
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
6/

20
25

 6
:2

9:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of an a
aDepartment of Orthopaedic Surgery, Renji

Jiaotong University, 1630 Dongfang Road,

China. E-mail: rjliuzd@126.com; Tel: +86-2
bKey Laboratory of Synthetic and Self-Asse

Molecules, Shanghai Institute of Organic C

345 Lingling Road, Shanghai 200032,

xyhuang@mail.sioc.ac.cn; Fax: +86-21-6416

† Electronic supplementary informa
10.1039/c7ra11975e

‡ Both authors contributed equally to thi

Cite this: RSC Adv., 2017, 7, 54562

Received 31st October 2017
Accepted 22nd November 2017

DOI: 10.1039/c7ra11975e

rsc.li/rsc-advances

54562 | RSC Adv., 2017, 7, 54562–5456
mphiphilic graft copolymer
bearing a hydrophilic poly(acrylate acid) backbone
for drug delivery of methotrexate†

Wei Wang,‡a Xin Zhou,‡a Min Wei,a Zude Liu,*a Guolin Lub and Xiaoyu Huang *b

A well-defined amphiphilic graft copolymer consisting of a hydrophilic poly(acrylic acid) (PAA) backbone

and hydrophobic poly(lactic acid) side chains was synthesized by the combination of reversible addition–

fragmentation chain transfer (RAFT) polymerization, ring open polymerization (ROP), and the grafting-

from strategy. RAFT homopolymerization of an OH-containing tert-butyl 2-((4-hydroxy-butanoyloxy)

methyl)acrylate (tBHBMA) monomer was first conducted to give a well-defined PtBHBMA homopolymer

bearing pendant hydroxyls in every repeat unit. The pendant hydroxyls of PtBHBMA directly initiated the

ROP of lactide without post-polymerization functionality transformation so as to provide a well-defined

poly(tert-butyl acrylate)-g-poly(lactic acid) (PtBA-g-PLA) graft copolymer via the grafting-from strategy.

The hydrophobic PtBA backbone was transformed into a hydrophilic PAA backbone to afford the target

well-defined PAA-g-PLA amphiphilic graft copolymer (Mw/Mn ¼ 1.17) containing equally-distributed

carboxyls along the backbone. The PAA-g-PLA amphiphilic graft copolymer shows pH-responsive

micellization behavior and it can self-assemble into non-toxic large compound micelles under certain

conditions for loading methotrexate (MTX). The in vitro accumulative release characteristics of MTX-

loaded micelles were investigated by UV/vis spectroscopy. In comparison with free MTX, the MTX-

loaded nanoparticles display higher cytotoxicity against MG-63 in 24, 48 and 72 h.
Introduction

Biodegradable polymers have received increased attention and
have been seen as a promising solution to the plastic waste
issue because they can be broken down to environmentally-
friendly low molecular weight products such as water and
carbon oxide.1,2 Among the many known biodegradable poly-
mers, polylactides (PLAs) occupy a prominent position due to
their biodegradability, biocompatibility, and ready availability
from inexpensive renewable resources.3–8 PLAs can be fabri-
cated into sutures, catheters, and prosthetic devices, and
recently their application in tissue engineering has also been
quite attractive.9 In addition, employing PLAs as carriers for
drug delivery is now a hot research topic.10–12 However, PLAs
possess certain drawbacks including intrinsic hydrophobicity.
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Therefore, PLAs are usually copolymerized to improve their
physical, chemical, and mechanical properties.13,14

