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Functionalized magnetic-fluorescent hybrid nanoparticles for cell labelling
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A facile method of synthesizing 60 nm magnetic-fluorescent core-shell bifunctional nanocomposites

with the ability to label cells is presented. Hydrophobic trioctylphosphine oxide (TOPO)-capped

CdSe@ZnS quantum dots (QDs) were assembled on polyethyleneimine (PEI)-coated Fe3O4

nanoparticles (MNP). Polyethyleneimine was utilized for the realization of multifunction, including

attaching 4 nm TOPO capped CdSe@ZnS quantum dots onto magnetite particles, altering the surface

properties of quantum dots from hydrophobic to hydrophilic as well as preventing the formation of

large aggregates. Results show that these water-soluble hybrid nanocomposites exhibit good colloidal

stability and retain good magnetic and fluorescent properties. Because TOPO-capped QDs are

assembled instead of their water-soluble equivalents, the nanocomposites are still highly luminescent

with no shift in the PL peak position and present long-term fluorescence stability. Moreover, TAT

peptide (GRKKRRQRRRPQ) functionalized hybrid nanoparticles were also studied due to their

combined magnetic enrichment and optical detection for cell separation and rapid cell labelling. A cell

viability assay revealed good biocompatibility of these hybrid nanoparticles. The potential application

of the new magnetic-fluorescent nanocomposites in biological and medicine is demonstrated.
1. Introduction

In recent years, increasing efforts have been devoted to the design

and fabrication of nanostructured functional materials. Research

on these materials has revealed an exciting trend of transforming

them from single functional to double functional, and even

multifunctional. Among these multifunctional nanocomposites,

magnetic and fluorescent inorganic nanoparticles have attracted

considerable attention due to their small size, homogeneous

structures, convenience in chemical modification and broad

range of potential applications.1,2

Quantum dots (QDs) as fluorescent probes remained attractive

over the last decades owning to their size-dependent fluorescent

properties and potential applications in biological and medical

areas. These fluorescent semiconductor (e.g. II–VI) nanocrystals

have strong characteristic spectral emission, which can be tuned

to a desired energy level by altering particle size, size distribution

and composition of the nanocrystals. Instead of single core

quantum dots, the method of growing a shell of a few atomic

layers of a material with a larger band gap on top of the nano-

crystal core (i.e. CdSe@ZnS core-shell QDs) is used more and

more extensively to sufficiently improve the luminescence

quantum efficiency and to protect surface atoms from oxidation

and other chemical reactions.3–5 With increasing understanding
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of the accompanying photophysics, lots of applications have

been developed by controlling particle morphology, such as cell

labelling, cell migration tracking and in vivo imaging.6–8

On the other hand, magnetic nanoparticles have also attracted

much attention due to their remarkable magnetic properties,

nontoxic nature, and ease of synthesis, which lead to their

successful applications in biotechnology and medicine.9 They

can also be used as contrast agents in magnetic resonance

imaging.10–13Another unique feature of magnetic nanoparticles is

their significant response to magnetic field, which opens the

possibilities to many applications by magnetic control, including

biological separation, protein purification, bacteria detection,

and drug delivery.14–19 Therefore, the application field of

magnetic nanoparticles is expanding at high speed.

Magnetic-fluorescent nanocomposite materials, which

combine both magnetic and fluorescent properties in one entity,

have been studied extensively, particularly in those of potential

applications in biotechnology and medicine. There are several

types of magnetic-fluorescent nanocomposites reported before,

including polymer-coated magnetic cores treated with fluores-

cent entities,20 magnetic core coated with silica shell containing

fluorescent components,21,22 magnetic-fluorescent heterodimer

nanoparticles23 and magnetic core directly coated with a semi-

conducting shell.24 All these nanostructures have both advan-

tages and disadvantages. For example, Rosenzweig and

co-workers20 reported a thiol coupling approach to synthesize

nanocomposites consisting of polymer coated g-Fe2O3 super-

paramagnetic cores and CdSe/ZnS quantum dots shell. But it

was still a challenge to couple these hydrophobic QDs to the
Nanoscale, 2011, 3, 2315–2323 | 2315
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hydrophilic magnetic beads, and the magnetic properties of these

nanocomposites had not been investigated. Successful synthesis

of a water-soluble hybrid material consisting of quantum dots

and magnetic nanoparticles (MPs) encapsulated in a silica shell

was reported by Ying and co-workers.21 In their work, the

dimension of nanocomposites was well controlled, in which silica

provided an effective barrier against aggregation. However, the

reaction period was still long, and the quantum yield (QY) was

not quite satisfying. Generally, for most magnetic fluorescent

nanocomposites, the challenges lie in the complicated approach

during synthesis, hard control of magnetic aggregation, low

magnetic or fluorescent intensity, etc.

