated a fast cellular uptake (within 2 h) and sarcospheres remained fluorescent till 72 h. To the best of our
knowledge, this is the first study reporting anti-CSCs properties of cycloPLA with jellyfish architecture and we
believe could contribute to the development of effective strategies for osteosarcoma targeting.

1. Introduction

Cyclic polymers, due to the lack of chain ends and reduced con-
formational mobility, displayed intriguing chemical and physical
properties, different from their open-chain homologues having the
same molecular weight, i.e. smaller hydrodynamic volume, lower in-
trinsic viscosities, different glass transition temperatures, longer re-
tention times in gel permeation chromatography analysis, etc [1]. Also,
micelles and vesicles formed by cyclic polymers exhibit characteristics
greatly changed as compared with those of linear polymers [2], such as
increased stability, longer circulation time in the blood stream, a dif-
ferent bio-distribution profile, improved drug loading and releasing
capacity and higher uptake in cancer cells [3].

Altogether these fascinating features made cyclic polymers

promising tools for applications in drug delivery [4], microelectronics
(e.g. micro- and nanolithography) [5], and wastewater treatment [6],
although they are perhaps the least explored polymer architecture due
to the difficulties encountered during both their synthesis and pur-
ification [7].

Ring-expansion (RE) and ring-closure (RC) techniques are the most
common strategies for the synthesis of a diverse range of cyclic topol-
ogies such as tadpoles, eight-shaped, theta-shaped, manacles, and sun-
shaped polymers, although obtaining well-defined macrocycles of high
molecular weights is still a challenge [8].

In the case of RC strategy, linear α,ω-functionalized precursors are
synthesized first, followed by intra- or intermolecular cyclization,
usually performed in high dilution conditions [7]. RC can be accom-
plished by the formation of esters, amides, disulfides, amines, etc.,
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leading to great diversity in polymer compositions [7–9]. RE and RC
procedures were employed for the synthesis of several cyclic polymers
based on polystyrene, polydienes, poly(ethylene oxide), poly(2-vi-
nylpyridine), and aliphatic polyesters (i.e., polylactides (PLA) and
polycaprolactones (PCL)) [7–11]. The design of cyclic polymers was
drastically improved exploiting RC click chemistry methods, i.e. the
copper catalyzed alkyne-azide cycloaddition (CuAAC) [12–14], the
hetero-Diels-Alder cycloaddition (HDA) [15], and the thiol-ene cou-
pling (thiol-Michael addition) [16].

In the framework of our studies, dealing with the functionalization
and biological application of polymers [17–23], and with the aim to
further expand the scope of previous investigations [13–14], we fo-
cused our interest on the synthesis and characterization of new bis-
triazolium-based cyclopolylactides (c-PLA), obtained by an optimized
combination of ROP and click chemistry reactions.

The novel bis-triazoled c-PLA was synthetized by an efficient in-
tramolecular CuAAC reaction applied on a well-defined α-azide-ω-al-
kyne linear PLA precursor prepared by ROP.

Furthermore, taking advantage from the presence of triazole nodes
on our c-PLA backbone, a quaternarization with 4-iodo-1-butyne, fol-
lowed by CuAAC click coupling with azido-folate (FA-N3) and azido-
rhodamine (Rhod-N3) was performed leading to a tumor-targeted and a
fluorescent jellyfish-shaped c-PLA (c-PLA-FA and c-PLA-Rhod), respec-
tively (Fig. 1).

Moreover, intrigued by their owned properties and surprised by the
lack of recent biological investigations, except for two old reports about
the antiproliferative activity of cyclic polylactate [24–25], we became
interested in exploring the biological profile of our c-PLA-based mate-
rials, focusing on their activity against osteosarcoma cancer stem cells
(CSCs), compared with Salinomycin (Sal), a polyketide antibiotic that
has been shown to selectively kill CSCs [26–27].

For these purposes, Sal was loaded into functionalized c-PLA na-
noparticles (Fig. 1) to evaluate the effects on osteosarcoma bulk MG63
and CSCs.

Osteosarcoma treatment is currently based on the combination of
cytotoxic drugs (e.g. doxorubicin, cisplatin, high-dose methotrexate,
etc.) [28–29], often unable to eradicate all tumor cells. In this regard,
the search of new targets and new delivery modalities, addressing se-
lectively the tumor tissues, continues to be challenging. A special at-
tention was recently paid to Sal as a novel alternative to traditional
anticancer drugs with potent activity against CSCs [30], that represent

the subpopulation of tumor bulk harder to treat, more resistant than the
normal cancer cells to conventional therapies, responsible for metas-
tasis, multi-drug resistance and recurrences [31]. The potentiality of Sal
as a human drug candidate was discovered within a high-throughput
screening [32], resulting nearly 100-fold more effective than paclitaxel
(Taxol®) towards the breast CSCs, acting as inhibitor of Wnt/β-catenin
signalling, a key signalling pathway supporting self-renewal of normal
and malignant mammary CSCs [33]. However, the clinic application of
Sal is greatly hindered by the systemic toxicity and poor pharmacoki-
netics [34]. Therefore, research efforts are currently devoted to the
development of nanosystems incorporating Sal [35–40] and to the
search of novel signalling pathway inhibitors [33].

