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Abstract: Thermo/pH dual responsive mixed-shell polymeric

micelles based on multiple hydrogen bonding were pre-
pared by self-assembly of diaminotriazine-terminated poly(e-

caprolactone) (DAT-PCL), uracil-terminated methoxy poly(-

ethylene glycol) (MPEG-U), and uracil-terminated poly(N-vi-
nylcaprolactam) (PNVCL-U) at room temperature. PCL acted

as the core and MPEG/PNVCL as the mixed shell. Increasing
the temperature, PNVCL collapsed and enclosed the PCL

core, while MPEG penetrated through the PNVCL shell,

thereby leading to the formation of MPEG channels on the

micelles surface. The low cytotoxicity of the mixed micelles
was confirmed by an MTT assay against BGC-823 cells. Stud-

ies on the in vitro drug release showed that a much faster

release rate was observed at pH 5.0 compared to physiologi-
cal pH, owing to the dissociation of hydrogen bonds. There-

fore, the mixed-shell polymeric micelles would be very
promising candidates in drug delivery systems.

Introduction

Polymeric micelles self-assembled from amphiphilic copoly-

mers in water have been extensively exploited to improve con-

ventional therapy in drug delivery systems in recent years[1]

owing to their capability to increase the solubility and stability

of insoluble drugs as well as their good biocompatibility.[2] Mi-
celles generally exhibit a core–shell structure with a hydropho-

bic inner core as a depot for hydrophobic drugs and a hydro-
philic outer shell as a protective interface between the hydro-

phobic core and external aqueous milieu.[3] However, polymeric

micelles become thermodynamically unstable when they are
diluted below the critical micelle concentration (CMC) after in-
travenous injection.[4] The disruption of micellar structures
might lead to the burst release of physically encapsulated

drugs, which may cause serious side-effects, mostly due to
large fluctuations in the drug concentration.[4b] All these char-

acteristics may reduce the effectiveness of drug delivery and
limit the in vivo application of polymeric micelles. Several strat-
egies have been developed to solve this stability problem.[5]

Core—shell–corona micelles with three-layered structures

are a rational alternative.[4a, 6] Core—shell–corona micelles are
usually prepared from either a ABC triblock copolymer or two

diblock copolymers AB and BC or AB and CD.[7] Compared to

the triblock copolymer, the structures of complex micelles
formed by two different diblock copolymers are tunable con-

veniently, because the ratio of the shell and corona can be ad-
justed by the relative content of the two diblock copoly-

mers.[6b] A key advantage of core—shell–corona micelles is that
channels can be created in the shell,[8] which could be applied

to suppress burst drug release. For example, Li et al.[9] prepared

double-responsive complex micelles by self-assembly of poly(-
tert-butyl acrylate)-block-poly(N-isopropylacrylamide) (PtBA-b-
PNIPAM) and poly(tert-butyl acrylate)-block-poly(4-vinylpyri-
dine) (PtBA-b-P4VP) with a PtBA core and a mixed P4VP/

PNIPAM shell at room temperature. When the solution temper-
ature or pH value were changed, the PNIPAM or P4VP will col-

lapse on the PtBA nuclear, while the P4 VP or PNIPAM stretched
out still exhibition in solution, formed a kind of adjustable hy-
drophilic “channel”.

Considering the tumor targeting drug delivery field, an ideal
anticancer drug carrier should retain the drug molecules in the

micellar core in the bloodstream and normal tissues and re-
lease them at the specific tumor sites.[4b, 10] Hence, incorpora-

tion of pH-responsive character into amphiphilic polymers is

highly desirable for their potential application as carriers for
anticancer hydrophobic drugs because the tumor extracellular

environment is more acidic (pH 6.5) than blood and normal tis-
sues (pH 7.4), and the pH values of endosomes and lysosomes

are even lower (pH 5–5.5).[1f, 3c, 11] To date, various pH-responsive
polymer micelles based on acid-sensitive groups have been
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developed for pH-triggered drug delivery.[10a, 12] Compared to
conventional covalent-linked polymers, supramolecular poly-

mers based on noncovalent interactions have been found to
be more sensitive to external stimuli, which offer a new route

for design of drug delivery systems with rapid response abili-
ties.[13] Among various noncovalent interactions, hydrogen

bonding is very sensitive to pH variation.[14, 13b] For example,
Wang et al.[15] prepared the supramolecular amphiphilic block
copolymers based on multiple hydrogen-bonding interactions

between adenine-terminated poly(e-caprolactone) (PCL-A) and
uracil-terminated poly(ethylene glycol) (PEG-U). Doxorubicin
(DOX) was loaded in the PCL core as a model drug. The result
showed that the release rate of DOX from micelles at pH 5.0
was remarkably faster than at pH 7.4.