It is well known that the architecture of copolymers has great
impact on their properties.15 Amphiphilic block copolymers
with linear architecture are known to form different morphol-
ogies in specic solvents, which brings lots of potential appli-
cations including drug delivery,16–19 bioreactor,20,21 and
catalysis.22,23 However, it has been showed that non-linear
copolymers display fundamentally different properties
compared to the linear copolymers.24,25 Amphiphilic gra
copolymers, one of those polymers with non-linear structure,
are endowed with some unusual properties such as exhibiting
more stable aggregation in solution due to their conned and
complicated structure.26 PLA-based amphiphilic gra copoly-
mers in which PLA (or derivatives) is either backbone or side
chain, could bring interesting properties such as increased
hydrophilicity,27–30 higher degradability,28,29,31–33 and better
histocompatibility.33,34 Although many works are reported on
the synthesis of PLA-based amphiphilic block copolymers,13 it is
still unusual to see reports concerned with the synthesis of PLA-
based gra copolymer because of synthetic obstacles including
complicated topology and highly steric congestion. PLA could
be used as the backbone of gra polymer, which could be
realized by incorporating functionalities on PLA backbone. For
instance, Riva et al. reported PLA-g-PEG amphiphilic gra
copolymer by copolymerizing lactide with a-chloro-3-
This journal is © The Royal Society of Chemistry 2017
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caprolactone, through which the halogen was introduced into
the backbone, followed by graing PEG onto the backbone via
click chemistry.35 However, this approach employing PLA as the
backbone is not so convenient since that on one hand, it is not
an easy task to incorporate functionalities such as halogen and
hydroxyl into the backbone; on the other hand, because of the
PLA-based backbone, many characteristics of PLA including
crystallinity and mechanical properties might disappear.36,37 It
is more common to introduce PLA as side chains while
preparing PLA-based gra copolymers.38–41 But it is worthy
noting that it is difficult to accomplish the synthesis of PLA-
based amphiphilic gra polymers with a hydrophilic back-
bone whose every repeat unit is hydrophilic. Poly(2-hydroxyethyl
methacrylate) (PHEMA), possessing a number of biomedical
applications due to its biocompatibility and hydrophilicity, is
oen introduced as the backbone of PLA-based amphiphilic
gra polymers. Atom transfer radical polymerization (ATRP) of
HEMA is used to yield the backbones on which a portion of
hydroxyls could initiate ring open polymerization (ROP) of lac-
tide to give the desired amphiphilic gra copolymer.42 Poly(vinyl
alcohol) (PVA) is also oen chosen as the backbone because of
its intrinsic hydrophilicity and biogradability. Kissel et al.
prepared PLA-based amphiphilic gra polymer using the
pendant hydroxyls on PVA backbone to initiate ROP of lactide
for affording PVA-g-PLA gra copolymer.43 In order to avoid to
use stannous octoate as catalyst of ROP which would hinder the
medical applications for the toxicity, Schue et al. synthesized
PVA-g-PLA by employing MgH2 as catalyst of ROP of lactide
initiated by PVA.44 Akashi et al. also accomplished the synthesis
of PLA-based amphiphilic gra copolymers with poly(g-gluta-
mic acid) (PGA) containing carboxyls as hydrophilic backbone,
through a coupling reaction between g-PGA and PLA activated
by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.45

It is clear that only some parts of the backbone of PLA-based
gra copolymers are hydrophilic42–45 since a portion of hydro-
philic functionalities including hydroxyls and carboxyls is
converted to hydrophobic ester linkages for connecting PLA
Scheme 1 Synthesis of PAA-g-PLA well-defined amphiphilic graft copo

This journal is © The Royal Society of Chemistry 2017
side chains. Meanwhile, the distribution of those residual
hydrophilic groups along the backbone is also random, which
means that the precise structure of amphiphilic gra polymers
could not be guaranteed. To obtain the amphiphilic gra
copolymers with precise structure, especially the hydrophilic
functionalities of the backbone are equally distributed, the
simplest way is to make every repeat unit of the backbone
hydrophilic. To our best knowledge, none has ever reported the
synthesis of PLA-based amphiphilic gra copolymers bearing
a hydrophilic backbone whose every repeat unit is all hydro-
philic for ensuring the equaled distribution of hydrophilic
functionalities.