2. Experimental

2.1. Synthetic procedures

2.1.1. Preparation of a-bromo-ω-hydroxy-PLA (3)
In a glovebox under nitrogen pressure (O2 < 5 ppm;

H2O < 1 ppm), a glass vial was charged with L-lactide (L-LA) (5 g;
35mmol), dichloromethane (DCM) (50 g), DBU (263mg; 1.7mmol)
and 3-bromo-1-propanol (241mg; 1.7 mmol) ([L-LA]0/[I]0= 20). After
2min, the reaction was quenched by addition of benzoic acid. The
polymer (3) was recovered by precipitation from DCM into cold me-
thanol (Mn

MALDI= 3170 g.mol−1; ÐSEC=1.15). 1H NMR (CDCl3, δ,
ppm): 1.57 (d, 6n, −[COCHCH3O]2n-), 2.18 (m, 2, BrCH2CH2CH2O-),
3.43 (t, 2, BrCH2(CH2)2O-), 4.29 (t, 2, Br(CH2)2CH2O-), 4.36 (m, 1,
-COCHCH3OH), 5.15 (m, 2n, −[COCHCH3O]2n-).

2.1.2. Preparation of a-azido-ω-hydroxy-PLA (4)
A 25mL round-bottom flask was charged with (3) (2.2 g; 7

10−4 mol), anhydrous acetonitrile (15mL) and sodium azide (59mg; 9
10−4 mol). The medium was heated to reflux for 24 h. The crude mix-
ture was filtered, the solvent was evaporated using a rotary evaporator
and the polymer (4) was recovered by precipitation from DCM into cold
heptane (Mn

MALDI= 3110 g.mol−1; ÐSEC=1.20). 1H NMR (CDCl3, δ,
ppm): 1.57 (d, 6n, −[COCHCH3O]2n-), 1.91 (m, 2, N3CH2CH2CH2O-),
3.38 (t, 2, N3CH2(CH2)2O-), 4.24 (td, 2, N3(CH2)2CH2O-), 4.36 (m, 1,
-COCHCH3OH), 5.15 (m, 2n, −[COCHCH3O]2n-).

Fig. 1. A) Representative approach for the preparation of functionalized c-PLA (c-PLA-FA and c-PLA-Rhod) using azido-folate (FA-N3) or azido-rhodamine (Rhod-
N3); B) Sketched view of Salinomycin-loaded nanoparticles preparation (c-PLA-FA/Sal NPs and c-PLA-Rhod/Sal NPs).
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2.1.3. Preparation of a-bromo-ω-alkyne-PLA (6)
A 50mL round-bottom flask was charged with (3) (2.2 g; 7

10−4 mol), DCM (30mL), 4-pentynoic anhydride (5, Supporting
Information) (185mg; 1mmol) and 4-dimethylaminopyridine (127mg;
1mmol). The solution was allowed to stir at room temperature for 24 h.
The crude reaction mixture was extracted three times using a saturated
aqueous NaHSO4 solution and three times using a saturated aqueous
NaHCO3. The organic phase was dried on MgSO4, filtered and con-
centrated using a rotary evaporator prior to precipitation from DCM
into cold heptane (Mn

MALDI= 3330 g.mol−1; ÐSEC=1.15). 1H NMR
(CDCl3, δ, ppm): 1.57 (d, 6n, −[COCHCH3O]2n-), 1.97 (t, 1, -CO
(CH2)2CCH), 2.18 (m, 2, BrCH2CH2CH2O-), 2.52 (td, 2,
-COCH2CH2CCH), 2.64 (t, 2, -COCH2CH2CCH), 3.43 (t, 2,
BrCH2(CH2)2O-), 4.29 (t, 2, Br(CH2)2CH2O-), 5.15 (m, 2n,
−[COCHCH3O]2n-).

2.1.4. Click coupling of the a-azido-ω-hydroxy and a-bromo-ω-alkyne
PLAs: preparation of (7)

In a glovebox under nitrogen pressure (O2 < 5 ppm;
H2O < 1 ppm), a glass vial was charged with α-azido-ω-hydroxy-PLA
(4) (Mn

