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Novel azobenzene-based amphiphilic copolymers:
synthesis, self-assembly behavior and multiple-
stimuli-responsive propertiest
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A series of novel azobenzene-based amphiphilic random copolymers P(POSSMA-co-AZOMA-co-
DMAEMA) were synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization. A
light and reduction dual-responsive azo group, pH-responsive tertiary amine group and super
hydrophobic POSS moiety were incorporated into the polymer chain to generate multi-stimuli-
responsiveness. Self-assembly of these amphiphilic copolymers led to the formation of spherical
micelles in aqueous solution. The light, pH and reduction responsive properties of the micelles were
investigated systematically by DLS, TEM, UV-vis, FTIR and NMR. The azo groups can undergo trans—cis
isomerization under UV light irradiation, thus causing a diameter change of the micelles. Owing to the
large proportion of tertiary amine groups in amphiphiles, these micelles showed sensitive pH-response

behavior. The hydrophobic azo pendant in the polymer chain completely reduced to a more hydrophilic
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amphiphiles and the disassembly of polymeric micelles. Owing to these multi-stimuli-responses, the

DOI: 10.1039/c8ra01660g polymeric micelles showed rapid and efficient release properties of hydrophobic molecules in response
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1. Introduction

Stimuli-responsive polymeric systems integrating with special
responsive moieties can undergo alteration of their chemical
structures and physical properties in response to an external
stimulus, such as temperature,*? light,>* pH>” or reduction.®®
Azobenzene and its derivatives can undergo trans-cis isomeri-
zation under UV or vis light irradiation. Also, the azo bond is
cleavable in a reducing medium, such as hydrazine (NH,NH,),
sodium hydrosulfite (Na,S,0,) or azoreductase.'*> Therefore,
the self-assembly behavior and the stimuli-responsive proper-
ties of azobenzene based copolymers, as well as their applica-
tions, were intensively investigated in recent years.’*"’
Molecules containing azobenzene moieties have the ability to
form an ordered phase-separation structure in bulk, micelle,
vesicles, etc. Unique photoresponsive properties related with
the self-assembled structures have been observed and explored
for potential applications in areas such as optical devices,
sensors, and drug delivery.'*** Photo-responsive micelles based
on azobenzene-modified amphiphilic copolymers showed
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reversible self-assembly and disassembly behaviors in aqueous
conditions by alternating UV and visible light irradiation. Hu*
et al. synthesized a block copolymerpoly(ethylene glycol)-
modified poly(carbonate)s (PEG-b-poly(MPC)) and found its
reversible assembly-disassembly behavior in aqueous solution
triggered by visible light and UV light irradiation. Recently, an
azobenzene linkage cleavable by the enzyme azoreductase or
other reductants also has been reported. Rao and Khan
prepared an enzyme sensitive copolymer, which can be dis-
assembled through the cleavage of the azobenzene linkage in
copolymer chain in the presence of enzyme azoreductase.”* Li
and coworkers prepared prodrugs of 5-aminosalicylic acid
based on azobenzene molecule, and drug release can be trig-
gered by the cleavage of azobenzene with the reduction of
sodium hydrosulfite.*

Polyhedral oligomeric silsesquioxane (POSS), the well
defined organic-inorganic hybrid compounds with inorganic
cubic core and outer organic groups,>**’ is a strong hydrophobic
hybrid molecule with nanoscale dimension. POSS has attracted
considerable attentions in building amphiphilic polymers due
to their unique merits including nontoxic, biocompatible and
chemically inert.*®*' A lot of POSS-containing amphiphilic
polymers have been designed and well-defined nanoaggregates
have been prepared through the hydrophobic aggregation of
POSS segments in aqueous solution.*>** For example, Matéjka
and coworkers built hybrid random copolymers containing
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POSS moiety via RAFT polymerization and these amphiphilic
polymers can self-assemble into spherical micelles with PMA-
POSS segment as the hydrophobic part.** In this contribution,
azobenzene monomer (AZOMA) was synthesized and used to
prepare a series of novel azobenzene-based amphiphilic
random copolymers via RAFT polymerization with the como-
nomers of methacrylate isobutyl POSS (POSSMA) and 2-(dime-
thylamino) ethyl methacrylate (DMAEMA). The synthesis routes
of copolymer are described in Scheme 1. The incorporation of
hydrophobic AZOMA and POSSMA units make it possible to
self-assembly and form well-defined micelles. The hydro-
phiphilic and pH-responsive DMAEMA units can stabilize the
micelles. Moreover, the introduction of azobenzene moiety and
tertiary amine groups into polymer chains can endow these
amphiphilic copolymers with pH-, light- and reduction-
responsive  properties. Based on the multi-stimuli-
responsiveness of polymeric micelles, Nile red was selected as
a hydrophobic molecular model to study the guest molecular
encapsulation and release abilities of copolymers.