Herein, we benefited from the core—shell–corona three-lay-

ered structure and hydrogen bonds connection, and have re-

ported mixed-shell polymeric micelles prepared by self-assem-
bly of diamino-triazine-terminated poly(e-caprolactone) (DAT-

PCL), uracil-terminated methoxy poly(ethylene glycol) (MPEG-
U), and uracil-terminated poly(N-vinylcaprolactam) (PNVCL-U)

in aqueous solution with a PCL core and a mixed MPEG/PNVCL
shell at room temperature. PNVCL, one of the well-known ther-

mosensitive polymers, showed a temperature induced collapse

from an extended coil to a globular structure in aqueous solu-
tion at 32 8C, called the lower critical solution temperature

(LCST). DAT-PCL could assemble into micelles with MPEG-U or
PNVCL-U, while MPEG-U···DAT-PCL micelles disintegrated when

they were diluted in the blood stream and PNVCL-U···DAT-PCL
micelles precipitated above the LCST of PNVCL (after intrave-

nous injection at around 37 8C). As for the mixed micelles, the

collapsed PNVCL shell could form hydrophobic domains on
the PCL core. The corona formed by the water soluble MPEG

chains embedded into the PNVCL shell and acted as a channel
and a protective barrier against aggregation of the micelles

themselves (Scheme 1).

The micelles remained to protect drug molecules in the
bloodstream and normal tissues and released the drug at the
specific tumor sites (pH 5.0) due to the disassembly of the mi-
celles by breaking of the hydrogen bonds. The area of the hy-
drophobic PNVCL domain and MPEG channel could be finely

tuned by controlling the relative content of PNVCL and MPEG
in the mixed shell. The mixed micelles are promising materials

in the site-specific drug delivery system with advantages of
high therapeutic effectiveness and minimal side effects of

cancer chemotherapy.

Results and Discussion

Synthesis of DAT-PCL and PNVCL-U

The 1H NMR spectrum of the DAT-PCL is shown in Figure S1
(see the Supporting Information). The peaks at 1.39, 1.66, 2.31,

and 4.07 ppm are assigned to protons g, f, e, and h in the PCL
segments, respectively. The peak at 3.68 ppm is assigned to

proton k in the methylene proton conjoint to the end hydroxy
group of the PCL unit of the polymer. The peaks at 2.78, 2.98,
4.28, and 5.23 ppm are assigned to protons c, b, d, and a in

the DAT segments, respectively. The 13C NMR (300 MHz, CDCl3)
spectrum of the DAT-PCL is shown in Figure S2 (see the Sup-
porting Information). The 13C NMR results further demonstrate
the successful grafting of DAT on PCL. The FTIR spectrum of

DAT-PCL is shown in Figure S3 (see the Supporting Informa-
tion).

The 1H NMR spectrum of the PNVCL-U is shown in Figure S4

(see the Supporting Information). The peaks at 1.14–2.0, 2.5,
3.2, and 4.4 ppm are assigned to protons b + d + e, c, f, and

a in the PNVCL segments, respectively. The peaks at 3.74, 3.91,
and 4.24 ppm are assigned to protons g, i, and h in the ¢
SCH2COOCH2CH2¢ segments, respectively. The peaks at 5.74,
7.52, and 8.24 ppm are assigned to protons k, j, and l in the

uracil segments, respectively. The Figure S5 (see the Support-

ing Information) is the 13C NMR (300 MHz, CDCl3) spectrum of
PNVCL-U. The 13C NMR results further demonstrate the success-

ful grafting of uracil on PNVCL. The FTIR spectra of the PNVCL-
U and PNVCL-COOH are shown in Figure S6 (see the Support-

ing Information).
The GPC traces of polymers are shown in Figure S7 (see the

Supporting Information), and all polymers showed the unimo-

dal peak, which further indicated that the polymerization was
completed successfully and there was no another polymer in

the product. Molecular weights and molecular weight distribu-
tions were measured by GPC and summarized in Table 1.

Scheme 1. Schematic representation of the structure and functioning mech-
anism of DOX-loaded mixed shell micelle.

Table 1. Related data on all polymers.

