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The well-defined amphiphilic poly(ethylene glycol)-block-poly(propylene glycol) copolymer containing
1, 2, 3-triazole moiety and multiple ester bonds (PEG-click-PPG) was prepared by click reaction strategy.
The PEG-click-PPG copolymer can self-assemble into spherical micelles in aqueous solution. It is found
that high intensity focused ultrasound (HIFU) can open the copolymer PEG-click-PPG micelles and trigger
the release of the payload in the micelle. The multiple ester bonds introduced in the junction point of the
copolymer chain through click reactions were cleaved under HIFU, and leads to the disruption of the
copolymer micelle and fast release of loaded cargo. The click reaction provides a convenient way to con-
struct ultrasound responsive copolymer micelles with weak bonds.

� 2015 Published by Elsevier B.V.
1. Introduction bonds, ideally mechano-labile ones that are sensitive to the
The molecular design for new stimuli-responsive amphiphilic
block copolymer has gained a great interest in recent years [1,2].
When copolymer micelles suffer certain stimuli such as thermal
[3], pH [4], light [5], magnetic [6] and ultrasound [7–10], the
micelle structure can be broken physically or chemically, leading
to the release of the encapsulated hydrophobic drugs. The
synthesis of novel stimulus responsive copolymer and the design
of new stimuli-responsive means are of equal importance. The
major challenge is the realization of the optimized coupling
interaction between physical or chemical stimulus means and
the copolymer micelle microcontainer.

Ultrasound triggered drug release was firstly investigated by
Pitt [7], Rapoport [11] and Hussein [12]. It was found that ultra-
sound could physically break the micelle and trigger the drug
release. High intensity focused ultrasound (HIFU) is another
promising external trigger for the drug release from polymer,
which has the advantages such as focused tiny area, deep penetra-
tion, non-invasiveness and remote controllable properties [13–15].
Previously Xia and Zhao et al. [13–17] investigated HIFU induced
release behavior of payload entrapped in polymer micelles con-
taining weak bonds, and proposed a novel mechanism, i.e. breaking
the copolymer micelle under HIFU by a mechanochemical way. In
order to develop block copolymer micelles that can be rapidly and
efficiently disrupted by HIFU, the copolymer should contain weak
mechanical effects associated with the ultrasonic cavitation. On
the other hand, for drug delivery, HIFU intensity should be low
to be acceptable by human body and HIFU time should be as short
as possible.

Recently, a wide variety of mechanochemical reactions have
been demonstrated through the deliberate incorporation of
mechanophores into polymer chain, with the aim of developing
mechanoresponsive polymers [18–25]. The exploring in new
mechanophore structure and the routes to introduce the mechan-
ophore into the polymer are the main directions [26,27]. The
mechanophore concept could provide a novel approach to fabricate
ultrasound responsive copolymer and its micelle system.

Click chemistry has emerged as an established robust and effi-
cient method to link functional moieties with each other, which
is especially interesting for the preparation of functional materials
such as block copolymers. The orthogonal 1, 3-dipolar cycloaddi-
tion click reaction of azides and alkynes provides efficient
route to synthesize amphiphilic block copolymer containing 1, 2,
3-triazole ring [28,29], such as (PCL)2-(PEG)2 miktoarm star
copolymer [30] and PCL-g-PEG [31]. Click chemistry is also tried
to introduce the mechanophore into the homopolymer, however,
the mechanochemical ring-opening for the 1, 2, 3-triazole moiety
under low frequency ultrasound in organic solvent is not
successful [32].

Herein, we utilized the mechanophore-functionalization
through click reaction of azides and alkynes for amphiphilic block
copolymer to develop ultrasound responsive micelle. Previously
we have confirmed that the irreversible release mechanism
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resulting from the cleavage of ester bonds as the ‘‘mechanophore”
at the junction points of PEG and PPG blocks based on our designed
Pluronic type copolymer PEG-COO-SS-PPG [17]. The robust click
reaction route can introduce more ester bonds, i.e. mechanophore,
into the junction points of PEG and PPG blocks, which may endow
the copolymer rapid and efficient ultrasound responsiveness.
Meanwhile, it is necessary to check whether HIFU can unlock the
1, 2, 3-triazole ring embedded in copolymer micelle in aqueous
solution, and lead to the disruption of micelles and release of
encapsulated hydrophobic drug.