2. Experimental
2.1 Materials

Methacrylate isobutyl POSS (POSSMA) was obtained from
Hybrid Plastic Co. (USA) and used without further purification.
2-(Dimethylamino)ethyl =~ methacrylate = (DMAEMA)  was
purchased from Aladdin Chemical Co. Ltd. (Shanghai, China).
N-Ethyl-N-hydroxyethylaniline (96%) and the RAFT agent
cumyldithiobenzoate (CDB) was purchased from J&K Chemical
Ltd. (Shanghai, China). Aniline and sodium dithionite were
purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Azobisisobutyronitrile (AIBN) was recrystal-
lized from ethanol. All reagents in analytical grade were used as
received, unless otherwise have been noted before.

2.2 Synthesis of azobenzene monomer (AZOMA)

The synthetic route of the monomer AZOMA was illustrated
literature, according to the procedure similar to the published
method.*® A solution of aniline (2.3280 g, 25 mmol) in
concentrated HCl aqueous solution (60 mL, 20 vol%) was cooled
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to 0 °C, and NaNO, (1.8975 g, 27.5 mmol) in water (20 mL) was
added slowly. The mixture was stirred for 15 min in an ice bath
to obtain a solution of diazonium salt, AZO-N,", which was then
added to a solution of 2-(N-ethylanilino)ethanol (4.1308 g, 25
mmol) in acetic acid aqueous solution (30 mL, 30 vol%). After
5 min, K,CO; aqueous solution (10 wt%) was added to adjust
the pH value to 7. After filtration, the resulting solid was puri-
fied by column chromatography (gel silica gel, n-hexane : ethyl
acetate, 1:1). Finally, the product was dried in a vacuum at
room temperature for 12 h to afford 4.95 g (74%) of product.
The structure of HOAZO was characterized by FTIR and "H NMR
and ESI-MS spectroscopies. "H NMR (400 MHz dg-DMSO, 6 in
ppm) in Fig. S1:1 7.77 (4H), 7.52 (2H), 7.42 (1H), 6.83 (2H), 4.83
(1H), 3.58 (2H), 3.50 (4H), 1.14 (3H). The molecular weight of
269 (C;16H19N30) is consistent with the molecular ion peak [M +
H]" in Fig. S2.7

A solution of 4'-[2-(hydroxyethyl)ethylamino] azobenzene
HOAZO (2.6934 g, 10 mmol) and triethylamine (2.0238 g, 20
mmol) were dissolved in dichloromethane (100 mL). A solution
of methacryloyl chloride (1.5680 g, 15 mmol) in dichloro-
methane (15 mL) was added slowly to the above mixture in an
ice bath. The resultant mixture was stirred for 24 h at ambient
temperature. The solution was washed with the saturated
solution of NaCl, and the organic phase was dried over anhy-
drous MgSO,. The solvent was removed by rotary evaporation
and the residue was purified by column chromatography (gel
silica gel, n-hexane : ethyl acetate, 1 :5). Finally, the product
was dried in a vacuum at room temperature for 12 h. A yield of
82% was obtained. "H NMR (d;-CDCl;, 6 in ppm) in Fig. S3:1
7.86 (4H), 7.47 (2H), 7.38 (1H), 6.80 (2H), 6.11 (1H), 5.58 (1H),
4.36 (2H), 3.70 (2H), 3.52 (2H), 1.95 (3H), 1.24 (3H). The result of
ESI-MS analysis for AZOMA is shown in Fig. S4.1 The molecular
weight of 337 (C,0H,3N30,) is consistent with the molecular ion
peak [M + H]' in Fig. S4.}

2.3 Synthesis of azobenzene-based copolymers P(POSSMA-
¢0-AZOMA-co-DMAEMA)

Azobenzene-based copolymer, P(POSSMA-co-AZOMA-co-
DMAEMA), were synthesized with monomers of AZOMA, POS-
SMA and DMAEMA via RAFT polymerization as shown in
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Scheme 1 Synthesis of copolymer of P(POSSMA-co-AZOMA-co-DMAEMA).
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Scheme 1. The RAFT polymerization was followed: AZOMA
(0.6748 g, 2.0 mmol), POSSMA (0.4526 g, 0.48 mmol), DMAEMA
(0.6288 g, 4.0 mmol), CDB (0.0109 g, 0.04 mmol), and AIBN
(0.0013 g, 0.008 mmol) were added into the Schlenk tube with
3.0 mL of THF. The polymerization ampoule was degassed with
five freeze-pump-thaw cycles. Then the Schlenk tube was filled
with argon and placed in an oil bath at 65 °C for 48 h. The
reaction was stopped into liquid nitrogen. Then the product was
precipitated in excess hexane, and washed with hexane three
times. The resulting red powder was dried overnight under
vacuum at room temperature.

