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Hydrophilic hybrid materials with magnetism & NIR
fluorescence via surface-initiated RAFT polymerization

Weiwei He,a Lifen Zhang,a Bing Han,a Liang Cheng,*b Nianchen Zhou,a Zhuang Liub

and Zhenping Cheng*a

In the current work, one monomer (denoted as MHB) capable of emitting near infrared (NIR) fluorescence

under UV light excitation is prepared and employed to perform (co)polymerization with a commercial

hydrophilic and biocompatible monomer, poly(ethylene glycol) monomethyl ether methacrylate

(PEGMA), on the surface of silica coated iron oxide nanoparticles (NPs). PEGMA is used to either

copolymerize or chain-extend MHB after polymerization to improve the hydrophilicity of the NPs which

is essential for practical application in bio-related areas. The as-prepared NPs in different surface

modification steps were investigated by Fourier transfer infrared (FT-IR), thermogravimetric analysis

(TGA), transmission electron microscope (TEM) and UV-vis spectroscopic techniques. The crystal form of

the NPs was checked by powder X-ray diffraction (XRD) and it showed that the magnetic core is made

up of ferroferric oxide. The magnetic properties of the NPs were measured by vibrating-sample

magnetometer (VSM) and all NPs exhibited superparamagnetism. The final NPs possessing magnetic

and NIR fluorescent properties have potential applications in biological areas as dual-model imaging

agents, and their application as contrast agents for magnetic resonance imaging (MRI) is investigated.
Introduction

Magnetic iron oxide has drawn a great deal of attention due to
its promising and practical applications in a wide range of
areas, one of which, particularly for superparamagnetic
compounds, is as magnetic resonance imaging (MRI) contrast
agents for tumor diagnosis.1–13 Recently, nanoparticles (NPs) of
magnetic iron oxide combining uorophore, as called “two in
one” NPs, have been the focus of research worldwide due to
their remarkable characteristics and promising perspectives in
biological areas and, to date, several methods have been
developed successfully to prepare it.14–25 In vivo detection
methods such as uorescence imaging and MRI, two comple-
mentary techniques, can be performed simultaneously with
such NPs,26–31 which would provide much more comprehensive
information about the situation and state of the patients and
therefore facilitate detection of tumors or cancers via the “two
in one” NPs at an early stage. So far, most of the reported
bifunctional NPs withmagnetism and uorescence emit light in
the UV-vis range and are based on inorganic compounds, such
as quantum dots (QDs), which are usually toxic. Developing new
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approaches to fabricate biocompatible bifunctional NPs with
magnetism and uorescence is appealing and urgent. Driven by
such a force, our group has also been engaged in developing
new strategies to prepare such preferable bifunctional NPs
taking advantage of controlled radical polymerization tech-
niques and less toxic organic chromophores. Polymer
sequences, whichmight affect the physical properties as a result
of alternating the photo-physical features of the as-prepared
materials, can be facilely achieved through living radical poly-
merization. To date a few successful cases have already been
reported by our group.18,19

In fact the organisms themselves usually generate uores-
cence in a certain range of wavelengths automatically or under
an external irradiation, which brings in background interfer-
ence when performing in vivo imaging, an obstacle to the
acquisition of exact information thus reducing the accuracy of
detection.32,33 Fortunately, there exists a spectrum window
between 650 and 900 nm which overlaps with the NIR region
(700–900 nm), where the background emission uorescence of
the object itself could be greatly minimized or even completely
eliminated in some cases.34–36 Therefore, NIR uorophores are
so appealing that so far a number of NIR emitting species,
mainly including quantum dots (QDs)37 and organic dyes,38–40

were successfully synthesized and some of them or their
derivatives have been successfully applied for in vivo imaging or
bio-labeling. Accordingly, magnetic NPs with NIR uorescence,
a new generation of dual modal imaging agents, are more and
more attractive for researchers. As is well known, QDs generally
J. Mater. Chem. B, 2013, 1, 3257–3266 | 3257



Journal of Materials Chemistry B Paper

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry B
This journal is © The Royal Society of Chemistry 2013
consist of heavy metals and are usually seriously toxic to human
beings and other living species. In most reported cases QDs are
wrapped in an inert shell such as silica when preparing such
“two in one” NPs. Although this renders them much more
stable than naked NPs and keeps them isolated from the
surroundings, leakage of the heavy metal, when being admin-
istered in the body, is still themain concern whichmight trigger
serious safety issues. On the other hand, organic dyes are much
less toxic and their diversity can also meet various demands.41–46

Despite their many advantages, while they have been widely
investigated separately, surprisingly combinations of NIR dyes
with magnetic NPs in one unit are less available.