To evaluate the biological contribution as well as the potential

toxicity of the magnetic-fluorescent nanocomposites in biology

and medicine, lots of efforts have been devoted to the in vivo and

in vitro toxicity analysis. As previously reported, magnetic-

fluorescent nanocomposites were usually functionalized on

surface to improve biocompatibility and reduce nonspecific

binding, such as coating with amphiphilic polymers,25 conjuga-

tion with polypeptide,26 coupling with antibodies,27 modification

with vitamin,28 etc. In this work, TAT peptide was adopted to

give the magnetic-fluorescent composites a desired bioactivity

and reduced cytotoxicity. An MTT assay was also utilized to

reveal the low toxicity of the hybrid nanoparticles.

In this paper, we report the simple and fast synthesis of Fe3O4-

PEI-QDs nanocomposites with good magnetic and fluorescent

properties remaining. The 50 nm Fe3O4 nanospheres were

prepared with the cationic polyethyleneimine (PEI) self-assem-

bled on the surface, which has the multifunction of attaching

4 nm trioctylphosphine oxide (TOPO) capped CdSe@ZnS

quantum dots onto magnetite particles, altering the surface

properties of quantum dots from hydrophobic to hydrophilic as

well as avoiding the formation of large aggregates. At last, water-

soluble TAT peptide (GRKKRRQRRRPQ) functionalized

hybrid nanoparticles were derived from these magnetic-fluores-

cent nanocomposites, which were finally used for cell imaging.

An external magnetic field was used to separate the labelled cells,

which were successfully imaged using a fluorescence microscope,

utilizing the fluorescence property of hybrid nanoparticles.

2. Materials and methods

2.1 Materials

Polyethyleneimine (PEI, branched, MW �25000) and Hexame-

thyldisilathiane ((TMS)2S) were obtained from Sigma–Aldrich.

Trioctylphosphine oxide (TOPO, 90% pure) and tri-

octylphosphine (TOP, 95% pure) were obtained from Strem and

Fluka, respectively. Dimethylcadmium (CdMe2) and diethylzinc

(ZnEt2) were purchased from Alfa and Fluka, respectively. TAT

peptide with terminal cysteine group with 95% purity was

purchased from GenScript. The other regular reagents were

purchased from Shanghai Chemical Reagent (China). All of the

chemicalswere the highest purity available or analytical grade.All

the chemicals were at analytical grade or the highest purity level.

2.2 Synthesis of CdSe@ZnS quantum dots

ZnS capped CdSe quantum dots were prepared in a two-step

process as previously reported with minor change:4 Firstly, CdSe
2316 | Nanoscale, 2011, 3, 2315–2323
core particles were synthesised, precipitated and washed.

Subsequently, these cores were redispersed into a coordinating

solvent and the ZnS shell was added.

CdSe quantum dots were synthesized via the pyrolysis of

the organometallic precursors, dimethylcadmium and

trioctylphosphine selenide, in a coordinating solvent,

trioctylphosphine oxide (TOPO) as described previously.29 The

TOPOwas heated to 340 �C, degassed and aerated with nitrogen,

and then injected with organometallic precursors. The initially

formed cores were grown at 290 �C. Anhydrous methanol and

anhydrous 1-butanol were used to isolate, purify and precipitate

the TOPO capped CdSe nanocrystallites size-selectively, and

then the precipitated powder was redispersed in hexane. 5 g of

TOPO was heated to 190 �C in vacuum for several hours and

then cooled down to 60 �C, followed by adding 0.5 mL

trioctylphosphine (TOP). The fresh prepared CdSe dots in

hexane were then transferred into the reaction vessel by a syringe.