FTIR (KBr, wavenumber in cm ') (Fig. S6): 2953, 2821, 2770,
1728, 1600, 1513, 1462, 1399, 1135, 1017, 962, 822, 766, 746,
690. "H NMR (d;-CDCl3, 6 in ppm) (Fig. S71): 7.82 (s, 4H), 7.45 (s,
2H), 7.36 (s, 1H), 6.78 (s, 2H), 4.04 (s, 2H), 3.86 (m, 2H), 3.62 (s,
2H), 3.48 (s, 2H), 2.54 (s, 2H), 2.26 (s, 3H), 1.84 (d, 2H), 0.59 (d,
16H).

2.4 Synthesis copolymers of P(POSSMA-co-DMAEMA),
P(AZOMA-co-DMAEMA), P((POSSMA-co-AZOMA)-b-DMAEMA)
and P(POSSMA-co-AZOMA-co-DMAEMA) as control samples

As control samples, P(AZOMA-co-DMAEMA), P(POSSMA-co-
DMAEMA), P(POSSMA-co-AZOMA)-b-P(DMAEMA) were synthe-
sized by RAFT polymerization, and random copolymers of
P(POSSMA-co-AZOMA-co-DMAEMA) was prepared by conven-
tional free radical polymerization. Their synthetic process was
provided in ESLt The copolymers were characterization by "H
NMR spectra (Fig. S7t1) and GPC (Fig. S87).

2.5 Preparation of copolymer micelles in aqueous solution

P(POSSMA-c0-AZOMA-co-DMAEMA) random copolymers and
control samples and were dissolved in THF. Then pre-
determined volume Milli-Q water, which is a selective solvent
for copolymers, was added into the solution at the speed of 1.0
mL min~', to induce the self-assembly of copolymer. After-
wards, the mixture was stirred for 3 days at ambient tempera-
ture to remove the THF.

2.6 Preparation and characterization of Nile red-loaded
micelles

P(POSSMA-c0-AZOMA-co-DMAEMA) random copolymers and
Nile red were dissolved in THF. Then predetermined volume
Milli-Q water was added into above solution to induce the self-
assembly of P(POSSMA-co-AZOMA-co-DMAEMA) and load Nile
red molecule. Afterwards, the solution was dialysis against
Milli-Q water using a dialysis membrane with a molecular
weight cutoff of 3000 Da for 2 days. The standard solutions of
Nile red were also prepared to build standard work curve. The
incorporation efficiency (IE) and loading capacity (LC) were
calculated using below equations.

encapsulated molecule mass
LCY = SIAP %
total molecule mass

This journal is © The Royal Society of Chemistry 2018
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encapsulated molecule mass

1E% = — - %
polymeric micelle weight + encapsulated molecule mass

2.7 Characterization

'H NMR spectra were recorded on a Bruker AV400 MHz NMR
spectrometer using d,-CDCl; and ds-DMSO as the solvent. FTIR
measurements were conducted on an AVATAR 360 FTIR (Nicolet
Instrument) at room temperature. Molecular weight determi-
nations for monomers were conducted on an Esquire 3000 plus
mass spectrometer (Bruker Daltonics) and the solvent was
methanol at the concentration of 1 mg mL~*. Molecular weight
determinations for polymers were made using GPC analyses
performed in THF using a series of waters styragel HR2, HR4,
and HR5. The eluent was THF at a flow rate of 1.0 mL min~". A
series of low polydispersity polystyrene standards were used for
the GPC calibration. Dynamic Light Scattering (DLS) measure-
ments were used to measure the zeta potential, aggregate size
and size distribution and performed on a Zetasizer Nano ZS
Instrument (Malvern Instruments, UK) at a scattering angle of
90°, and analyzed by Malvern Zetasizer software version 6.20.
Transmission Electron Microscopy (TEM) analysis was per-
formed on a JEM2100 transmission electron microscope with
an accelerating voltage of 200 kV. One drop of micelles solution
was placed on a copper-mesh coated with carbon and then air-
dried before measurement. The UV-vis spectra of P(POSSMA-co-
AZOMA-co-DMAEMA) micellar solutions at various condition
were measured using a UV-2550 spectrometer (SHI-MADZU).
The fluorescence emission spectra were measured using
a Horiba Fluoromax-4.

3. Results and discussion

3.1 Synthesis of azobenzene-based copolymer

Azobenzene-based copolymer, P(POSSMA-co-AZOMA-co-
DMAEMA), AZOMA, POSSMA and DMAEMA via RAFT poly-
merization were shown in Scheme 1. Table 1 summarizes the
results obtained for copolymers with different ratio of the
monomers to CDB. Three types of P(POSSMA-co-AZOMA-co-
DMAEMA)s denoted as RCP-1, RCP-2 and RCP-3 were prepared,
the molecular weights of which are 1.375 x 10* (PDI = 1.17),
1.973 x 10" (PDI = 1.26), 2.175 x 10* (PDI = 1.30) (Fig. S107),
respectively. Control samples of P(AZOMA-co-DMAEMA),
P(POSSMA-co-DMAEMA) and P(POSSMA-c0-AZOMA)-b-
P(DMAEMA) were synthesized by RAFT polymerization denoted
as C-1, C-2, C-3, and P(POSSMA-co-AZOMA-co-DMAEMA) was
prepared by conventional free radical polymerization denoted
as C-4. Their experimental conditions and results were also
shown in Table 1.