Sample e-CL/DAT[a] Mn
[b]

[g mol¢1]
Mn

[c]

[g mol¢1]
Mw

[c]

[g mol¢1]
PDI[c]

DAT-PCL1 30/1 3749 4016 4716 1.17
DAT-PCL2 40/1 5694 4823 5221 1.08
DAT-PCL3 76/1 9449 8942 9745 1.09
PNVCL-COOH – 7022 6869 7899 1.15
PNVCL-U – 7178 6985 8312 1.19
MPEG-U – 5139 5394 5664 1.05

[a] Molar ratio of DAT to e-CL in feed. [b] Determined by 1H NMR spectros-
copy in CDCl3 solution. [c] Determined by GPC in THF at 30 8C.
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Hydrogen Bonding Interactions between DAT-PCL and
MPEG-U (or PNVCL-U)

The formation of complementary multiple hydrogen bonds be-

tween DAT-PCL and MPEG-U (or PNVCL-U) was analyzed by
1H NMR spectroscopy for the blend of two polymers (DAT-PCL/
MPEG-U, 1:1) in CDCl3. Compared with the 1H NMR of DAT-
PCL2 and MPEG-U, typical 1H NMR spectrum of MPEG-U···DAT-

PCL2 (Figure S8 A in the Supporting Information) not only re-
veals signals of the MPEG and PCL block, but also the chemical
shift of the NH resonance moving downfield systematically
from 8.24 to 10.49 ppm and the NH2 resonance moving down-
field systematically from 5.23 to 5.41 ppm. The results of the
1H NMR spectrum suggest that polymer chains are linked
through complementary hydrogen bonds.[16] The 1H NMR spec-

trum of PNVCL-U···DAT-PCL2 is shown in Figure S8B (see the

Supporting Information) and it also has the same movement in
the chemical shift.

To evaluate the hydrogen-bonding interactions, FTIR spec-
troscopy was performed to examine the hydrogen bonds be-

tween DAT-PCL2 and MPEG-U (or PNVCL-U). The FTIR spectrum
of MPEG-U···DAT-PCL2 is shown in Figure S9 A (see the Sup-

porting Information). Figure S9 A illustrates the FTIR spectra in

the C=O stretching region (1700�1650 cm¢1) of uracil. The C=

O stretching peak shifted to a lower frequency with the in-

creased PCL-DAT content, thus indicating the formation of the
hydrogen bonds.[17] The FTIR spectrum of PNVCL-U···DAT-PCL2
is shown in Figure S9B and the peak shift occurs.

Formation of the Micelles and pH-Triggered Destabilization

In this study, all of the micellar solutions have the same poly-

mer concentration of 0.1 mg mL¢1. Figure S10 (see the Support-
ing Information) shows that all of the MPEG-U···DAT-PCL mi-

celles exhibit unimodal size distribution with the mean diame-

ter from 112 to 139 nm. The sizes of micelle increased with an
increase in the proportion of hydrophobic segment, so the size

of the supramolecular copolymer micelle could be adjusted by
changing the proportion of hydrophobic segment.

The morphologies of MSM (MPEG-U···DAT-PCL2/PNVCL-
U···DAT-PCL2 (1:1 molar ratio) and MSM-DOX (1:1) visualized by
TEM are shown in Figure 1. The MSM and MSM-DOX are all ap-
proximate spherical micelles in aqueous solution and the mi-

celle sizes determined by TEM are in accordance with the data
from dynamic light scattering (DLS). It can be seen that the hy-
drodynamic diameter (Dh) of the drug-loaded micelles are

slightly larger than that of corresponding blank micelles.
The hydrogen-bonding interactions between the hydropho-

bic DAT-PCL core and hydrophilic MPEG-U and PNVCL-U shell
made mixed-shell polymeric micelles unstable at acidic pH. To

evaluate the pH-responsive, the MSM were treated with pH 5.0

acetate buffer (50 mm) and the particle sizes were followed by
DLS measurements at different time intervals.

Figure 2 A shows that MSM (5:5) aggregate rapidly at pH 5.0.
The size of MSM increases from 125 nm to about 685 nm in

4 h, and reaches over 1000 nm after 24 h. Figure 2 B shows
that the micelle solution becomes turbid at pH 5.0 after 48 h,

while it remains clear under pH 7.4. The change in micelle size

at low pH is attributed to the protonation, which leads to the

shedding of the hydrophilic shell from the micelles and the ag-
gregation of the hydrophobic core. In contrast, no change in

micelle size is observed after 48 h at pH 7.4.

