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improved drug stability and bioavailability. [ 1–12 ]  The 
nanoscale dimension of the micelles is well documented 
to contribute to the passive tumor targeting, facilitated 
drug permeation across biological barriers, and prolonged 
lifetime in the blood circulation. [ 1–12 ]  To date, most amphi-
philic block co-polymers are based on the hydrophobic 
polyesters and hydrophilic poly(ethylene glycol) (PEG). 
Polyesters, exemplifi ed by poly(lactic acid) (PLA), 
poly(glycolic acid) (PGA), poly(ε-caprolactone) (PCL), and 
poly(lactic- co -glycolic acid) (PLGA), display desired bio-
compatibility and biodegradability, and thus serve as ideal 
materials to construct the hydrophobic core of micelles 
for the encapsulation of lipophilic drugs. [ 13–26 ]  PEG dem-
onstrates excellent biocompatibility and it forms a hydro-
philic corona around the micelles, thereby reducing the 
nonspecifi c adhesion of blood components onto micelle 
surfaces that ultimately leads to phagocytosis. [ 27 ]  How-
ever, PEG is nondegradable in vivo; it can interfere with 
the interaction between micelles and target cells and 
thus compromise the drug delivery effi ciency. [ 28–31 ]  Sev-
eral other hydrophilic polymers, such as poly( N -isopro-
pylacrylamide) (PNIPAAm), poly(acrylic acid) (PAA), and 
poly( N,N -dimethylaminoethylacrylate) (PDMAEA), have 
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  1.     Introduction 

 Polymeric micelles, composed of amphiphilic block co-
polymers to form a hydrophobic core and a surrounding 
hydrophilic shell, have attracted signifi cant attention 
for the delivery of poorly water-soluble drugs as well as 
therapeutic genes and proteins, leading to substantially 
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also been explored and utilized as the hydrophilic building 
block of micelles. [ 32–34 ]  Although encouraging results 
have been obtained for these micelles when used as drug 
delivery systems, the in vivo safety profi les of these nonde-
gradable polymers are yet to be established and concerns 
still remain regarding their potential latent immuno-
genicity and antigenicity, and diffi culties with renal 
excretion. [ 32–34 ]  To this end, micelles composed entirely of 
degradable polyesters would be attractive alternatives to 
these afore-mentioned polyester-based micelles, which 
can effectively encapsulate and deliver the lipophilic 
drugs and then allow degradation in vivo. Additionally, 
considering that hydrophilic polymers such as poly[ N -
(2-hydroxypropyl)methacrylamide] (HPMA), poly(amino 
acid), zwitterionic polymer, and polysaccharide could serve 
as alternatives to PEG to impart stealth functions, [ 35 ]  it is 
expected that water-soluble polyester with strong hydro-
philicity might also bring stealth functions to micelles to 
allow long circulation and improve pharmacokinetics of 
therapeutic cargos. 

 To realize such design strategy, it necessitates the syn-
thesis of water-soluble polyester segment that can act 
as the hydrophilic shell. Ideally, the hydrophilic poly-
ester needs to be noncharged to prevent nonspecifi c 
tissue interactions as well as to prolong the circulation 
half-life when applied in vivo. In traditional approaches, 
preparation of water-soluble polyesters is synthetically 
challenging due to the lack of side-chain functionalities. 
Recently, a novel strategy has been developed to synthe-
size side-chain-functionalized polyesters via ring-opening 
polymerization (ROP) of fi ve-membered-ring  O -carboxy-
anhydrides (OCAs) derived from amino acids. [ 36–42 ]  By 
taking advantage of this strategy, we have developed 
a new water-soluble polyester with pendant hydroxyl 
groups via the living ROP of  O -benzyl- L -serine carboxy-
anhydrides. [ 39 ]  We have also synthesized side-chain-func-
tionalized polyester with pendant alkyne groups that are 
liable to post-functionalization by Huisgen 1,3-dipolar 
cycloaddition or thiol-yne “Click” reactions. [ 43–45 ]  In this 
regards, a variety of functional moieties such as targeting 
ligands, antibodies, and sugars can be readily incorpo-
rated onto the polymer side chains, rendering it not only 
hydrophilicity but also specifi c biological function. 