MALDI= 3110 g.mol−1; 1 g; 3.2 10−4 mol), α-bromo-ω-alkyne-
PLA (6) (Mn

MALDI= 3330 g.mol−1; 1.07 g; 3.2 10−4 mol) and THF
(10mL). A second vial was charged with CuIBr (46mg; 3.2 10−4 mol),
THF (1mL) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) (55mg; 3.2 10−4 mol). 100 μL of the mixture from the
second vial were transferred to the first one. After 24 h under stirring,
THF was evaporated and the crude mixture was dissolved in DCM be-
fore being washed two times using a 100mM ethylenediaminete-
traacetic acid (EDTA) aqueous solution (adjusted to pH 7 using
NaHCO3). The organic phase was dried over MgSO4, filtered and con-
centrated using a rotary evaporator. The polymer (7) was recovered by
precipitation from DCM into cold heptane. 1H NMR (CDCl3, δ, ppm):
1.57 (d, 6n,−[COCHCH3O]2n-), 2.18 (m, 2, BrCH2CH2CH2O-), 2.25 (m,
2, NtriazoleCH2CH2CH2O-), 2.80 (t, 2, -COCH2CH2Ctriazole), 3.05 (t, 2,
NtriazoleCH2(CH2)2O-), 3.43 (t, 2, BrCH2(CH2)2O-), 4.17 (m, 2, Ntriazole

(CH2)2CH2O-), 4.29 (t, 2, Br(CH2)2CH2O-), 4.36 (m, 2,
-COCH2CH2Ctriazole), 4.36 (m, 1, -COCHCH3OH), 5.15 (m, 2n,
−[COCHCH3O]2n-), 7.4 (s, 1, -NtriazoleCHCtriazole-).

2.1.5. Preparation of (8)
For the preparation of polymer (8), the protocols used for the re-

action of (3) with sodium azide and then with pentynoic anhydride
were applied. See preparation of (4) and (6) for details. 1H NMR
(CDCl3, δ, ppm): 1.57 (d, 6n, −[COCHCH3O]2n-), 1.91 (m, 2,
N3CH2CH2CH2O-), 1.97 (t, 1, -CO(CH2)2CCH), 2.25 (m, 2,
NtriazoleCH2CH2CH2O-), 2.52 (td, 2, -COCH2CH2CCH), 2.64 (t, 2,
-COCH2CH2CCH), 2.80 (t, 2, -COCH2CH2Ctriazole), 3.05 (t, 2,
NtriazoleCH2(CH2)2O-), 3.38 (t, 2, N3CH2(CH2)2O-), 4.17 (m, 2, Ntriazole

(CH2)2CH2O-), 4.24 (t, 2, N3(CH2)2CH2O-), 4.36 (m, 2,
-COCH2CH2Ctriazole), 5.15 (m, 2n, −[COCHCH3O]2n-), 7.4 (s, 1,
-NtriazoleCHCtriazole-).

2.1.6. Preparation of bis-triazoled c-PLA (9)
In a glovebox under nitrogen pressure (O2 < 5 ppm;

H2O < 1 ppm), a solution of (8) (250mg; 0.042mmol) in THF (10mL)
and a solution of CuIBr (480mg; 3.4mmol) and PMDETA (580mg;
3.4 mmol) in THF (25 g) were prepared. The solution of (8) was then
injected using a syringe pump at a flow rate of 0.65mL/h in the catalyst
solution. THF was evaporated and the crude mixture was dissolved in
DCM before being washed using a 100mM EDTA aqueous solution
(adjusted to pH 7 using NaHCO3) until a colorless aqueous phase was
obtained. The organic phase was dried over MgSO4, filtered and con-
centrated using a rotary evaporator. The polymer (9) was recovered by
precipitation from DCM into cold heptane. 1H NMR (CDCl3, δ, ppm):
1.57 (d, 6n, −[COCHCH3O]2n-), 2.25 (m, 4, NtriazoleCH2CH2CH2O-),
2.80 (t, 4, -COCH2CH2Ctriazole), 3.05 (t, 4, NtriazoleCH2(CH2)2O-), 4.17

(m, 4, Ntriazole(CH2)2CH2O-), 4.36 (m, 4, -COCH2CH2Ctriazole), 5.15 (m,
2n, −[COCHCH3O]2n-), 7.4 (s, 2, -NtriazoleCHCtriazole-).

2.1.7. Functionalization of (9) with 4-iodo-1-butyne: preparation of (10)
A glass vial was charged with (9) (200mg; 0.033mmol), THF

(2mL) and 4-iodo-1-butyne (Supporting Information) (600mg;
3.33mmol). The mixture was heated to 80 °C for 2 weeks. The product
(10) was recovered by precipitation from THF into cold heptane. After
quaternization of the triazole, a statistical 40–50% conversion was es-
timated by 1H NMR, by the ratio of the signals at 7.40 (H-5 triazole
proton) and 9.15 ppm (H-5 triazolium proton).