Herein we report a facile strategy to prepare such “two in
one” NPs with superparamagnetism and NIR uorescence by
surface-initiated reversible addition–fragmentation chain
transfer (SI-RAFT) technique. One NIR dye monomer (denoted
as MHB) capable of emitting NIR uorescence was used to
perform (co)polymerization with a commercial hydrophilic and
biocompatible monomer, PEGMA, on the surface of silica
coated iron oxide NPs. Silica coated iron oxide was selected as
the magnetic core for its unique advantages such as improving
the colloidal stability and preventing uorescence quenching
of the dyes from themagnetic iron oxide core.14 Besides, PEGMA
is employed to perform the copolymerization or chain-exten-
sion on the surface of NPs to increase the hydrophilicity and
biocompatibility of the resulting NPs.
Experimental section
Materials

Poly(ethylene glycol) monomethyl ether methacrylate (PEGMA)
(Mn ¼ 475 g mol�1 or 1100 g mol�1) (>99%), was purchased
from Aldrich. It was puried by passing through a column lled
with neutral aluminum oxide and stored at �18 �C before use.
Tetraethoxysilane (TEOS) (>98%, Fluka) and (p-chloromethyl)
phenyl trimethoxysilane (95%, ABCR) were used as received.
N,N-dimethyl formamide (DMF, analytical reagent) was
obtained from Shanghai Chemical Reagents Co. and dried with
an activated molecular sieve (4 Å). Toluene (analytical reagent)
was purchased from Shanghai Chemical Reagents Co. and was
dried by distillation with sodium. Ferric chloride hexahydrate
(FeCl3$6H2O) (>99%), ferrous sulfate (FeSO4$7H2O) (>99%),
citrate acid (>99%), potassium hydroxide (KOH), ammonia
(NH3$H2O, 25%), ethanol, acetone, cyclohexanone and all other
chemicals were obtained from Shanghai Chemical Reagents Co.
and were used as received unless mentioned.
Synthesis of magnetic NPs (Fe3O4)

The colloidal magnetic NPs modied by citric acid were
prepared by a chemical coprecipitation method and dispersed
in situ in water as a ferrouid. The procedure was as follows:
FeCl3$6H2O (4.1 g, 0.015 mol) and FeSO4$7H2O (2.35 g,
0.08 mol) were added to 100 mL of deionized water in a three-
neck ask under a ow of Ar. 25 mL of NH3$H2O (25%) were
added to the ask aer vigorous mechanical stirring for 0.5 h.
Then a black precipitate formed quickly, and stirring was
3258 | J. Mater. Chem. B, 2013, 1, 3257–3266
continued for 0.5 h. The product was collected and then redis-
persed into 100 mL of deionized water with 0.5 mL of citric acid
(0.01 M), stirring for 15 min. The nal product was collected
from the suspension by centrifugation and washed with
distilled water until pH ¼ 7.

Synthesis of silica coated iron oxide (Fe3O4@SiO2)

25 mL of TEOS were added to a mixture of 15 mL of NH3$H2O
(25%), 235 mL of H2O, 750 mL of ethanol, and the previously
washed Fe3O4 under mechanical stirring for 16 h under Ar. The
NPs were isolated by centrifugation at 15 000 rpm. Aer dis-
carding the supernatant, the sediments were redispersed in
ethanol and centrifuged again. This purication cycle was
repeated for four times and the product was dried under
vacuum at room temperature for 24 h.

Synthesis of chloromethyl phenyl functionalized colloidal
magnetic silica NPs (Fe3O4@SiO2–Cl)

Typically, 1 g of dried Fe3O4@SiO2 was dispersed in 40 mL of
freshly distilled toluene with the aid of sonication, and 1 mL of
(p-chloromethyl)phenyl trimethoxysilane was added aer
removing air by ushing with Ar for 30 min, then the ask was
immersed in an oil bath at 90 �C. The mixture was stirred for
16 h, and then the solution was cooled and exposed to air. The
NPs were washed under ultrasonication with abundant toluene
and acetone in turn, collected by centrifugation and dried under
vacuum at room temperature for 24 h.

Synthesis of RAFT agent-functionalized colloidal magnetic
silica NPs (Fe3O4@SiO2–BCBD)

The Fe3O4@SiO2–BCBD NPs were prepared by the following
procedure: a suspension of KOH (0.26 g, 0.004 mol) in DMSO
(20 mL) was prepared, and carbazole (0.78 g, 0.004 mol) was
added under vigorous stirring. The solution was stirred for 2 h
at room temperature and then CS2 (0.4 mL, 0.006 mol) was
added dropwise. The resultant reddish solution was stirred for
12 h at room temperature, and then the prepared Fe3O4@SiO2–

Cl (0.80 g) was added. The mixture was stirred for further 36 h at
room temperature. The NPs were recovered by centrifugation at
12 000 rpm for 15 min. The Fe3O4@SiO2–BCBD NPs
were washed under ultrasonication with abundant ethanol–
H2O (v/v ¼ 1/1) solution and acetone for several times, precip-
itated by centrifugation and dried under vacuum at room
temperature for 24 h.

