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and magnetic stimuli responsiveness
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coordinated Fe;O, graft block copolymer nanohybrids. Fluorescent spectrome-

try, TEM and SEM findings indicated that these block copolymer nanohybrids
could self-assembled and form globular core-shell nanomicelles, and their
critical micelle concentrations decreased with the decrease in the length of

PMAA chains and the incorporation of Au NPs. Zeta potential measurements

signified that the copolymer nanohybrids possessed significantly high stability.

DLS results indicated that hydrodynamic diameters of the copolymer nanohy-

brids distributed within the scope of 85-155 nm, hinging on the length of the

graft chains and the complexation of Au NPs. The hybrid block copolymer
nanomicelles exhibited pH, electrochemical and magnetic responsiveness, with
pH transition points at 5.3-5.9. The incorporation and the loading percentage of

Au NPs improved the reversibility of the electrochemical response and plasmon

resonance. The block copolymer nanohybrids were superparamagnetic and

were expected to broaden their applications by virtue of the multi-component
combination and the resulting multifunctionality.
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Introduction

With the increasing development of applied tech-
nologies and world economies, single systematic
materials cannot often meet the requirements for
applications, and hence higher demands are put
forward for the properties of materials. At present,
design and development of new materials with
multifunctionality has become the research focuses
and attracted broad interests [1-3]. Polymer com-
posites are generally referred to a heterogeneous
system that is compounded of various materials,
which exhibits designability, anisotropy and com-
bined effect of the properties, such as special addi-
tivity, productness, modularity and seepage behavior
[4, 5]. This has a very important enlightening and
guiding significance for the development of new
organic—inorganic hybrid composites. This class of
multifunctional materials will possess entirely new
functionality in that they have combined two or more
components with different properties, and thus
greatly broaden their application ranges [6-8]. In
particular, for drug delivery systems, it is urgent to
develop a new multi-stimuli-responsive ‘intelligent’
material to accommodate complex circumstances at
cancer cells, for example high temperature (> 37 °C),
acidic pH (4.8-7.1) and high content of ROS in com-
parison with normal cells [9, 10]. These extracellular
tumor microenvironments provide strategies for
increasing tumor selectivity and more effective drug
delivery by a synergetic effect.

Fe;0,4 nanoparticles (Fe304 NPs) possess unique
superparamagnetism, large specific surface area and
simple preparation technology [11, 12]. They can
potentially be used in batteries, electromagnetic
interference shielding, electromagneto-rheological
fluids, microwave-absorbing materials, magnetic
separation, electrochemical display and recording
devices, and sensing [13, 14], as well as some
emerging areas such as lithography and biomedicines
including enzyme immunoassay, drug targeting
delivery and medical diagnosing [15-17]. Conse-
quently, studies on Fe;O, NPs have aroused much
enthusiasm and become one of the hottest topics in
the fields of nanoscience. Gold nanoparticles (Au
NPs) have attracted high attention because of its
special optical, electrical, magnetic and -catalytic
properties including good conductivity, high surface-
to-volume ratio, useful electrocatalytic activity
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toward numerous chemical species and surface
plasmon oscillation [18, 19] Au NPs are the most
stable metal nanoparticles and extensively applied in
biological analysis, biomedical testing, anticancer
drugs, drug delivery, sensors, catalysis, antioxidants,
larvicides, antimicrobials, nanofluids and agriculture
[20, 21]. The combination of Fe;O, NPs with Au NPs
can construct new composites with some appealing
magnetic and optical characteristics based on their
cooperative effects [22, 23]. Moreover, Au NPs as
shells can prevent Fe;O, NPs from being oxidized
and provide a platform for the follow-up modifica-
tion [23, 24]. This in turn brings about their potential
applications in the fields of magnetofluids, magnetic
separation, catalysis, magnetic resonance imaging
(MRI), biological technology/biomedicine including
detection of cancer cells, magnetic/plasmonic pho-
tothermal malignant cell killing, multimodal cancer
imaging, dual mode magnetic resonance and
chemo-/thermo-therapy, etc. [23-25].

Amphiphilic block copolymers have found wide
applications in drug delivery systems (DDS) because
of their unique physicochemical properties and high
solubility for hydrophobic anticancer drugs [26, 27].
In particular, stimuli-responsive block copolymers
can ease the untimely burst release of drug, improve
drug enrichment at specific sites, preclude toxic side
effects and realize targeted and controlled release of
anticancer drugs [28]. When the block copolymers are
decorated with Fe;O4/Au NPs, an entirely new
organic—inorganic hybrid may be constructed, which
therefore offer excellent properties from both con-
stituents, soft organic and hard inorganic materials,
for example, tailorable mechanical properties, flexi-
bility, processability and microphase separation of
organic materials, as well as optical, electrical, cat-
alytic and magnetic properties of inorganic materials,
even unknown property profiles [1]. In particular, the
organic combination of Fe;O4 and Au NPs with tiny
nanoparticle size and large specific surface area and
stimuli-responsive block copolymers can construct
new drug delivery systems that simultaneously pos-
sess thermal-, pH-, redox-, magnetic- and/or photo-
responsivity [27]. This therefore provides exciting
opportunities and opens new avenues for design and
development of innovative materials. However, to
our knowledge, only finite studies were reported
[24, 25]. Consequently, it is highly necessary to
engineer and construct new organic-inorganic
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nanohybrids with unique architecture and properties
to broaden their applications.

In this context, we aim to anchor or graft an
amphiphilic block polymer consisting of poly(acryloy-
loxyethyloxyl 1-mercaptohemisuccinate) (PMSEA)
and poly(methacrylic acid) (PMAA) blocks onto the
surface of FesO; NPs via a surface-initiated atom
transfer radical polymerization, followed by the
esterification with d, l-mercaptosuccinic acid. The
copolymer nanohybrids were complexed with Au NPs
through pendent thiol groups to form Au NPs coor-
dinated Fe;O, graft copolymer nanohybrids, Fe;O,-g-
PMSEA@Au-b-PMAA. This new organic-inorganic
hybrid with unique structure can endow magnetic
responsive Fe;O, NPs with stability in aqueous solu-
tion, and meanwhile exhibit pH-triggered responsiv-
ity, magnetic and electrochemical properties, and
plasmon resonance. The effective combination and
tailoring of these multi-component systems are antic-
ipated to significantly improve the physicochemical
properties, to produce a synergistic effect and to find
wide applications.