2.1.8. Preparation of c-PLA-FA
A 100mL round-bottom flask was charged with (10) (130mg;

0.022mmol), FA-N3 (16mg; 0.022mmol), CuSO4 (7mg; 0.044mmol),
sodium ascorbate (17mg; 0.088mmol) and anhydrous DMF (3mL)
under inert atmosphere. The reaction mixture was stirred at room
temperature for 48 h. The product c-PLA-FA was recovered by pre-
cipitation in water, followed by centrifugation (12,000 rpm; 20min),
washing two times with deionized water and lyophilization. 1H NMR
(DMSO‑d6, δ, ppm): selected peaks 1.43 (d, 6n, −[COCHCH3O]2n-),
2.11 (m, CH2 FA), 2.25 (m, 4, NtriazoleCH2CH2CH2O-), 2.70 (m, CH2NH
FA), 2.86 (t, 4, -COCH2CH2Ctriazole), 3.03 (t, 4, NtriazoleCH2(CH2)2O-),
3.16 (m, CH2Ntriazole-FA), 3.47 (m, CH2O FA), 4.18 (m, 4, Ntriazole

(CH2)2CH2O-), 4.35 (m, 4, -COCH2CH2Ctriazole), 4.68 (m, CH2O FA), 4.74
(m, CH2Ntriazolium), 5.15 (m, 2n, −[COCHCH3O]2n), 6.51 (s, H FA), 6.62
(s, H FA), 6.85 (s, H FA), 7.31 (d, 2H, J=3Hz, Ar H FA) 7.36 (s, 1,
-NtriazoleCHCtriazole-), 7.62 (bs, H FA), 7.83 (m, H FA), 7.98 (m, H FA), 8.30
(s, H FA), 8.48 (bs, H FA), 8.73 (s, H FA), 8.78 (s, -NtriazoliumCHCtriazole-),
8.82 (s, H FA).

2.1.9. Preparation of c-PLA-Rhod
A 100mL round-bottom flask was charged with (10) (130mg;

0.022mmol), Rhod-N3 (8.5 mg; 0.012mmol) and THF (2mL). On the
other hand, a solution of 35mg of CuBr and 43 μL PMDETA in 1mL
THF was prepared. 100 μL of this solution were added to 0.9 mL of THF
(x10 dilution), and 100 μL of the diluted solution were added to the
reaction mixture. THF was evaporated and the crude mixture was dis-
solved in dichloromethane. The organic phase was washed 5 times with
a 100mM EDTA aqueous solution (adjusted to pH 7 using NaHCO3).
The organic phase was dried over MgSO4, filtered and concentrated
using a rotary evaporator. The product c-PLA-Rhod was recovered by
precipitation from DCM into cold heptane. 1H NMR (CDCl3, δ, ppm):
selected peaks 1.31 (m, CH3 Rhod), 1.57 (d, 6n, −[COCHCH3O]2n-),
2.24 (t, 4, NtriazoleCH2CH2CH2O-), 2.79 (t, 4, -COCH2CH2Ctriazole), 3.04
(t, 4, NtriazoleCH2(CH2)2O-), 3.44 (m, CH2N Rhod), 3.49 (s, CH2Ntriazole-

Rhod), 3.59 (m, CH2N Rhod), 4.06–4.37 (m, 4, Ntriazole(CH2)2CH2O; m, 4,
-COCH2CH2Ctriazole; m, CH2O Rhod), 4.76–4.90 (m, CH2Ntriazolium), 5.15
(m, 2n, −[COCHCH3O]2n-), 6.73 (s, Ar H Rhod), 6.87 (d, Ar H Rhod,
J=6Hz), 7.15 (d, Ar H Rhod, J=6Hz), 7.22 (m, Ar H Rhod), 7.36 (d, Ar
H Rhod, J=3Hz), 7.40 (s, 1, -NtriazoleCHCtriazole-), 7.74 (m, Ar H Rhod),
8.04 (d, Ar H Rhod, J=3Hz), 8.54 (m, Ar H Rhod).

2.1.10. Preparation of c-PLA-Rhod/Sal NPs
Sal (acidic form) was obtained from its commercially available so-

dium salt [34] and was loaded into c-PLA-Rhod NPs by nanoprecipi-
tation, as follows: An organic solution of c-PLA-Rhod (50mg) and Sal
(5 mg) in acetone (10mL) was added dropwise in 20mL of ultrapure
water under moderate magnetic stirring at room temperature. The or-
ganic solvent was evaporated by continuous stirring during 24 h.
Afterwards, the opalescent solution was centrifuged (13,000 rpm,
20min); the supernatant was collected, dialyzed against water and
lyophilized to obtain c-PLA-Rhod/Sal NPs. Similarly, blank c-PLA-
Rhod NPs were prepared using the same technique, without addition of
the drug.
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2.1.11. Preparation of c-PLA-FA/Sal NPs
A modified nanoprecipitation technique was used for the prepara-

tion of c-PLA-FA/Sal NPs due to the poor solubility in acetone. Briefly,
30 mg of c-PLA-FA and 3mg of Sal were dissolved in 1mL of di-
methylsulfoxide. The organic solution was added dropwise in 30mL of
ultrapure water under moderate magnetic stirring at room temperature.
The suspension was stirred for 3 h, followed by centrifugation
(13,000 rpm, 20min). The solid was washed three times with deionized
water and eventually lyophilized. Similarly, blank c-PLA-FA NPs were
prepared using the same technique, without addition of the drug.