Herein, we report the synthesis of poly(acrylic acid)-g-poly-
(lactic acid) (PAA-g-PLA) amphiphilic gra copolymer as shown
in Scheme 1, in which every repeat unit of hydrophilic backbone
possesses a carboxyl and hydrophobic PLA side chains are
connected to every repeat unit of backbone. In order to
accomplish the synthesis of this new polymer, it is viable to use
the monomer containing a ROP initiation group. As mentioned
above, PLA side chains can be formed by ROP of lactide initiated
by the pendant hydroxyls of the backbone. To achieve the
construction of a fully hydrophilic backbone, PAA, a hydrophilic
polymer with pH responsiveness, is chosen due to convenient
and complete conversion from the hydrolysis of the corre-
sponding polyacrylate. Based on these facts and previous work
of our group on the synthesis of diverse amphiphilic gra
polymers46–50 and a new trifunctional inimer,51 tert-butyl 2-((4-
hydroxybutanoyloxy)methyl)acrylate (tBHBMA) which bears
a polymerizable double bond, a hydroxyl as initiating group for
ROP, and a tert-butoxycarbonyl as potential carboxyl, the well-
dened PtBA-based backbone with pendant hydroxyl in every
repeat unit is formed by RAFT homopolymerization of tBHBMA
followed by initiating ROP of lactide to form PLA side chains.
The desired well-dened amphiphilic gra copolymer, PAA-g-
PLA, is nally achieved by selective acidic hydrolysis of PtBA-
based backbone using triuoroacetic acid. PAA-g-PLA gra
copolymer could self-assemble into large compound micelles in
lymer.

RSC Adv., 2017, 7, 54562–54569 | 54563
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aqueous media and is used to load methrotrexate (MTX). The
morphology, size distribution, in vitro drug accumulative
release, and cytotoxicity against MG-63 cells of the MTX-loading
nanoparticles are investigated in details.
Fig. 2 1H NMR spectra of PtBHBMA 1 in CD3OD (A) and PtBA-g-PLA 2
in CDCl3(B).
Results and discussion
Synthesis of PtBA-g-PLA well-dened gra copolymer

In 2013, our group developed a new trifunctional acrylate
monomer of tBHBMA,51 which consists of a polymerizable
double bond, a hydroxyl as initiating group for ROP, and a tert-
butoxycarbonyl as potential carboxyl. As it is well-known that
hydroxyl survives the reversible-deactivation radical polymeriza-
tion (RDRP) such as atom transfer radical polymerization (ATRP)
and reversible addition–fragmentation chain transfer (RAFT)
polymerization, therefore we can expect that the pendant
hydroxyls of the homopolymer of tBHBMAmonomer can directly
initiate ROP of lactone monomer including lactide to form the
desired gra copolymer without polymeric functionality trans-
formation, and tert-butoxycarbonyl can be readily converted to
carboxyl for transforming hydrophobicity into hydrophilicity.

RAFT homopolymerization of tBHBMA using AIBN as initiator
and CDB as chain transfer agent was performed in DMF at 70 �C
with a similar procedure51 to afford PtBHBMA 1 homopolymer
bearing pendant hydroxyls in every repeat unit so as to achieve
the synthesis of PLA-based amphiphilic gra copolymer with
equally distributed carboxyls in the backbone. Fig. 1 shows GPC
trace of PtBHBMA 1 homopolymer with a relative molecular
weight (Mn,GPC) of 4400 g mol�1 and a narrow molecular weight
distribution (Mw/Mn) of 1.26. The chemical structure of PtBHBMA
1 homopolymer is conformed by FT-IR (Fig. S1A†) and 1H NMR
(Fig. 2A) and detailed discussion can be found in our previous
report.51 The ‘absolute’ molecular weight of PtBHBMA 1 homo-
polymer (Mn,NMR ¼ 6400 g mol�1, DP of tBHBMA ¼ 25.3) is
determined from 1H NMR of PtBHBMA 1 homopolymer using
the same method described in our previous report.51 The minute
amount of dithiobenzoate moiety was removed by AIBN accord-
ing to a previous report52 for avoiding any possible effect of
Fig. 1 GPC traces of PtBHBMA 1, PtBA-g-PLA 2 and PAA-g-PLA 3 in
THF.