FTIR and NMR are also applied to characterize the copolymer,
the results of which are shown in Fig. S6 and S7.7 The absorption
peaks at around 2821 ecm ' and 2770 cm ' are attributed to
-NCH; and -NCH,- in DMAEMA units. Compared to AZOMA
monomer, we assign the broad absorption peak at 1115 cm™* to
overlapping peaks of C-N bond in AZOMA units and Si-O-Si
bond in POSSMA units. In Fig. S8, there are no NMR signals in

RSC Adv., 2018, 8, 16103-16113 | 16105
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Table 1 Experimental conditions and results of the RAFT or conventional free radical polymerization to obtain copolymers of P(POSSMA-co-

AZOMA-co-DMAEMA) or control samples®

[POSSMA] : [AZOMA] :

[POSSMA] : [AZOMA] :

Sample [DMAEMA] : [CDB] : [AIBN] [DMAEMA]? Time (h) 107* M, (GPC) PDI Polymer yield
RCP-1 12:50:100:1.25:0.25 0.17:1.0:1.9 48 11.78 1.17 63.2%
RCP-2 12:50:100:1.00: 0.20 0.16:1.0: 2.1 48 15.55 1.26 66.1%
RCP-3 12:50:100:0.75:0.15 0.18:1.0:2.2 48 16.66 1.30 59.4%
C1 0:50:100:1.00:0.20 0:1.0:2.27 48 11.4 1.27 47.7%
C-2 12:0:100:1.00: 0.20 1.0:0:7.76 48 9.43 1.22 56.2%
C-3¢ 12:50:100:1.00:0.20 0.18:1.0:2.93 48 18.6 1.34 51.3%
C-4 12:50:100:0:1.00 0.21:1.0:2.56 48 19.3 2.32 41.3%

“ The feed molar ratio of monomers, the chain transfer agent and initiator. ?

The composition ratio in copolymer chains determined from "H-NMR

spectra by the integral areas of characteristic peak relevant to every structural unit. For example, the composition ratio of RCP-1 was calculated as

[POSSMA] : [AZOMA] : [DMAEMA] = A 59/16 : A7 g5/4 : A5 56/6, in which A was areas for short. ¢
chain transfer agent with feed molar

polymerization using P(POSSMA-co-AZOMA) as macromolecular

Block copolymer C-3 is synthesized by RAFT
ratio of [P(POSSMA-co-

AZOMA)] : [DMAEMA] : [AIBN] = 1: 100 : 0.20, and P(POSSMA-co-AZOMA) macromolecular chain transfer agent is synthesized with feed molar

ratio of [POSSMA] : [AZOMA] : [CDB] : [AIBN] = 12 : 50 : 1.00 : 0.20.

the ¢ range of 5.5 to 6.5 ppm, which belongs to vinyl protons in
monomers, indicating that the purification by precipitation
removes the residual monomers. The signals of the aromatic ring
protons at 7.82 ppm for AZOMA units and the methyl protons in
tertiary amine of DMAEMA units at 2.26 ppm and the methylene
protons next to silicon in POSSMA units at 0.59 ppm demonstrate
that three monomers are introduced into the copolymer chains
as expected. The relative ratio of POSSMA, AZOMA and DMAEMA
units in copolymer chains can be determined by calculating the
integral ratio among the characteristic signal peaks in Fig. S11.f
The ratio of three azobenzene-based copolymer [POS-
SMA] : [AZOMA] : [DMAEMA] is 0.17:1.0:1.9, 0.16:1.0: 2.1
and 0.18 : 1.0 : 2.2, respectively.

3.2 The morphology of P(POSSMA-co-AZOMA-co-DMAEMA)
self-assembly aggregates in aqueous solution

A typical TEM image of the micelles formed by RCP-2 with
a concentration of 2.5 mg mL™ " (pH = 6.9, 25 °C) in aqueous
solution is presented in Fig. 1a. The micelles display spherical

12{ (b)
= RCP-2
% 81 Ave Diameter
% 4 155.5 nm
E

0

1 10 100 1000 10000
Diameter (nm)

(c)

j ﬁ ﬁ M‘L self-assembly

T
& '/n" M
% \&1:.,: R

Reibu

Fig.1 TEMimage (a) and DLS result (b) of 2.5 mg mL~* RCP-2 micelles
(pH = 6.9, 25 °C) and schematic representation for the self-assembly
process of P(POSSMA-co-AZOMA-co-DMAEMA) (c).