In this study, the amphiphilic Pluronic type block copolymer
PEG-click-PPG containing 1, 2, 3-triazole moiety and four ester
bonds in the junction point was synthesized by click chemistry
as shown in Scheme 1a, using azide-terminated PEG as the hydro-
philic block and alkyne-terminated PPG as the hydrophobic block.
Pluronic copolymer was selected because it is one of the few
copolymer micelles which have been used as a FDA approved drug
delivery system for the last decades. Base on this new copolymer,
the HIFU triggered release of the copolymer micelle was expected.
The proposed mechanism as illustrated in Scheme 1b includes
HIFU-induced site-specifically mechanochemical degradation of
the PEG-click-PPG chain containing weak bonds, and consequently
the micelle disruption and controlled payload release.

2. Materials and methods

2.1. Raw materials

Poly(ethylene glycol) methyl ether (mPEG) (Mn = 2000),
Poly(propylene glycol) monobutyl ether (PPG) (Mn = 2500),
Scheme 1. (a) Synthetic route of PEG-click-PPG copolymer. (b) Schematic illustration
bonds.
Succinic anhydride, dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), and Nile Red were obtained
from Sigma–Aldrich Chemical Company and used without further
purification. CuBr (99%; Maya) was purified by stirring overnight
in acetic acid. Sodium azide (NaN3), 3-Butyn-1-ol,
Pentamethyldiethylenetriamine (PMDETA), 2-Bromoethanol and
Sodium azide were purchased from Maya-Reagent. Diethyl ether
(Et2O), N, N-Dimethylformamide (DMF), Tetrahydrofuran (THF),
dichloromethane (DCM), CaH2, methanol, ethanol, and sodium
were purchased from Chengdu Kelong Chemical Reagents Institute.
THF and DCM were dried by refluxing over sodium wire and CaH2

respectively, and distilled prior to use to remove the moisture and
oxidative impurity. All other chemicals and solvents were used as
received unless stated.

2.2. Sample preparation

2.2.1. Synthesis 2-Azidoethanol (1)
According to the reference [33], 2-bromoethanol (7.51 g,

60.5 mmol), NaN3 (5.13 g, 122 mmol), and Tetrabutylammonium
bromide (500 mg, 1.5 mmol) were added to a 50 mL flask, and stir-
red for 15 h at 110 �C. Then the mixture was cooled and the pro-
duct was taken up with Et2O (20 mL), and the precipitate was
removed by filtration. The precipitate was washed with Et2O
(�20 mL). Evaporation of the solvents gave a yellow residue that
was purified by distillation (bp 35 �C/1 Torr) to yield 5.0 g (95%)
of 2-Azidoethanol as a colorless liquid. 1H NMR (400 MHz, CDCl3,
d): 2.06 (m, AOH), 3.45 (m, ACH2AN3), 3.78 (m, ACH2AOH). FTIR:
v = 3377.5, 2937.5, 2880.2, 2110 vs (AN3), 1442.5, 1296.3,
1070.0 cm�1.
of HIFU responsive process of copolymer micelle containing mechano-labile ester
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2.2.2. Synthesis of carboxyl-terminated PEG (2)
The mPEG (10.0 g, 5 mmol) was dissolved in toluene and

refluxed to remove the water, then succinic anhydride (2.5 g,
25 mmol), and pyridine was added under anhydrous conditions
and refluxed for 24 h under vigorous stirring. The solvent was
evaporated completely using a rotary evaporator. The residue
was dissolved in tetra chloromethane and the excess succinic
anhydride was removed by filtration. The solution was concen-
trated and cold diethyl ether was added to precipitate the
carboxyl-terminated PEG (mPEG-COOH) (yield: �9.89 g, �90%).
1H NMR (400 MHz, CDCl3, d): 4.27(t,ACOOCH2A), 3.63 (m,AOCH2-
CH2OA), 3.35 (s, CH3OA), 2.64 (m, AOCOCH2CH2OCOA). FTIR
(KBr): m = 3431.5, 2886.4, 1735.1 vs (ACOOA), 1468.4, 1291.3,
1113.6 cm�1.