54564 | RSC Adv., 2017, 7, 54562–54569
dithiobenzoate end group on the following ROP of lactide and
facilitating the observation of polymerization, which was evi-
denced by the color change from pink to white aer the treat-
ment with AIBN.

Recently, organocatalytic ROP of lactones including lactide
has been developed very fast since this strategy could eliminate
the usage of transition metal as catalyst which could prevent the
application of corresponding polymers in biomedical and
microelectronic elds.53,54 Therefore, the graing-from strategy is
employed for the construction of PtBA-g-PLA 2 gra copolymer,
and ROP of lactide was initiated by the pendant hydroxyls of
PtBHBMA 1 homopolymer using DMAP as organocatalyst in this
report so as to attach PLA side chains onto every repeat unit of
PtBA-based backbone. The puried product shows a unimodal
and symmetrical elution peak (Fig. 1) with a narrow molecular
weight distribution below 1.20 and its molecular weight (Mn,GPC

¼ 29 400 gmol�1) ismuch higher than that of themacroinitiator,
which indicates the proceeding of ROP of lactide.

The chemical structure of PtBA-g-PLA 2 gra copolymer is
characterized by FT-IR and 1H NMR. The weak peak at
3510 cm�1 in FT-IR spectrum (Fig. S1A†) is assigned to the
terminal hydroxyl of PLA side chains while the signal origi-
nating from the pendant hydroxyls of PtBHBMA 1 homopol-
ymer at 3435 cm�1 (Fig. S1B†) is absent in Fig. S1A,† which
implies all pendant hydroxyls are consumed to link PLA side
chains. Moreover, the signal of carbonyl appears at 1756 cm�1

aer ROP of lactide (Fig. S1A†) in comparison with that located
at 1740 cm�1 before ROP of lactide (Fig. S1B†), this also wit-
nessing the formation of PLA side chains. The peaks of both
backbone and side chain are visible in 1H NMR spectrum
(Fig. 2B). Typical signals of PLA side chains appear at 1.56 (peak
‘h’) and 5.15 (peak ‘g’) ppm, which belong to three protons of
CHCH3 and one proton of CHCH3, respectively. In particular,
the signal originating from two protons of –CH2 group adjacent
to pendant hydroxyls of PtBHBMA 1 homopolymer (peak ‘f’ in
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Dependence of fluorescence intensity of PNA emission band at
418 nm on pH of the aqueous solution of PAA-g-PLA 3 graft
copolymer.
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Fig. 2A) disappears aer ROP of lactide, which also clearly
demonstrates that all pendant hydroxyls of PtBHBMA 1 homo-
polymer initiated ROP of lactide, i.e. the number of graed PLA
side chain aer ROP of lactide equals to that of –CH2CH2CH2-
OH initiating group in tBBPMA repeat unit before ROP of lac-
tide, that is 25.3. The peaks at 16.7, 69.1, and 169.4 ppm in 13C
NMR spectrum (Fig. S2†) could be assigned to carbons of
methyl, methylidyne, and carbonyl in PLA side chains, respec-
tively, which further illustrates the graing of PLA side chains
onto the backbone. This fact indicates that only the terminal
hydroxyl of PLA side chains exists in the gra copolymer aer
ROP of lactide, which is consistent with the result of FT-IR.
Thus, we can affirm the chemical structure of PtBA-g-PLA 2
gra copolymer.

