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Abstract

Effects of poly(ethylene glycol) (PEG) block length on the self-assembly of a series of pH-sensitive poly(N,N-diethylaminoethyl
methacrylate),,-PEG,-poly(N,N-diethylaminoethyl methacrylate),, triblock copolymers (PDEAEMA  -PEG -PDEAEMA, )
have been studied. The synthesized triblock copolymers have an almost fixed PDEAEMA block length (m ~ 65) and varying
PEG block lengths (n=11, 20, 89 or 134). The acid-base titration results show that the pKa value of the block copolymer
shifts from 6.84 to 7.08 when the PEG block length increases from 11 to 134, indicating that the pH-sensitivity of the tri-
block copolymer can be adjusted through changing the PEG block length. With the increase of the hydrophilic PEG block
length, the critical micelle concentration value of the triblock copolymer obtained from fluorescence spectroscopy changes
from 5.50 x 107 to 13.23x 10~ mg mL~". The block copolymers can self-assemble into the micelles in PBS solution at pH
7.4, and the average size of the self-assembly decreases from 178 nm to 45 nm with the increase of the PEG block length as
determined by dynamic light scattering. The block copolymers show great biocompatibility in the cytotoxicity assay. Results
from these triblock copolymers in the drug-controlled release indicate that the release rate of doxorubicin-loaded micelles
at pH 5.0 is faster than that at pH 7.4, and the cumulative drug release in 48 h at pH 5.0 increases from 70.4% to 89.8% with
the decrease of the PEG block length. Accordingly, this PDEAEMA-PEG, -PDEAEMA ¢ copolymer is an excellent carrier
for controllable drug delivery and release.
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Introduction

Block copolymer based nano-carriers serving as drug
delivery systems have attracted tremendous interests
recently due to the potential applications in the cancer
therapy etc. [1-3]. The biocompatibility and biodegra-
dability must be considered when the self-assembly of
block copolymers are used for the drug delivery devices.
Poly(ethylene glycol) (PEG) possesses lots of outstand-
ing physicochemical and biological properties such as
hydrophilicity, solubility in water and different organic
solvents, and lack of toxicity [4—6]. Thus, PEG has been
widely applied as a hydrophilic segment in developing
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block copolymeric nanoparticle systems [7-9]. Further-
more, some block copolymers can rapidly change their
conformations and aggregations by changing the exter-
nal environments such as pH [10-12], temperature [13,
14], ionic strength [15], or solvents [16, 17]. These
stimuli responsive copolymers play an important role in
the drug delivery systems [18, 19]. Indeed, pH-sensitive
micelles are more attractive [20], since defined pH gra-
dients exist in endosomes (pH 6.5-5.0), lysosomes (pH
5.0-4.5), extracellular medium of normal tissue and blood
(pH 7.4), and the more acidic environment in cancer cells
compared to healthy cells. Thus, the effects of pH media
on the self-assembly of block copolymers have been con-
siderably investigated. For example, Oh and co-workers
[21] designed a pH-triggered surface charge-switched
micelles of poly(L-lactic acid)-PEG-poly(L-lysine-N*-
(2,3-dimethyl maleic acid)). When the pH was lower than
6.5, the micelles disintegrated and released drugs inside
the core. Poly(N,N-diethylaminoethyl methacrylate) (PDE-
AEMA) is a cationic polymer with tertiary amine groups,
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and has been proved to be an efficient pH sensitive poly-
mer with good biocompatibility and a pKa value of about
7.3 [22-26]. Many researches have been focused recently
on block copolymers containing PDEAEMA blocks such
as poly(e-caprolactone) (PCL)-PDEAEMA [27-29], PEG-
PDEAEMA [30-32], PEG-PCL-PDEAEMA [33], which
are pH sensitive and can be used for anti-cancer drug
carries.