Synthesis of monomer MHB

Firstly, 1,2-diaminobenzene (2.21 g, 0.020 mol), 2-naphthoic
acid (5.44 g, 0.032 mol) and polyphosphoric acid (1.12 g,
0.003 mol) were mixed and put in an oil bath at 180 �C under
continuous vacuum for 30 min. Aer cooling down, the crude
product was dissolved in DMSO and precipitated in deionized
water and ltered. The product was dispersed in water and the
suspension was adjusted at pH ¼ 4–5, ltered and redispersed
in water regulating the pH¼ 8–10 with NaOH. The intermediate
product VNBI was dried in vacuum aer ltration and puried
This journal is ª The Royal Society of Chemistry 2013
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by recrystallization with ethanol. Separately, potassium
carbonate (0.64 g, 4.6 mmol) was dispersed in DMF (140 mL) at
80 �C under stirring for 10 min. A solution of VNBI (1.08 g,
4.4 mmol) in DMF (60 mL) was added dropwise. Aer cooling
down to 40 �C, 4-(chloromethyl)styrene (1.04 mL, 7.4 mmol) was
added and the mixture was stirred for another 48 h. The
resulting mixture was poured in 300 mL of deionized water, and
extracted with ethyl acetate. The nal product MHB was
obtained by concentrating and then purifying via column
chromatography.

Graing of MHB shell from RAFT agent-functionalized
Fe3O4@SiO2–BCBD

General procedure for (co)polymerization of MHB is as follows:
MHB (0.127 g, 0.35 mmol), Fe3O4@SiO2–BCBD (50 mg), AIBN
(0.38 mg, 2.3� 10�2 mmol) and DMF (3 mL) were added in a dry
ampoule and treated in ultrasonic for 5 min (PEGMA475
(0.31 mL, 0.70 mmol) was added for copolymerization). The
contents were purged with Ar for 10 min to eliminate the dis-
solved oxygen, and then the ampoule was ame-sealed. The
polymerization proceeded in an oil bath held by a thermostat at
the desired temperature (70 �C). Aer desired polymerization
time, the ampoule was cooled by immersing it into iced water,
and then, the reaction mixture was diluted by THF and centri-
fuged (1.2 � 104 r min�1). This cycle of centrifugation and
redispersion in THF was repeated four times to make sure that
the free polymers were removed completely. The obtained
Fe3O4@SiO2@(co)polymer NPs was dried in vacuum oven at
room temperature.

Block copolymerization of PEGMA using Fe3O4@SiO2@PMHB

NPs as macro-RAFT agent

Fe3O4@SiO2@PMHB NPs (50 mg), PEGMA (0.31 mL, 0.70mmol),
AIBN (0.38 mg, 2.3 � 10�2 mmol) and DMF (3 mL) were added
in a dry ampoule and treated in ultrasonic for 5 min. The
content was purged with Ar for 10 min to eliminate the dis-
solved oxygen, and then the ampoule was ame-sealed. The
polymerization proceeded in an oil bath held at the desired
temperature by a thermostat (70 �C). Aer the polymerization
time, the ampoule was cooled by immersing it into ice water,
and then the reaction mixture was diluted by THF and centri-
fuged (1.2 � 104 r min�1) to separate the free polymers. This
cycle of centrifugation and redispersion in THF was repeated
ve times to make sure that the free polymers were removed
completely. The nal product, Fe3O4@SiO2@PMHB-b-PPEGMA
NPs, was dried in a vacuum oven at room temperature.

Cleavage of the graed polymers from the
Fe3O4@SiO2@PMHB-co-PPEGMA NPs

Cleavage of the PMHB-co-PPEGMA from the Fe3O4@SiO2@PMHB-
co-PPEGMA NPs was carried out according to the procedure
described in ref. 47. In a PTFE beaker, the PMHB-co-PPEGMA
graed hybrid NPs (50 mg) was dispersed in 8 mL of THF. Then
aqueous HF (48 wt%, 0.3 mL) was added and the reaction
mixture was stirred at room temperature for 10 h. The resulting
polymer was precipitated by pouring the polymer solution into a
This journal is ª The Royal Society of Chemistry 2013
20-fold excess of hexane, and then the precipitate was collected
and dried in a vacuum oven at 30 �C overnight. The recovered
PMHB-co-PPEGMA was then subjected to 1H NMR analysis.