16106 | RSC Adv., 2018, 8, 16103-16113

shapes with a well-defined core-shell structure, in which
hydrophobic POSSMA and AZOMA is as cores and hydrophilic
DMAEMA as shells. The hydrophobic effect of POSS moieties
and m-m stacking effect of AZO moieties induce molecular
chain aggregate in water. The hydrogen bonds between
DMAEMA and water, and the protonated DMAEMA in weakly
acidic Milli Q water stabilize the aggregates. And the zeta
potential of the micellar solution is +5.92 mV. It is indicated
that micelle surface charges are positive. The "H NMR spectrum
of micelles of random copolymer in D,O is shown in Fig. S12,7
in which only special peaks for DMAEMA are displayed:
1.75 ppm for -N(CH3), 3.25 ppm for -N(CH,), 3.75 ppm for
—-O(CH,). It is further that the shell of micelles consists of
DMAEMA. The large hydrophobic core volume might be resul-
ted from the aggregation of POSS moieties in polymer side
chains, which have nature nanoscale at about 1.5 nm and neat
space structure. The characteristic structure makes micelles
more advantageous in encapsulating of hydrophobic drugs. The
DLS result in Fig. 1b indicates that the micelles have an average
diameter of 155.5 nm with a size distribution of PDI = 0.156.
The difference between the sizes measured by DLS and deter-
mined by TEM can be attributed to the fact that the DLS
measures swollen micelles in aqueous solutions, and the sizes
observed by TEM are derived from the dried micelles. The
micellization process of the copolymer is shown in Fig. 1c.

In order to clarify the formation of the assembled structures
from amphiphilic random copolymer of P(POSSMA-co-AZOMA-
co-DMAEMA), some control samples self-assembly aggregates
are also studied. Their SEM photos are shown in Fig. 2. The C-1
can self-assemble in water to form spherical micelles with
hydrophobic AZOMA as cores and hydrophilic DMAEMA as
shells. But the aggregates of C-2 is irregular, which is because
the ratio of hydrophobic POSSMA moieties to too less than
AZOMA in C-1, and there is no appropriate hydrophilic-hydro-
phobic balance in C-2 to form spherical micelles. The micelles
of C-3 are uniform due to its narrow dispersity in both molec-
ular weight and block length. The C-4 also can self-assemble in
water to form spherical micelles with a broad dispersion of size

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 TEM images of control samples, (a) P(AZOMA-DMAEMA), (b) P(POSSMA-co-DMAEMA),(c) P(POSSMA-co-AZOMA)-b-P(DMAEMA) by
RAFT, (d) P(POSSMA-co-AZOMA-co-DMAEMA) by conventional free radical polymerization.

distribution. It is because that molecular weight of C-4 via
conventional free radical polymerization has a broader poly-
dispersity than that of controlled RAFT polymerization.
According to the self-assembly behaviors of control samples, we
know that amphiphilic random copolymers can form micelles,
and there are many factor influence its morphology. Copolymer
composition is an important factor in the process of self-
assembly of random copolymers. Self-assembly of random
copolymers is largely dependent on their hydrophilic-hydro-
phobic balance (often referred to as the hydrophilic-lipophilic
balance (HLB)).*®

The initial concentration of amphiphilic copolymer is one of
important factors in the self-assembly process, which influ-
ences the morphology and size of self-assembled aggregates.
The RCP-2 micelles at different initial concentration. As shown
in Fig. 2, the diameter of micelles with 1.0 mg mL ", 2.5 mg
mL ™" and 5.0 mg mL~" is 121.1 nm (PDI = 0.160), 155.5 nm
(PDI = 0.156) and 196.4 nm (PDI = 0.178), respectively. This
increase of micellar diameter induced by initial concentration is
also observed in the TEM images in Fig. 3. Furthermore, the
increase of initial concentration results in the increase the
number of micelles and deformation of micelles, but does not
change the core-shell structure of micelle.

We also prepared micellar solution of RCP-1, RCP-2 and
RCP-3 at the concentration of 2.5 mg mL™ ", whose sizes and size
distributions are shown in Fig. 3. In the case of RCP-1, the size
of micelles is 106.0 nm. And the size increase to 155.5 nm and
176.4 nm for RCP-2 and RCP-3, respectively. TEM images
confirm this trend that the micelle size increased as M,
increasing. This result derived from that the more hydrophobic
molecular with higher M,,, a larger micelles in size should be
formed to achieve hydrophobic balance.