These CdSe nanocrystals were passivated with the following

procedure: Equimolar amounts of the Zn and S precursors,

diethylzinc (ZnEt2) and hexamethyldisilathiane ((TMS)2S) were

dissolved in TOP. The precursor solution was injected to the

reaction flask using a syringe, which contained CdSe dots

dispersed in TOPO and TOP at a constant temperature of 200 �C
under an atmosphere of N2. The Zn and S precursors were added

dropwisely to the reaction mixture which is being vigorously

stirred. After then, the mixture was cooled down to 90 �C and

stirred for several hours. Subsequently, 5 mL dry buthanol were

added and the reaction mixture was stirred for another several

hours at 60 �C. The flask was allowed to cool down to room

temperature, and the nanoparticles were stored in the growth

solution to keep the passivation of TOPO. The final nano-

particles were precipitated with dry methanol, redispersed in

chloroform and used for the subsequent experiments.
2.3 Synthesis of PEI capped Fe3O4 nanoparticles

The magnetic Fe3O4 nanoparticles were prepared by coprecipi-

tating of Fe2+ and Fe3+ ions (in the molar ratio of 1:2) by alkaline

solution and hydrothermal treating.30 Milli-Q water was

re-deionized and deoxygenated by bubbling with N2 gas for 1 h

prior to use. Mixture of FeCl2$4H2O (0.1 M) and FeCl3$6H2O

(0.2 M) was prepared as a source of iron by dissolving the

respective chemicals in water under vigorous stirring. Then

NaOH solution (1 M) was added dropwisely under continuous

stirring at 300 rpm. The precipitate was heated at 90 �C for 2 h in

the presence of PEI solution, during which PEI self-assembled on

the Fe3O4 nanoparticles (Fig. 1b). The pH was maintained at

a constant value during the reaction process. The whole reaction

can be described by the following reaction scheme:

Fe2+ + 2Fe3+ + 8OH� ¼ Fe3O4 + 4H2O (1)

Particles were magnetically separated from the reaction

mixture by placing a neodymium magnet below the reaction

vessel. It took 10 min to capture all magnetic particles before

disposing of the reaction solution. The collected Fe3O4-PEI

particles were rinsed for 5 times with Milli-Q water and finally

formed a suspension of Fe3O4.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Schematic representation of the synthesis of QDs-magnetite core-

shell particles: (a) Self-assembly of cationic polyethyleneimine (PEI) onto

negatively charged magnetite (Fe3O4). (b) Mixing of Fe3O4-PEI with

quantum dots to obtain MNP-PEI-QDs nanocomposites. (c) MNP-PEI-

QDs nanocomposites. (d)�(e) Schematic representation of switching of

quantum dots from lipophilic to hydrophilic.
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2.4 Preparation of the fluorescent magnetic nanocomposites

20 mL (60 mg) of PEI coated magnetic nanospheres were

precipitated by a neodymium disk magnet. The sample was

washed with 1 mL of water, 4 � 1 mL of methanol and 1 mL of

chloroform, and then suspended in 1 mL of chloroform which

contained excess of fresh-prepared quantum dots (20 mL). The

mixture solution was rotated for 1 h at room temperature. After

the reaction, the nanocomposites were magnetically precipitated

and then washed with 1 mL of chloroform, 4 � 1 mL of meth-

anol and 1 mL of water, and finally redispersed in Milli-Q water.
2.5 TAT peptide functionalization of hybrid nanoparticles

TAT peptide functionalization was performed using an earlier

protocol.31 2 mL of fresh-prepared MNP-PEI-QDs solution was

diluted with borate buffer (pH 9.5) and mixed with SMCC

solution (1 mg dissolved in 1 mL of dimethylformamide) and

finally incubated for 1 h. Then the nanoparticles were separated

from free reagents by means of Na2HPO4-induced precipitation.

The precipitated particles were separated from free reagents,

dissolved in fresh phosphate buffer, and then mixed with 100 mL

of TAT peptide solutions (2 mg of TAT peptide dissolved in

1 mL of phosphate buffer solution) and incubated at 4 �C
overnight. Finally, the particles were purified from free peptide

by overnight dialysis against deionized water, using a membrane
This journal is ª The Royal Society of Chemistry 2011
of 12–14 kDa MWCO. The solution of peptide-conjugated