Besides external environments, the self-assembly of
block copolymers is also affected greatly by chemical com-
positions, block architectures, block lengths, and pendent
structures [17, 34—-39]. For example, Dong and co-workers
synthesized a series of PEG-poly(glycidyl methacrylate)
(PEG-PGMA) diblock copolymers by the method of atom
transfer radical polymerization (ATRP), and the diblock
copolymers were modified by aldehyde to obtain pH sensi-
tivity. It was found that the longer hydrophobic PGMA block
resulted in a higher doxorubicin (DOX) loading but a bigger
particle size in the self-assembled micelles [40]. Verkoyen
and co-workers synthesized a series of poly(long-chain alkyl
glycidyl ethers)-PEG-poly(long-chain alkyl glycidyl ethers)
triblock copolymers (PAIkGE-PEG-PAIkGE) through ani-
onic ring opening polymerization, and the results showed
that due to self-assembly of the hydrophobic alkyl chains,
the addition of water to the triblock copolymers led to the
formation of micelles. By varying the hydrophobic PAIkKGE
block length, a tunable hydrophobic effect can be achieved
[41].

Length and content of the PEG chain play important
roles in the self-assembly and properties of PEG based
copolymers [42, 43]. For example, compared with the
short PEG block length, PEG-b-poly(dimethylaminoethyl
methacrylate-co-propylacrylic acid-co-butyl methacrylate)
(PEG-b-pDPB) with long PEG block length had a larger
micelle size and a lower cellular uptake [44]. Polyethylen-
imine (IPEI)-g-PEG micellar nanoparticles prepared with
short PEG grafts showed comparable colloidal stability in
salt and serum-containing media, and displayed significantly
higher in vitro transfection efficiency compared to those pre-
pared with longer PEG grafts [6]. In our previous study,
we investigated how the degrees of polymerization (DP) of
PDEAEMA affects the pH-responsive, self-assembly and
drug delivery of the PDEAEMA -PEG,;-PDEAEMA
triblock copolymers. Here, we synthesized a series of
PDEAEMAs-PEG,-PDEAEMA ;5 triblock copolymers
through the method of ATRP using Br-PEG,-Br macroini-
tiators with different DP values. Then, the influence of the
hydrophilic PEG block length on the self-assembly behavior,
pH-sensitivity, critical micelle concentration (CMC) of the
triblock copolymers was investigated with the aid of fluores-
cence spectrum, UV-visible spectrophotometer (UV-vis),
transmission electron microscopy (TEM), and dynamic
light scattering (DLS) spectrophotometer. The drug-loading
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content, and the drug release behavior of DOX were inves-
tigated. Furthermore, in vitro cytotoxicity of the triblock
copolymer micelles was also studied.

Experimental
Materials

PEG with number-average molecular weight (A,)) of 600, 1000,
4000 and 6000 Da, namely PEG-600, PEG-1000, PEG-4000
and PEG-6000, respectively, was purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. All PEG samples
were dried at 105 °C under vacuum to remove residual water
prior to use. 2-bromoisobutyl bromide (BIBB) was purchased
from TCIL. N,N-diethylaminoethyl methacrylate (DEAEMA)
and triethylamine (TEA) were supplied by Aldrich. Copper(I)
bromide (CuBr), tetrahydrofuran (THF), dichloromethane,
N,N,N’,N’,N"-pentamethyldiethylenetriamine (PMDETA),
and methanol were purchased from Sinopharm Chemical Rea-
gent Co., Ltd., Shanghai, China. Doxorubicin hydrochloride
(DOXeHCI, 99%) was provided by Yuancheng Create Tech-
nology Co., Ltd., China. DOX, DEAEMA, TEA, THF, CuBr,
methanol, and PMDETA were purified according to the pro-
cedures in the reference [12]. All other materials were used as
received.