2.2.3. Synthesis azide-terminated PEG (3)
2-Azidoethanol (25 mmol, 2.18 g) and mPEG-COOH (5 mmol,

10 g) were dissolved in anhydrous THF (50 ml) in a 100 ml flask.
The mixture was stirred for several min to obtain a clear solution.
To this, DCC (25 mmol, 5.16 g) and DMAP (2.5 mmol, 0.31 g) were
added in. After a few min, white precipitate appeared and the reac-
tion mixture was stirred for another 48 h at room temperature. The
obtained reaction mixture was filtered to remove the precipitate N,
N0-dicyclohexylure (DCU). The filtrate was concentrated by rotary
evaporation. The azide-terminated PEG (mPEG-N3) was precipi-
tated by addition of cold diethyl ether and dried in vacuum to con-
stant weight (yield: �8.04 g, �76%). 1H NMR (400 MHz, CDCl3, d):
4.27 (t, ACOOCH2A), 4.24 (t, ACH2OCOA), 3.65 (m, AOCH2CH2OA),
3.38 (s, CH3OA), 2.77 (t, ACH2N3), 2.60 (m, AOCOCH2CH2OCOA).
FTIR (KBr): m = 3441.9, 2887.0, 2105.7 vs (AN3), 1737.8, 1477.3,
1116.9 cm�1.

2.2.4. Synthesis of carboxyl-terminated PPG (4)
The PPG (10.0 g, 4 mmol) was dissolved in toluene and refluxed

to remove the water, then succinic anhydride (2.0 g, 20 mmol), and
triethylamine was added under anhydrous conditions. The mixture
was stirred at 80 �C for 24 h. Toluene was evaporated using a rotary
evaporator. The residue was dissolved in tetrachloromethane and
the excess succinic anhydride was removed by filtration. The tetra-
chloromethane was evaporated completely using a rotary evapora-
tor, and the residue was dissolved in dichloromethane. The
obtained clear solution was washed with 0.5 N HCl, saturated
NaHCO3 and saturated NaCl solutions for three times, and then
dried over anhydrous MgSO4. The solvent was then removed by
evaporation and the product carboxyl-terminated PPG (PPG-
COOH) was obtained (yield: �7.50 g, �72%). 1H NMR (400 MHz,
CDCl3, d): 3.55 (t, ACHAOA), 3.40(s, ACH2AOA), 2.62 (m,
AOCOCH2CH2OCOA). 1.14 (ACH3). FTIR (CH2Cl2): m = 3516.2,
3260.0, 2930.0, 2870.8, 1736.6 vs (ACOOH), 1455.5, 1107.3 cm�1.

2.2.5. Synthesis of alkyne-terminated PPG (5)
The obtained PPG-COOH (4 mmol, 10 g) and 3-Butyn-1-ol

(20 mmol, 1.4 g) were dissolved in anhydrous THF (50 ml) in a
100 ml flask. The mixture was stirred for several min to obtain a
clear solution. To this, DCC (20 mmol, 4.13 g) and DMAP (2.0 mmol,
0.24 g) were added in. After a few min, white precipitate appeared
and the reaction mixture was stirred for another 48 h at room tem-
perature. The obtained reaction mixture was filtered to remove the
precipitate N, N0-dicyclohexylure (DCU). The filtrate was concen-
trated by rotary evaporation, and the residue was dissolved in
dichloromethane The obtained clear solution was washed with
0.5 N HCl, saturated NaHCO3 and saturated NaCl solutions for three
times, and then dried over anhydrous MgSO4. The solvent was then
removed by evaporation and the obtained product Alkyne-
terminated PPG (PPG-Alkyne) (yield: �9.29 g, �90%). 1H NMR
(400 MHz, CDCl3, d): 4.20 (t, ACH2OCOA), 3.55 (t, ACHAOA),
3.40(s, ACH2AOA), 2.66 (s, AC„CH), 2.64 (m, AOCOCH2CH2-
OCOA), 2.53 (t, ACCH2A), 1.14 (ACH3). FTIR (CH2Cl2): m = 3516.2,
3260.0 (AC„CH) and, 2935.0, 2123.0 (C„C), 1745.8, 1458.9,
1111.5 cm�1.