Experimental section
Materials and reagents

FeCl5-6H,0 (analytically pure, 99%), FeCl,-4H,O (an-
alytically pure, 99.95%), 2-bromoisobutyryl bromide
(BIB, 98%), (3-aminopropyDtriethoxysilane (APTES,
99%), 2-hydroxyethyl acrylate (HEA, 97%), d,l-mer-
captosuccinic acid (MSA, 98%), N,N,N',N",N"-pen-
tamethyldiethylenetriamine (PMDETA, 98%), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC, 98.5%), 4-dimethylaminopyridine (DMAP,
99%) and HAuCly-3H,0O (Au > 48%) were offered by
Shanghai Macklin Biochemical Co., Ltd., China, and
used as received. CuBr (99%, Aladdin Industrial Corp.,
Shanghai, China) was recrystallized and dried in vac-
uum. p-Toluenesulfonic acid (98%, Acros Organic,
USA), tert-butyl methacrylate ((BMA, > 98%, TCI) and
p-methylbenzene sulfonic acid (PTSA, > 98%, Sino-
pharm Chemical Reagent Co. Ltd., Shanghai, China)
were directly used without further purification. Ammo-
nium hydroxide (NH,OH, 25-28 wt%), triethylamine
(TEA, = 99.0%), tetrahydrofuran (THF, > 99.0%),
dimethyl sulfoxide (DMSO, > 99.0%), methanol
(= 99.5%), ethanol (= 99.7%), dichloromethane (DCM,
> 99.5%) and toluene (> 99.5%) were purchased from

1947

Sinopharm Chemical Reagent Co. Ltd., Shanghai, China.
All solvents were distilled to remove the moisture before
use.

Synthesis procedure

Synthesis of Au NPs coordinated Fe;O, graft poly(acry-
loyloxyethyloxyl 1-mercaptohemisuccinate)-block-poly
(methacrylic acid) (Fe;04-g-PMSEA@Au-b-PMAA) was
carried out as per an eight-step strategy, as presented in
Scheme 1.

Preparation of Fe;Oy4 superparamagnetic nanoparticles
(FCgO4 NPS)

The preparation of Fe;O, superparamagnetic
nanoparticles (Fe;O, NPs) was performed as per a
previous literature [29]. Briefly, FeCl;-6H,O (8.0 g)
and FeCl,-4H,O (3.6 g) was dissolved in deionized
water (64 ml), and then the mixture solution was
transferred to a 250-ml four-neck flask under nitro-
gen atmosphere with fierce stirring. Afterward,
NH,OH (56 ml, 25%) was dropwise added into the
reaction system through constant pressure funnel
until pH reached about 11. The reaction lasted for 6 h
at 50 °C. The resultant mixture was cooled in an ice
bath, centrifuged and rinsed with deionized water
and ethanol for several times till the pH of the solu-
tion reached about 7. The black precipitates were
dried in a vacuum box at 40 °C for 24 h to obtain
Fe;04 NPs (mean yield: 75%).

Amination of Fe3O4 NPs

Fe;O4 NPs (1.0 g) were ultrasonically dispersed in
anhydrous ethanol (100 ml) in a 250 round bottle
flask for 1 h, and then NH OH (8 ml, 25%) was
blended in the flask. The mixture solution was fur-
ther ultrasonicated for 20 min. After silane coupling
agent APTES (8 ml) was added into the solution, the
reaction system was transferred into a 60 °C oil bath,
and retained for 48 h under the protection of nitrogen
atmosphere, with vigorous churning. Aminated
Fe;0;4 NPs (Fe;O4—NH, NPs) were centrifuged at
6000 rpm, and cleaned with deionized water and
ethanol until pH was about neutral, and dried in
vacuo at room temperature for 24 h. The content of
amino groups was measured to be 25.0 mmol g~' by
potentiometric titration method (details were descri-
bed in supporting information) [30].
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Scheme 1 Synthesis scheme of Fe;04-g-PMSEA@Au-b-PMAA copolymer nanohybrids.

Preparation of ATRP initiator, Fe304—Br

Preparation of ATRP initiator on the surface of Fe;O,,
Fe;O4—Br, was achieved via an acylbromination
reaction, as reported elsewhere [31]. Specifically,
Fe;0,—NH, NPs (50.0 mg) were ultrasonically dis-
persed in anhydrous THF (25.0 ml), and then the
above solution was shifted in an ice bath and TEA
(2.0 ml) was dropwise added the reaction system
within 20 min, with strong mechanical agitation. BIB
(1.67 ml) dissolved in THF (8.33 ml) was then added
with constant pressure funnel within 1 h at 0 °C. The
reaction mixture was continuously stirred for 4 h.

@ Springer

After the reaction proceeded for 24 h at room tem-
perature, the mixture solution was filtrated. The
brown crude product was rinsed with sodium chlo-
ride solution, and then washed with deionized water
and ethanol alternately several times, and dried in
vacuum at 60 °C for 24 h to give an ATRP initiator,
Fe;04-Br (mean yield: 85%).

Surface graft polymerization of HEA on Fe;O4

The graft polymerization was carried out through
ATRP of HEA using Fe;O,Br as an initiator in a
molar ratio of Fe;O4,~Br:HEA:PMDETA:CuBr of
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1:100:2:1 [32]. In detail, Fe;O,—Br (0.1 g, 0.931 mmol)
was dispersed in absolute methanol (20 ml) via
ultrasonication for 30 min. Then, HEA (9.77 ml],
93.1 mmol), PMDETA (0.387 ml, 1.862 mmol) and
CuBr (0.134 g, 0.931 mmol) were added into the
vessel, accompanying with a “freeze-vacuum-thaw”
operation thrice to exhaust air and moisture within
the system. The reaction vessel was moved into an oil
bath of 50 °C and lasted for 60 h, and then quenched
with ethanol. The polymerization solution was cen-
trifuged, and the crude product was alternately
rinsed with methanol and acetone and dried in vac-
uum at room temperature till constant weight to
afford a surface-grafted product, Fe;0, graft poly(2-
hydroxyethyl acrylate) (Fe;O4-g-PHEA(-Br)) (3.34 g,
mean yield: 30%).

Synthesis of Fe304-g-PHEA-b-PtBMA

To tune the length of the grafted unit, tBMA was
polymerized through ATRP using Fe;O0,-g-PHEA-Br
as a macroinitiator in a molar ratio of Fe;04-g-PHEA-
Br::BMA:PMDETA:CuBr of 1:150:2:1 and 1:300:2:1,
reported elsewhere [32, 33]. Representatively, Fe;O,-
g-PHEA-Br (0.10 g, 0.0278 mmol) was ultrasonically
dispersed in a THF-DMSO mixed solvent (5 ml, v/
v = 1/1). After that, tBMA (0.68 ml, 4.1700 mmol),
PMDETA (11.60 pl, 0.0556 mmol) and CuBr (3.40 mg,
0.0278 mmol) were blended in the above solution
under the protection of nitrogen atmosphere. After
the polymerization reaction proceeded in a 90 °C oil
bath for 24 h, the graft magnetic block copolymer was
separated through centrifugation. The solid crude
product was scoured several times with deionized
water and methanol, and dried in vacuum at room
temperature till constant weight, offering a Fe;O,
graft poly(2-hydroxyethyl acrylate-block-tert-butyl
methacrylate) product with a short BMA repeating
unit (0.25 g, mean yield: 25%), named Fe;O4-g-
PHEA-b-PtBMA-1. The block copolymer nanohybrid
with a relatively long tBMA unit was prepared in the
same way as mentioned above in a molar ratio of
Fe;0,4-g-PHEA-(Br):tBMA:PMDETA:CuBr of 1:300:
2:1 and expressed as Fe;O4-g-PHEA-b-PtBMA-2.