Synthesis of Br-PEG, -Br macroinitiator

a,0-Dibromo PEG macroinitiators (Br-PEG,-Br) with dif-
ferent DP values of 11, 20, 89, and 134, respectively, were
synthesized according to previously reported process [12].
Typically, PEG with different M, (10 mmol), TEA (4.05 g,
40 mmol), and dry dichloromethane (150 mL) were placed
into a dry and argon purged flask equipped with an addi-
tion funnel. Then the system was kept in an ice bath. BIBB
(9.2 g, 40 mmol) diluted with 60 mL dry dichlorometh-
ane was added dropwise to the flask while stirring. After
stirred for 24 h at ambient temperature, the solution was
filtered to remove salts. The solution was concentrated and
then precipitated in ethyl acetate. The crude precipitate
was dissolved in dichloromethane, extracted successively
with 0.1 M HCI and saturated sodium bicarbonate solution
three times to remove salts and TEA. The isolated solu-
tion was dried with anhydrous magnesium sulfate, and the
solvent was removed under vacuum after filtration. The
Br-PEG,-Br was gotten after drying under vacuum to a
constant weight.

'H NMR (400 MHz, CDCl;, RT, ppm) (Br-PEG,;-Br,
Fig. 1a): 1.93 (s, (CH;),C-Br); 3.63 (s, -OCH,CH,0-); 3.74
(s, OCH,CH,0C(=0)); 4.31 (s, OCH,CH,0C(=0)).
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Fig.1 '"H NMR spectra of Br-PEG, ,-Br (A) and PDEAEMA;-PEG, -PDEAEMA; (B) in CDCl,

Preparation and characterizations
of PDEAEMA,;-PEG, -PDEAEMA; triblock
copolymers

Typically, Br-PEG_-Br (0.11 mmol), DEAEMA 3.67 g
(19.8 mmol), CuBr 31.9 mg (0.22 mmol), and 5.5 mL meth-
anol were added in a Schlenk flask equipped with a magnetic
stirrer, and the flask was evacuated and flushed with argon
twice before use. After three freeze—pump—thaw cycles,

PMDETA 38.1 mg (0.22 mmol) was added under argon
atmosphere. The mixture was heated at 25 “C for 2 h with
stirring under argon atmosphere. The reaction was stopped
with liquid nitrogen, then the crude product was diluted with
THF and passed through an alumina column to remove the
catalysts. After the concentrated process under vacuum, the
resulting solution was precipitated in cold n-hexane. The
final product was obtained after dried at 40 “C for 24 h under
vacuum. The synthetic routes are shown in Scheme 1.
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Scheme 1 Synthetic routes of Br-PEG,-Br macroinitiators and PDEAEMA (5-PEG,-PDEAEMA ¢ triblock copolymers

Molecular weights and molecular weight distributions
were measured by a conventional gel permeation chro-
matography (GPC) system equipped with a Waters 1515
isocratic HPLC pump, a Waters 2414 refractive index
detector. GPC measurements were carried out at 40 C
in THF with a flow rate of 1.0 mL min~'. The system
was calibrated with linear polystyrene standards. 'H NMR
data were obtained by a Bruker AVANCE 400 MHz NMR
spectrometer with CDCl; as solvent at room temperature.

'"H NMR (400 MHz, CDCl;, RT, ppm) (Fig. 1b):
0.88 (s, a-CH; of PDEAEMA); 1.02 (s, -N(CH,CH;),);
1.79-2.06 (m, -CH,-C- of PDEAEMA and -CH; in back-
bone); 2.55 (s, -N(CH,CH,),); 2.68 (s, -NCH,CH,0-);
3.97 (s, -NCH,CH,0-).

Preparation and characterizations
of micelles

Micellization of the triblock copolymers was obtained by a
co-solvent process. The triblock copolymer was dissolved
into THF to get a solution with a concentration of 1 mg mL ™",
then phosphate buffered solution (PBS, 0.02 M, pH 7.4) was
added dropwise to this THF solution under vigorous stirring
until the PBS content reached 50%, then continued to stir at
room temperature for 24 h. Finally, the solution was dialyzed
against PBS for 48 h (molecular weight cutoff =3500 Da) to
remove THF, and the PBS was exchanged every 2 h for the
first16 h and every 8 h for the next 32 h.

The transmittance of micelles with a concentration of
1 mg'mL~! was determined with a JingHua 759S UV-vis
spectrophotometer. The pH values of micelles were gradu-
ally increased from 2 to 11 and the solution was equili-
brated at each pH for 24 h.

@ Springer

The CMC of the triblock copolymers was determined by
the fluorescence probe technique using pyrene as a fluores-
cence probe.