Previous work showed that the molecular weight of gra
copolymer determined by GPC might differ from the “real”
value because of its branched structure.55 So, 1H NMR was used
to determine the ‘absolute’ molecular weight of PtBA-g-PLA 2
gra copolymer in the current case. The length of PLA side
chain (nLA) and the molecular weight of the gra copolymer
(Mn,NMR) were calculated according to eqn (1) (Sg and Sd are the
integration area of peak ‘g’ at 5.15 ppm (1 proton of CHCH3) of
PLA side chain and peak ‘d’ at 2.37 ppm (2 proton of CH2CH2-
CH2O) of the backbone in Fig. 2B, respectively) and eqn (2) (25.3
is the number of tBHBMA repeated unit, 6400 and 72 are the
molecular weights of PtBHBMA 1 macroinitiator and lactide
monomer), respectively. The length of PLA side chain is esti-
mated to be 15.6 and Mn,NMR is evaluated to be 34 800 g mol�1,
obviously higher than that obtained from GPC.

nLA ¼ 2Sg/Sd (1)

Mn,NMR ¼ 6400 + 25.3 � 72 � nLA (2)

Thus, it can be concluded that a well-dened PtBA-g-PLA 2
gra copolymer bearing a PtBA-based backbone (25.3 repeat
units) and equally-distributed PLA side chains (15.6 repeat units
per chain) connected to every repeat unit of the backbone has
been successfully synthesized by ROP of lactide initiated by
PtBHBMA 1.

Conversion of PtBA-g-PLA to PAA-g-PLA

It is well-known that hydrophobic PtBA can be easily trans-
formed into hydrophilic PAA via acidic hydrolysis under mild
conditions without affecting polyacrylate skeleton and other
functionality.56,57 Therefore, PAA-g-PLA amphiphilic gra
copolymer with a PAA backbone can be obtained from the
precursor, PtBA-g-PLA. Herein, CF3COOH was used to hydrolyze
tert-butyoxycarbonyls of PtBA backbone in PtBA-g-PLA gra
copolymer into carboxyls in CH2Cl2 at room temperature
according to previous reports,56,57 in which excessive feeding of
CF3COOH and long reaction time were employed to facilitate
the hydrolysis of tert-butyoxycarbonyls. PLA side chains would
keep inert during the hydrolysis process using CF3COOH.58

It can be seen from FT-IR spectra before (Fig. S1A†) and aer
(Fig. S3†) the hydrolysis that a stronger peak at 3317 cm�1

attributed to the newly formed carboxyls appears in FT-IR
This journal is © The Royal Society of Chemistry 2017
spectrum aer the hydrolysis in comparison with that before
the hydrolysis. This fact apparently evidences the formation of
PAA backbone. Fig. S3† also shows the remaining of typical
signals of PLA (1760 and 1133 cm�1) segment in comparison
with Fig. S1A,† which means that PLA segments indeed survive
the hydrolysis. The hydrolyzed product also shows a unimodal
and symmetrical elution peak (Fig. 1) with a similar molecular
weight and molecular weight distribution compared to polymer
2, which affirms that polymeric skeleton was not affected during
the hydrolysis. All these evidences conrm that PtBA-g-PLA 2
gra polymer has been selectively hydrolyzed in acidic envi-
ronment for affording PAA-g-PLA 3 gra copolymer without
affecting PLA side chains.
pH-responsive micellization of PAA-g-PLA amphiphilic gra
copolymer

The amphiphilic nature of PAA-g-PLA 3 gra polymer, consist-
ing of hydrophilic PAA backbone and hydrophobic PLA side
chains, endows the polymer with capability to self-assemble in
aqueous media. It has been reported that the solubility of PAA
segment is related with the pH value of aqueous solution, i.e.
PAA segment can become less soluble in acidic aqueous phase
with a low pH due to the protonation of carboxyls in PAA
segment.59 By lowering pH value of aqueous solution, PAA chain
can turn from hydrophilic to hydrophobic and correspondingly,
PAA-g-PLA 3 amphiphilic gra copolymer will also become
completely hydrophobic. Therefore, uorescence spectroscopy
with N-phenyl-1-naphthylamine (PNA) as probe was employed
to examine the pH-responsiveness of PAA-g-PLA 3 gra copol-
ymer in aqueous media.