Hydrolysis of Fe;04-g-PHEA-b-PtBMA
To obtain a pH-sensitive magnetic block copolymer,

Fe;O, graft poly(2-hydroxyethyl acrylate-block-
methacrylic acid) (Fe;04-¢g-PHEA-b-PMAA),
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hydrolysis of Fe;O4-g-PHEA-b-PtBMA was con-
ducted. Fe;O4-g-PHEA-b-PtBMA (75 mg) was ultra-
sonically dispersed in dried toluene (30 ml), and then
PTSA (75 mg) was added. The hydrolysis reaction
proceeded at 110 °C for 24 h in the presence of
nitrogen atmosphere. After having been separated by
external magnetic field, the solid product was
washed with ethanol and dried in vacuum at room
temperature till constant weight, giving a pH-sensi-
tive magnetic block copolymer Fe;O4-g-PHEA-b-
PMAA-1 and Fe;0,-g-PHEA-b-PMAA-2, corre-
sponding to Fe;O4-g-PHEA-b-PtBMA-1 and Fe;Oy4-g-
PHEA-b-PtBMA-2.

Esterification reaction of Fe304-g-PHEA-b-PMAA
with MSA

Esterification reaction of Fe;Os-g-PHEA-b-PMAA
with MSA was carried out as per a mole ratio of
-OH/MSA/DMAP/EDC of 1/1.5/1/1.2. Specifically,
Fe;0,-g-PHEA-b-PMAA-1 (0.48 g, 0.056 mmol, -OH
1.57 mmol) was dispersed in an anhydrous DCM and
DMF mixed solvent (40 ml, v/v = 1/1) through ultra-
sonication for 1 h, and then DMAP (0.19 g, 1.57 mmol)
and MSA (0.35 g, 2.36 mmol) were added as a catalyst
and reactant in the system, respectively. The reaction
flask containing mixed solution was placed in an ice
bath for 3 h, and then EDC as water absorbent (0.36 g,
1.88 mmol)-DCM/DMF solution (20 ml) was drop-
wise added into the reaction system. Esterification
reaction proceeded at room temperature for 36 h. The
resulting mixed solution was filtrated, washed by
deionized water and ethanol for three times, and dried
in vacuum at room temperature overnight to obtain a
product, Fe;O, graft poly(acryloyloxyethyl 1-mer-
captohemisuccinate-block-methacrylic acid) (Fe;O,-g-
PMSEA-b-PMAA-1). Fe;04-g-PMSEA-b-PMAA-2 was
acquired as per the same process as the above
(Table 1).

Assembly of Au NPs in block copolymer nanohybrids

The preparation of Au NPs was performed via an
in situ reduction method according to studies
reported previously [34]. Simply, deionized water
(18.4 ml), HAuCl;-3H,O aqueous solution (0.5 ml,
0.05M) and trisodium citrate aqueous solution
(0.5 ml, 0.05 M) were uniformity mixed in a conical
flask. Then, NaBH, solution (0.6 ml, 0.1 M) was
dropwise added into the above mixture, and the

@ Springer
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Table 1 Physicochemical parameters of Fe;O04-g-PMSEA(@Au)-b-PMAA hybrid block copolymer micelles in aqueous solution

Samples [PHEA-Br}/[MAA] CMC (mgL™") Dy (nm)® PDI° & (mV)°

Fe;04-g-PMSEA-b-PMAA-1 1:150 45.8 8594+ 53 0299 + 0.005 — 110.62 + 3.86
Fe;04-g-PMSEA-b-PMAA-2 1:300 97.4 103.9 +£ 64 0285+ 0.002 — 145.60 + 1.33
Fe;0,-g-PMSEA@Au-b-PMAA-1°  1:150 223 1277 £ 6.9 0271 £ 0.001 — 72.09 £ 2.20
Fe;0,4-¢-PMSEA@Au-b-PMAA-2*  1:300 458 153.6 £9.6 0296 + 0.002  — 136.06 + 1.21

*The Au content in Fe;04-g-PMSEA@Au-b-PMAA-1 and Fe;04-g-PMSEA@Au-b-PMAA-2 are 1%

"DLS and ¢ data were obtained in the case of the concentration of the copolymer nanohybrids of 250 mg L™

reduction reaction proceeded at room temperature
for 12 h with violent stirring to form a wine-red Au
nanosol. Subsequently, Fe;O4-g-PMSEA-b-PMAA
(50 mg) was ultrasonically dispersed in 30 ml ethanol
for 3 min, and blended in gold nanosol and stirred at
room temperature for 24 h. Eventually, an evenly and
well-dispersed Au-coated Fe;O, graft block copoly-
mer nanohybrid was obtained by separating the
mixture with external magnetic field, washing with
water three times and drying in vacuum until con-
stant weight. The nanohybrids with Au contents of
about 1% by energy dispersed X-ray (EDX) technique
were denominated Fe;O,-g-PMSEA@Au-b-PMAA-1
and Fe;O04-g-PMSEA@Au-b-PMAA-2 according to the
aforementioned correspondence, as tabulated in
Table 1. The samples with 3% Au NPs were named
Fe;04-¢-PMSEA@Au-b-PMAA-T and Fe;0,-g-
PMSEA@Au-b-PMAA-2'.

Preparation of Fe;04-g-PMSEA@Au-b-
PMAA hybrid copolymer micelles

Dialysis technique was used to prepare hybrid
copolymer micelle aggregates. Briefly, Fe;O4-g-
PMSEA@Au-b-PMAA (40 mg) was dissolved in
10 ml DMF under vigorous stirring until the solution
became opaque. Then, the solution was encased in a
dialysis bag (MWCO: 3500 Da) to dialyze against
1000 ml deionized water for 3 days. The deionized
water was updated per hour for the first 3 h, and then
once per 8 h. The opaque micelle solution was col-
lected for further determination.

Characterization and measurement
Characterization of copolymer nanohybrids

An EQUINX55 Fourier transform infrared spec-
trometer (FTIR, Bruker, Germany) was adopted to
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characterize the structure of the copolymer nanohy-
brids via KBr pellets. The thermal stability of the
copolymer nanohybrids was determined by thermal
gravimetric analysis (TGA) on a thermal analysis
system (TA Corp., New Castle, USA) in the presence
of nitrogen atmosphere at a heating rate of
10 °C min~'. The crystallization behavior was
examined via X-ray diffraction (XRD) experiments on
a X-ray powder diffractometer (D/max-2550, Rigaku
Corp., Japan) with Cu Ka (0.1546 nm) radiation at a
voltage of 40 kV, a current of 100 mA and a 20 scan
speed of 8.0° min~'. The magnetic properties of pure
Fe;04  Fe3O4-g-PMSEA-b-PMAA  and  Fe;O4-g-
PMSEA@Au-b-PMAA were detected on a vibrating
sample magnetometer (VSM, 7307, Lake Shore Corp.,
USA) at room temperature.