hybrid nanoparticles was diluted with Tris buffer (pH 7.0) and

stored at 4 �C.
2.6 Cell labelling

Human lung cancer cells, NCI-H460 cells grown in tissue culture

flask were subcultured in 24-well tissue culture plates using

0.5 mL of culture medium in each plate, followed by incubation

with 10–100 mL of MNP-PEI-QDs solution for 15 min and 1 h at

room temperature, respectively. The cells were separated from

the suspension using a permanent magnet and washed with PBS

buffer and cell culture media to purify cells from free

nanoparticles.
2.7 Toxicity assay

In order to test the toxicity of the magnetic fluorescent nano-

composites, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide) assay kit (Invitrogen, Singapore) was

adopted here. According to the typical procedure, cells were

seeded in a 24-well plate for 24 h, and then incubated with

different concentrations of hybrid nanoparticles functionalized

with TAT peptide in 5% CO2 at 37
�C. Cells were then washed

three times followed by addition of 10 mLMTT solution to each

well and incubated for 2 h at 37 �C. Then 100 mL of SDS-HCl

(sodium dodecyl sulfate-HCl) solution was added to each well

and was then mixed thoroughly. Finally the absorbance of the

resulting solution was measured at 570 nm using a microplate

reader.
2.8 Characterization

The morphology and structure of the products were character-

ized by transmission electron microscopy (TEM, Jeol JEM-2100)

and X-ray diffraction (XRD, D/MAX 2550V) with Cu Ka radi-

ation. Particle size distributions were obtained based on dynamic

light scattering (DLS) principles with a Brookhaven 90 Plus

particle sizer. UV–visible absorption spectra were obtained by

a Cary 100 UV–vis spectrophotometer. Photoluminesence (PL)

spectra were recorded on a Hitachi F-4500 Fluorescent spec-

trophotometer. Magnetization loops were measured at room

temperature using a physical property measurement system

(PPMS, Quantum Design). Digital fluorescence microscopy

images were taken from the Inverted biological microscope

(Olympus).
3. Results and discussion

3.1 Attachment of QDs on Fe3O4

The schematic representation of the synthesis of MNP-PEI-QDs

is shown as Fig. 1a–1c. At first, cationic polyethyleneimine (PEI)

was self-assembled onto negatively charged magnetite nano-

particles (Fe3O4). After then Fe3O4-PEI nanospheres were mixed

with TOPO capped CdSe@ZnS quantum dots to obtain MNP-

PEI-QDs nanocomposites and the QDs were covalently bonded

to the PEI layer. After the reaction, the MNP-PEI-QDs nano-

composites were deposited by a neodymium magnet and washed
Nanoscale, 2011, 3, 2315–2323 | 2317
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with chloroform to wipe off the redundant quantum dots. Finally

the nanocomposites were redispersed in water.

Although the CdSe@ZnS core-shell structure offers good

quantum yield (79%), altering the QD surface properties from

hydrophobic to hydrophilic is still an essential step for function-

alizing QDs for biological applications due to the aqueous nature

of the biological environment. In order to get rid of this drawback,

it is necessary to alter the surface properties of quantum dots from

hydrophobic to hydrophilic, which can be realized with the help of

amphiphilic hyperbranchedpolyethyleneimine (PEI).32 Inprevious

work, Nann32 has shown that highly luminescent water-soluble

QDs can be prepared by adding PEI to TOPO-capped QDs in

chloroform,32 and Mulvaney33 and colleagues have shown that

when the microspheres coated with PEI are shaken along with

TOPO-capped QDs in chloroform, the QDs can be transferred

from the organic phase to microspheres in the aqueous phase. In

addition to aggregation resistance, the positively charged PEI layer

plays an important role in transferring the quantum dots surface

properties from hydrophobic to hydrophilic when quantum dots

are attached. The hypothetical mechanism of the amphiphilic

phase-transfer isdepicted inFig. 1d–1e. It is reported inotherpaper

that the amphiphilic and polycation characters of PEI can help to

displace the original surface ligands (TOPO)andbuild a very stable

colloid with QDs in chloroform. After being extracted from chlo-

roform, the solvents were deprotonated by the PEI since the

pH-value is strongly basic in water and PEI is positively charged.32
3.2 Synthesis ofTOPOcappedCdSe@ZnScore-shell nanocrystals