Drug Loading and Release from the Micelles

Hydrophobic DOX was well encapsulated into the hydrophobic

inner cores of the SM and MSM (1:1) with a loading efficiency
of about 29.6 % and 24.8 %, and a loading content of 12.9 %
and 11.0 %, respectively. It should be noted that MSM show
a slight increased average size of about 138 nm, as measured
by TEM and DLS (see Figure 1 B1 and 1 B2 in the Supporting In-
formation), wherein the polydispersity of polymeric micelles is

fairly low, indicating narrow size distribution. The drug release
experiment was performed in acetate buffer solution (pH 5.0,
0.05 m) and in phosphate buffer solution (pH 7.4, 0.05 m), re-
spectively.

Figure 3 shows the DOX release rate of from SM-DOX and

MSM-DOX (5:5) at pH 5.0 and pH 7.4 at 37 8C, respectively. It
could be seen that for two kinds of micelles the release rate of

Figure 1. TEM images (left) and DLS studies (right) of MSM (1:1) (A) and
MSM-DOX (1:1) (B).

Figure 2. (A) Change in size of MSM (1:1) over time at pH 5.0 at 25 8C moni-
tored by DLS; (B) Photographs of MSM (1:1) over 48 h (B1) pH 7.4, (B2)
pH 5.0.
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DOX at pH 5.0 was faster than that at pH 7.4. This is because

DOX is a kind of cationic drug and its solubility in acidic water

is good,[8b] and two kinds of micelles are destabilized and shed-
ding of micelle shell under acidic conditions.[15] In addition, the

DOX release rate from SM-DOX was faster than the MSM-DOX
at 37 8C. This is because the PNVCL chains in MSM could col-

lapse unto the PCL core at 37 8C, which could hinder the re-
lease of DOX from the micelles.[8b]

Figure 4 shows the release rate of DOX from MSM-DOX (1:1)
at 25 8C and 37 8C at pH 7.4. The drug release rate at 25 8C was
faster than at 37 8C. This is because PNVCL is soluble at 25 8C,
but is insoluble at 37 8C (see Figure S11 in the Supporting In-

formation) and could collapse into the PCL core (Scheme 1).
These results also show that the micelles are markedly thermo-

responsive.[8]

Figure 5 shows the release profiles of DOX from MSM-DOX
with different ratios of MPEG-U···DAT-PCL2 to PNVCL-U···DAT-

PCL2 at pH 7.4 at 37 8C, respectively. Obviously, the drug re-
lease rate decreased with decreasing ratio of MPEG-U···DAT-

PCL2 to PNVCL-U···DAT-PCL2. This was because the area of
MPEG channels decreased with decreasing the content of

MPEG.

In Vitro Cytotoxicity of the Micelles

The cytotoxicity of SM and MSM were evaluated by MTT assay

using BGC-823 cells. Figure 6 shows the cell viability after 48 h
of incubation with the micelles of SM and MSM respectively, at

different concentrations (the total amount of micelles in RPMI-

1640 medium).

The results demonstrate that no obvious cytotoxicity against
BGC-823cells is observed even if the concentration of copoly-

mer micelles is up to 1.0 mg mL¢1. Therefore, these micelles ex-
hibit low cytotoxicity to BGC-823 cells.

In Vitro Cellular Uptake

The cellular uptake and intracellular release behavior of MSM-
DOX (1:1) by BGC-823 cells were performed on an inverted

fluorescence microscope. As shown in Figure 7, the weaker

DOX fluorescence was observed and mainly in the cytoplasm

Figure 3. In vitro release profiles of DOX from SM-DOX and MSM-DOX (1:1)
at different pH values (a) pH 5.0, (b) pH 7.4 at 37 8C.

Figure 4. In vitro release profiles of DOX from MSM-DOX (1:1) at different
temperatures (a) 25 8C, (b) 37 8C at pH 7.4.

Figure 5. In vitro release profiles of DOX from MSM-DOX at pH 7.4 at 37 8C
with different ratios of MPEG-U···DAT-PCL2 to PNVCL-U···DAT-PCL2
(a) 3:2 molar ratio, (b) 1:1 molar ratio, (c) 2:3 molar ratio, respectively.

Figure 6. Cytotoxicity of BGC-823 cells against SM and MSM (1:1) after cul-
tured for 48 h with different micelle concentrations.

Figure 7. Inverted fluorescent microscopy images of BGC-823 cells after in-
cubation with MSM-DOX (1:1) at pH 7.4 for 2 h (A), 4 h (B) and 12 h (C), re-
spectively. The cell nuclei were stained with DAPI (blue). Scale bar = 50 mm.
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of the cells when the cells were cultured in the MSM-DOX for
2 h.