2.2. Drug loading

The amount of Sal in the NPs was determined by a suitable GPC
method [41]. To evaluate the drug content and loading efficiency, a
weighed amount of Sal-loaded NPs was dissolved in 1mL of THF and
analysed by means of GPC apparatus. The Sal loading was calculated
from the best-fit equation obtained analyzing five mixtures of c-PLA-
FA/Sal (or c-PLA-Rhod/Sal) at known content. For each analysis, the
intensity ratio between Sal and c-PLA-FA (or c-PLA-Rhod) signals was
evaluated and correlated with its analytical amount. The following
equations were used to calculate drug content and drug loading effi-
ciency:

– Drug content (%)= (Drug weight in the NPs/Weight of the drug-
loaded NPs) x 100.

– Drug loading efficiency (%)= (Drug weight in the NPs/Weight of
drug used in the formulation) x 100.

3. Results and discussion

3.1. Synthesis of open-chain precursors and bis-triazolium-based cycloPLA

The synthetic strategy for the preparation of multi-triazolium-based
c-PLA (Scheme 1) involves the preparation of well-defined α,ω-het-
erodifunctional linear precursors with complementary functionalities
for the subsequent click coupling. Specifically, the ROP of L-lactide (2)

with a bromo-functionalized initiator (3-bromo-1-propanol (1)) cata-
lyzed by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) ([L-LA]0/[ROH]0/
[DBU]0= 20/1/1) yielded the α-bromo-ω-hydroxy-PLA (3) which was
converted alternately into the α-azido-ω-hydroxy-PLA (4) and into the
α-bromo-ω-alkyne-PLA (6), by reaction with sodium azide or pentynoic
anhydride (5), respectively (Scheme 1).

Molecular characterizations of the open-chain precursors are sum-
marized in Table 1; SEC analyses verified the narrow dispersities (Mw/
Mn=ÐM≤ 1.20) pointing out the control of the reactions.

The post-polymerization click coupling of the complementary azide
and alkyne end-groups of (4) and (6) was performed in THF in the
presence of CuBr/PMDETA leading to (7). 1H NMR analysis (ESI)
confirmed the success of the coupling by: a) the disappearance of the ω-
alkyne proton at 1.97 ppm; b) the shifts of the signals of α-azido-
methylene protons (from 3.38 to 3.05 ppm) and propargylic methylene
protons (from 2.52 to 4.36 ppm); c) the presence of the new signal at
7.40 ppm, typical for H-5 proton of triazole. Furthermore, the α-bromo
and ω-hydroxyl end-groups of (7) were converted into α-azide and ω-
alkyne, respectively, yielding (8), which underwent the final ring clo-
sure by intramolecular CuAAC click reaction to obtain the bis-triazo-
lium-based c-PLA (9, ÐM=1.52) (Scheme 1). The cyclization was
carried out in pseudo-high diluted conditions by a continuous dropwise
addition of a solution of (8) in deoxygenated THF into a deoxygenated
solution of THF containing CuBr and PMDETA (injection rate: 0.65mL/
h).

Scheme 1. Multi-step synthesis of bis-triazoled c-PLA (9) and subsequent Menshutkin reaction to (10). Reagents and conditions: a) DBU, DCM, rt., 2 min; b) NaN3,
dry CH3CN, reflux, 24 h; c) Pentynoic anhydride (5), DMAP, DCM, rt., 24 h; d) CuBr, PMDETA, THF, rt., 16 h; e) 4-iodo-1-butyne, THF, 80 °C, two weeks.

Table 1
Molecular characterizations of open-chain precursors 3–8.

Mn
(MALDI)

g mol−1
Mn

(SEC, app)a

g mol−1
ÐM

(SEC)a

(3) 3170 5780 1.15
(4) 3110 5800 1.18
(6) 3330 6050 1.15
(7) 5400 10,970 1.20
(8) 5800 10,780 1.20

a As determined by SEC in THF at 35 °C. PS standards were used for cali-
bration.
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After purification, (9) was characterized by 1H NMR, SEC and
MALDI-ToF MS analyses. The 1H NMR spectrum (ESI) confirmed the
cyclization since the resonance relative to the azidomethylene protons
was upfield shifted from 3.38 to 3.05 ppm; the signal relative to the
-CH2C≡ CH protons was downfield shifted from 2.54 to 4.36 ppm, as a
consequence of the click coupling. The SEC chromatogram (Fig. S1)
revealed a shift of the molar mass distribution of c-PLA (9) to higher
elution volume with respect to the open-chain precursor (8) [Mn

SEC,app

(c-PLA 9)= 8880 gmol−1; ĐM 1.62; Mn
SEC,app (linear PLA

8)= 10,630 gmol−1; ĐM 1.17] together with a shoulder in the SEC
trace at low retention times. It's well known that the cyclization leads to
a more compact coil conformation that results in a smaller hydro-
dynamic volume and, as a consequence, higher retention time in SEC
analyses. Moreover, the synthesis of macrocycles is generally accom-
panied by the presence of impurities (i.e. linear chains or longer cycles).
The deconvolution of the SEC chromatogram estimated a level of im-
purity close to 25mol%. Since the NMR analysis excluded the presence
of protons related to azide and alkyne end-groups, those entities could
be interconnected chains, giant macrocycles, or catenanes [42]. As
expected, MALDI-ToF MS spectra revealed no major differences before
and after cyclization, since (8) and (9) are isomers (Fig. S2).