The CdSe@ZnS core-shell structure has attracted lots of atten-

tion over years. In addition to higher photoluminescence

quantum yields, ZnS overcoated particles are more robust than

organically passivated CdSe dots. As is indicated in Fig. 2a, the

monodispersed TOPO capped CdSe@ZnS core-shell nano-

crystals with average size of about 4 nm were prepared as

reported before. The high-resolution TEM image (Fig. 2a) shows

well-resolved lattice fringes, which are continuous throughout

the entire particle. Well-defined interfaces between CdSe core

and ZnS shell cannot be observed in any of the samples, and the

growth of the ZnS shell appears to be epitaxial.
3.3 Synthesis of PEI capped magnetic nanoparticles

The magnetic nanospheres with about 50nm diameter were

prepared by a simple, cheap and harmless hydrothermal method

using Fe2+ and Fe3+ ions (in the molar ratio of 1:2) under basic

condition. An important step during the synthesis is the addition

of the polycation, PEI, onto the surface of Fe3O4 nanospheres.

The immobilization of PEI layer during the synthesis of Fe3O4

nanoparticles was found to be an effective method of controlling

the aggregation of magnetic nanoparticles. The positively

charged PEI was attached to the negatively charged MNP

effectively and formed a stable polyelectrolyte layer via electro-

static self-assembly by adding PEI during the synthesis proce-

dures. As is known to all, Fe3O4 nanoparticles are easy to

aggregate due to their magnetic feature, nevertheless, the as-

prepared nanoparticles shown in the TEM image (Fig. 2b)

exhibites nearly spherical morphology with good dispersity and

have an average diameter of 50 nm. A 1�2 nm polyelectrolyte
2318 | Nanoscale, 2011, 3, 2315–2323
layer can be clearly identified by the HRTEM (Fig. 2c), which

also exhibits the ordered lattice feature and without staking

faults, indicating the highly crystallinity of the nanoparticles. The

d-spacing of 0.48 nm can be indexed to the d-value of (1 1 1)

plane of Fe3O4. As previously reported, the growth axis of [1 1 1]

is common for Fe3O4 nanoparticles. Selected area electron

diffraction (SAED) was performed on isolated crystals of the

Fe3O4 (Inset of Fig. 2c). The lattice parameters obtained were

consistent with that of a single crystal of Fe3O4.
3.4 Structure of MNP-PEI-QDs

The TEM image in Fig. 2d shows hybrid nanoparticles of an

average size of 60nm with a spread of QDs attached. A closer

HRTEM image of a single particle is demonstrated in Fig. 2e,

which clearly indicates the uniform capping of 4 nm QDs on the

surface of Fe3O4 nanospheres. According to TEM image

analysis, the number of QDs attached on each PEI-coated Fe3O4

is estimated to be 120. Fig. 2f reveals the difference in lattice

fringes between the QDs (indicated with arrows) and Fe3O4

cores, which provides strong evidence to the composite nature of

the particle. To prove the growth of CdSe@ZnS shell, Energy

Dispersive Spectrometer (EDS) was used to indicate the existence

of iron, oxygen, cadmium, selenium, zinc and sulfur (Fig. 2g).

The carbon peak results from the sample grid. The relatively high

zinc and sulfur peaks of QDs could also indicate the presence of

multiple layers of ZnS on the surface of the CdSe QDs. The

X-ray diffraction (XRD) pattern of the nanocomposites (Fig. 2h)

also indicates the existence of both CdSe@ZnS and Fe3O4. The

pattern can be suitably indexed on a wurtzite structure of ZnS

(;), CdSe (A) and cubic Fe3O4. All diffraction peaks of Fe3O4

can be perfectly indexed to face centered cubic magnetite with

lattice constant a ¼ 8.393 �A (JPCD 82-1533). No peaks for other

impurities were detected in the spectrum, revealing the high

purity of the products was pretty high. The evolutional of the

XRD pattern during the growth of the QDs shows a wurtzite

structure of CdSe (JPCD 77-2307) and ZnS (JPCD 36-1450) on

the magnetic nanoparticles. The additional broadness of the

XRD reflections in the composite-structure pattern results from

the very small domain size characteristic of the polycrystalline

Fe3O4 and CdSe and ZnS crystal.