Fluorescence spectrum of PNA is sensitively affected by the
environment and the polarity of its surrounding.60 In the presence
of micelles, PNA is solubilized within the interior of the hydro-
phobic part showing high uorescence intensity. Fig. 3 shows the
relationship of uorescence intensity of PNA emission band at
418 nm with pH of the aqueous solution of PAA-g-PLA 3 gra
RSC Adv., 2017, 7, 54562–54569 | 54565
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copolymer and we can notice that the uorescence intensity of
PNA increases quickly when pH is above 4.36 because of the
deprotonation of carboxyls to raise the hydrophilicity of the
backbone for solubilizing PNA better, i.e. causing the rising of
uorescence intensity. When pH is above 5.77, the uorescence
intensity of PNA reaches the highest value, suggesting the
formation of compact and stable micelles. Fig. 4A shows that the
average particle size of polymeric micelles formed by PAA-g-PLA 3
gra copolymer is about 144.7 nm obtained from DLS. Fig. 4B is
TEM image of polymeric micelles, which exhibits the spherical
micelles with a diameter of ca. 54–78 nm. The smaller size
observed by TEM compared to the result of DLS might be attrib-
uted to the shrinking of nanoparticles during the drying for the
preparation of TEM specimen. Here, “spherical micelles” formed
by PAA-g-PLA 3 amphiphilic gra copolymer should be large
compound micelles, not common spherical micelles with only
hydrophobic core covered by hydrophilic corona. That is, hydro-
philic PAA segments form the corona of micelles and the core is
consisted of numerous reverse micelles with islands of PAA
segments in continuous phase of hydrophobic PLA segments.61,62

All these facts demonstrate that the self-assembly of PAA-g-PLA 3
amphiphilic gra copolymer in aqueous media is pH-dependent.
Drug delivery of MTX using PAA-g-PLA gra polymer as carrier

On the basis of aforementioned results, PAA-g-PLA 3 amphi-
philic gra copolymer could assemble into large compound
Fig. 4 Hydrodynamic diameter distributions of bare (A) and MTX-loading
MTX-loading (D) micelles prepared from PAA-g-PLA 3.

54566 | RSC Adv., 2017, 7, 54562–54569
micelles with a diameter of about 144.7 nm, which greatly
benets the application for drug delivery due to the so-called
EPR effect.63,64 Therefore, we used PAA-g-PLA 3 amphiphilic
gra copolymer as a carrier to prepare MTX-loading nano-
particles by dialysis approach (Mn,cut-off ¼ 3500 g mol�1) against
double-distilled water and the resulting solutions were then
subjected to UV/vis spectroscopy for determining the drug
loading content (DLC, 5.3%) and drug loading efficiency (DLE,
20.6%). The average particle size and size distribution of MTX-
loading micelles were determined by DLS and the size is about
189.3 nm (Fig. 4C), which is among the range of 50–200 nm
suitable for EPR effect. TEM image reveals spherical shapes and
a good dispersity with nanoscale sizes of about 83–98 nm
(Fig. 4D).

In vitro release proles of free MTX and MTX-loading
micelles were assessed using the dialysis technique in PBS
(0.01 M, pH ¼ 5.0) at 37 �C. As shown in Fig. 5, free MTX almost
completely released during 24 h while in the case of MTX-
loading micelles, about 33.1% of MTX released during the
same time, and the accumulative release amount of MTX
increases gradually with the extending of time, which indicates
a signicantly reduced burst release effect and an obvious
sustained drug release behavior.