The triazole nodes of (9) were quaternized at N-3 by Menshutkin
reaction with 4-iodo-1-butyne leading to a jellyfish-shaped structure
(10, ÐM=1.53) based on a c-PLA inner-core functionalized by alkyne
functions on the arms (Scheme 1). A statistical 40–50% conversion was
estimated by 1H NMR comparing the peaks at 7.40 (triazole H-5) and
9.15 ppm (triazolium H-5). Such a partial conversion indicates the
presence of a mixture of doubly and simply quaternized c-PLA. The
insertion of the butyne moiety on c-PLA (9) was also confirmed by

MALDI-ToF analysis (Fig. 2). It is worth to note that due to the se-
lectivity of MALDI-MS analyses for singly charged ions and under the
experimental conditions used for the analysis, only a shift of m/z 30
(+53 [MW C4H5

+] – 23 [MW Na+]) was observed by analyzing (10),
attesting the presence of at least monofunctionalized c-PLA.

3.2. Functionalization of bis-triazoled c-PLA

To give targeting and fluorescence properties [43], (10) was deco-
rated with folic acid (FA) and rhodamine (Rhod), respectively, properly
functionalized with an azide group, exploiting the jellyfish alkyne arms
(Fig. 1).

The synthesis of FA-N3 (Scheme S1) was accomplished by amide
coupling protocol, according to a previously reported procedure [44].
To ensure the high affinity for the FR-α receptor, the FA γ-carboxyl
moiety was covalently linked to the free amine group of N-(2-(2-(2-
aminoethoxy)ethoxy)ethyl)-4-(azidomethyl)benzamide.

The synthetic strategy for the preparation of Rhod-N3 (Scheme S2)
entailed the esterification of the carboxylic group of Rhodamine B with
4-(azidomethyl)-N-(2-hydroxyethyl)benzamide, prepared by reaction of
4-(azidomethyl)benzoic acid [45] with ethanolamine. The esterification
of the 2-carboxy function at the phenyl ring of Rhodamine B resulted
advantageous respect to the amidation with primary amines preventing
the formation of non-fluorescent spirolactams (due to addition of the
NH group across the tetrasubstituted C9=C8a/8b bond in the central
xanthene ring) [46].

The structures of FA-N3 and Rhod-N3 were confirmed by NMR and
MALDI-ToF analysis (Figs. S3 and S4).

The click labelling of (10) with FA-N3 or Rhod-N3 led to c-PLA-FA

Fig. 2. MALDI-MS analysis of (10) compared to (9). NaI was used as cationizing agent. No cationizing agent was required after quaternization of the triazole.
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and c-PLA-Rhod, whose structures were confirmed by 1H NMR, FT-IR
(Figs. S5 and S6) and by SEC analysis, using a differential refractometer
and a UV–visible as detectors (set at 280 nm and 360 nm for c-PLA-FA;
at 550 nm for c-PLA-Rhod) connected in parallel (Fig. S7). Furthermore,
the dispersities (ÐM) of c-PLA-FA and c-PLA-Rhod measured by SEC
resulted 1.52 and 1.53, respectively.

3.3. Preparation and characterization of c-PLA nanoparticles

The use of nanoparticles in different cancer treatment strategies has
gained increasing importance due to the recent advancement in nano-
technology, which allows the application of nanomaterials for cancer
diagnosis and therapy [47]. Currently, there is an ever-growing litera-
ture pointing to the possible role of Sal-loaded drug delivery nanosys-
tems in cancer therapy and, specifically, in osteosarcoma targeting
[41,48–49]. Based on these considerations, functionalized c-PLA na-
noparticles (NPs) loaded with Sal were prepared with a 10:1 polymer:
drug ratio by nanoprecipitation, using acetone (c-PLA-Rhod/Sal NPs)
or DMSO (c-PLA-FA/Sal NPs), due to the poor solubility of c-PLA-FA.
The drug loading, calculated by a suitable and straightforward GPC
method [41], resulted 7.1% and 7.6% for c-PLA-FA/Sal NPs and c-