Hydrodynamic diameters (D,) and size distributions
(PDI) of micelles in aqueous solutions were measured by a
Malvern Zetasizer Nano-ZS DLS Instrument equipped with
a 22 mW He-Ne laser (A=632.8 nm) and at an operating
angle of 173°.

The morphology of micelles was observed by TEM.
All samples were obtained at an accelerating voltage of
100 kV using a JEM 1400 (HITACHI). The samples were
prepared by placing a drop of micelles on the copper grid
with carbon films and dried in air at room temperature before
measurements.

Acid-base titration was designed to evaluate the buff-
ering capacity of micelles, which were recorded on a
pH meter equipped with a LE438 composite electrode.
The specific progress was as follows: the pH value of
micelles with a concentration of 1 mg mL~! was adjusted
to 2.00 via the addition of HCI aqueous solution (1.0 M).
The increase of the pH values of micelles was recorded
using the pH meter after adding 0.1 M NaOH aqueous
solution.

The cytotoxicity of micelles was investigated using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-trazoliumbromide
(MTT) assay. Human lung adenocarcinoma cells (A549) or
mouse fibroblast cells (L929) were seeded at a density of
5000-7000 cells per well in a 96-well plate and incubated for
24 h under a 5% CO, atmosphere at 37 °C. Then 200 mL dis-
tilled water (8 control wells per plate) and polymeric micelles
(final concentrations were 12.5, 25, 50, 100 and 200 pg mL_l)
were added into the wells, and cells were further cultured for
another 24 h. 20 mL MTT solution (0.5 mg mL~!) in PBS
buffer (pH 7.4) was added to each well. After incubation for
4 h, the resulting formazan crystals were dissolved by 150 mL
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of dimethyl sulfoxide and shook for 10 min. The absorbance
(OD value) at 490 nm was measured using a microplate reader.
The cell viability was calculated by the Eq. (1).
L ODtest

Cell viability = ODeontrol X 100% 1)
where OD_.; and OD,. are the average OD values of con-
trol group and micelles, respectively.

DOX-loaded micelles were prepared as follows [12].
1 mg DOX and 10 mg copolymer were dissolved in 10 mL
THE. This solution was added to 5 mL of PBS (0.02 M, pH
7.4) in a dropwise manner. After stirring at room tempera-
ture for 24 h, the mixture solution was transferred into a cel-
lulose membrane bag (molecular weight cutoff =3500 Da)
and dialyzed against the PBS to remove free DOX. Subse-
quently, after lyophilization, the blank micelles and DOX-
loaded micelles were obtained and stored at -20 °C for fur-
ther experiments. UV—vis absorption was measured in order
to calculate the drug loading content (DLC) and the drug
loading efficiency (DLE) using Egs. 2 and 3, respectively.
The drug release of DOX-loaded micelles was quantified
using UV-vis spectrophotometer by monitoring the absorb-
ance at 480 nm.

DLC = Weight of loaded drug < 100%
" Weight of drug loaded micelle ’ &
Weight of loaded drug
DLE = . - X 100% 3)
Weight of drug in feed

A solution of DOX-loaded micelles (10 mL) was added
to a cellulose membrane bag (molecular weight cut-
off =3500 Da) and dialyzed against 200 mL PBS with dif-
ferent pH values respectively (pH 7.4 and 5.0) at 25 °C. The
volume of dialysis fluid was ensured to be about 200 mL
during the measurement. At different time intervals, the
liquid outside the dialysis bag was taken out and the same
volume of fresh buffer was added. The liquid was measured
with the UV-vis spectrophotometer at 480 nm to obtain the
cumulative release curve of DOX.