Dynamic light scattering (DLS) measurements of the hydro-

dynamic (effective) diameters of the particles were used to study

particle aggregation behavior. Fe3O4 and MNP-PEI-QDs

nanoparticles were dispersed in a 10 mM NaCl background

electrolyte at pH 7 to simulate a biological environment for up to

1 h after sonication treatment. The size distribution histograms

of Fe3O4 and MNP-PEI-QDs are shown in Fig. 3a and Fig.3b

respectively. The size of the nanoparticles mainly ranges from

40 nm to 60 nm and the average diameter is about 48.9 nm, while

the size of MNP-PEI-QDs nanocomposites mainly ranges from

50 nm to 65 nm with an average diameter of 57.8 nm, which both

agree well with the TEM images.
3.5 Magnetic properties of MNP-PEI-QDs

Since the Fe3O4 nanoparticles are mainly used to manipulate

synthesized particles under an applied magnetic field, it is

important to characterize the magnetic properties of the hybrid
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 (a) TEM image of CdSe@ZnS quantum dots, the inset is the HRTEM image of a single nanosphere; (b) TEM image of Fe3O4-PEI nanoparticles;

(c) HRTEM image of the edge of Fe3O4-PEI nanoparticles, arrows indicating a thin layer of PEI; The inset is SAED of the Fe3O4-PEI nanoparticle;

(d) TEM image of MNP-PEI-QDs nanocomposites; (e) HRTEM image of a single MNP-PEI-QDs nanosphere; (f) HRTEM image of MNP-PEI-QDs

nanosphere, with arrows indicating the quantum dots; (g) EDS pattern of CdSe@ZnS quantum dots and MNP-PEI-QDs nanocomposites; (h) XRD

pattern of Fe3O4 nanocrystal and MNP-PEI-QDs nanocomposites. ZnS (;), CdSe (A) and cubic Fe3O4 of wurtzite structure were indexed.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ite

 d
e 

Sh
er

br
oo

ke
 o

n 
27

 N
ov

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

9 
A

pr
il 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1N
R

10
06

6A

View Article Online
nanoparticles. The magnetic properties were measured on both

Fe3O4 nanoparticles and MNP-PEI-QDs nanocomposites to

reveal the effect of the coating of quantum dots at both 5 K and

room temperature. These data were presented in electromagnetic

units per gram of solid sample. As indicated in Fig. 4a, at room

temperature, both samples showed no hysteresis, i.e. no rema-

nence or coercivity, which is consistent with paramagnetic

behavior of Fe3O4. It can also be seen that the particles are

ferromagnetic at 5 K, with a coercivity of 300 Oe (Fig. 4b). At

both 5K and room temperature, the saturation magnetization

(ss) of MNP-PEI-QDs nanocomposites shows a decrease of 85%

compared with Fe3O4. The decrease in magnetism is mainly
This journal is ª The Royal Society of Chemistry 2011
attributed to the presence of QDs on particles, which is an

unavoidable consequence of QDs loading, indicating that the

overcoating has weakened the magnetization to a certain extent,

yet the nanocomposites still remained paramagnetic.

When under an external field, the suspension could be sepa-

rated by a neodymium magnet in 5 min (Fig. 6c). The MNP-PEI-

QDs nanocomposites were attracted to one side of the vial as the

arrows indicate, showing that the particles maintain strong

magnetism even after QDs coating. When the magnet was

removed, the particles can redisperse easily into the water again.

Due to the absence of any hysteresis and zero coercivity, the

nanoparticles coated with QDs are easy to redisperse when the
Nanoscale, 2011, 3, 2315–2323 | 2319
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Fig. 3 (a) Particle size distribution of MNP-PEI nanoparticles deduced

from dynamic light scattering (DLS); (b) Particle size distribution of

MNP-PEI-QDs nanoparticles deduced from dynamic light scattering

(DLS).

Fig. 4 (a) Magnetic hysteresis curves of (i) Fe3O4-PEI; (ii) MNP-PEI-

QDs at room temperature. There was no hysteresis, i.e., no remanence or

coercivity, which is consistent with paramagnetic behaviour. (a)

Magnetic hysteresis curves of (i) Fe3O4-PEI; (ii) MNP-PEI-QDs at 5 K

with a coercivity of 300 Oe.
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applied magnetic field is removed. It is critical for the magnetic

luminescent nanocomposites to act as labels for separation or

bioassay, which will be demonstrated later in this paper. If the

particle possessed a remnant magnetic field, each individual

particle would act as a small dipole magnet, resulting in aggre-

gations and precipitation of the particles.
3.6 Fluorescent properties of MNP-PEI-QDs