Physicochemical characterization

The micellization behavior was investigated by fluo-
rescence spectroscopy on a fluorescence spectropho-
tometer (FluoroMax-4, Horiba Ltd., France) with
pyrene as probe. The concentration of Fe;Oy4-g-
PMSEA@Au-b-PMAA hybrid copolymer micelles
ranges from 1 x 107* to 5 x 107" mg ml~". Before
measurements, a certain volume of acetone solution
of pyrene (5 x 10°* M) was prepared in dim envi-
ronments, and then the acetone solution of pyrene of
12 ul was added into a 10-ml flask containing the
above micelles to make the concentration of pyrene in
the system reach to 6 x 107" M. To ensure well
mixing of pyrene and micelles, the flasks were stirred
overnight at room temperature. The determination
was carried out at an excitation wavelength of
332 nm, and the emission wavelength ranging from
365 to 550 nm and the slit width for both excitation
and emission of 2 nm.

The morphology of the hybrid copolymer micelles
was observed with a field-emission transmission
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electron microscope (FETEM, Tecnai G2 F20, FEI,
USA) at an acceleration voltage 200 kV. Before
observation, a drop of micelle solutions was dipped
onto carbon-coated copper grids and then dried at
room temperature. The surface morphologies were
observed with a scanning electron microscope (SEM,
Hitachi, Japan). Energy dispersive spectrometer
(EDS) attached to SEM was employed to measure
elemental composition and content. Before observa-
tion, the micelles were dispersed on the silicon slices
and dried at room temperature.

The hydrodynamic diameter (Dy), polydispersity
index (PDI) of Dy, and zeta potentials (£) of the hybrid
copolymer micelles were measured by a dynamic
light scattering (DLS, BI-90Plus, USA) with a 15-mW
argon ion laser running at 660 nm and a 90° deflec-
tion angle at room temperature. 4.0 ml of each sam-
ple (250 mg L") with different hydrophilic ratios
was withdrawn for determination.

pH Responsiveness of the hybrid copolymer
micelles was examined by measuring the change of
D, with pH values on the above DLS. The pH tran-
sition point (pHTP) of the micelle solution (concen-
tration: 100 mg L") was estimated as the intersect
point of two tangents of the plots.

UV-Vis absorption spectra were recorded on a
UV-Vis spectrophotometer (UV-6100S, Mapada,
Shanghai) to examine the absorption spectra of Au
nanosols and Au-containing copolymer hybrids in
DMF (250 mg L™).

Electrochemical detection

To study the electrochemical nature of the copolymer
hybrids, cyclic voltammetry (CV) measurements
were performed on a CHI 660E electrochemical
workstation (Shanghai Chenhua Instrument Co.,
China) using a glassy carbon electrode (GCE) as a
working electrode, a saturated calomel electrode as a
reference electrode and a platinum wire electrode as
a counter electrode in a 1-M H,SO, solution at a scan

rate of 50 mV s~ .
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Results and discussion

Preparation and characterization
of copolymer nanohybrids

FTIR was employed to identify the structure of all the
copolymer nanohybrids and the assembly of Au NPs
in the copolymers, as presented in Fig. 1A. Fe;O4 NPs
exhibit a characteristic ~ vibration peak at
580-640 cm ™' in Fig. 1A(a), which is ascribed to the
stretch mode of Fe-O bonds in bulk Fe;O,4 [35]. The
appearance of a weak peak at 3445 cm ™ is due to the
existence of -OH groups on the surface of Fe;O4 NPs.
For Fe;0,~NH; NPs in Fig. 1A(b), besides the char-
acteristic Fe-O stretch mode, several new character-
istic peaks emerge at 1006, 1580, 2926 and
3385-3530 cm ™!, which are attributed to the Si-O
stretching, -NH, bending, -CHj, stretching and -NH,
stretching vibration modes, respectively. In IR spec-
trum of Fe;O,—Br in Fig. 1A(c), weak absorption
peaks appear at 1050-1100, 1195, 1545, 1644-1740 and
3394-3447 cm ™!, which originate from the newly
formed C-O and C-N stretch, -NH- bending, ester
carbonyl -C=0 and -NH- stretching bands, respec-
tively. After ATRP of HEA as shown in Fig. 1A(d),
the characteristic absorption peaks at 3337,
2870-2940, 1728, 1600 and 1050-1080 cm ™! are
attributed to the -OH, C-H, free C=0, strong inter-
or/and intramolecular hydrogen bond-interacted
C=0 and C-O stretching modes in HEA chains,
respectively; the stretch mode of Fe-O bonds in Fe;O,
remains unchangeable. Fe;0,-g-PHEA-b-PtBMA-1
exhibits characteristic vibration bands at 2840-2966,
1720 and 1005-1166 cm ™! ascribed to the C-H, free
C=0, and C-O stretching vibrations, respectively, as
shown in Fig. 1A(e). In particular, the peaks at 1450
and 1370-1385 cm™' are attributable to the asym-
metrical deformation vibration (d,s) of -CHj; groups
and the stretching mode of —-C(CHj); in PtBMA
blocks, respectively. In comparison with FTIR spectra
of Fe;04-g-PHEA, the red shifts of -OH groups at
3425 cm ™' and of C=0 groups at 1633 cm ™' are much
likely due to the incorporation of PtBMA moieties,
leading to weak inter- or/and intramolecular
hydrogen bond or complexation interactions. After
acidolysis, the characteristic peak at 1370-1385 cm ™"
disappears, as depicted in Fig. 1A(f). The -C(CH3)3
groups are translated into the -COOH groups, and
thus the hydrogen bond or complexation interactions
between the -OH groups in PHEA and the -COOH
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Figure 1 FTIR spectra A of (A)
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groups in PMAA moieties are easy enough to gen-
erate. No peak attributable to free -OH and -COOH
groups emerges, and only a peak reflecting interma-
cromolecular interactions is located at 1633 cm™'. In
addition, the peaks at 3425 and 1054 cm™' are
assigned to the -OH and C-O stretch in PHEA and
PMAA chains, respectively. For Fe;O4-g-PMSEA-b-
PMAA-1 in Fig. 1A(g), a weak vibration peak
appears at around 2663 cm™' assigned to the -SH
stretching vibration [36]. The bands at 3300 and
1628 cm™! typical of carboxylic groups are shifted
slightly to lower wavenumbers, confirming the for-
mation of stronger intermacromolecular interactions
between the component polymers. Other vibration
bands emerge at 2854-2926 and 1050-1090 cm ™"
corresponding to the C-H and C-O stretch modes in
PMAA and PMSEA blocks, verifying the synthesis of
Fe;04-g-PMSEA-b-PMAA.