Results and discussion

Chemical structures of the macroinitiators
and the triblock copolymers

a,o-Bromopropionyl PEG (Br-PEG,-Br) with different DP
values were synthesized by the reaction between BIBB and
PEG with different molecular weights (Scheme 1). The attach-
ment of the 2-bromoisobutyrl group is confirmed by the 'H
NMR spectrum (Fig. 1A). A singlet appears at 1.93 ppm corre-
sponding to the two methyl groups (peak c) adjacent to the bro-
mine. The hydroxyl end groups are fully transformed into the
corresponding 2-bromoisobutyr]l moiety, as determined by the
integrated area ratio (about 1:3) of peaks b and c. Furthermore,
the DP value can be calculated according to the integrated
area ratio of peaks (a+d) and b, and the results are listed in
Table 1, which show that the DP values of PEG macroinitiators
range from 11 to 134. The GPC traces (Fig. 2A) of Br-PEG,-
Br exhibit unimodal and symmetrical peaks with very narrow
molecular weight distributions (M /M, =1.04-1.08, Table S1),
which also confirms that the PEG macroinitiators with differ-
ent DP values were synthesized successfully.

In parallel with our previous study, PDEAEMA;-
PEG, -PDEAEMA; triblock copolymers were success-
fully synthesized (Scheme 1), the chain length of PEG
block (DP=11, 20, 89, 134) is varied and the chain length
of PDEAEMA block (DP = 65) is fixed. The reaction was
performed in methanol at 25 °C using CuBr/PMDETA as
the catalytic system. The chemical structures of the purified
triblock copolymers are characterized by '"H NMR and GPC
spectroscopies. All GPC curves (Fig. 2B) of these triblock
copolymers are unimodal and symmetrical, and the detailed
information about the M, ;pc and M /M, of the triblock
copolymers is listed in Table 1. The triblock copolymers
have narrow M /M, values (<1.38) and higher M, spc
values than the corresponding Br-PEG,-Br macroinitiators
(Table S1), indicating the achievement of purified triblock
copolymers. "H NMR (Fig. 1B) spectral analysis shows that
these copolymers are in good accordance with their expected

Table 1 Molecular parameters

of the prepared triblock Copolymers Dbp* ](‘]/f; I;Inl\g} b1) ?ﬁ; (r}rll)gl 1 MM, *
copolymers PDEAEMA PEG
PDEAEMA,-PEG,-PDEAEMA,, 67 11 257 337 1.28
PDEAEMA s-PEG, PDEAEMA,; 65 20 254 317 137
PDEAEMA,-PEGy-PDEAEMA,, 67 89 29.1 336 1.28
PDEAEMA s-PEG,;, PDEAEMA; 65 134 304 332 136

3The DP of PEG and PDEAEMA calculated by 'H NMR in Fig. 1a and b, respectively. DP of PEG =
W — 1; DP of PDEAEMA_M A2 Asgs A3 2 and Ay 5 are the peak areas of the reso-

3 x12

4 6
nance élgndls at 1.02, 3.63, 3.74 and 4. 31 ppm, respectively. ®Calculated from '"H NMR spectra. M, NMR =
M, B.pEG-Br + My, pEAEMA X DP of PDEAEMA X 2. “Obtained from GPC

@ Springer
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Fig.2 GPC traces of Br-PEG,-Br macroinitiators (A) and PDEAEMA -PEG -PDEAEMA; triblock copolymers (B)

chemical compositions. The integrated area ratio of -OCH-
,CH,0- in the PEG block (3.63 ppm) and -N(CH,CHs), in
the PDEAEMA blocks (1.02 ppm) confirms that all the tri-
block copolymers have almost the same DP values of PDE-
AEMA blocks (about 65). The results indicate that the tri-
block copolymers with a fixed PDEAEMA block length and
different PEG block lengths are prepared successfully. The
M, Gpc values of triblock copolymers are higher than those
calculated by "H NMR spectra (M, nyr)> Which is probably
due to the different polarities between the triblock copoly-
mers and polystyrene standards. In this regard, M, yx val-
ues are chosen to represent the M, of triblock copolymers.