HeLa cells culture and MR imaging

HeLa cells were cultured in Dulbecco's modied eagle medium
(DMEM) containing 10% fetal bovine serum (FBS), strepto-
mycin (100 U mL�1) penicillin (100 U mL�1), and 4 mM
L-glutamine at 37 �C in a humidied 5% CO2-containing
atmosphere. For cellular imaging, cells were incubated with
Fe3O4@SiO2@(PMHB-co-PPEGMA) NPs overnight. The cells were
washed with PBS, centrifuged and then covered with agarose
solution before MR imaging. The treated cells were scanned
under a 3-T clinical MRI.

Cytotoxicity assay by MTT

The MTT assay was performed to evaluate the impact of
Fe3O4@SiO2@PMHB-co-PPEGMA NPs on the viability of HeLa
cells. The cells were seeded onto 96-well plates at a density of
1 � 104 cells per well for 24 h. Aerwards a series of
concentrations of Fe3O4@SiO2@PMHB-co-PPEGMA NPs were
added into the cell culture. Aer 24 h incubation, 20 mL of
MTT solution in phosphate buffered saline (PBS) was added to
each well and incubated for an additional 4 h. The cell culture
was discarded aerwards with 150 mL dimethyl sulfoxide
(DMSO) added to each well. We then incubated the plate at
37 �C for 5 min and shocked it for another 10 min at room
temperature to allow complete dissolve of formazan. Finally,
the absorbance at 570 nm of each well was measured by a
microplate reader (Model 680 Bio-RAD) to determine the
relative cell viability.

Characterization

Fourier transform infrared (FT-IR) spectra were recorded on a
NICOLET-6700 FTIR spectrometer. Thermogravimetric analysis
(TGA) was carried out on a 2960 SDT TA instruments with a
heating rate of 10 �C min�1 from room temperature to 800 �C
under a nitrogen atmosphere. Transmission electron micro-
graphs were taken with a FEI TecnaiG220 (TEM) operated at an
accelerating voltage of 200 kV. XRD (PANalytical Company,
X'PERT PROMPD, Cu Ka, l¼ 1.5406 Å, X'Celerator) was used to
determine the crystal structure of the pristine magnetic NPs.
Fluorescent emission spectra were measured with excitation
light of 294 nm wavelength in a PerkinElmer Ls-50B. A
vibrating-sample magnetometer (VSM-7407, Lakeshore, USA)
was used at room temperature to measure the magnetic prop-
erties of Fe3O4 and magnetic composite NPs.

Results and discussion
Synthesis of Fe3O4@SiO2–BCBD

The immobilization of the macro-RAFT agent (Z–C(]S)–S–R),
where carbazole was used as the Z group and a benzyl group
tethered on the Fe3O4@SiO2 NPs was used as the R group,18 is
the key step in whole process. With such graed RAFT agent,
dense polymer shells with tunable thickness can be easily
J. Mater. Chem. B, 2013, 1, 3257–3266 | 3259



Fig. 1 UV-vis spectra of BCBD (a), NPs of Fe3O4@SiO2 (b) and Fe3O4@SiO2–BCBD
(c) and fluorescence spectrum of Fe3O4@SiO2–BCBD NPs (d) in DMF.

Scheme 2 Synthetic route to fluorescent monomer MHB.
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graed on to the surfaces of Fe3O4@SiO2 NPs with a controlled
behavior via SI-RAFT polymerization. As for the synthesis of
two-in-one magnetic uorescent composites, the possible
difficulty is the risk of quenching of the uorophore on the
surface of the NPs by the magnetic core and the mutual
quenching of uorescent molecules nearby in the case of a
number of uorescent molecules attached to the surface of the
NPs. The whole process is shown in Scheme 1. Firstly, a certain
thickness of silica colloids embedded with superparamagnetic
Fe3O4 NPs was synthesized by a modied Stöber process. The
magnetic NPs averaging about 9 nm of diameter and stabilized
with citric acid in deionized water were used as the magnetic
component of the composites. Secondly, Fe3O4@SiO2 NPs were
modied with (p-chloromethyl)phenyl trimethoxysilane to
obtain the Fe3O4@SiO2–Cl NPs. Finally, Fe3O4@SiO2–BCBD NPs
with uorescent RAFT agent BCBD moieties were synthesized
on the surface of Fe3O4@SiO2 NPs by the reaction of sodium
carbazole-9-carbodithioic acid and Fe3O4@SiO2–Cl. Fig. 1(a–c)
shows the UV-vis spectra of BCBD, NPs of Fe3O4@SiO2 and
Fe3O4@SiO2–BCBD in DMF. The Fe3O4@SiO2–BCBD suspen-
sion showed absorptions at 286 and 315 nm due to the phenyl
rings and carbazole groups and the absorption at 365 nm was
ascribed to the thiocarbonyl groups, which is similar to the
absorbance of free BCBD. The uorescence spectrum of
Fe3O4@SiO2–BCBD NPs in Fig. 1(d) showing peaks at 345 and
361 nm, typical peaks of the carbazole group, also proves the
successful immobilization of BCBD on the surface of NPs.