The critical micelle concentrations (CMC) of RCP-1, RCP-2
and RCP-3 are also measured by a fluorescence method with
hydrophobic Nile red as a fluorescent probe. Fluorescence
spectroscopy (Aex = 560 nm) is utilized to monitor the self-
assembly process. The CMC of RCP-1, RCP-2 and RCP-3 is
found to been 0.258 mg mL ™", 0.239 mg mL ™" and 0.181 mg
mL ", respectively. Despite the three units ratio is pretty similar
in RCP-1, RCP-2 and RCP-3, the increase in molecular weight
will improve the hydrophobicity of the whole polymer chains.
Furthermore, the longer polymer chain length possesses the
stronger intermolecular interaction. These factors can increase
the driving force of self-assembly process, which means that
this amphiphilic copolymer can form micelles at a lower
concentration.

This journal is © The Royal Society of Chemistry 2018

3.3 Light-responsive properties of P(POSSMA-co-AZOMA-co-
DMAEMA) micelles

Fig. 3a shows the hydrodynamic radius of RCP-2 micelles at
1.0 mg mL~ " upon light irradiation at 365 nm. After UV light
irradiation, the sizes of micelles decrease in the first 5 min, and
then remain unchanged. It can be explained from the trans—cis
isomerization of the azo moieties, which results in the decrease
of molecular size and form a more compact aggregate in the
core of micelles. The UV-vis absorption spectra before and after
the irradiation of UV light are shown in Fig. 4b. The absorption
of w-mv* transition band of typical aminoazobenzenes at 414 nm
reduced rapidly after 1 min of UV light irradiation, and
substantially retained the same value. It indicates the isomeri-
zation of azo groups from t¢rans configuration to cis configura-
tion and the photoisomerization reaches a balance state in
a short time. Due to the transition band of w-m* and n-m* is
close, the n-7* might be completely buried beneath the intense
m-1t¥, one could not identify the absorption of azo-group in cis
configuration.

3.4 pH-responsive properties of P(POSSMA-co-AZOMA-co-
DMAEMA) micelles

There are subtle differences in the acid-base properties of
human tissues, for example, the pH value ranges from 1 to 2 in
the stomach, 8 to 9 in the small intestine, and the pH value
drops to 5.8-7.2 in tumor tissues due to the production of lactic
acid. According to this difference in pH, pH-responsive assem-
blies and drug delivery systems can be designed to achieve site-
specific drug release and enhance the utilization of drugs by
control pH value. Incorporation of pH-responsive DMAEMA
units into a polymer chains endows the polymeric micelles with
pH-response property. The pH dependence of the aggregates for
RCP-2 solution (2.5 mg mL™') is examined by DLS and TEM.
The results are revealed in Fig. 5c and d, the changes of
aggregates can undergo two stages with the variation of pH. The
micellar size remarkably increases from 154.4 to 216.5 nm when
pH decreases from 6.9 to 6.0. As shown in Fig. 5a and b, the
clear shell-core spherical structure can be identified when pH
value is 6.5. However, when pH value further decreases to 6.0,
the spherical structure of micelle has been destroyed and
formed irregular polymer aggregates. When pH is further
decreased to 5.5, the size distribution of aggregate is much
broader (PDI = 0.475) and the main peak is about 10-15 nm,
which indicates that polymeric micelles have been dis-
assembled. This increase in aggregate size in the pH range of

RSC Aadv., 2018, 8, 16103-16113 | 16107
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Fig.3 TEM images (a)-(c) and DLS results (a’)-(c’) of RCP-1, RCP-2 and RCP-3, TEM images (d)—(f) and DLS results (d')—(f') of RCP-2 micelles at
various initial concentration of 1.0 mg mL™, 2.5 mg mL™* and 5.0 mg mL™%.

6.9-6.0 can be ascribed to the higher degree of protonation and
molecular repulsion of the DMAEMA unites. The decrease in
aggregate size at pH 5.5 may derive from the disruption of
hydrophilic-hydrophobic balance of P(POSSMA-co-AZOMA-co-

16
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12 —a— 0hmin 1054 am 0,135
— =30 i 103.8 e 0,109
é
z
§
=

300
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DMAEMA) copolymer with a large proportion of protonated
DMAEMA units (about 63.29 mol%). Further, the tertiary amino
groups in AZOMA units can also be protonated in an acidic
solution. These structural factors endow P(POSSMA-co-AZOMA-

Fig. 4 The change in size of RCP-2 micelles upon irradiation of UV light (a) and the change in their UV-vis spectra (b).
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co-DMAEMA) micelles with sensitive pH-response property,
which slightly changes in pH value can induce significant
changes in the polymer's aggregates. It also can be found that
the aggregates are deformed and the core-shell structure
disappear in the TEM photos in Fig. 7. There are even a large
number of residual irregular polymer aggregates for the disas-
sembly of micelles when pH is 6.0. Fig. 7c describes the pH-
induced micellization behavior of P(POSSMA-co-AZOMA-co-
DMAEMA).