XRD was adopted to study the crystal structure of
Fe;04 NPs, Fe;0,4-g-PMESA-b-PMAA-1 and Fe;0,4-g-
PMESA@Au-b-PMAA-1, as presented in Fig. 1B.
Fe;04 NPs exhibit characteristic diffraction peaks at
18.10°, 30.05°, 35.45°, 43.06°, 53.50°, 57.01°, 62.52° and
73.94°, which are attributed to the (110), (220), (311),
(400), (422), (511), (440) and (533) crystal planes of
Fe;0, in a cubic phase (JCPDS card No. 85-1436 or
PDF#19-0629 and space group: Fd3m) [37, 38],
respectively.  Fe;O4-g-PMESA-b-PMAA  produces
almost the same diffraction peaks at 18.10°, 30.25°,
35.65°, 43.26°, 53.74°, 57.23° and 62.94° as those of
Fe;04 NPs, as shown in Fig. 1B(b). Slight shifts of 20
angles may be due to the grafting of copolymers on
the surface of Fe;0, NPs. In XRD patterns of Fe;O4-g-
PMESA@Au-b-PMAA-1 in Fig. 1B(c), in addition to
the characteristic peaks of Fe;O, NPs at 18.10°, 30.25°,
35.66°, 43.27°, 53.64°, 57.33° and 62.94°, several new

@ Springer

000 20 40 60 80
20 (degree)

peaks appear at ca. 20 = 38.19°, 44.42°, 64.75° and
77.65°, which are assigned to the (111), (200), (220)
and (311) planes of Au NPs in a cubic phase (space
group: Fm3m), respectively [39]. The average crystal
size is estimated using Scherrer formula:

D =KJ/(BcosB) (1)

where K is Scherrer constant (0.89), / is incident X-ray
wavelength and equal to ca. 0.15418 nm, f is the peak
full-width of half-maximum (rad), and 0 is diffraction
angel (°). Based on the (311) plane for Fe;O4 and the
(111) plane for Au NPs coordinated in Fe;O4-g-
PMESA-b-PMAA that show strong diffractions, the
average crystal size of Fe;0, and Au NPs is calcu-
lated to be ca 12.04 and 10.01 nm, respectively.
Figure 2A shows TGA traces of the prepared var-
ious samples. Pure Fe;O4 NPs in Fig. 2A(a) produce a
maximal mass loss of only 6.80% until 800 °C, which
is related to the absorbed water (< 175 °C) and the
dissociation of —-OH groups on their surface
(175-475 °C) [40]. In TGA trace of the silanized
Fe;O,—NH, NPs (Fig. 2A(b)), a trace weight loss of
6.8% until around 460 °C may mainly be attributed to
the degradation of aminopropyl groups [41]. In
Fig. 2A(c), the mass loss of about 13.6% until 800 °C
belongs to the decomposition of aminopropyl and
bromoisobutyryl groups. The augment of the mass
loss is due to the incorporation of bromoisobutyryl
groups onto the surface of Fe;O, NPs, suggesting
successful preparation of ATRP initiator Fe;O,—Br.
The thermal degradation of Fe;O,-g-PHEA is typi-
cally divided into two stages, as illustrated in
Fig. 2A(d). The mass loss of about 10.1% below
225 °C is attributed to the residues of monomer and
solvents, as well as physically absorbed water, etc.
With increasing the temperature to 750 °C, the
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Figure 2 Thermograms A of (a) Fe304 NPs, (b) Fe;04,—NH; NPs,
(c) Fe;04-Br, (d) Fe;04-¢-PHEA, (e) Fe;04-g-PHEA-b-PIBMA,
(f) Fe;04-g-PHEA-b-PMAA, (g) Fe;04-g-PMSEA-b-PMAA and
(h) Fe;04-g-PMSEA@Au-b-PMAA, and UV-Vis absorption

cumulative mass loss reaches to ca 29.7%; this is
attributed to the decomposition of the side groups
and backbones of Fe;O,-g-PHEA [42]. The grafting
percentage of PHEA is calculated to be about 19.6%.
When PtBMA segments are connected with the pre-
cursor Fe;04-g-PHEA, the weight loss of PtBMA and
PHEA fragments up to 750 °C is about 36.5%, as
illustrated in Fig. 2A(e). The increased mass loss is
the evidence of the incorporation of PtBMA blocks.
Particularly, the sudden mass decline of curve (e) in
Fig. 2A from 350 to 420 °C distinctly differs from the
mass loss behavior of Fe;O4-g-PHEA, which is
mainly ascribed to the decomposition of PtBMA
backbones [43]. For the hydrolyzed product, Fe;O4-g-
PHEA-b-PMAA, three thermal weight loss events can
be found in Fig. 2A(f): the removal of residual
monomer, solvents and superficial water below
220 °C, dehydration or/and decarboxylation of both
intra- and intermolecular carboxyl groups from 220
to 360 °C, and dissociation of the copolymer back-
bones above 360 °C [44, 45], and the cumulative mass
loss accounts for about 6.5, 44.6 and 64.3%, respec-
tively. In Fig. 2A(g), three weight loss stages appear
at below 220, 220-520 and above 520 °C, and the mass
loss is about 11.5, 59.5 and 69.0%, respectively. The
difference in mass loss of 4.7% until 750 °C indicates
MSA may be incorporated in Fe;O4-g-PHEA-b-
PMAA through esterification reaction with HEA.
When Au NPs are anchored on Fe;O4-g-PMESA-b-
PMAA as shown in Fig. 2A(h), it is incredible that the
maximal weight loss of Fe;O4-g-PMESA@Au-b-
PMAA has only 26.3% until 750 °C. Moreover, there
is no obvious decarboxylation from 220 to 420 °C,
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spectra B of (a) Fe;04 NPs, (b) Au NPs (c) Fe;04-g-PMESA-b-
PMAA-1, (d) Fe;04-g-PMESA@Au-b-PMAA-1 (Au content: 1%)
and (e) (Fe304-g-PMESA@Au-b-PMAA-1', Au wt%: 3). The
concentration of all samples in ethanol is 10 mg L™".

and until 520 °C, the cumulative mass loss is only
19.5%. Above 520 °C, the copolymer backbones start
to degrade. The excellent heat stability of the Fe;O4-g-
PMESA@Au-b-PMAA over the Fe;O4-g-PMESA-b-
PMAA is maybe ascribed to the interaction between
Au NPs and the grafted PMESA-b-PMAA copoly-
mers including the coordination between Au NPs
and -SH groups and the interaction of Au NPs with
the -COOH groups of PMAA and PMSEA blocks
[46, 47]. In particular, the formation of gold thiolates
based on aurophilic interactions accounts for the
increased thermal stability [48]. These results suggest
that Au NPs are inserted or decorated in the
copolymer nanohybrids through a coordination
interaction between Au NPs and -SH groups.
Figure 2B depicts UV-Vis absorption spectra of
various samples especially containing Au NPs. In
Fig. 2B(a), the appearance of low intense hump below
500 nm (ca 480 nm) maybe originates primarily from
the absorption and scattering of light by magnetic
nanoparticles [49, 50]. Fe;O4-g-PMESA-b-PMAA
generates a similar hump, but the intensity is signif-
icantly weaker than that produced by Fe;O, NPs
because of the grafting of PMESA-b-PMAA copoly-
mers, as demonstrated in Fig. 2B(c). However, Au
NPs produce a characteristic surface plasmon reso-
nance (SPR) peak at around 520-525 nm, which is
strongly dependent upon the size/thickness, shape,
interparticle distance, surface coverage and sur-
rounding medium of metal nanoparticles, etc.
[51, 52]. In the UV-Vis absorption spectrum of Fe;Og4-
§-PMESA@Au-b-PMAA copolymer nanohybrids, the
absorption band becomes weak and slightly red shifts
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to ca. 540 nm. One possible explanation is that the
charge transfer exists between Au NPs and -SH
groups; the electron deficiency on the surface of Au
NPs may lead to the red shift [51]. The plasmon
resonance peaks obviously increase with increasing
the contents of Au NPs from 1 to 3%, as shown in
Fig. 2B(d, e). For these samples decorated with Au
NPs, no low intense hump below 500 nm appears
due to strong SPR peaks of Au NPs. This signifies
that Au NPs are actually incorporated or immobi-
lized in the final block copolymers.