 With the controlled ROP of OCAs, a novel amphiphilic 
diblock copolymer poly(Lac-OCA)- b -(poly(Tyr(alkynyl)-
OCA)- g -mannose) (PLA- b -(PTA- g -mannose)) is herein 
developed to construct polymeric micelles that are com-
posed entirely of biocompatible and biodegradable poly-
esters. Controlled ROP of  L -LacOCA fi rst yields the hydro-
phobic poly(Lac-OCA) block, and the terminal hydroxyl 
further initiated the controlled ROP of Tyr(alkynyl)-OCA 
to obtain the PTA block bearing alkyne side groups. The 
subsequent introduction of mannose residues via the 
highly effi cient “Click” chemistry endows the PTA block 

with hydrophilicity, and thus the core–shell micelles are 
constructed from the amphiphilic PLA- b -(PTA- g -mannose) 
and used as delivery vehicles for doxorubicin (DOX), a 
lipophilic anticancer drug. The mannose ligand not only 
stabilizes the micelles under physiological conditions, 
but also allows active targeting to cancer cells expressing 
mannose receptors to potentiate the anticancer effi cacy.  

  2.     Results and Discussion 

  2.1.     Characterization of PLA- b -(PTA- g -Mannose) 

 Well-defi ned PLA- b -PTA copolymer was prepared via a two-
step sequential ROP of L-lacOCA and Tyr(alkynyl)-OCA that 
were reported previously. [ 39 ]  PLA was fi rst polymerized 
from L-lacOCA with pyrenebutanol as the initiator 
and 4-dimethyl aminopyridine (DMAP) as the catalyst 
(Figure  1 B). After a 16-h reaction, hydroxyl-terminated PLA 
with the degree of polymerization (DP) of 30 was obtained, 
which subsequently initiated the ROP of Tyr(alkynyl)-OCA 
to yield the diblock PLA- b -PTA.  1 H NMR was fi rst used to con-
fi rm the structure of the polymers. As shown in Figure S1 
(Supporting Information), the signals around 1.60 and 
5.18 ppm corresponded to the resonance of methyl and 
methine protons of PLA, respectively, and representative 
resonance peaks (a–f) of PTA were also noted in the NMR 
spectrum of PLA- b -PTA. Gel permeation chromatography 
(GPC) analyses further revealed that  M  n  values of the 
resulting PLA and PLA- b -PTA at different M/I ratios (10, 30, 
and 50 for Tyr(alkynyl)-OCA) well agreed with the expected 
MWs, and they all showed narrow molecular weight distri-
butions (MWDs, <1.1, Figure  1 C and Figure S2, Supporting 
Information), which collectively demonstrated that DMAP 
mediated well-controlled ROP of OCA.  

 PLA- b -(PTA- g -mannose) was then prepared by grafting 
azido mannose ( M5 ) onto the PTA block via the azide–
alkyne Huisgen cycloaddition “Click” reaction. [ 46 ]  Prior 
to this,  M5  was fi rst synthesized as shown in Figure  1 A. 
Briefl y, D-mannose was globally protected with acetic 
anhydride to produce acylated compound  M2 .  M2  was 
then treated with 2-bromoethanol under Lewis acid-
mediated conditions followed by treatment with NaN 3  in 
DMF at 60 °C for 6 h to yield the azide intermediate  M4 . 
 M5  was then prepared upon de -O -acetylation of  M4  with 
sodium methoxide in methanol. Catalyzed by CuBr and 
 N , N , N′ , N″ , N″ -pentamethyldiethylenetriamine (PMDETA), 
 M5  was conjugated to alkynyl-functionalized PLA- b -PTA 
to obtain the fi nal amphipathic polyesters, PLA- b -(PTA-
 g -mannose) (Figure  1 B).  1 H NMR spectrum showed the 
triazole peak at 8.13 ppm and the multiple peaks from 3.3 
to 5.0 ppm that corresponded to the protons of the azide 
mannose (Figure S1, Supporting Information), which con-
fi rmed the success of the “Click” reaction and existence of 
the mannose moiety in the PLA- b -(PTA- g -mannose).  
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  2.2.     Characterization of Micelles 

 Core–shell polymeric micelles were then prepared from 
the amphiphilic PLA- b -(PTA- g -mannose), which pos-
sessed a hydrophobic PLA core and a hydrophilic PTA-
 g -mannose shell. To prepare the micelles, the polymer 
(10 mg) was fi rst dissolved in DMSO (2 mL), a good sol-
vent for both the hydrophobic and the hydrophilic blocks, 
followed by addition of water (20 mL) under vigorous 
stirring. The freshly prepared micelles were further char-
acterized by dynamic light scattering (DLS). As shown in 
Table S1 (Supporting Information), the micelles possessed 
hydrodynamic diameters of 80–130 nm, and an increase 
in the length of the hydrophilic PTA- g -mannose block 
led to increased particle size, presumably due to forma-
tion of a thicker hydrophilic out-layer. Transmission 
scanning microscopy (TEM) observation revealed similar 
particle size to DLS measurements, and spherical mor-
phology was noted for assembled micelles in the aqueous 
solution (Figure  2 A). Apart from the spherical shape 
obtained here, worm-like micelles might be achieved at 
a particular PLA/PTA ratio in the block copolymer, which 
could afford better performance than spherical micelles 
in terms of drug loading, systemic circulation, and cancer 
targeting. [ 47,48 ]   