However, the fluorescence remained nearly constant when
the cells were cultured in the MSM-DOX for 4 h. After 12 h in-

cubation, much stronger fluorescence of DOX was observed
and partly localized in the cell nucleus. As observed in Fig-

ure 7 A and C, MSM-DOX was internalized through an endocy-
tosis pathway and then the DOX molecules were released and

diffused through endocytic compartments to the nucleus

eventually.[15]

In Vitro Cytotoxicity of DOX-Loaded Micelles

Figure 8 shows the viability of BGC-823 cells after incubation
with SM-DOX, MSM-DOX (1:1), and free DOX at different doses

of DOX from 0–5.0 mg mL¢1. The IC50 value (a concentration at
which 50 % of cells were killed) for free DOX was 1.3 mg mL¢1,

while that for SM-DOX and MSM-DOX were 3.8 and
4.3 mg mL¢1, respectively. The results demonstrate that DOX-

loaded micelles are able to enter the cells and produce the de-
sired pharmacological action. DOX-loaded micelles show
a slightly lower cytotoxicity than that of free DOX, which can

be attributed to the slow release of DOX from micelles and
delay nuclear uptake in BGC-823 cells, as evidenced by the in
vivo DOX release.

Conclusions

Stimuli-responsive drug delivery systems that can release
drugs in a controllable manner are highly desirable, especially
for the delivery of anticancer drugs. We have successfully de-

veloped stimuli-responsive mixed shell micelles as a drug
nanocarrier. In the first step, MPEG-U, DAT-PCL, and PNVCL-U

were synthesized and their self-assembly in solution was stud-
ied. In addition, we have demonstrated that the complex mi-

celles have strong response to mild acid pH and are capable of

rapidly releasing DOX inside the cells to yield significantly en-
hanced drug efficacy. The resulting micelles are nontoxic. Im-

portantly, the DOX-loaded micelles could be successfully inter-
nalized into cancer cells. These mixed shell micelles based on

complementary multiple hydrogen bonds are very appealing
drug carriers, because they can potentially combine the advan-

tages of traditional covalent-linked copolymer micelles. There-
fore, this type of shell-responsive micelles are very promising

candidates for improvements in drug delivery systems.

Experimental Section

Materials

Uracil (�98.0 %), e-caprolactone (e-CL), mono-methoxy poly(ethy-
lene glycol) (MPEG) with Mn = 5000 g mol¢1, 2-mercaptoethanol,
mercapto acetic acid, N,N-dicyclohexylcarbodiimide (DCC), and 4-
dimethylaminopyridine (DMAP) were purchased from Alfa Aesar
Co. , Ltd. Stannous octoate (Sn(Oct)2), ethylene carbonate, N-vinyl-
caprolactam, azobisisobutyronitrile (AIBN), and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) were purchased from Sigma–Aldrich
Chemical Reagent Co., Ltd. Doxorubicin hydrochloride (DOX·HCl)
was purchased from Adamas Chemical Reagent Co., Ltd. N,N-Dime-
thylformamide (DMF), 1,4-dioxane, and dichloromethane (CH2Cl2)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), and dried over calcium hydride for 48 h and
then distilled before use. p-Toluenesulfonyl chloride (TsCl) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). A clear polystyrene tissue culture treated 12-well and 96-
wellplates were obtained from Beijing Dingguo Changsheng Bio-
technology Co., Ltd. Dialysis bag (molecular weight cut off: 1 KD)
was obtained from Shanghai Baoman Biological Technology Co.,
Ltd. All other reagents and solvents were of analytical grade and
used as received unless otherwise mentioned.

Synthesis of MPEG-U

MPEG-U was prepared according to the literature.[15] First, MPEG
and TsCl reacted to obtain MPEG-sulfanilic acid ester (MPEG-OTs).
Then, MPEG-OTs was treated with uracil to give MPEG-U in 82 %
yield. 1H NMR (300 MHz, CDCl3): d= 8.27 (s, 1 H, -CONHCO-), 7.37 (d,
1 H, -NCHCH-), 5.65 (d, 1 H, -CHCHCO-), 3.92 (t, 2 H, -CH2CH2N-),
3.65–3.74 (m, 4 H, -OCH2CH2-,), 3.54 ppm (s, 3 H, CH3OCH2-).
13C NMR (300 MHz, [D6]DMSO): d= 47.14 (-CH2CH2N-), 58.02
(CH3O-), 67.84 (-CH2CH2N-), 69.72 (-CH2CH2O-), 71.31 (CH3OCH2-),
102.12 (-CHCHCO-), 146.31 (-CHCHCO-), 150.11 (-NCONH-),
167.32 ppm (-CHCONH-).