Synthesis of uorescent monomer MHB

MHB was synthesized for the rst time in our group by a
convenient procedure as illustrated in Scheme 2. 1,2-Dia-
minobenzene reacts with 2-naphthoic acid with the aid of
polyphosphoric acid to give the intermediate denoted as VNBI,
which was used to react with 4-(chloromethyl)styrene by
potassium carbonate catalysis to obtain the nal product, the
uorescent monomer MHB. The identity of the product was
conrmed by 1H NMR as shown in Fig. 2. Additional peaks at
Scheme 1 Synthetic route of bifunctional NPs by SI-RAFT polymerization.

3260 | J. Mater. Chem. B, 2013, 1, 3257–3266
chemical shis of 5.21, 5.73, 5.81 and 6.65 ppm in Fig. 2(b)
compared to Fig. 2(a), arising from 4-(chloromethyl)styrene,
appeared verifying the successful synthesis. The properties of
MHB were investigated; Fig. 3 shows the UV-vis spectrum (a) and
excitation and emission uorescence spectra (b) of MHB in
DMF. As Fig. 3(a) shows, MHB has two absorption peaks at about
280 and 306 nm. Fluorescence spectra (Fig. 3(b)) reveal that MHB
This journal is ª The Royal Society of Chemistry 2013



Fig. 2 1H NMR spectra of the intermediate VNBI (a) and MHB (b).

Fig. 3 UV-vis spectrum (a) and excitation and emission fluorescence spectra (b)
of MHB in DMF.
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possesses the maximum excitation and emission at wavelength
of 314 and 735 nm, respectively.
Fig. 4 FT-IR spectra of the as-prepared NPs of Fe3O4 (a), Fe3O4@SiO2 (b),
Fe3O4@SiO2–BCBD (c) and Fe3O4@SiO2@PMHB-co-PPEGMA (d).
Graing of MHB on Fe3O4@SiO2 NPs

By utilizing Fe3O4@SiO2–BCBD NPs, MHB can be easily graed
onto the surface of silica coated iron oxide. Herein we chose a
hydrophilic and biocompatible monomer, PEGMA, to copoly-
merize or chain-extend aer homopolymerization of MHB to
improve the hydrophilicity of the NPs as illustrated in Scheme 1.
Fig. 4 shows the FT-IR spectra of the as-prepared NPs in
different surface modication stages. Compared with Fig. 4(a),
the peaks at 1092 cm�1 (Si–O–Si stretching) in Fig. 4(b)–(d)
indicated successful coating of silica on the surface of iron
oxide. The peak at 1730 cm�1, which corresponds to the ester
group originating from monomers in Fig. 4(d), conrmed that
SI-RAFT polymerization was successfully performed. In order to
further verify the copolymerization, the graed polymer chain
was cleaved from the NPs with 40 vol% hydrouoric acid and
was tested by 1H NMRmeasurement, and the result is shown in
Fig. 5. The peaks at chemical shis from 6.5 to 7.5 ppm proved
that the cleaved polymers consist of MHB segment, indicating
successful SI-RAFT copolymerization of MHB and PEGMA.
According to the peak area ratio of (c) to (b) in Fig. 5, it can be
calculated that the molar ratio of PMHB/PPEGMA is 2.1/100 in
the graed copolymer PMHB-co-PPEGMA.
This journal is ª The Royal Society of Chemistry 2013
TEM images

Citric acid-stabilized Fe3O4 NPs with a diameter of 9 nm, as
determined by TEM in Fig. 6(a), were prepared by a chemical
coprecipitation method. The silica shell was then directly
formed on the surfaces of Fe3O4 NPs through hydrolysis of
TEOS in a mixture of ethanol, water and ammonia at 30 �C for
J. Mater. Chem. B, 2013, 1, 3257–3266 | 3261



Fig. 5 1H NMR spectra of copolymer of MHB with PEGMA475 etched from
Fe3O4@SiO2@PMHB-co-PPEGMA NPs.