2.2.6. Synthesis of PEG-click-PPG (6)
PEG-click-PPG copolymers were synthesized by ‘‘click” reaction

between mPEG-N3 and PPG-Alkyne. As an example, mPEG-N3 (2 g,
1 mmol of azide group) and 2 equiv of PPG-Alkyne (5 g, 2 mmol of
alkyne group) were dissolved in 15 ml dry DMF. Then, CuBr
(72 mg, 0.5 mmol) and PMDETA (87 mg, 0.5 mmol) were added
into the flask sequentially. The reaction mixture was degassed by
three freeze–pump–thaw cycles, left in N2, and stirred at 25 �C
for 24 h. The solution was passed through an alumina column to
remove the copper salt. The solvent was then removed by evapora-
tion and the obtained crude product was purified by silica gel col-
umn chromatography (using ethanol as the eluent to remove
unreacted PPG-Alkyne and other impurities, and then using 10:1
DCM/methanol to obtain the pure product (yield: �2.96 g, �66%).

2.3. Preparation of blank micelle solutions

The obtained block copolymer was firstly dissolved in the THF.
The copolymer micelles were formed by adding phosphate buffer
solution (PBS) dropwise to the solution. Typically, 50 mg of PEG-
click-PPG was dissolved in 10 ml of THF, and then 40 ml of PBS
was added drop by drop under vigorous stirring to induce the
aggregation of hydrophobic PPG blocks forming the micelle core.
After that, another 50 ml PBS was added rapidly to stabilize the
micelle morphology. THF was removed by evaporation at 40 �C
for 24 h. The initial polymer concentration was 0.5 mg ml�1.

2.4. Preparation of micelle solutions containing Nile Red

The micelle solutions containing Nile Red were prepared using a
similar procedure to the blank micelle solutions. For instance, Nile
Red was firstly dissolved in THF with an initial concentration of
0.5 mg ml�1, and then 50 mg of PEG-click-PPG was introduced to
10 ml of Nile Red/THF solution, 40 ml PBS was then added dropsies
to induce the formation of the micelles and simultaneously the
encapsulation of Nile Red. After that, another 50 ml PBS was added
rapidly to stabilize the micelle morphology. THF was allowed to
evaporate by heating to 40 �C for 24 h. The unencapsulated Nile
Red was deposited and then removed by filtration using 450 nm
filters.

2.5. HIFU treatment of PEG-click-PPG copolymer micelles

Typically, 5 mL micelle solution was placed into glass cuvette
reactor, which was sealed by latex membrane and immersed in a
water tank (37 �C). The focused beams of ultrasound penetrate
through latex membrane and act on the micelle solutions. In all
HIFU treatment experiments, the focal spot of the beams was set
at the center of the solution. After HIFU treatment for a certain
time at a certain power output, the cuvette reactor was removed
from the water tank and the sample was taken out for characteri-
zation. The fluorescence intensity of the copolymer micelles before
and after HIFU treatment was detected after filtered with 450 nm
filter.

2.6. Characterization

FTIR analysis of the samples was performed on a Nicolet 560
Fourier transform infrared (FTIR) spectrometer. Proton nuclear
magnetic resonance 1H NMR spectra were recorded at room tem-
perature with a Bruker spectrometer operating at 400 MHz using



Fig. 1. 1H NMR spectra (400 MHz, CDCl3) of mPEG, mPEG-COOH and mPEG-N3.
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CDCl3 as the solvent and tetramethylsilane as an internal reference.
Molecular weight was measured with gel permeation chromatog-
raphy (GPC, TOSOH, HLC-8320GPC) with THF as the eluent at a
flow rate of 0.6 ml�min�1 at 40 �C. Molecular weight was calibrated
with polystyrene standard. Dynamic light scattering (DLS) was per-
formed on a Brookhaven BI-200 goniometer with vertically polar-
ized incident light of wavelength k = 532 nm supplied by an
argon laser operating at 200 mW and a Brookhaven BI-9000 AT
digital autocorrelator. Measurements were made at 25.0 �C and
at the detect angle of 90�. The autocorrelation functions from
DLS were analyzed by using the non-negatively constrained least
square algorithm (NNLS) method to obtain the diameter distribu-
tions. Micellar morphology was observed with Scanning Electron
Microscopy (SEM, Inspect F, Fei Company, USA). Specimens for
SEM observations were prepared by depositing several drops of
micellar solutions onto silicon wafers and were dried by lyophiliza-
tion. Steady-state fluorescence emission spectra of the micelle
solutions were recorded on the 970CRT spectrophotometer
(Shanghai Precision & Scientific Instrument Co., Ltd). The excitation
wavelength was 600 nm.
3. Results and discussion