The in vitro cytotoxicity of free MTX, MTX-loading nano-
particles, and the bare PAA-g-PLA carrier were evaluated with
MG-63 (human osteogenic sarcoma cell) using WST-8 based
(C) micelles prepared from PAA-g-PLA 3; TEM images of bare (B) and

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 In vitro MTX release profiles of free MTX and MTX-loading
nanoparticles at 37 �C under pH ¼ 5.0.
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colorimetric assay as shown in Fig. 6. High cell viability for MG-
63 (>93%) cells are found for various concentrations (up to 16
mM) of PAA-g-PLA 3 micelles aer incubating for 72 h, this
indicating the very low cytotoxicity of PAA-g-PLA 3 micelles and
the suitability to be used as drug carrier. Both MTX-loading
nanoparticles and free MTX are found to inhibit MG-63 cells
and the relative cell viability declines monotonously with
ascending the concentration of MTX. Obviously, MTX-loading
nanoparticles show a higher cytotoxic effect on MG-63 cells in
comparison with free MTX. For example, the viabilities of MG-
63 cells are 47.7% for free MTX and 36.4% for MTX-loading
nanoparticles with a settled MTX concentration of 4 mM.
Furthermore, it is worthy pointing out that MTX-loading
Fig. 6 Relative viabilities of MG-63 cells after treatment with different co
MTX for 72 h (A) and with different time at a constant MTX concentration o
results. The data are presented as the mean � S. D. (for each group, n ¼

This journal is © The Royal Society of Chemistry 2017
nanoparticles with a low concentration of MTX exhibit a high
cytotoxicity similar to free MTX with a high concentration. For
instance, the viability of MG-63 cells is 40.6% for free MTX with
a concentration of 8 mM, while it is 40.8% for MTX-loading
nanoparticles with just 1 mM of MTX, which clearly indicates
that PAA-g-PLA could be used to load a low concentration of
MTX for achieving the same treatment using a higher concen-
tration of freeMTX. Besides, the effect of incubation time on the
cytotoxicity of MTX-loading nanoparticles and free MTX with
a constant concentration of MTX (16 mM) was investigated. It
can be seen from Fig. 6B that MG-63 cells are inhibited by both
free MTX and MTX-loading nanoparticles in a time-dependent
mode. MTX-loading nanoparticles obviously exhibit a higher
cytotoxicity effect on MG-63 cells compared to free MTX at every
time interval. These above-mentioned results indicate that
micelles prepared from PAA-g-PLA 3 amphiphilic gra copol-
ymer could load MTX to improve the efficacy of MTX.
Conclusions

This report provides the synthesis and self-assembly studies on
a new PLA-based amphiphilic gra copolymer, PAA-g-PLA.
Target amphiphilic gra copolymer with equally distributed
carboxyls in backbone was prepared by the acidolysis of
hydrophobic backbone of a well-dened PtBA-g-PLA gra
copolymer with a narrow molecular weight distribution (Mw/Mn

¼ 1.20), which was obtained by the combination of RAFT
polymerization of tBHBMA monomer and ROP of lactide, into
hydrophilic PAA backbone. This amphiphilic gra copolymer is
pH-responsive and can aggregate into large compound micelles
in aqueous media. MTX was loaded by this kind of micelles self-
assembled from PAA-g-PLA amphiphilic gra copolymer to
provide MTX-loading nanoparticles with an average size of ca.
189.3 nm (DLS). It is illustrated that MTX-loading nanoparticles
show sustained drug release proles and inhibit MG-63 cells in
a concentration- and time-dependent manner so as to exhibit
a higher cytotoxicity effect compared to free MTX. All these
ncentrations of PAA-g-PLA 3 micelles, MTX-loading micelles and free
f 16 mM (B). The experiments were repeated three times, all with similar
3).
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results suggest that PAA-g-PLA gra copolymer may be a good
candidate as carrier for MTX or other anti-tumor drugs.
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