PLA-Rhod/Sal NPs, respectively. The encapsulation efficiency was
estimated to be 79% and 84%, respectively. The particle size was de-
termined by DLS measurements on either Sal-loaded and unloaded
(“empty”) NPs. Unloaded c-PLA-FA NPs and c-PLA-Rhod NPs showed
a hydrodynamic radius (Rh) of 210 nm and 190 nm, respectively; those
values became 385 nm and 125 nm, respectively, when Sal was loaded
into the c-PLA-based NPs. Drug incorporation increased size value of c-
PLA-FA/Sal NPs with respect to the empty NPs, as expected [44].
Whereas the decrease of Rh value of c-PLA-Rhod/Sal NPs could be
tentatively ascribed to the formation of compacted smaller nanos-
tructures due to an increased colloidal stability [50] derived from a
different shear stress and a different viscosity of organic/aqueous
phases during emulsification, since two different nanoprecipitation
techniques were employed for the preparation of c-PLA-FA/Sal NPs and
c-PLA-Rhod/Sal NPs (due to the poor solubility of folate-decorated c-
PLA in acetone) [51].

3.4. Biological studies

In order to characterize the biological properties of the newly syn-
thesized materials (c-PLA; c-PLA-FA and c-PLA-Rhod), a preliminary in

Fig. 3. MG63 viability analysis. MTT assay was performed
after 72 h of culture. The data showed the % of live cells
compared to the control, cells only, and the mean ±
standard error are presented. Graph A and B showed the
viability of cells grown with different concentration of c-
PLA and c-PLA-FA NPs. (*p≤ .05; **p≤ .01; ***p≤ .001;
****p≤ .0001).

Fig. 4. Sarcosphere characterization. Morphological analysis of enriched CSCs: (A) bright field image showing spheroid phenotype, scale bar 200 μm and (B) nuclear
staining with DAPI, scale bar 50 μm. Immunofluorescence staining of Oct4, (C) in green cellular localization of Oct4, scale bar 50 μm and (D) merged image of nuclear
and Oct4 staining, scale bar 50 μm. (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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vitro study of the efficacy of the proposed delivery system was per-
formed, focusing on their cellular uptake and cytotoxic effects on os-
teosarcoma CSCs. First, the cytotoxicity of c-PLA and c-PLA-FA NPs (15,
50, 100 and 200 μg/mL) was assessed by MTT test after 72 h in culture
with osteosarcoma cell line MG63 model using doxorubicin (DOX) as
positive control and compared with the viability of cells only, used as a
negative control (Fig. 3).

Native c-PLA did not compromise the MG63 viability, as expected,
even at the highest tested concentration, (Fig. 3A); whereas an un-
expected cytotoxic effect (apparently concentration-independent) was
observed for c-PLA-FA NPs (Fig. 3B). MG63 cells express low level of
folic receptors, so we could suppose that our folate-decorated NPs
might enter the cells through other pathways. In other words, the
decoration of NPs with folate induced cytotoxicity probably due to the
change of hydrophilic/lipophilic balance and/or to the surface charge,
since no significant tumor targeting is expected for MG63 with low level
of folate receptors.

With the aim to assess the effect of our materials on osteosarcoma
CSCs, sarcospheres formation, starting from MG63 cell line, was in-
duced.

Following a well-established procedure [27], enriched CSCs were

obtained in vitro and maintained in culture for 10 days. These cells
were then characterized in order to confirm the stemness properties.

The morphological evaluation confirmed the formation of stable
spheroids (Fig. 4 A and B), with characteristic in vitro CSCs phenotype.
Moreover, the sarcopheres showed high level of Oct4 expression (Fig. 4
C and D), one of the principal markers identifying CSCs [52,53].

To evaluate NPs internalization, enriched CSCs were cultured with
c-PLA-Rhod NPs (200 μg/mL) and the fate of the red-fluorescent NPs
was monitored with a fluorescent microscopy. After 2 h of culture, c-
PLA-Rhod NPs were completely internalized by the cells (Fig. 5) and the
presence of fluorescent NPs inside the sarcospheres remained stable till
72 h.

To investigate the anti-CSCs properties of c-PLA based materials,
enriched CSCs were cultured in the presence of c-PLA, c-PLA-FA and c-
PLA-Rhod NPs. Unloaded and Sal-loaded NPs were investigated by Live
&Dead assay and MTT test, using free Sal as a positive control.

The qualitative evaluation of CSCs viability assessed by Live&Dead
assay (Fig. 6) showed the absence of cytotoxic effect on CSCs after 24 h
of culture (left panel): the number of dead cells (in red) was low and the
cells maintained the spheroid phenotype. Differently, after 72 h the
number of sarcospheres decreased and a high number of single dead

Fig. 5. CSCs uptake. Bright field, tritc filtered and merged images, after 0, 2, 24 and 72 h of culture with c-PLA-Rhod NPs 200 μg/mL. Scale bars 100 μm.

R. Liénard, et al. Materials Science & Engineering C 117 (2020) 111291

7



cells was observed (Fig. 6; 72 h, right panel). This behaviour was de-
tected for all the investigated materials (c-PLA, c-PLA-FA/Sal NPs and c-
PLA-FA NPs) and for free Sal (15 μg/mL) compared to the control CSCs.
In detail, the highest cytotoxicity was detected for c-PLA-FA NPs with or
without Sal loaded.