Fig. 7 TGA curves of the as-prepared NPs of Fe3O4@SiO2 (a), Fe3O4@SiO2–BCBD
(b), Fe3O4@SiO2@PMHB-co-PPEGMA (c and d) and PMHB-co-PPEGMA (e).
[PEGMA475]0/[MHB]0 ¼ 300 : 120, 300 : 30 for (c) and (d), respectively, t ¼ 48 h.
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24 h. As can be seen in Fig. 6(b), the diameter of the obtained
hybrid NPs was about 150 nm aer the Fe3O4 NPs were
embedded. Aer the SI-RAFT polymerization, in Fig. 6(c), the
Fe3O4@SiO2 NPs were surrounded by the PMHB-co-PPEGMA
chains. The inset in Fig. 6(c) is a picture of Fe3O4@SiO2@PMHB-
co-PPEGMA NPs dispersed in a mixed solvent of water and
dichloromethane; the NPs were concentrated in the water
fraction, indicating good hydrophilicity of the as-prepared
Fe3O4@SiO2@PMHB-co-PPEGMA NPs.
TGA analysis

Fig. 7 shows the weight loss of NPs at various stages of surface
modication at 800 �C. In Fig. 7(b), there is a signicant weight
loss around 550 �C caused by the decomposition of the organic
components of Fe3O4@SiO2–BCBD NPs, indicating the
successful graing of the BCBD RAFT agent. There exists an
even bigger loss of weight around 550 �C in Fig. 7(c) and (d),
proving the graing of copolymers on the Fe3O4@SiO2 surface,
and the weight loss at around 330 �C in Fig. 7(c) and (d) is
caused by the decomposition of the graed copolymers, which
is proved by the TGA curve of PMHB-co-PPEGMA in Fig. 7(e).
Fig. 8 XRD spectra of superparamagnetic NPs of Fe3O4 (a), Fe3O4@SiO2 (b) and
Fe3O4@SiO2@PMHB-co-PPEGMA (c).
XRD analysis

To conrm the structure of magnetic NPs and the successful
embedding by SiO2 and copolymers, the pure Fe3O4 NPs and the
Fig. 6 TEM images of Fe3O4 (a) and Fe3O4@SiO2 (b) and copolymer grafted Fe3O4@
PPEGMA NPs dispersed in a mixture of H2O and CH2Cl2.

3262 | J. Mater. Chem. B, 2013, 1, 3257–3266
hybrid NPs were characterized by XRD. Fig. 8(a) shows the XRD
pattern of Fe3O4 NPs, which indicates a highly crystalline cubic
spinel structure. The reection peak positions and relative
intensities of Fe3O4 NPs agree well with the X-ray diffraction
data cards (JCPDS, Joint Committee on Powder Diffraction
Standards, no. 86-1354) according to which standard Fe3O4
SiO2@PMHB-co-PPEGMA (c) NPs, inset in (c) is a photo of Fe3O4@SiO2@PMHB-co-

This journal is ª The Royal Society of Chemistry 2013
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crystals with a spinel structure have six diffraction peaks: {2 2 0},
{3 1 1}, {4 0 0}, {4 2 2}, {5 1 1} and {4 4 0}. As shown in Fig. 8(b)
and (c), the presented XRD pattern features six weak Bragg
diffraction peaks at 20–80� 2q, which can be indexed as {2 2 0},
{3 1 1}, {4 0 0}, {4 2 2}, {5 1 1} and {4 4 0} planes of pure Fe3O4 in a
cubic phase. Therefore, it can be concluded that magnetic NPs
dispersed in silica lattices are also of spinel structure. In addi-
tion, the broad peak appearing in the range from 18� to 28�

indicates the existence of amorphous SiO2 in the coating layer,
and the sharp peak around 18� in Fig. 8(c) might be caused by
the ordered alignment of the graed polymers.
Fig. 10 Fluorescence spectra of NPs modified by copolymerization of MHB and
Properties of as-prepared NPs

The magnetic properties of the Fe3O4, Fe3O4@SiO2 and
Fe3O4@SiO2@PMHB-co-PPEGMA NPs were investigated using a
VSM with elds up to 15 000 Oe. As shown in Fig. 9, hysteresis
loops of the samples were registered at 300 K. These magnetic
NPs are superparamagnetic at room temperature, as shown in
Fig. 9(b), reaching a saturation moment of 13.0 emu g�1. This
saturationmagnetization value, much lower than the saturation
magnetization of the pure Fe3O4 NPs used for the preparation of
these core–shell hybrid NPs (55.89 emu g�1, Fig. 9(a)), can be
explained by taking into account the diamagnetic contribution
of the relatively thick silica shell surrounding the magnetic
cores. Similarly, in Fig. 9(c), the saturation magnetization value
of polymer graed magnetic NPs decreased to 11.1 emu g�1,
which is lower than the pure Fe3O4 NPs as well as the
Fe3O4@SiO2 NPs for the same reason. However, these results
indicate that the as-prepared NPs are suitable for magnetic
guiding and imaging. In addition, neither coercivity nor rema-
nence were observed among the three magnetization curves
(Fig. 9), indicating the superparamagnetic character of the as-
prepared NPs at 300 K. The inset in Fig. 9 is a photo of
Fe3O4@SiO2@PMHB-co-PPEGMA NPs dispersed in DMF before
and aer exposure to a magnetic eld. The uorescent-
magnetic hybrid NPs were completely separated from the
Fig. 9 Magnetic hysteresis loops at 300 K for the obtained NPs of (a) Fe3O4, (b)
Fe3O4@SiO2, (c) Fe3O4@SiO2@PMHB-co-PPEGMA with core–shell structures. The
inset are photos of a copolymer grafted NPs dispersed in H2O before (left) and
after (right) magnetic separation.
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solution within minutes but redispersed very well with a slight
agitation when the external magnetic eld was removed. This
suggests that these magnetic silica coated NPs have good dis-
persibility and high sensitivity to the magnetic eld, which are
two important factors for bio-applications.
Fluorescence