Synthesis of Diaminotriazine (DAT)

A mixture containing 2,4-diamino-6-vinyl-s-triazine (4.11 g,
0.03 mol), DMPA (0.380 g, 0.0015 mol), and 2-mercaptoethanol
(4.4 mL, 0.06 mol) in DMF (100 mL) was irradiated by UV at 365 nm
for 1 h. The DMF was removed under reduced pressure and the
product was washed with a mixture of acetone and ethanol
(80 mL, v/v = 1:1) three times to give a white powder in 55 % yield.
The 1H NMR spectrum of the DAT is shown in Figure S12. 1H NMR
(300 MHz, [D6]DMSO): d= 6.63 (s, 4 H, -NH2), 2.82 (t, 2 H, -CH2CH2S-),
2.57 (t, 4 H, -CH2SCH2-), 3.51 (q, 2 H, -CH2OH), 4.80 ppm (s, 1 H, -OH),
MS (Bruker Reflex III time-of-flight mass spectrometer) m/z : calcd.
for C7H13N5OS 215.27; found 216.00. The 13C NMR and FTIR spectra
(300 MHz, [D6]DMSO) of DAT are shown in Figure S13 and Fig-
ure S14 in the Supporting Information, respectively.

Synthesis of DAT-PCL

DAT-PCL was synthesized by ring-opening polymerization of e-CL
initiated by DAT with Sn(Oct)2 as a catalyst. The necessary amounts
of DAT, e-CL, and Sn(Oct)2 were added into a 50 mL round flask fol-
lowed by six cycles of evacuation-purging with purified nitrogen.

Figure 8. Cytotoxicity of BGC-823 cells against SM-DOX and MSM-DOX (1:1)
after cultured for 48 h with different micelle concentrations.
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The polymerization reaction was performed in an oil bath at 120 8C
and terminated after 24 h under stirring. After being cooled to
room temperature, the resulting polymer was dissolved in CH2Cl2

and precipitated in diethylether three times. The precipitate was
dried in vacuum at 25 8C for 24 h to give the desired DAT-PCL poly-
mers as a white solid. The yield was approximately 65 %. The reac-
tion route is shown in Scheme 2. Different molar ratios of the feed-
ing e-CL to DAT resulted in the corresponding polymers with vari-
ous compositions as listed in Table 1.

Synthesis of 1-(2-Hydroxyethyl) Uracil (HEU)

A mixture containing uracil (1.121 g, 0.01 mol), ethylene carbonate
(0.969 g, 0.011 mol), and NaOH (0.02 g, 0.5 mmol) in DMF (60 mL)
was maintained at 160 8C for 1.5 h. The DMF was removed under
reduced pressure and the residue was recrystallized from 1,4-diox-
ane (30 mL) three times to give a white powder in 29 % yield. MS
(Bruker Reflex III time-of-flight mass spectrometer) m/z : calcd. for
C6H8N2O3 156.14; found 156.90. The 1H NMR spectrum of the HEU
is shown in Figure S15 in the Supporting Information. 1H NMR
(300 MHz, [D6]DMSO): d= 8.50 (s, 1 H, -CONHCO-), 7.40 (d, 1 H,
-COCH=CH-), 5.44 (d, 1 H, -CH=CHN-), 3.58–3.37 ppm (m, 5 H,
-CH2CH2OH). The 13C NMR (300 MHz, [D6]DMSO) and FTIR spectra of
HEU are shown in Figure S16 and Figure S17 in the Supporting In-
formation, respectively.

Synthesis of PNVCL-U

NVCL (2.5020 g, 18 mmol) and AIBN (0.0405 g, 0.2475 mmol) were
dissolved in 1,4-dioxane (10 mL) and nitrogen was bubbled
through the solution for 30 min. Then, mercapto acetic acid
(0.0331 g, 0.36 mmol) was dissolved in 1,4-dioxane (2.0 mL) and
added into the reactor. The polymerization was performed at 68 8C
under stirring and terminated after 12 h. After being cooled to
room temperature and removal of 1,4-dioxane under reduced pres-

sure, the resulting polymer was dissolved in dichloromethane
(20 mL) and precipitated in n-hexane (500 mL) three times. The
precipitate was dried in vacuum at 25 8C for 24 h to give the de-
sired PNVCL-COOH as a white solid in 70 % yield. 1H NMR
(300 MHz, CDCl3): d= 4.65–4.25 (m, 1 H, -CHCH2SHCH2-), 2.45–2.62
(t, 2 H, -CH2CON-), 3.01–3.45 (m, 2 H, -CONCH2-), 3.74 (s, 2 H,
-SCH2COOH), 1.18–2.02 ppm (m, 8 H, -CH2CH2CH2CH2CH2NCHCH2-).