 The critical micelle concentration (CMC) represents 
one of the most important parameters related to micellar 
stability, and thus was further determined by using Nile 

Red (NR) as a fl uorescence probe. [ 49 ]  As shown in Table S1 
(Supporting Information) and Figure S3 (Supporting Infor-
mation), all the PLA- b -(PTA- g -mannose) copolymers dem-
onstrated low CMC values, and a decrease in the length of 
the hydrophilic PTA- g -mannose block led to a decrease in 
CMC values, indicating that shorter PTA- g -mannose block 
facilitated the formation of micelles due to higher hydro-
phobic interactions in the core. After incubation with PBS 
or cell culture media at 10-fold volume, unappreciable 
alteration in the diameter of the PLA 30 - b -(PTA 10 - g -man-
nose) micelles was noted (Figure  2 C), indicating desired 
stability of these polyester-based micelles. 

 DOX is one of the most potent anticancer drugs in the 
treatment of different types of solid malignant tumors 
and is known to inhibit macromolecular biosynthesis 
by intercalating DNA. [ 50 ]  Thus, DOX was selected as a 
model hydrophobic anticancer drug to evaluate the drug 
loading and release profi les of the polyester micelles. 
Drug encapsulation into micelles cores via physical 
entrapment is mainly driven by the hydrophobic inter-
actions between the drug and the hydrophobic com-
ponents of polymers. [ 51 ]  Therefore, we selected PLA 30 -
 b -PTA 10  with the highest hydrophobic content to monitor 
the drug loading and release properties. At the theoret-
ical drug- loading capacity (DLC) of 10%, DOX was well 
encapsulated into the PLA 30 - b -PTA 10  micelles at a loading 
effi ciency of 51%, thus achieving the experimental DLC 
of 5.1%. Diameter of the micelles slightly increased to 
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 Figure 1.    Synthesis of PLA- b -(PTA- g -mannose). A) Synthetic route of azido mannose ( M5 ). B) Synthetic route of PLA- b -(PTA- g -mannose) via 
ROP of LacOCA and Tyr(alkynyl)-OCA with DMAP as the catalyst. C) MWs and PDI of PLA- b -(PTA- g -mannose). 
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≈170 nm after drug loading, as measured by both DLS 
and TEM (Figure  2 B). 

 The therapeutic index of anticancer drugs is closely 
related to their release behaviors from the delivery system. 
pH of the blood is neutral (≈7.2), while pH in the endo-
somal/lysosomal compartments of cancer cells is acidic 
(5.0–5.5). As such, the in vitro release studies on DOX-
loaded micelles were carried out in phosphate buffer solu-
tion (pH 7.2) and acetate buffer solution (pH 5.4). As shown 
in Figure  2 D, only 20% of the encapsulated DOX was 
released at pH 7.2 within 48 h. Comparatively, a notably 
faster DOX release was observed at pH 5.4, achieving a 
cumulative release amount of 80% within 48 h. Such dis-
parities indicated that DOX release from PLA 30 - b -PTA 10  
micelles was pH dependent, which may be attributed 
to the enhanced DOX solubility at lower pH. [ 52 ]  The pH-
dependent release profi le thus allowed DOX to be encapsu-
lated in the micelles during circulation in the blood while 
after reaching the acidic tumor sites and endosomal/lyso-
somal compartments inside the tumor cells, DOX could be 
extensively released to exert anticancer effi cacy.  