3.5 Reduction-responsive property of micelles

Azobenzene moiety is a dual-responsive moiety to ultraviolet
light irradiation and reductive environment. Sodium dithionite
(Na,S,0,) is selected as reductant to investigate the reduction-
responsive property of P(POSSMA-co-AZOMA-co-DMAEMA)
micelles. UV-vis spectroscopy is used to monitor the change of

—0pL
— 3L

added Na,5,0,
aqueous solution

LBE

T T T
EL] A0 s 200 Huy

Wavelength (nm

the UV-vis absorption intensity of P(POSSMA-co-AZOMA-co-
DMAEMA) micelles upon the addition of reductant Na,S,0,. As
shown in Fig. 6a, with the addition of Na,S,0,, the absorption
of trans azobenzene (416 nm) decreases significantly and
eventually disappears, which indicates that azo pendant in
polymer chain completely cleavages. For this reason, the yellow
micellar solution turns colorless (Fig. 6a). DLS data shows that
micelle particle size increased to 189.9 nm upon adding
Na,S,0, aqueous solution. The spherical micelles with core-
shell structure were completely deformed to irregular nano-
aggregates (Fig. 6b and c), indicating that polymer micelles
have been disassembled. This micelle morphology transition
can be attributed to the fact that azo pendant in polymer chain
completely reduced to the corresponding cleaved product after
adding 10 mg Na,S,0, (Fig. 7a). The cleaved product, namely
substituted aniline, shows more hydrophilic than azopendant

jmg:a*s‘g;gﬂ Z

d
obbd,
[}

R=iBu

Fig. 6 UV-vis spectra and photograph of RCP-2 micelles solution upon reduction of Na,S,0,4 and the inset of (a) represents the photograph of
micelles solution, and their TEM images (b and c) and the inset of (b) represents DLS date, (d) simulate images of RCP-2 micelles solution upon

reduction of NasS,04.
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Fig.7 Reduction reaction of P(POSSMA-co-AZOMA-co-DMAEMA) (a) and the FTIR spectra of RCP-2 and product after reduction of Na,S,04 (b)

and the *H NMR of product after reduction of Na,$,04 (c).

and the proportion of AZOMA units in copolymer is about
31.65 mol%, resulting the disruption of hydrophilic-hydro-
phobic balance of P(POSSMA-co-AZOMA-co-DMAEMA) copol-
ymer in solution. Due to the formation of hydrogen bonds
between the substituted aniline and water and the strong
hydrophobic POSSMA units (about 5.06 mol%), the polymeric
micelles deformed into irregular nano-aggregates. This analysis
is based on the reduction reaction of P(POSSMA-co-AZOMA-co-
DMAEMA) copolymer. So, it is necessary to analyze the cleaved
product of copolymer. Na,S,0, is selected as reductive agent to
get the cleaved product of copolymer and 'H NMR and FT-IR are
used to analysis the structure of the product for micelle solution
treated by Na,S,0,. The FTIR spectrum of RCP-2 has been
changed significantly after reduction (Fig. 7b). Owing to the
cleavage of azo bond, half of benzene ring in azobenzene moiety
is separated from the end of the side chain. As a result, the
overlapping peaks at about 1600 cm ™ is significantly weaken,
which attributes to the benzene ring skeleton vibration and the
azo bond vibrations. At the same time, the absorption of C-N
bond at about 1399 cm ™" is significant reduced. In addition,
C-H deformation vibration on the phenyl ring characteristic
peak have also been significantly changed. After the reduction
of 1,4-substituted benzene ring the characteristic peaks at
823 ecm™', 770 em™' and 689 cm™' for mono-substituted
benzene ring disappear. However, C-H characteristic absorp-
tion of 1,4-substituted benzene peak at 749 cm™ " still exists.
We can clearly distinguish the signals of three structures
units in the reduced product of RCP-2, whose "H NMR spectrum

16110 | RSC Adv., 2018, 8, 16103-16113

(de-DMSO) is shown in Fig. 7c. The signals of protons in -SiH,-
of POSSMA units at 0.58 ppm (16H), the protons of in -NCHj; of
DMAEMA units at 2.78 ppm (6H) and the peaks at 6 = 6.66 ppm
(4H) correspond to the protons of the benzene ring for
substituted aniline. The signals of the protons of in benzene
units shift from 7.82, 7.36 to 6.7 ppm, and their integral area
ratio decrease in comparison with RCP-2. By integrating these
three peaks, it can be calculated that [POS-
SMA] : [AZOMA] : [DMAEMA] ratio is 0.17 : 1.0 : 2.2, which is
similar to and the ratio of 0.16:1.0: 2.1 for the copolymer
before reduction. Accordingly to these structural analysis to the
reduced product, we confirm that the azobenzene-based
amphiphiles can be cleaved in azobenzene moiety and this
reduction process will not affect the main chain of polymer.
Since the hydrophobic azobenzene side strand breaks to form
a more hydrophilic side groups of substituted aniline, the
copolymer transforms to a more hydrophilic macromolecule
and induces the disassemble of micelles.