A 14
12 4 Illlllllllllll!
»r>>>> PR EERERY
] ( sregasaadd
10
| [ ]
8
jas) [ ]
5 !
6- I —m— Pure Water
u —— PDEAEMA,-PEG,,-PDEAEMA
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—<4—PDEAEMA,-PEG,-PDEAEMA
2 —b»—PDEAEMA-PEG,;-PDEAEMA
T T T T T
0 1000 2000 3000 4000
V-NaOH (pL)

pH-sensitivity of the triblock copolymers

pKa is an important parameter to characterize pH respon-
sive polymers, and the apparent pKa value of micelles can
be obtained by acid-base titration. Many reports showed
that PDEAEMA-based copolymer micelles displayed dif-
ferent pKa values when the length of PDEAEMA segments
was changed [12, 33]. In our present study, the triblock
copolymers also exhibit different pKa values due to vary-
ing length of PEG block. The acid-base titration curves of
the synthesized triblock copolymer micelles are presented
in Fig. 3A, and the obtained average pKa values are listed

|—=—PDEAEMA,-PEG,,-PDEAEMA,,
20 {—e— PDEAEMA,-PEG,-PDEAEMA
|—¥—PDEAEMA-PEGy,-PDEAEMA,

—<—PDEAEMA -PEG,,,-PDEAEMA

Transmittance (%)

T T T T T T T T T

2 4 6 8 10 12
pH

Fig.3 (A) Acid-base titration curves of the triblock copolymers, (B) Plots of the transmittance versus pH value of PDEAEMA ;s—PEG,~PDEAEMA 4

micelles in aqueous solutions (1 mg mL ")
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Table2 The pK, and CMC values of the prepared triblock copoly-
mers

Copolymers Wi PK, CMC

(%) (103 mg mL™")
PDEAEMA;-PEG,-PDEAEMA;, 3.5 6.84 5.50
PDEAEMA;-PEG,,-PDEAEMAs 5.1 692 7.04
PDEAEMA;-PEGgy-PDEAEMA;, 14.8 7.03 9.80
PDEAEMA;-PEG 5,-PDEAEMA¢s 20.7 7.08 13.23

in Table 2. Compared to pure water, the triblock copoly-
mer micelles clearly show pH buffering platforms, which
are resulted from the protonation of diethylamino (DEA)
groups in the PDEAEMA blocks. When the lengths of
PDEAEMA blocks are kept almost constant, the longer the
PEG block, the higher the pKa values of the copolymers
(Table 2), demonstrating that the pKa value of the copoly-
mer can be adjusted by tuning the ratio of hydrophilic PEG
segments, which may be attributed to the shielding effect
of PEG shell. The PEG segments act as the thick shell of
the micelles, which forbid the contact of DEA groups with
the aqueous solution, in this way, it decreases the electro-
static repulsion and improves the pKa value.

The pH-sensitivity was further evaluated by the trans-
mittance of the copolymer micelles (1 mg mL™!) as pre-
sented in Fig. 3B. The curves show sharp transitions
from transparent solutions (100% transmittance) to tur-
bid mixtures (0% transmittance) within pH region from
pH 6.8 to 8 for PDEAEMA;-PEG,-PDEAEMA;
and PDEAEMAs-PEG,,-PDEAEMA;. But the
decrease of transmittance with the increase of pH value
is small for PDEAEMA;-PEG¢y-PDEAEMA, and
PDEAEMAs-PEG,;,-PDEAEMA ;. The latter two copoly-
mers with longer PEG blocks can form nano-size micelles
even at pH 7.4 (discussed as follows), resulting in the almost
unchanged transmittance when the acidic environment
becomes basic. Thus, with the increase of the PEG block
length, the aqueous solutions of the triblock copolymers
appear transparency at basic conditions.

Micellization properties of the triblock
copolymers

The CMC values determined by fluorescence spectroscopy
(Fig. S1) are given in Table 2 [12]. It is found that when the
DP of the PEG block increases from 11 to 134, the CMC
values increase from 5.50x 10~ to 13.23 x 10~ mg mL~".
The results clearly show that all the prepared triblock copol-
ymers can self-assemble into micelles even at an ultra-dilute
concentration, indicating that the micelles would be stable
during the dilution when entering blood circulation [33].
Generally, the CMC value of amphiphilic block copolymers
increases with the increasing length of the hydrophilic poly-
mer block due to the enhanced hydrophilicity of whole poly-
mer chains [45]. In our previous study, we also found that
CMC value decreased with the increase of the hydrophobic
PDEAEMA block length [12].