The optical properties of the samples were investigated using the

PL spectra and UV–vis absorption. The emission from the

nanocomposites could be easily detected when excited by a UV

lamp. The adsorption spectra of the CdSe@ZnS quantum dots

and MNP-PEI-QDs are shown in Fig. 5a, where the absorbance

peak of MNP-PEI-QDs at about 578 nm was in agreement with

the maximum absorption peak of QDs, indicating the

CdSe@ZnS quantum dots were attached to the Fe3O4 nano-

particles successfully. Fig. 5b shows PL spectra of QDs and

MNP-PEI-QDs nanocomposites with no shift in the PL peak

position at 592 nm, demonstrating that the quantum dots

suffered little damage during the synthesis process. This feature

offers a great potential to the easy synthesis of various fluores-

cent nanocomposites by simply altering the size of the quantum

dots.
2320 | Nanoscale, 2011, 3, 2315–2323
Photoluminescence quantum yield values (QY) were measured

relative to the organic dye Rhodamine B in ethanol solution

(QY. 0.95 in ethanol) using according to the following

equation:34

QYX ¼ QYS*[IX/IS]*[AS/AX]*[nX/nS]
2 (2)

In the equation, IX (sample) and IS (standard) are the inte-

grated emission peak areas, AX (sample) and AS (standard) are

the absorbances at the excitation wavelength, and nX (sample)

and nS (standard) are the refractive indices of the solvents.

The optical properties of MNP-PEI-QDs exhibit no major

changes after being transferred into water. The fluorescence

quantum yield (QY) of the fresh prepared quantum dots is about

79%, while the QY of MNP-PEI-QDs is about 40% of the orig-

inal value. The decrease of QY is a common phenomenon

because quantum yield is highly sensitive to the surface of the

QDs, especially with respect to ligand chemistry. Herein the

original hydrophobic capping ligands of TOPO capped QDs

were displaced by hydrophilic ones.

In addtion, the fluorescence stability of the magnetic-fluores-

cent nanocomposites was studied as an important factor. As is
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Optical properties of magnetic-fluorescent hybrid nanoparticles

(a) UV–vis adsorption spectra of QDs (black) and MNP-PEI-QDs (red)

nanocomposites; (b) absorbance calibrated photoluminesence spectra of

QDs (black) and MNP-PEI-QDs (red) nanocomposites; (c) fluorescence

stability of QDs (black) and MNP-PEI-QDs (red) nanocomposites.

Fig. 6 Pictures of (a) CdSe@ZnS quantum dots; (b) MNP-PEI-QDs

aqueous solution; (c) MNP-PEI-QDs aqueous solution under the

magnetic field under daylight; (d)�(f) shows the corresponding pictures

under UV excitation (lexc ¼ 366 nm).
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indicated in Fig. 5c, the fluorescence intensity of quantum dots

remained good dring one month’s measurements. For magnetic-

fluorescent nanoparticles, although the fluorescent stability is not

as good as quantum dots, the fluorescent intensity of the hybrid

nanoparticles also remained strong after one month’s storage.

The photos of QDs and MNP-PEI-QDs solution were taken

under daylight and ultraviolet with the excitation wavelength of

366 nm (Fig. 6a–f). The quantum dots showed bright fluores-

cence under the UV excitation as usual (Fig. 6d). MNP-PEI-QDs
This journal is ª The Royal Society of Chemistry 2011
suspension showed brown color under daylight (Fig. 6b), while

orange color under UV excitation (Fig. 6e), which agreed well

with the fluorescent properties of the nanocomposites. In Fig. 6f,

because of the magnetic moments of Fe3O4, the magnet attracted

the fluorescent MNP-PEI-QDs nanoparticles completely to the

side of the vial in 5 min, as is indicated by the arrows, and there

was only a clear solution remained.
3.7 Cell labeling

As a preliminary investigation of the performance of MNP-PEI-

QDs for biological applications, the as-prepared nanoparticles

were applied to label cells in culture. The cell labelling was

studied using the human lung cancer cells, NCI-H460. TAT

peptide functionalization is achieved by using N-succinimidyl

4-(maleimidomethyl)cyclohexanecarboxylate (SMCC) as conju-

gation reagent.31 Due to the low nanoparticles uptake under

4 �C, all uptake experiments were conducted at 37 �C. The cells
were incubated with the nanoparticles for 15 min and 1 h