3.1. Design and synthesis of PEG-click-PPG copolymer

As shown in Scheme 1a, the PEG-click-PPG block copolymer
was synthesized by click reaction of self-made azide-terminated
PEG and alkyne-terminated PPG in aqueous media and catalyzed
by the copper (I) species in-situ generated through the catalyst of
CuBr/PMDETA. The precursors, azide-terminated PEG and alkyne-
terminated PPG, were firstly synthesized by esterification reaction.
Fig. 2. FTIR spectra of (a) mPEG-COOH, (b) mPEG-N3, (c) PPG-COOH, (d) PPG-Alkyne
and (e) PEG-click-PPG.
3.1.1. Synthesis and characterization of mPEG-N3

The azide-terminated PEG (mPEG-N3) was synthesized from
commercially available PEG with monohydroxyl end group (mPEG)
in two steps. First, carboxyl-terminated mPEG (mPEG-COOH) was
prepared from the reaction of mPEG-OH with succinic anhydride.
Then, 2-Azidoethanol was coupled with mPEG-COOH at room tem-
perature in the presence of DCC and DMAP.

Fig. 1 shows the 1H NMR spectra of mPEG-COOH and mPEG-N3.
For mPEG-COOH, resonance at 4.26 ppm (Hc) is the characteristic
signal of the methylene protons conjoint with ester group
(ACOOA), and compared with carboxyl-terminated precursor, it
is notable that a new signal at 2.77 ppm corresponding to the
methylene proton conjoint with azide group appears. Furthermore,
Fig. 2b shows the FTIR spectra of mPEG-N3. Compared with mPEG-
COOH precursor, a new absorption peak related to azide group at
2110 cm�1 appears which indicates the successful synthesis of
mPEG-N3.
Fig. 3. 1H NMR spectra (400 MHz, CDCl3) of PPG, PPG-COOH and PPG-Alkyne.
3.1.2. Synthesis and characterization of alkyne-terminated PPG
The synthesis of alkyne-Terminated PPG was similar to mPEG-

N3. First, carboxyl-terminated PPG (PPG-COOH) was prepared from
the reaction of PPG-OH with succinic anhydride in the presence of
triethylamine (TEA). Then, 3-Butyn-1-ol was coupled with PPG-
COOH at room temperature in the presence of DCC and DMAP. In
the 1H NMR (Fig. 3) of PPG-Alkyne, The characteristic signal peaks
at 4.20 and 2.53 ppm are assigned to the methylene protons of
butyne group, while the resonance of the alkyne proton is also
detected at 2.66 ppm. In the FTIR spectrum of PPG-Alkyne
(Fig. 2d), alkyne group was evidenced by the characteristic bands
of HC„C and C„C at 3260 and 2123 cm�1, respectively, which
all confirms the successful synthesis of PPG-Alkyne.



Fig. 5. GPC traces of mPEG-N3, PPG-Alkyne and PEG-click-PPG copolymer.

Table 1
The number average molecular weight (Mn), weight average molecular weight (Mw)
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3.1.3. Synthesis and characterization of PEG-click-PPG by ‘‘click”
chemistry

‘‘Click” chemistry strategy was employed to synthesize PEG-
click-PPG copolymer between mPEG-N3 and PPG-Alkyne using
CuBr/PMDETA as catalyst in DMF at room temperature. In the 1H
NMR of PEG-click-PPG (Fig. 4), the signal at 7.50 ppm due to the
proton on the triazole ring was clearly detected, indicating that
the ‘‘click” reaction was achieved successfully. Fig. 2 shows the
FTIR spectra of mPEG-N3, PPG-Alkyne and PEG-click-PPG. Com-
pared with the mPEG-N3 and PPG-Alkyne precursors, the charac-
teristic absorption peaks at 2110 cm�1 assigned to azide group of
mPEG-N3, and the peaks at 3260 and 2123 cm�1 assigned to alkyne
group of PPG-Alkyne completely disappear, which also confirms
the successful synthesis of PEG-click-PPG copolymer.