Since PDEAEMA is a pH sensitive block, the D, and PDI
of the prepared triblock copolymer micelles at two condi-
tions (pH="7.4 and 6.5) were measured by DLS (Fig. S2,
Table 3). The D, values of all the micelles at pH 7.4 are
less than 180 nm and the PDIs are relatively narrow, which
implies that the micelles are potential for drug carriers. In
addition, with the increasing DP of the hydrophilic PEG
block from 11 to 134, D, values at pH 7.4 decrease from
178 to 45 nm. This may be due to the obviously enhanced
content of the hydrophilic PEG chains. With the decrease of
pH value from 7.4 to 6.5, the D, values of all the micelles
decrease sharply to around 30 nm. This change is related to
the hydrophobic PDEAEMA segments turned into hydro-
philic through the protonation of DEA groups under the pH
6.5 condition (pKa> 6.5 seen in Table 2). Then, the electro-
static repulsion of PDEAEMA blocks becomes so strong
that the copolymer molecules can no longer hold together,
leading to the decreasing micelle sizes.

TEM images (Fig. 4) also reveal that the prepared triblock
copolymers self-assemble into near-spherical micelles [32],
and the particle sizes of the self-assembly decrease with
the increase of PEG block length. However, the D, of the
micelles from TEM images (Table 3) is smaller than the

Table 3 The hydrodynamic
diameter and polydispersity
index of the triblock copolymer
micelles

Copolymers D, (nm) PDI
pH=74 pH=65 pH=74 pH=65
Blank * DOX-loaded
PDEAEMA;-PEG,-PDEAEMA; 178 (167) 216 27 0.089 0.549
PDEAEMA;-PEG,,-PDEAEMA 132 (118) 153 33 0.075 0.746
PDEAEMA;-PEGg,-PDEAEMA; 54 (47) 106 34 0.197 0.626
PDEAEMA,-PEG3,-PDEAEMA¢s 45 (35) 99 31 0.364 0.441

“The sizes in the parenthesis determined by TEM
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Fig.4 TEM images of micelles formed at pH=7.4 by PDEAEMA,-PEG, -PDEAEMA; (A), PDEAEMA ;-PEG,,-PDEAEMA; (B), and

PDEAEMA;-PEG,,-PDEAEMA; (C)

value obtained from DLS measurements. This may be due
to the fact that the size of micelles can be directly measured
in aqueous solution via DLS, while the micelle samples used
in TEM tests were dehydrated [46—48].

In vitro cell cytotoxicity assay
The in vitro cytotoxicity of the blank triblock copolymer

micelles was evaluated by MTT assay with A549 and 1.929
cells. The results are shown in Fig. 5. Figure 5 shows that the
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cell viability is higher than 90% after 24 h incubation even
for micelle concentration up to 200 pg mL ™", indicating that
the as-prepared PDEAEMA (s-PEG -PDEAEMA (5 micelles
are nontoxic to A549 and L.929 cells.

In vitro drug loading and release
In order to assess the suitability of the prepared copolymer

micelles as drug delivery carriers, encapsulation of the hydro-
phobic DOX in the micelles and the release study of the loaded
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Fig.5 Cytotoxicity to A549 and 1929 cells of PDEAEMA,-PEG,,-PDEAEMA; (A), PDEAEMA 45-PEG,-PDEAEMA s (B), PDEAEMA ;-

PEGy,-PDEAEMA; (C) and PDEAEMA 5-PEG,,,-PDEAEMA (D)
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Table4 DLC, DLE and
cumulative drug release of the
triblock copolymer micelles