MHB emits uorescence at the wavelength of 750 nm in the NIR
range when excited by a light at a wavelength of 315 nm in DMF.
Fig. 10 shows the uorescence spectra of Fe3O4@SiO2@PMHB-
co-PPEGMA NPs with different feed ratios of PEGMA andMHB. It
is obvious that the uorescence intensity can be easily adjusted
by changing the [PEGMA475]0/[MHB]0 value. It can be seen that
NPs with [PEGMA475]0/[MHB]0 ¼ 300/120 (Fig. 10(a)) have higher
uorescence intensity than [PEGMA475]0/[MHB]0 ¼ 300/30
(Fig. 10(b)). This is probably because polymerization with
[PEGMA475]0/[MHB]0 ¼ 300/120 leads to a high concentration of
MHB unit in the nal NPs.

Another PEGMA with molecular weight of 1100 g mol�1

(denoted as PEGMA1100) was also taken to copolymerize with
PEGMA475 on the surface ([PEGMA475]0/[MHB]0 ¼ 300 : 120, 300 : 30 for (a) and
(b), respectively) in DMF with maximum intensity; t ¼ 48 h.

Fig. 11 TGA curves of the as-prepared NPs modified by copolymerization of MHB

and PEGMA1100 on the surface ([PEGMA1100]0/[MHB]0 ¼ 120 : 30, 142.5 : 7.5 for
(a) and (b), respectively); t ¼ 48 h.
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MHB to investigate the uorescence properties of the NPs.
Fig. 11 shows the TGA curves of the copolymer graed NPs. NPs
with [PEGMA1100]0/[MHB]0 ¼ 120/30 have a lower weight loss
than [PEGMA1100]0/[MHB]0 ¼ 142.5/7.5. The corresponding
uorescence spectra of the NPs are illustrated in Fig. 12.
Contrary to the case of copolymerization of PEGMA475 and MHB,
NPs with higher [MHB]0/[PEGMA1100]0 (30/120) exhibit lower
uorescence intensity than [MHB]0/[PEGMA1100]0 ¼ 7.5/142.5.
We attribute this to the differing reactivity ratios of PEGMA1100

with MHB compared to PEGMA475 with MHB;48 accordingly, the
MHB units are closer to each other and self-bleaching is
more serious.
Fig. 13 Fluorescence spectra of NPs modified by (a and d) copolymerization of MH

50 mg), (b and e) homopolymerization of MHB ([MHB]0/[AIBN]0 ¼ 120/1, Fe3O4@
PEGMA475 ([PEGMA475]0/[AIBN]0 ¼ 300/1, Fe3O4@SiO2@PMHB ¼ 50 mg) on the su