Fig. 5 shows the GPC traces of PEG-click-PPG in comparison
with those of the corresponding mPEG-N3 and PPG-Alkyne precur-
sors. Table 1 lists the molecular weight and its distribution. It is
clear that after ‘‘click” reaction, the Mn of PEG-click-PPG reaches
�7600, which is nearly the sum of mPEG block and PPG block, indi-
cates that well defined PEG-click-PPG copolymer was successfully
prepared.
and polydispersity index (Dp) of the mPEG-N3, PPG-Alkyne and PEG-click-PPG
copolymer.

Samples Mn Mw Dp

mPEG-N3 2700 2800 1.05
PPG-Alkyne 4900 6700 1.36
PEG-click-PPG 7600 8900 1.17
3.2. HIFU induced site-specifically mechanochemical degradation for
the PEG-click-PPG copolymer in the micelle

The ‘‘click” strategy not only introduces 1, 2, 3-triazole moiety
in the copolymer chain but also provides an efficient route to syn-
thesize amphiphilic block copolymer with multiply ester bonds
with HIFU responsibility. As mentioned above, it is interesting to
check whether HIFU unlocks the 1, 2, 3-triazole ring, or breaks
the ester bonds in the junction point of copolymer chain in the
aqueous micelle solution. In order to conduct this investigation,
the amphiphilic PEG-click-PPG copolymers micelles were firstly
prepared by adding PBS buffer aqueous solution dropwise to the
copolymer/THF solution and then the obtained micelle solutions
were subject to HIFU treatment. The solid samples used for 1H
NMR and FTIR characterization were obtained as follows: the
PEG-click-PPG micelles solution before and after HIFU treatment
were dried to obtain the solid PEG-click-PPG copolymer, which
was further purified by dissolving it into dichloromethane and fil-
tering the un-dissolved salt.

The FTIR results are shown in Fig. 6a. It is clear that the absorp-
tion of carbonyl groups in ester bonds (�1739 cm�1) decreases and
a new absorption peak of hydrogen-bonded carbonyl acid dimers
appears (�1646 cm�1) after HIFU treatment for 10 min, indicating
Fig. 4. 1H NMR spectra (400 MHz, CDCl3) of PEG-click-PPG copolymer.
the cleavage of ester bonds. The peaks assigned to the azide
(�2110 cm�1) and terminal alkyne (3295 and 2123 cm�1) func-
tionalities are not present in the FTIR spectrum of the PEG-click-
PPG after HIFU treatment for 10 min, which indicates the ring-
opening of 1, 2, 3-triazole in the PEG-click-PPG copolymer chain
does not happen under HIFU interaction. Fig. 6b shows the number
average molecular weight Mn of PEG-click-PPG copolymer
decreases with HIFU time. After HIFU treatment for 10 min, the
Mn decreases from �7600 to �3400. This proves the cleavage of
copolymer chains after HIFU treatment.

Fig. 7 shows the 1H NMR of PEG-click-PPG copolymer in the
micelle before and after HIFU treatment. The chemical shift of peak
d belongs to the resonance of protons in methylene groups of the
terminal repeat units of PEG connected with ester groups (ACH2-
AOACOA), and the decrease in the intensity of peak d indicates
the cleavage of ester groups. After HIFU treatment, the peak (d)
intensity of chemical shift at �4.3 decreases for the copolymer,
and the changes of related peaks e, f, j and k have the same trend.
The peak area ratios were listed in Table 2. The results show that
the peak area ratios of the every hydrogen (d, f, j, e and k) in ester
bond to the all hydrogens (b, n, m) in the PEG and PPG chains
decrease after HIFU treatment, suggesting the cleavage of ester
bonds. The signal at 7.50 ppm due to the proton on the triazole ring
was also existed, which again confirms the ring-opening of 1, 2, 3-
triazole does not happen under HIFU.