Copolymers DLC (%) DLE (%) Cumulative drug release in
48 h (%)
pH=5.0 pH=7.4
PDEAEMA,,-PEG,,-PDEAEMA,, 7.95 86.3 89.8+6.9 335+12
PDEAEMA (s-PEG,,- PDEAEMA 7.61 82.9 82.0+2.5 31.0+2.5
PDEAEMA,,-PEG,,-PDEAEMA,, 6.38 68.1 76.0+1.2 30.4+3.8
PDEAEMAs-PEG ;,-PDEAEMA; 6.97 74.9 704413 324+4.1

micelles are performed. The DLC and DLE values (Table 4)
have a decreasing trend with the increase of the hydrophilic
PEG block length. PDEAEMA;-PEG,;-PDEAEMA; and
PDEAEMA5-PEG,,-PDEAEMA 45 have much higher DLC
and DLE values compared to the other two copolymers. This
may be due to the bigger hydrophobic core formed by PDE-
AEMA blocks which can encapsulate more hydrophobic
DOX in the micelles, as the decease of the PEG block length
leads to higher PDEAEMA block content.

Fig. S2b shows the DLS curves of the DOX-loaded triblock
copolymer micelles. Table 3 also indicates that the D, values
of the blank micelles at pH 7.4 are significantly lower than
those of the correspondent DOX-loaded micelles, which imply
that the drug, DOX, is encapsulated into the triblock copoly-
mer micelles effectively. Furthermore, the D, values of the
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DOX-loaded micelles increase with the decreasing length of
the hydrophilic PEG block, which indicates that more drugs are
encapsulated in the shorter PEG block copolymer micelles [49].

In vitro drug release experiments are performed at pH 7.4
and pH 5.0 for the DOX-loaded micelles. The release profiles
are displayed in Fig. 6 and the cumulative release amount in
48 h is summarized in Table 4. The profile of release curves
under the condition of pH 7.4 is similar for all four kinds
of triblock copolymer micelles. At pH 7.4, around 30% of
DOX is released in 10 h and then the release rates are almost
unchanged, at last, less than 34% of DOX is released in 48 h,
indicating that the release rate of the drug is low at pH 7.4,
resulting from the protection effect of the tight structure of
micelles. At pH 5.0, the release rates of DOX accelerate sig-
nificantly. About 70% of DOX is released in 10 h, then the
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Fig.6 In vitro drug release profiles of DOX-loaded PDEAEMA;-PEG, -PDEAEMA; (A), PDEAEMA 5-PEG,-PDEAEMA 4 (B), PDEAEMA-
PEGg,-PDEAEMA; (C), and PDEAEMA 45-PEG 3,-PDEAEMA; (D), micelles at pH 7.4 and pH 5.0
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release amount reaches about 80% in 48 h. Most of the DEA
groups in PDEAEMA blocks have been protonated under
pH 5.0, resulting in the swollen of the drug-loaded micelles,
which should accelerate the release of DOX [29]. At pH 7.4,
the cumulative drug release in 48 h is almost the same, how-
ever at pH 5.0, it increases from 70.4% to 89.8% with the
decrease of the PEG block length from 134 to 11 (Table 4).
This may be due to the fact that shorter PEG block would
increase the content of pH-sensitive PDEAEMA blocks, and
further enhance the micelle expansion with the decrease of the
pH value, which is in favor of drug release from the micelles.

Conclusion

In this work, a series of well-defined biocompatible PDEAEMA ;-
PEG,-PDEAEMA; triblock copolymers with a fixed PDE-
AEMA block length (m = 65) and different PEG block lengths
(n=11, 20, 89 and 134) were successfully prepared using dif-
ferent Br-PEG, -Br as macroinitiators. The hydrophiles of the
whole polymer increase with the increasing length of the PEG
block, which has great impacts on the self-assembly and pH-
sensitivity of the prepared triblock copolymers when the length
of PDEAEMA blocks is fixed. Meanwhile, the copolymer
containing more hydrophilic PEG segments shows moderately
lower drug loading capacity and smaller particle size. DOX
release rates of the drug-loaded micelles can be controlled by
the pH value and the PEG block length. Faster drug release
rates are observed at lower pH values with shorter PEG block
length. The MTT assay observation confirms the good bio-
compatibility of these pH-responsive copolymers. Therefore,
the prepared pH-sensitive PDEAEMA ¢s-PEG,-PDEAEMA ¢5
triblock copolymers would be used as the promising candidate
for anti-tumor drug carriers.
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