Fig. 12 Fluorescence spectra of NPs modified by copolymerization of MHB and
PEGMA1100 on the surface ([PEGMA1100]0/[MHB]0 ¼ 120/30, 142.5/7.5 for (a) and
(b), respectively) in DMF with maximum intensity; t ¼ 48 h.
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The sequence of the polymers graed on the surface of
Fe3O4@SiO2 could be easily controlled by feed orders. Besides
random copolymers of MHB with PEGMA475, the homopolymer
of MHB and the block copolymer obtained by further chain-
extension with PEGMA475 aer homopolymerization via SI-
RAFT technique were also bound to the surface of the NPs. The
uorescence intensities of these NPs in DMF were investigated
as shown in Fig. 13(a)–(c). All NPs showed maximum uores-
cence intensity at a concentration of ca.125 mg mL�1 in DMF.
The PMHB homopolymer graed NPs (Fig. 13(b)) exhibited
higher intensity than copolymer graed ones (Fig. 13(a)) due to
higher MHB concentration. The intensity for block copolymer
graed NPs (Fig. 13(c)) aer chain-extension was also lower
than for homopolymer graed ones. This is probably caused by
steric hindrance arising from the PPEGMA segments; as a
consequence, the PMHB chains are conned in smaller space
and closer to each other giving rise to more self-bleaching.
Aided by the silica shell and PPEGMA chains, the NPs also
possess comparative stability when dispersed in water. The
uorescence properties of the suspensions in water were also
recorded, and the results are listed in Fig. 13(d)–(f). Compared
to Fig. 13(a)–(c), all the uorescence intensities are reduced
because of relatively poor dispersity of the NPs in water.
However, the magnitudes of reduction of the NPs with PPEGMA
moieties (Fig. 13(d) and (f)) are smaller than the homopolymer
graed ones (Fig. 13(e)), indicating an important role of
PPEGMA in stabilizing the NPs and improving the dispersity. At
a high concentration (200 mg mL�1) the random copolymer
graed NPs (Fig. 13(d)) even shows the highest intensity among
these three kinds of NPs. This is because MHB unit is well
B and PEGMA475 ([PEGMA475]0/[MHB]0/[AIBN]0 ¼ 300/30/1, Fe3O4@SiO2–BCBD ¼
SiO2–BCBD ¼ 50 mg) and (c and f) block polymerization by chain-extension of
rface in DMF (a–c) and in water (d–f) with different concentrations; t ¼ 24 h.
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Fig. 14 MR imaging and cytotoxicity of Fe3O4@SiO2@PMHB-co-PPEGMA NPs. (a) T2-weighed MR images (3.0 T; TR, 2000.00 ms; TE, 12.9 ms) of the
Fe3O4@SiO2@PMHB-co-PPEGMA NPs. The iron concentration from left to right is 0, 4.62, 18.5, 295.8 and 1183 mmol L�1, respectively. (b) The T2 relaxation rates (r2) of
Fe3O4@SiO2@PMHB-co-PPEGMA NPs at different Fe concentrations. (c and d) In vitro T2-weighed MR images of (c) the Fe3O4@SiO2@PMHB-co-PPEGMA NPs incubated
with HeLa cells and (d) untreated cells; (e) shows the corresponding T2 MR signal values, the Fe concentration incubated with cells being 10 mg L�1. (f) Relative cell
viability data of HeLa cells incubated with a series of iron concentrations of Fe3O4@SiO2@PMHB-co-PPEGMANPs measured by theMTTcell viability assay; the incubation
time was 24 h.
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dispersed in a random order, indicating a suitable form for
construction of such bifunctional NPs.

MR imaging and cytotoxicity

To validate the contrasting capacity of the hydrophilic
Fe3O4@SiO2@PMHB-co-PPEGMA samples in contrasting MR
images, we collected MR images at 3.0 T on an Artoscan Imager,
commonly used for clinical investigation of diseases in articu-
lations. MR images of the sample with different concentrations
(0, 4.62, 18.5, 296 and 1183 mmol L�1) were taken as shown in
Fig. 14(a). As the iron concentration increased, the images
became darker, showing a high transverse reexivity (r2) of
332.6 mM�1 s�1 (Fig. 14(b)) indicating effective T2 contrast
action of the as-prepared NPs. In addition, in vitroMR images of
Fe3O4@SiO2@PMHB-co-PPEGMA incubated with HeLa cells are
also shown in Fig. 14(c)–(e). The obvious darkening effect in
Fig. 14(c) at the bottom of the tube reveals a good MRI contrast
action of Fe3O4@SiO2@PMHB-co-PPEGMA for cell labeling. The
corresponding T2 MR signal values are 77 and 752 for the NP
incubated cells and the control ones (Fig. 14(d)), respectively, as
given in Fig. 14(e). The cytotoxicity of the as-prepared NPs was
also investigated as shown in Fig. 14(f); more than 80 percent of
the cells survived even at an iron concentration of 120 mg L�1,
indicating low toxicity of the NPs.

Conclusions

A novel strategy to synthesize hydrophilic hybrid NPs with
magnetism and NIR uorescence was developed successfully
via SI-RAFT polymerization of a polymerizable uorescent
monomer, which might give some guidance in further
designing and fabricating such bifunctional or multifunctional
materials. Herein, the uorophore comes from amonomer, rst
synthesized in our group, which is capable of emitting NIR
uorescence under UV irradiation. This new monomer was
This journal is ª The Royal Society of Chemistry 2013
employed to perform homopolymerization, random and block
copolymerization with a water-soluble monomer PEGMA on the
surface of silica coated iron oxides. The as-prepared magnetic/
NIR uorescent NPs were used as an effective imaging agent in
enhancing the negative contrast in MRI technique. Unfortu-
nately, the UV excitation restricts its application in in vitro or
in vivo detection because of the nature of the low penetration,
high absorption and damage of UV light to cells and tissues.
However, due to the development of modern techniques such as
the recently demonstrated two-photon technique, this problem
might be xed in the near future.
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