  2.3.     Cellular Internalization of Micelles 

 Human lung adenocarcinoma (A549) and hepatocellular 
carcinoma (HepG-2) cell lines that express mannose recep-
tors were selected to probe the delivery effi ciency and 
anticancer effi cacy of DOX-loaded polyester micelles in 
vitro. [ 53,54 ]  As shown in Figure  3 A,B, DOX-loaded micelles 
showed comparable cell uptake levels to free DOX in 
HepG-2 cells while slightly higher uptake levels in A549 
cells, and the uptake level increased with the incubation 
time and feeding amount. To verify the mannose receptor-
mediated targeting effect of micelles, we performed the cell 
uptake study in the presence of free mannose. As shown 
in Figure  3 C, an increase in the free mannose concentra-
tion signifi cantly reduced the cell uptake level of DOX-
micelles but not free DOX, which substantiated our design 
hypothesis that mannose-containing micelles targeted to 
cell membranes via recognition of mannose receptors that 
could be competitively occupied by free mannose. Because 
the intracellular kinetics is closely related to the inter-
nalization pathways, we then probed the mechanisms 
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 Figure 2.    Characterization of PLA 30 - b -(PTA 10 - g -mannose) micelles. TEM image and size distribution (inset) of blank micelles (A) and DOX-
loaded micelles (B). C) Stability of micelles following incubation in PBS or cell culture media. D) In vitro DOX release profi les from DOX-
loaded micelles at different pH values (7.2 and 5.4) and 37 °C.
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underlying the cellular internalization of DOX-loaded 
micelles by performing the cell uptake study in the pres-
ence of various endocytic inhibitors. NaN 3 /deoxyglu-
cose (DOG) completely block endocytosis by depleting 
the energy; chlorpromazine inhibits clathrin-mediated 
endocytosis (CME) by triggering the dissociation of the 
clathrin lattice; genisteine and methyl-β-cyclodextrin 
(mβCD) inhibit caveolae by inhibiting tyrosine kinase and 
depleting cholesterol, respectively; dynasore inhibits both 
CME and caveolae by inhibiting dynamin; wortmannin 
inhibits macropinocytosis by inhibiting phosphatidyl 
inositol-3-phosphate. [ 55,56 ]  As shown in Figure  3 D, the cell 
uptake level of DOX-micelles was inhibited by 70%–80% 
by NaN 3 /DOG, suggesting that majority of the micelles 
were endocytosed while the remaining were internal-
ized via energy-independent physical binding and dif-
fusion. The cell uptake was also inhibited by genistein, 

mβCD, chlorpromazine, and dynasore, suggesting that the 
endocytosis was related to both caveolae- and clathrin-
mediated pathways. In comparison, wortmannin exerted 
unappreciable inhibitory effect, indicating that macropi-
nocytosis was not involved during the internalization of 
DOX-micelles.   

  2.4.     In Vitro Anticancer Effi cacy 

 The in vitro anticancer effi cacy of DOX-loaded micelles fol-
lowing 72-h treatment was further evaluated and compared 
to free DOX using the MTT assay. As shown in Figure  4 A, 
DOX-loaded micelles exerted notable cytotoxicity 
towards both cell lines, affording IC 50  values of 5.2 × 10 −6  
and 4.3 × 10 −6   M  DOX-equiv in A549 and HepG-2 cells, 
respectively. As a comparison, free DOX achieved IC 50  
values of 1.2 × 10 −6  and 0.6 × 10 −6   M  in A549 and HepG-2 
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 Figure 3.    Cell uptake levels of DOX and DOX-micelles in HepG-2 (A) and A549 (B) cells at different DOX concentrations (incubation time 
kept constant at 4 h) or incubation time (DOX concentration kept constant at 20 × 10 −6   M ). C) Cell uptake levels of DOX and DOX-micelles 
in the presence of free mannose at different concentrations. Statistical difference to the cellular uptake level in the presence of 0 × 10 −6   M  
mannose (* p  < 0.05, ** p  < 0.01). D) Mechanistic probe of the internalization mechanism of DOX-micelles. Statistical difference to control 
(* p  < 0.05, ** p  < 0.01).
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cells, respectively. More noteworthy is that blank micelles 
exhibited unappreciable cytotoxicity at high concen-
trations up to 5000 μg mL −1  (equals to DOX concentra-
tion of 500 × 10 −6   M  for DOX-loaded micelles, Figure  4 B), 
indicating desired safety profi les of the micelles that are 
comprised entirely of biocompatible and biodegradable 
polyesters.    

  3.     Conclusion 

 We developed a micellar delivery system for anticancer 
drugs that are comprised entirely of biocompatible and 
biodegradable polyesters. With the ROP strategy of OCA 
and “Click” chemistry, PLA- b -(PTA- g -mannose) diblock 
copolymers can be synthesized in a highly controlled 
manner such that the optimal structure toward micel-
lation can be easily identifi ed. Mannose residues on the 
polymer side chains allowed the micelles to target cancer 
cells expressing mannose receptors such that anticancer 
effi cacy of the drug-loaded micelles can be improved. With 
their desired biocompatibility, biodegradability, and cancer 
cell targeting capabilities, these micelles demonstrate 
great potentials for targeted anticancer drug delivery 
towards cancer therapy. In a future study, the degradation 
kinetics of PLA- b -(PTA- g -mannose) will be clarifi ed, and 
the potential of PLA- b -(PTA- g -mannose) to impart stealth 
functions to micelles will be explored.  
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