3.6 Control release property of micelles

Multi-responsive polymeric micelles with core-shell structure is
a good candidate for encapsulating and releasing hydrophobic
guest molecules, in which the hydrophobic core can provide
a large space for encapsulating guest molecules and the
hydrophilic shell can provide protect the encapsulated mole-
cules. What's more, the encapsulated molecules can be released
upon the changes of environment. Given P(POSSMA-co-AZOMA-
co-DMAEMA) micelles have a greater volume of the hydrophobic

This journal is © The Royal Society of Chemistry 2018
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Table 2 |E and LC of Nile red in copolymer micellar solution (1.0 mg
mL™Y)

Sample 1IE (%) LC (%)
RCP-1 31.25 23.1
RCP-2 36.42 28.01
RCP-3 40.73 33.25

core and a good pH and reducing response characteristics, the
encapsulating and release properties of micelles are discussed.

Nile red was selected as a hydrophobic molecular model to
study the properties of encapsulating and releasing hydro-
phobic molecules in response to the pH and reductive stimulus.
The copolymer micelles encapsulated Nile red were prepared, IE
and LC of Nile red in copolymer micelles was determined by
fluorescence spectroscopy with excitation wavelength of 490 nm
and the emission intensity at 620 nm. The standard work curve
is built with correlation coefficient (R*) value at least 0.999
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(Fig. S147) and the equation was y = 1185.25 + 5.91 x 10”x. The
results are shown in Table 2.

Among current responsive drug delivery systems, pH is one
of the most popular stimuli and has been explored extensively.
As shown in Fig. 8(a)-(c), the fluorescence intensity of Nile red
encapsulated in micelles significantly reduced in the function
of time in acidic environment. By comparing fluorescence
emission intensities at 620 nm in Fig. 7d, we found that the
relative fluorescence intensity decreased to 80.01%, 58.73% and
32.21% within 20 min in pH 6.5, 6.0 and 5.5, respectively. In
addition, the relative intensity decreased to 67.70%, 51.37%
and 26.82% within 140 min in various pH environment. These
results indicate that the acid environment can induce the effi-
cient release hydrophobic model molecule encapsulated in
micelles. And the release rate and efficiency increase as the
acidity increases. This phenomenon is attributed to the sensi-
tive pH-responsive property of polymeric micelles.

The reduction-responsive property of polymeric micelle
endows it steady release the loaded hydrophobic model mole-
cule. As shown in Fig. 9, the relative fluorescence intensity at
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Fig. 8 Fluorescence emission spectra of Nile red encapsulated micelle solutions (a)—(c) and the relationship between /g0 nm and time (d) on

treatment with various pH.
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Fig. 9 Fluorescence emission spectra of Nile red encapsulated micelle solutions (a) and the relationship between /g0 »m and time (b) on

treatment with NayS,0,4 aqueous solution.

620 nm of Nile red decreases to 17.1% within 20 min and 12.5%
within 39 min, demonstrating that the most of model molecule
encapsulated in micelles can be released into water after adding
Na,S,0,. This steady release property can be explained by the
disassembly of micelles in a reductive environment.

4. Conclusions

In this paper, we synthesized a series of azobenzene-based
copolymers, P(POSSMA-co-AZOMA-co-DMAEMA) via RAFT
polymerization. In this way, the light and reduction dual-
responsive azo group, pH-responsive tertiary amine group
and super hydrophobic POSS moiety were incorporated into
the polymer chain to generate multi-stimuli-responsive
amphiphiles. The effects of initial concentration and molec-
ular weight on micellar morphology and size were investigated
by TEM and DLS and revealed that the sizes of micelles tend to
increase as the concentration or molecular weight increases.
The azo groups can undergo trans—cis isomerization under UV
light irradiation and the diameters of micelles decreased.
Owing to the large proportion of tertiary amine groups in
amphiphiles, the micelles showed sensitive pH-responsive
property. Hydrophobic azo pendant in polymer chain
completely reduced to the corresponding more hydrophilic
substituted anilines in a reductive environment, resulting in
the increase of overall hydrophilicity of amphiphiles and the
disassembly of polymeric micelles. Based on the pH- and
reductive-stimuli-responses of micelles, we explored the
release properties of self-assembly micelles by fluorescence
spectroscopy. As expected, the acid or reducing environment
can induce the rapid and efficient release of hydrophobic
molecules loaded in micelles. Hence, as a novel azobenzene-
based amphiphiles with distinctive virtues, these multi-
stimuli-responsive P(POSSMA-co-AZOMA-co-DMAEMA) copol-
ymers are potentially used for many applications in biotech-
nology, especially in drug control release for targeted therapy.
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