When the copolymer micelle is subjected to HIFU in aqueous
solution, the formation and collapse of ultrasonic cavitation bub-
bles produces solvodynamic shear forces [34], which are exerted
to polymer chains and leads to the cleavage of the ester bond as
the mechanophore in the polymer chain. In our previous study
[17], the mechanochemical cleavage mechanism for the ester bond
in the copolymer chain was confirmed, while the possibility of the
thermally induced the cleavage of the ester bond was ruled out.
Boulatov et al. [35,36] theoretically investigated the
mechanochemical scission of ester bonds under stretching force.
The cleavage possibility for 1, 2, 3-triazole ring was also examined.
The above FTIR and 1H NMR results confirm that the 1, 2, 3-triazole



Fig. 6. (a) FTIR spectra of PEG-click-PPG micelle before and after HIFU treatment for 10 min. (b) The change in weight average molecular weight (Mn) of copolymer PEG-click-
PPG obtained after HIFU treatment at different time, determined by GPC (HIFU power output: 70 W).

Fig. 7. 1H NMR spectra of PEG-click-PPG copolymer in the micelle before and after
HIFU treatment (70 W, 10 min).
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bonds are not broken by HIFU. The Cu(I)-catalyzed alkyne–azide
cycloaddition process is thermodynamically favored (DH � �45
to �55 kcal mol�1), an essential feature for click reactions [37].
As a result, the triazole ring is stable toward normal thermal treat-
ment and is inert in aqueous or biologically relevant environments
[38,39]. The HIFU induced changes in the molecular structures for
our copolymer as stated above confirm the preferential cleavage of
ester bonds not the triazole ring. Previously we investigated the
PEO-PPO-PEO micelle system without ester bonds under HIFU,
and the results suggested that the PEO-PPO-PEO chains cannot
be degraded by HIFU [11,13].
3.3. HIFU induced PEG-click-PPG micelle structure change

The HIFU-induced site-specific degradation for the copolymer
chain provides a basis for the copolymer micelle disruption and
payload release as shown in Scheme 1b. When the PEG-click-PPG
Table 2
1H NMR peak area ratio of the hydrogen in ester bond to hydrogens in PEG and PPG chain
10 min).

Sample d/(b + m + n) f/(b + m + n

Before HIFU 0.60% 0.57%
After HIFU 0.41% 0.38%
copolymer micelle is subjected to HIFU, the micelle structure will
be disrupted due to the mechanochemical cleavage of PEG-click-
PPG copolymer chains in the micelle. This was confirmed by DLS
and SEM.

The DLS data (Fig. 8a) show that the diameter of the blank PEG-
click-PPG micelles is �26 nm with a narrow size distribution.
Fig. 8b shows that after HIFU treatment for 10 min at a power of
70W, the original micelle structure nearly disappears, the particles
with an average diameter of �90 nm appears, which should be the
aggregates of the disrupted PPG block resulted from HIFU-induced
site-specific degradation. To further confirm the disruption of PEG-
click-PPG micelles, the morphology of micelle before and after
HIFU was observed by SEM. A large amount of spherical micelles
with a mean diameter of �35 nm can be observed before HIFU
treatment. The size observed by SEM is a little bit larger than that
measured by DLS, which is attributed to the slight collapse of
micelles after drying, since the polymer is soft (Fig. 8c). After HIFU
treatment, a large number of micelles are destroyed and the new
irregular aggregated structure are formed (Fig. 8d). The SEM
images are consistent with the DLS results.

A similar HIFU-induced structure change for PEG-click-PPG
micelle containing the payload Nile Red was observed (Fig. 9).
The DLS data show that the diameter of the PEG-click-PPG/Nile
Red micelles is �37 nm (Fig. 9a), which is a little bit larger than
blank micelles. This may be caused by the encapsulated Nile Red
into the core of PEG-click-PPG micelles. After HIFU treatment, the
particles with an average particle size of �190 nm appears
(Fig. 9b), which should be the mixed aggregates of the degraded
PPG block by HIFU together with the released Nile Red. The SEM
images are consistent with the DLS results. The original PEG-
click-PPG micelles containing Nile Red is also very spherical with
a size of �66 nm (Fig. 9c). The irregular aggregated particles
formed by mixed aggregates of degraded PPG block and Nile Red
after HIFU treatment can be observed by SEM (Fig. 9d).