Self-assembly physicochemical properties

Fe;04-g-PMESA@Au-b-PMAA is a block copolymer
hybrid exhibiting amphiphilicity, with pH-sensitive
hydrophilic PMAA fragments and hydrophobic
Fe;04-g-PMESA@Au segments. Consequently, it can
spontaneously assemble into a special copolymer
micelle in a selected solvent via dialysis technique. To
verify the self-assembled micellization process, fluo-
rescence emission spectra of micelle samples with
various concentrations were detected, and curves of
the fluorescence intensity ratios (I3/I;) versus the
logarithms of the micelle concentrations can be used
to estimate the critical micelle concentration (CMC),
as depicted in Fig. S1 of supporting information (SI)
and Table 1. Generally, CMC is defined as a poly-
meric concentration showing a discontinuous change
in I3/1; [53]. As expected, Fe;04-g-PMSEA-b-PMAA-2
has a higher CMC value of about 97.4 mg L™" than
Fe;0,-¢-PMSEA-b-PMAA-1 (458 mg L") because
the latter has shorter hydrophilic chains than the
former, suggesting that the latter possesses a more
reasonable hydrophilic/hydrophobic balance and
thus is more stable. After Au NPs are coordinated
with thiol groups in these copolymer nanohybrids,
the CMC value decreases to 45.8 and 223 mg L™,
which corresponds to Fe;04-g-PMSEA@Au-b-PMAA-
2 and Fe;04-g-PMSEA@Au-b-PMAA-1, respectively.
The micelles bearing a low CMC value are not prone
to dissociating into unimers when they suffer iso-
metric dilution [53]. The decreased CMC values after
Au NPs are coordinated may probably be due to
aggregation through aurophilic interactions that
makes gold thiolates be able to self-associate [48]. The
interaction of small Au NPs with the negatively
charged -COOH groups of PMAA and PMSEA
blocks also brings down the CMC values [47].
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Figure 3 exhibits TEM and SEM microphotographs
of copolymer micelle nanoparticles formed in aque-
ous solution. Fe;O, NPs take on homogeneously
distributed globular topologies and narrow particle
size distribution, with a mean particle size of about
12 nm, as shown in Fig. 3a, which is consistent with
that by XRD. After PMSEA-b-PMAA is grafted onto
the surface of Fe;O, NPs, the hybrid copolymer
micelles with core-shell spherical morphologies are
formed, with Fe;O4 NPs and PMSEA blocks as cores
and PMAA blocks as shells, as demonstrated in
Fig. 3b, c. The size of the micelles ranges from about
50 to 72 nm and the mean size of about 65 nm for
Fe;04-g-PMSEA-b-PMAA-1, and from 66 to 109 nm
and the mean size 85 nm for Fe;O,-g-PMSEA-b-
PMAA-2. Clearly, the average thickness of the
copolymer layers of about 53 nm for Fe;O4-g-
PMSEA-b-PMAA-1 and about 73 nm for Fe;Oy4-g-
PMSEA-b-PMAA-2 surround the Fe;O,; NPs in the
hybrid copolymer micelles. In addition, the density of
Fe;04-g-PMSEA-b-PMAA is measured by a pyc-
nometer to be about 1.21 g cm ™, lower than that of
pure Fe;O4 NPs of 1.79 g cm 2 due to the surface
graft of PMSEA-b-PMAA that has low density. It is
therefore inferred that quite a lot of PMSEA-b-PMAA
has been anchored on the surface of FesO, NPs,
which makes for better dispersion stability, and can
prevent sedimentation and agglomeration of Fe;O4
NPs [39]. DLS determination indicates that the hybrid
copolymer nanomicelles in aqueous solution possess
hydrodynamic diameters (D) centered at about
859 nm for Fe;O4-¢-PMSEA-b-PMAA-1  and
103.9 nm for Fe;O,-g-PMSEA-b-PMAA-2, as shown
in Fig. S2(a) and (b) of SI and Table 1. The values are
higher than those estimated by TEM because the
grafted amphiphilic block copolymers are in a swel-
ling state during DLS determination, whereas they
are in a contraction state upon observed with TEM.
The hybrid copolymer nanomicelles possess narrow
size distribution, with polydispersity index (PDI) of
particle sizes below 0.3. With increasing the feed
ratios of MAA or the length of PMAA blocks, the Dy,
values increase because of longer hydrophilic shell
layers. SEM observation corroborates the spherical
morphologies formed by the copolymer nanohybrid
in aqueous solution, and the particle size ranges from
about 80 to 155 nm, as shown in Fig. 3d. The inset in
Fig. 3d gives clearer smooth globular core—shell
micellar topology, and the micellar size is about
155 nm. Nevertheless, the copolymer hybrid
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Figure 3 TEM photographs
of a Fe;04 NPs, b Fe;04-g-
PMSEA-b-PMAA-1, ¢ Fe;04-
g-PMSEA-b-PMAA-2,

e Fe;04-g-PMSEA@Au-b-
PMAA-1 and f Fe;04-g-
PMSEA@Au-b-PMAA-2 (the
inset shows TEM
microphotographs of Au NPs),
and d SEM image of Fe;04-g-
PMSEA-b-PMAA-2 (Au
contents in all the copolymer
hybrids are 1 wt%; the
copolymer hybrid has a
concentration of 500 mg L'
in aqueous solution).

nanomicelles in Fig. 3d are gathered together proba-
bly due to high concentrations of the copolymer
hybrids.