PNVCL-COOH (1.4084 g, 0.2 mmol), DMAP (0.0068 g, 0.056 mmol),
and DCC (0.1154 g (0.56 mmol) were dissolved in DMF (10 mL) and
nitrogen was bubbled through the solution for 30 min. Then, 1-(2-
hydroxyethyl) uracil (0.312 g, 2.0 mmol) was dissolved in DMF
(2.0 mL) and added into the reactor. The reaction was performed
at 25 8C under stirring and terminated after 24 h. After removal of
DMF under reduced pressure, the resulting polymer was dissolved
in ethyl acetate (50 mL). After filtration, the ethyl acetate was re-
moved under reduced pressure and the product was dissolved in
acetone (10 mL) and precipitated in n-hexane (350 mL) three times.
The precipitate was dried in vacuum at 25 8C for 24 h to give the
desired PNVCL-U as a white solid in 54 % yield. The reaction route
is shown in Scheme 2.

Preparation of Micelles

DAT-PCL, MPEG-U, and PNVCL-U (2:1:1 molar ratio) were first dis-
solved in DMF, respectively, to give the original solution of poly-
mers with a concentration of 1.0 mg mL¢1. For preparation of a spe-
cific micelle, an original solution of different polymers was mixed
together, and then the solution was added dropwise into a given
amount of ultra-purified water under vigorous stirring until opales-
cence appeared. The solution stirred overnight and then dialyzed
against water to remove DMF. The single micelle (SM) was pre-
pared only with MPEG-U and DAT-PCL, while the mixed shell mi-
celle (MSM) composed of MPEG and PNVCL segment on the sur-
face of the PCL core was prepared with the mixture of MPEG-
U···DAT-PCL and PNVCL-U···DAT-PCL micelle solution. The yields of
SM and MSM (1:1) were 92 % and 94 % (weight of resulting mi-
celles/weight of copolymers in feed), respectively.

Preparation of DOX-Loaded Micelles

Drug-loaded micelles, SM-DOX and MSM-DOX were prepared by
adding the polymer and DOX solution into ultra-purified water
under vigorous stirring until opalescence appeared, indicating the
formation of micelles. The solution was stirred overnight and then
dialyzed against water to remove DMF. Finally, the micelle solution
was filtered through a 0.45 mm Millipore filter to remove unencap-
sulated drug particles. For determination of drug loading content,
the DOX-loaded micelle solution was lyophilized and then dis-
solved in DMF. The UV absorbance at 485 nm was measured to de-
termine the DOX concentration.

Drug loading content (DLC) and drug loading efficiency (DLE) were
calculated according to the following formulae [Eq. (1) and (2)]:

DLC %ð Þ ¼ weight of loaded drug
total weight of polymer and loaded drug

  100%

DLE %ð Þ ¼ weight of loaded drug
total weight of drug in feed

  100%

In Vitro Release Study

The drug release experiment was performed in acetate buffer solu-
tion (pH 5.0, 0.05 m) and in phosphate buffer solution (pH 7.4,

Scheme 2. The synthetic routes for DAT-PCL and PNVCL-U.
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0.05 m), respectively. Briefly, 6.0 mL of micelle solution was trans-
ferred into a dialysis bag, and then the bag was immersed in
14 mL of buffer solution at 37 8C. Periodically, 4.0 mL of the solu-
tion outside the dialysis bag (Ve) was taken out for UV/Vis measure-
ments. The volume of solution was kept constantly by adding
4.0 mL of original buffer solution after each sampling. The amount
of drug was measured using a UV/Vis spectrophotometer at
485 nm for DOX. The cumulative percent drug release (Er) was cal-
culated based on Equation (3).

Er %ð Þ ¼ Ve

Pn¢1
1 Ci þ V0Cn

mDOX
  100%

Er : the total cumulative release % of DOX; Ve : the replacement of
PBS volume (4.0 mL); V0 : the total amount of PBS volume (14 mL);
Ci : DOX concentration of the i-th (i = 1, 2, 3, 4, 5, 6, 7) replacement
liquid (mg mL¢1) (determined by UV/Vis spectrophotometer mea-
surement) ; Cn : DOX concentration of the last replacement liquid
(mg mL¢1) ; mDOX : the total amount of DOX in micelle (mg). The in
vitro release experiments were carried out in triplicate at each pH
to get the final release curves.