3.4. HIFU-responsive release behavior of the PEG-click-PPG copolymer
micelles containing Nile Red

To verify the HIFU responsive process shown in Scheme 1b, the
HIFU stimulus responsive payload release from PEG-click-PPG
s for PEG-click-PPG copolymer in the micelle before and after HIFU treatment (70 W,

) j/(b + m + n) (e + k)/(b + m + n)

0.59% 0.25%
0.40% 0.23%



Fig. 8. (a, b) DLS curves and (c, d) SEM images of blank PEG-click-PPG micelles (a, c) before and (b, d) after HIFU treatment (70 W, 10 min).

Fig. 9. (a, b) DLS curves and (c, d) SEM images of PEG-click-PPG/Nile Red micelles before (a, c) and after (b, d) HIFU treatment (70W, 10 min).
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Fig. 10. (a) Variation of fluorescence emission spectra of PEG-click-PPG/Nile Red solutions (kex = 600 nm) with different time at a HIFU power output of 70 W. (b) Variation of
(I0 � It)/I0 of PEG-click-PPG/Nile Red micelles under HIFU treatment (70 W).
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micelle was investigated. Nile Red, as a model payload, is used for
the investigation on the controlled release behavior, particularly
for the dilute micelle solution [40–42]. The release of Nile Red
can be monitored and revealed by the changes in their fluorescence
emission spectra. The fluorescence emission spectra of the PEG-
click-PEG/Nile Red micelle solution at different HIFU time were
measured at 37 �C. The release percentages were evaluated using
the following equation: % release = (I0 � It)/I0, where I0 and It is
the fluorescence emission peak intensity at �600 nm measured
before and after HIFU treatment for t min, at a power output of
70 W, respectively.

Fig. 10a shows that with increasing HIFU time, the fluorescence
emission intensity decreases rapidly. The fluorescence peaks
nearly disappear in 12 min under a HIFU power output of 70 W.
Fig. 10b shows that under HIFU treatment at a power output of
70 W, the �50% of Nile Red is released from PEG-click-PPG/Nile
Red micelles at only 4 min, and the released percentage of Nile
Red reaches about 90% at 12 min, while the fluorescence intensity
of PEG-click-PPG/Nile Red micelles remains nearly no change with-
out HIFU treatment. For our previously investigated HIFU respon-
sive poly(ethylene glycol) methyl ether (mPEG) and poly
(propylene glycol) monobutyl ether (PPG) block copolymer PEG-
COO-PPG micelle containing two ester bonds in the central junc-
tion point, the �20% of payload release occurs after HIFU treatment
for 4 min at a power output of 70 W [17]. This suggests that PEG-
click-PPGwith four ester bonds in the central junction points intro-
duced by click reaction has a more sensitive and rapid ultrasound
responsiveness than PEG-COO-PPG, which is important for con-
trolled drug release. The PEG-click-PPG micelle could achieve
quicker release in a short time because of the more HIFU respon-
sive ester bonds in the junction point of the PEG-click-PPG chains.

The digital pictures of PEG-b-PPG/Nile Red micelle solutions
before and after HIFU treatment for 12 min were also shown in
Fig. 10b. After HIFU treatment for 12 min, the pink color of micelle
solution became colorless, which provides direct evidence that Nile
Red encapsulated in the hydrophobic core of micelle was released
into aqueous solution under HIFU treatment. These results suggest
that HIFU could be a promising trigger for the cargo release from
Pluronic type copolymer micelle containing the mechanophore.
4. Conclusions

In summary, a novel HIFU responsive amphiphilic copolymer
was successfully synthesized by the ‘‘click” chemistry based on
the widely used Pluronic type copolymer. The copolymer could
self-assemble into micelles in aqueous solution, and HIFU stimulus
was used to break the micelle by a mechanochemical way. The
copolymer micelles could be rapidly disrupted in several min by
HIFU in a remote way and present a faster release rate. The release
behavior was attributed to a dynamic micelle disruption process
resulted from the HIFU induced sites-specific cleavage of the mul-
tiple ester bonds in the junction points of PEG-click-PPG chain. It is
confirmed that the mechanochemical cleavage occurs preferen-
tially at the central ester bond rather than at the 1, 2, 3-triazole
ring in the micelle aqueous solution, which can guide the design
of novel HIFU responsive copolymer micelles as carriers for drug
delivery. The click reaction provides a convenient way to construct
ultrasound responsive copolymer micelles.
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