Au NPs present uniform globular morphologies,
and the particle size ranges from 6 to 15 nm, and the
average size is about 11 nm, as depicted in insets of
Fig. 3e. The copolymer nanohybrids combined with
Au NPs give “waxberry-like” globular topologies as
shown in Fig. 3e, f; this may be incorporation of Au
NPs in the side chains of the grafted block copoly-
mers on the surface of Fe;0, NPs through complex-
ation. The scattered spots on the surface of the
“waxberry-like” globular micelles in Fig. 3f have a
size of approximately 12 nm, which is consistent with
that of Au NPs. Fe;O4-g-PMSEA@Au-b-PMAA-1 and
Fe;04-g-PMSEA@Au-b-PMAA-2 nanomicelles pos-
sess a mean TEM size of about 70 and 85 nm,
respectively, slightly higher than that before Au NPs
are coordinated. The D, values in Fig. S2(c) and
52(d) of SI and Table 1 give similar results, which
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further reveal the increased micelle sizes in compar-
ison with the copolymer micelles without Au NPs. To
verify the anchoring of Au NPs on the copolymer
hybrids, the element overlay and energy dispersed

X-ray (EDX) spectra of Fe;O4-g-PMSEA@Au-b-
PMAA are collected, as illustrated in Fig. S3 in SI. It is
easy to get the information of carbon, nitrogen, oxy-
gen, sulfur, iron, gold and bromine elements, where
Fe and N are mainly attributed to the modified Fe;O,
NPs, and C and O are predominately assigned to
PMSEA and PMAA segments. In particular, the
presence of S and Au corroborates the coordination
interaction between Au NPs and -SH groups. The
mass contents of these elements are separately 11, 73,
10,4, 1 and 1 wt% in sequence of N, O, S, Fe, Au and
Br excluding C, and the mass of Au is reasonably
lower than that of S. These findings disclose the
successful preparation of the block copolymer
nanohybrids.
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Zeta potential () is an important index reflecting
the stability of colloidal dispersions. Considering the
possible applications of the present work in
biomedical areas, the stability of the self-assembly
micelles is important for effective drug release
[54, 55]. Generally, stable assemblies can minimize
the drug release at normal cells and thus maximally
avoid the harm to normal cells or tissues. Therefore,
zeta potentials of the resulting copolymer hybrids are
determined in the present work, and summarized in
Table 1. Clearly, the absolute values of ¢ of the
copolymer hybrids are significantly high (the abso-
lute values are more than 72 mV) whether they con-
tain Au NPs or not. As a consequence, the copolymer
hybrids have apodeictic stability in aqueous envi-
ronments, which is a crucial factor for drug delivery
carriers [56, 57]. The considerably high ¢ values may
be ascribed to the scattering of a large number of
—COOH groups on a nanoscaled micelle surface with
large specific area containing Fe;O, making the
—COO™ negative charges fully contained within the
region bounded by the slipping plane in an electrical
double layer. The increase in the absolute values of £
with increasing the feed ratios of the PMAA length is
obviously correlated with more —-COOH groups.
After Fe;O,-g-PMSEA-b-PMAA  copolymers are
coordinated with Au NDPs; however, ¢ values reduce
at a certain degree, which may be due to the intense
screening effect of Au NPs in the hybrid copolymer
micelles, limiting exposure of carboxyl groups.

pH-, magnetic and electrochemical
responsiveness

Unique architecture and chemical compositions of
Fe;04-g-PMSEA-b-PMAA and Fe;0,-g-PMSEA@Au-
b-PMAA endow them with pH, magnetic and elec-
trochemical responsiveness. pH Response of repre-
sentative Fe;O,-g-PMSEA-b-PMAA-2 is testified by
the change in D, with pH, as demonstrated in
Fig. 4A. Below pH of ca. 5.2, less than the pKa of
5.5-5.6 of PMAA [58], protonated PMAA segments
are highly intertwined due to inter- and intramolec-
ular hydrogen bond interactions, lead to the forma-
tion of large micelle aggregates. As pH exceeds 5.2,
the associated PMAA shell layers start to change
from hydrophobicity to hydrophilicity, and large
aggregates are disassociated, Dy, decreases abruptly.
With increasing pH up to about 5.6, the hydrogen
bond interactions almost disappear on account of
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ionization of most of the carboxylic groups. When pH
is further increased to 6.1, PMAA shell layers are
thoroughly ionized, large micelle aggregates are dis-
sociated into small micelles or unimers, and thus Dy,
remains almost unchangeable. The pH value at which
half of the total decrease in D}, occur is defined as the
pH phase transition points (pHTP). As such, the
pHTP value of representative Fe;O,-g-PMSEA-b-
PMAA-2 is estimated to be about 5.6, equivalent to
the pKa of PMAA moieties. Likewise, Fe;O,-g-
PMSEA-b-PMAA-1 also exhibits pH responsivity at
pH of ca 5.5, slightly lower that of the above micelle
(Fig. 54 of SI). The pHTP values for Fe;O4-g-
PMSEA@Au-b-PMAA-1 and Fe;O4-g-PMSEA@Au-b-
PMAA-2 slightly shift to about 5.3 and 5.9, respec-
tively, deviating from the pKa of PMAA of
about + 0.3 (Fig. 54 of SI). The decreased pHTP for
Fe;04-g-PMSEA@AuU-b-PMAA-1 is ascribed to the
incorporation of Au NPs, which more easily leads to
aggregation of the nanomicelles through aurophilic
in addition to hydrogen bond interactions at acidic
media, whereas at (alkalescence) environments in the
vicinity of pKa, the aggregated nanomicelles are
promptly disassociated and the interaction of Au NPs
with -COO™ anions weakens or/and disappears.
Slight increase of pHTP for Fe;O,-g-PMSEA-b-
PMAA-2 and Fe;0,-g-PMSEA@Au-b-PMAA-2 with
increasing the length of PMAA chains is due to
slower disassociation of the aggregated nanomicelles
with more interactions described above. It follows
that the copolymer nanohybrids exhibit pH respon-
sive property that can be properly tailored, as
expected, which provides a choice of drug controlled
release.

To investigate the electrochemical properties of the
prepared nanohybrids, cyclic voltammetry (CV)
curves were detected, as shown in Fig. 4B (fine CV
curves for samples a—c and e are demonstrated in
Fig. S5 of SI). The glass carbon electrodes modified
with Fe;O, NPs produce the anodic and cathodic
peak currents at a potential of 1.52 and — 0.22V,
respectively, due to its conductivity [59-61]. How-
ever, for Fe;O4-g-PMSEA-b-PMAA-2 in Fig. 4B(b),
hardly any oxidation and reduction peak is observed
in that the graft of PMSEA-b-PMAA restricts the
exposure of Fe;O4 NPs in the electrolytes and reduces
the rate of electron transfer [49]. The PMSEA-b-
PMAA layer therefore plays the role of a barrier
hindering the electron transfer on the surface of
Fe;O4 NPs and is not a suitable candidate as electron
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Figure 4 A pH sensitivity of representative Fe;04-g-PMSEA-b-
PMAA-2 (concentration: 100 mg L™") revealed by the plot of D,
versus pH, and B CV curves of (a) bare Fe;04 NPs, (b) Fe;04-g-
PMSEA-b-PMAA-2, (c) Fe304--PMSEA@Au-b-PMAA-2’