Cytotoxicity Measurements of Blank Micelles

The cytotoxicity of the blank micelles was examined by MTT assay.
All sample solutions were diluted with RPMI-1640 medium to
obtain preset concentrations. BGC-823 cells were seeded into 96-
well plates at a density of 1 Õ 105 cells per well in 100 mL RPMI-1640
for 24 h. The medium was then replaced with 100 mL of sample
solutions in RPMI-1640. The cells were grown for another 48 h.
Then, 20 mL of a 5.0 mg mL¢1 MTT assays stock solution in PBS was
added to each well. After incubating the cells for 4 h, the medium
containing MTT was removed and 120 mL of DMSO was added to
each well to dissolve the MTT formazan crystals. Finally, the plates
were shaken for 10 min, and the absorbance of formazan product
was measured at 492 nm using a microplate reader (Bio-Rad 680,
America).

In Vitro Cellular Uptake

The cellular uptake experiments were performed on an inverted
fluorescence microscope. BGC-823 cells were seeded into 12-well
plates at a density of 1 Õ 105 cells per well in 500 mL RPMI-1640
medium/PBS. After an incubation of 24 h, the culture medium of
each well was replaced with 500 mL of fresh medium that con-
tained MSM-DOX (10 mg mL¢1 equivalent DOX concentration) for 4,
6 or 12 h. After the preset time intervals, the culture medium was
removed. Cells were washed with PBS buffer (3 Õ 500 mL), and then
they were stained with DAPI to visualize the nucleus and observed
with an inverted fluorescence microscope.

Activity Analyses

The cytotoxicity of free DOX and MSM-DOX against BGC-823 cells
was evaluated in vitro by the MTT assay. In the MTT assay, BGC-823
cells were seeded into 96-well plates with a density of 1 Õ 105 cells
per well and incubated in RPMI-1640 (100 mL) for 24 h. The
medium was then replaced with 100 mL of serial dilutions of free
DOX or MSM-DOX solutions in RPMI-1640. The cells were grown
for another 48 h. Then, 20 mL of a 5.0 mg mL¢1 MTT assay stock so-
lution in PBS was added to each well. After incubating the cells for
4 h, the medium containing MTT was removed and DMSO (120 mL)
was added to each well to dissolve the MTT formazan crystals. Fi-

nally, the plates were shaken for 10 min, and the absorbance of
formazan product was measured at 492 nm using a Bio-Rad 680
microplate reader.

Characterizations

The FTIR spectra were collected by a PerkinElmer FTIR spectrome-
ter using KBr disks. 1H NMR and 13C NMR spectra were measured
on a Varian Mercury-300 NMR spectrometer at room temperature,
using CDCl3 (or [D6]DMSO) as a solvent. Chemical shifts (d) were
given in ppm using tetramethylsilane (TMS) as an internal refer-
ence. The mass spectra (MS) were measured on Bruker Reflex III
time-of-flight mass spectrometer. The gel permeation chromatog-
raphy (GPC) measurement was conducted with a Waters 1515 GPC
instrument equipped with a HT4 and HT3 column (effective molec-
ular-weight range: 5000 to 600 000 and 500 to 30 000) and a 2414
differential refractive index detector. THF was used as an eluent
with the flow rate of 1.0 mL min¢1 at 30 8C and the molecular
weights were calibrated with polystyrene standards. The size distri-
bution of micelles was determined by DLS using a Malvern Nano
ZS instrument. Transmission electron microscopy (TEM) measure-
ments were conducted using a Hitachi H-7650 electron microscope
at an acceleration voltage of 80 kV. To prepare the TEM samples,
the sample solution was dropped onto a carbon-coated copper
grid and dried slowly in air. UV/Vis was measured on a Purkinje
General TU-1900 UV/Vis spectrophotometer at room temperature.
The cellular uptake was observed with an Olympus CKX41 inverted
fluorescence microscope. The lower critical solution temperature
(LCST) of the aqueous solution of the PNVCL-U was investigated
on a Purkinje General TU-1900 UV/Vis spectrophotometer together
with a NESLAB RTE-111 temperature controller. Briefly, the polymers
were dispersed in ultra purified water (Aquaplus 18.2 MW). The
transmittance of aqueous solutions of polymer at l= 500 nm was
recorded in a 1.0 cm path length quartz cell. In the heating-cooling
cycle, the rate of heating or cooling was set at 1 8C min¢1 with hold
steps of 10 min at each temperature. Values for the LCST of aque-
ous solutions of the polymers were determined at a temperature
with a half of the optical transmittance between blow and above
transitions.
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