The quantitative evaluation of the cell viability (Fig. 7) surprisingly
ascertained that c-PLA showed a dose-dependent effect: at 200 μg/mL c-
PLA compromised significantly CSCs viability compared to CSCs only
(p≤ .05). Unexpected performances were observed for both c-PLA-FA
and c-PLA-Rhod NPs. Specifically, c-PLA-Rhod NPs induced a higher
effect (p≤ .0001 compared to CSCs only) and, most importantly, the
cytotoxic effect increased after Sal loading with statistically significant
difference (c-PLA-Rhod/Sal NPs versus c-PLA-Rhod NPs p= .0002, t-
test). c-PLA-Rhod/Sal NPs and c-PLA-FA/Sal NPs ([Sal]= 15 μg/mL)
showed an effect even higher than free Sal 15 μg/mL (p≤ 0.001).
However, no statistically significant difference was reported between c-
PLA-FA NPs and c-PLA-FA/Sal NPs, suggesting that the highest effect

induced by c-PLA-FA NPs cannot be further increased by Sal loading.
In summary, targeting CSCs by smart drug delivery nanosystems

turned out to be very crucial for achieving better therapeutic efficacy
towards osteosarcoma. In fact, the development of effective strategies
for osteosarcoma targeting is a widely investigated area [36,49]. Dif-
ferent polymers functionalized with specific aptamers (i.e., CD133 and
EGFR aptamers) and loaded with Salinomycin have been investigated
towards osteosarcoma CSCs, so far, revealing that this is a promising
strategy [36]. In this context, our work highlighted that the functio-
nalization with folate seemed to not assure any evident targeting effect
towards osteosarcoma CSCs, whereas c-PLA emerged as a versatile
polymeric substrate to be decorated with alternative targeting agents,
i.e. CD133 aptamer, in our future investigations.

4. Conclusions

The macrocyclic polyesters herein synthetized and investigated

Fig. 6. Live&Dead assay. CSCs grew for 24 and 72 h with 200 μg/mL c-PLA and c-PLA-FA NPs without and with Sal loaded (Sal concentration: 15 μg/mL), 15 μg/mL
of free Sal and in standard conditions (CSCs only), were analysed for viability by the Live&Dead assay. Calcein AM stains for live cells in green, EthD-1 stains for dead
cells in red, Hoechst stains for nuclei in blue. Scale bars 100 μm. (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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below to a class of synthetic polymers, that includes “tadpole” and
“jellyfish” structures based on a poly(L-lactide) macrocyclic inner-core
grafted by alkyl chains. Such tricky architectures are obtained by multi-
step hard-working synthetic processes, that require high dilution to
obtain good cyclization yields avoiding competing reactions, and
challenging purifications to isolate pure macrocycles. Specifically, we
described novel bis-triazolium-based cyclopolylactides obtained by click
ring-closure of well-defined α, ω-heterodifunctional linear precursors,
followed by quaternarization of N3-triazole nodes with 4-iodo-butyne
and subsequent CuAAC with azido-folate and azido-rhodamine. The
newly synthesized materials were fully characterized by 1H NMR, SEC
and MALDI-ToF analyses.

Salinomycin was loaded into jellyfish-shaped c-PLA-FA and c-PLA-
Rhod nanoparticles and their antiproliferative effects on osteosarcoma
bulk MG63 and osteosarcoma cancer stem cells were investigated,
pointing out that c-PLA-based nanoparticles killed CSCs and MG63,
with a higher efficacy on CSCs.

Altogether, our findings suggest that c-PLA-based NPs possess
unusual and interesting properties in affecting the osteosarcoma cancer
stem cells fate. We assume that the peculiar jellyfish architecture of c-
PLA, associated with the positive charges on the polymer backbone,
confers unique physical-chemical features, stimulating a fast cellular
uptake (within 2 h) and inducing an effect on osteosarcoma cells whose
mechanism is uncertained and worthy of being further explored.
Considering that no significant synergic effects arises from the combi-
nation of jellyfish-shaped c-PLA with Salinomycin, we suppose that the
inhibition pathway could be similar to that of Salinomycin.

The preliminary outcomes of this work will be used to focus our
future investigations on native c-PLA, in particular a deepen study on its
biocompatibility towards non-cancer cells and a broaden biological
evaluation (including antimicrobial properties) are planned in the near
future, together with alternative decoration of c-PLA with aptamers
more specific for OS CSCs targeting (i.e., CD133 and EGFR).

Overall, this study highlights the expanding potential of positive
charged jellyfish c-PLA as anti-CSC agent and opens new opportunities

in the development of polymeric structures. In fact, our synthetic pro-
tocol can be opportunely adapted to obtain a higher number of arms
grafted to the cycle, leading to more complex topologies, thus con-
tributing to the design of novel multifunctionalized macromolecular
architectures.
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