carriers [60, 61]. After Au NPs are conjugated with
Fe;0,-g-PMSEA-b-PMAA-2 in Fig. 4B(c), a weak
reduction peak can be observed due to the coordi-
nation of Au NPs that possess excellent electro-
chemical properties. Decreasing the length of the
grafted PMSEA-b-PMAA block chains for the same
content of Au NPs leads to the large increment of the
oxidation and reduction peak currents, which locates
at 390 and — 58 mV, respectively, as shown in
Fig. 4B(d). This indicates that the short PMSEA-b-
PMAA chains make for electron transfer, and thus
show the strong redox capacity [34]. The Au content
in Fe304-g-PMSEA@Au-b-PMAA-1 has influence on
electrochemical properties, as shown in Fig. 4B(e).
For the copolymer nanohybrid containing the Au
content 1 wt%, the anodic and cathodic peak currents
obviously decrease at 1.34 and — 0.22 V, respectively,
and the peak separation at anode and cathode
(AE = E, — E) is enhanced. Generally, the peak
separation of cathode and anode would affect the
reversibility of the electrochemical response, and a
decreased AE value hints increased redox reversibil-
ity [62]. In comparison with any other modified
electrodes having a AE value of about 1.75V, the
nanohybrid-modified electrode with a short PMAA
graft chain and relatively high Au loading gives a
small AE value of about 0.39 V, thus offering
improved reversibility of the electrochemical
response. Therefore, it is concluded that the
reversibility of the electrochemical response can be
improved by tuning the length of the PMAA graft
chains and the loading percentage of Au NPs. To
obtain an optimal modified electrode material, more
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(Au wt%: 3), (d) Fe;04-g-PMSEA@Au-b-PMAA-1" (Au wt%:
3) and (e) Fe;04-¢-PMSEA@Au-b-PMAA-1 (Au wt%: 1) at a
scan rate 0.1 V s™'. The concentration of all the samples in

methanol is 100 mg L™".

effort is needed to achieve an optimal balance
between the loading percentage of Au NPs, the
length of the graft chains and the electrochemical
properties of the copolymer nanohybrids.

Figure 5A shows hysteresis loops of the prepared
copolymer nanohybrids at 300 K by VSM measure-
ments. It is noticed that the saturation magnetization
(M,) is 58.26, 40.45 and 42.36 emu g*1 for Fe;O4 NPs,
Fe3;04-¢g-PMSEA-b-PMAA-2 and Fe;O4-g-PMSEA@Au-
b-PMAA-2, respectively. These data suggest that the
prepared copolymer nanohybrids possess ferromag-
netism. The obvious decrease of M; for the copolymer
nanohybrids in comparison with Fe;O; NPs is
attributable to the incorporation of PMSEA-b-PMAA
copolymers with no magnetism on the surface of Fe;O,
NPs. In comparison, the conjugation of Au NPs in
Fe;04-g-PMSEA-b-PMAA leads to a slight increase of
Ms; this is probably because the strong Au-S covalent
interaction leads to the transfer of 54 electrons in Au
atoms into S atoms, which causes local 5d electron-holes
(or emergence of unpaired electrons) and the follow-up
spin polarization, and thus induces certain ferromag-
netism or magnetic properties [63, 64]. It is just the
unique magnetism of Au NPs that results in the over-
lapping of the magnetism of Fe;O4-g-PMSEA-b-PMAA
copolymer nanohybrids, thus enhancing the saturation
magnetization M; of the resulting copolymer hybrids
and altering the magnetic behavior of Fe;O4-g-PMESA-
b-PMAA. Therefore, it is clear that the magnetism of the
resulting copolymer hybrids is mainly contributed by
Fe;04 NPs plus the effect of AuNPs. In consideration of
the surface plasma resonance, pH sensitivity and elec-
trochemical properties, the Fe;O,-g-PMSEA@Au-b-
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Figure 5 A Magnetization curves of Fe;0, NPs, Fe;O4-g-
PMSEA-b-PMAA-1 and Fe;04-¢-PMSEA@Au-b-PMAA-1 (Au
content: 1 wt%), and B, C digital photographs of (a) Fe;O4-g-
PMSEA-b-PMAA and (b) Fe;04-g-PMSEA@Au-b-PMAA: B in
absence of and C in the presence of applied magnetic field. The
concentration of all samples is 10 mg L™".

PMAA copolymer nanohybrids are preferable in this
study. Since many factors including the coating agents,
and the size and distribution of Au NPs affect the
magnetism of Au NPs, there is still much work to do to
make certain the magnetic mechanism of Au NPs [65].
When the external magnetic field is removed, the
copolymer nanohybrids almost lose their magnetism,
with negligible coercive forces (H.) and remanent
magnetization (M,), as summarized in Table S1 in SI. It
is clear that Fe;O4-g-PMSEA-b-PMAA-2 and Fe;O,-g-
PMSEA@Au-b-PMAA-2 possess H. values less than
33.3 and 37.6 G, and M, values smaller than 2.3 and
2.3 emu g, respectively. These findings disclose that
the copolymer nanohybrids are superparamagnetic
and exhibit characteristics of soft magnetic materials
[66]. They can be easily magnetized and demagnetized,
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and when the magnetic field is exerted, they can regain
magnetism. The magnetic properties are anticipated to
be potentially applied in the areas of magnetically tar-
geted therapy.

This trait of the block copolymer nanohybrids can
make them be separated from the reaction medium
rapidly and easily in a magnetic field, and also be
well dispersed by gentle shaking when the external
magnetic field is removed. As shown in Fig. 5B,
under no external magnetic field, Fe;O,-g-PMSEA-b-
PMAA and Fe;O4-g-PMSEA@Au-b-PMAA form uni-
form light brown and nigger brown solution in
dichloromethane through ultrasonication, respec-
tively. When a magnet is placed next to the solution,
the copolymer nanohybrids are attracted to the side
walls of cuvettes where the magnet stands, leaving
pellucid solution, as demonstrated in Fig. 5C. When
the magnet is removed, however, the copolymer
nanohybrids are redispersed and form homogenous
solution. These phenomena indicate that the block
copolymer nanohybrids have been endowed with the
magnetic responsibility.

Conclusion

In summary, well-defined Au NPs coordinated Fe;O,
graft block copolymer nanohybrids were synthesized
via surface-initiated ATRP, and the follow-up esteri-
fication of MSA and complexation, as confirmed by
FTIR, XRD, TGA, UV-Vis, EDX and density mea-
surements, etc. The block copolymer nanohybrids
could spontaneously assemble and form globular
core—shell copolymer micelles in aqueous solution.
The size, CMC and zeta potentials of the micelles vary
with compositional proportions of each fragment and
the coordination of Au NPs. The block copolymer
nanohybrids exhibited multifunctionality of pH, elec-
trochemical, plasmon resonance and magnetic stimuli
responsiveness. By adjusting the chemical composi-
tions of the copolymer hybrids, the physicochemical
parameters and properties including pHTP, CMC, zeta
potentials, micelle size and magnetism, and photo-
electrical properties such as UV-Vis absorption and
electrochemical properties could be modulated
accordingly. In the future, the wide applications of the
multifunctional nanohybrids in many fields will be
investigated to fully play and gain their values.
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