respectively. To demonstrate the separation capability of the

hybrid nanoparticles, an external magnetic field was used to

separate the labelled cells, and the purified cells were washed for

several times to remove free particles. Further digital fluores-

cence microscopy was performed to observe the cells. The

binding activity of hybrid nanoparticles to the cells is shown in

Fig. 7a. It can be observed that lots of cancer cells were separated

from the suspension using a permanent magnet and labelling is

restricted to the cell surface after the unbound hybrid nano-

particles were removed. Orange fluorescence was emitted from

the cells surface, which remained almost the same color as QDs.

When these cells were maintained at 37 �C for 1 h, the labelling

effect was predominant in the perinuclear region (Fig. 7b), and

there were still some residual hybrid nanoparticles on the
Nanoscale, 2011, 3, 2315–2323 | 2321

http://dx.doi.org/10.1039/c1nr10066a


Fig. 7 (a) Fluorescence image of human lung cancer cells, NCI-H460

cells after labelling with TAT peptide-functionalized MNP-PEI-QDs

nanoparticles for 15 minutes; Labelling is restricted to the cell surface. (b)

Fluorescence image of NCI-H460 cells after labelling hybrid nano-

particles for 1 hour; Labelling is predominantly perinuclear. (c) Fluo-

rescence image of NCI-H460 cells after labelling with MNP-PEI-QDs

nanoparticles without TAT peptide-functionalized for 1 hour. (d)�(f) are

the corresponding images in bright field.
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membrane. In contrast, the cells were imaged under the same

condition in a control experiment where they were incubated

with MNP-PEI-QDs nanocomposites without TAT peptide

functionalization (Fig. 7c). No specific binding was found in the

control experiment. This suggests that the hybrid nanoparticles

were internalized by endocytosis instead of being bounded on the

plasma membranes. It indicates that cells constitutively utilized

the method of endocytosing the cell surface proteins, which, in

turn, suggests that QD labelling may not have any deleterious

effects on normal endocytic physiology.
3.8 Cytotoxicity

Biocompatibility is a critical issue for nanomaterials’ biological

applications since lots of nanomatereials have strong cytotoxcity.

To verify the biocompatibility of these hybrid magnetic fluo-

rescent nanoparticles, cell viability upon exposure to TAT
Fig. 8 Viability of NCI-H460 cells after incubation with different

concentrations of hybrid nanoparticles as measured by MTT assay. The

error bars represent the fluctuations among four independent

measurements.

2322 | Nanoscale, 2011, 3, 2315–2323
peptide functionalized hybrid nanoparticles was measured by

an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) assay. Fig. 8 shows the concentration effect of the

hybird nanoparticles on cell viability after incubation. The

results clearly indicate that the cell viability remains as high as

88% even at a high concentration of nanoparticles (200 mg mL�1).

Thus, the low toxicity of the particles toward cells demonstrated

the potential application of the MNP-PEI-QDs in biological and

medicine.

4. Conclusions

In conclusion, we report a facile method for synthesizing 60nm

magnetic-fluorescent core-shell bifunctional nanocomposites

with the ability to label cells. Briefly, we successfully synthesized

the water-soluble MNP-PEI-QDs nanocomposites by assem-

bling hydrophobic trioctylphosphine oxide (TOPO)-capped

CdSe@ZnS quantum dots (QDs) on polyethyleneimine (PEI)-

coated Fe3O4 nanoparticles (MNP). The multifunction of poly-

ethyleneimine is discussed by attaching 4 nm TOPO capped

CdSe@ZnS quantum dots onto magnetite particles, altering the

surface properties of quantum dots from hydrophobic to

hydrophilic and preventing the formation of large aggregates.

These water-soluble hybrid nanocomposites retain the magnetic

property of Fe3O4 with still high luminescence and good fluo-

rescence stability with no shift in the PL peak position, which

consistents well with the pictures taken under UV-lamp. Finally,

the excellent fluorescence and magnetism properties of TAT

peptide functionalized hybrid nanoparticles offer a combined

magnetic enrichment and optical detection strategy for cancer

cells detection, which also displayed very low toxicity to cells

even at high concentrations.
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